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ABSTRACT

This work reports the preparation, characterization and test in a single fuel cell of two
families of hybrid inorganic-organic proton-conducting membranes, each based on Nafion
and a different “core-shell” nanofiller. Nanofillers, based on either a ZrO, “core” covered
with a HfO, “shell” (ZrHf) or a HfO, “core” solvated by a “shell” of SiO, nanoparticles (SiHf),
are considered. The two families of membranes are labelled [Nafion/(ZrHf),] and [Nafion/
(SiHf)], respectively. The morphology of the nanofillers is investigated with high-resolu-
tion transmission electron microscopy (HR-TEM), energy dispersive X-ray spectroscopy
(EDX) and electron diffraction (ED) measurements. The mass fractions of nanofiller x used
for both families are 0.05, 0.10 or 0.15. The proton exchange capacity (PEC) and the water
uptake (WU) of the hybrid membranes are determined. The thermal stability is investi-
gated by high-resolution thermogravimetric measurements (TGA). Each membrane is used
in the fabrication of a membrane-electrode assembly (MEA) that is tested in single-cell
configuration under operating conditions. The polarization curves are determined by
varying the activity of the water vapour (amxo) and the back pressure of the reagent
streams. A coherent model is proposed to correlate the water uptake and proton conduc-
tion of the hybrid membranes with the microscopic interactions between the Nafion host
polymer and the particles of the different “core—shell” nanofillers.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

Fuel cells (FCs) are advanced electrochemical devices for
energy conversion that obtain electric power from the chem-
ical energy of their reagents with a very high yield, up to 55%
or more [1]. One family of FCs that has drawn considerable

attention from both the academic world and industry is based
on two porous electrodes coated with suitable electro-
catalysts, where the reactions involved in the operation of the
device occur and separated by a proton-exchange membrane
(PEM) [2—4]. Systems based on PEMs are known as proton-
exchange membrane fuel cells (PEMFCs) and have been
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extensively studied as power sources for a variety of appli-
cations from portable electronic devices to light-duty vehicles
owing to their low operation temperature (T < 130 °C), high
conversion efficiency and high power density in comparison
to competing technologies such as lithium batteries and
conventional thermal engines [1,4,5]. PEMs can be manufac-
tured from a number of materials, including sulfonated pol-
yetherether sulfones, polyetherethereketones, polysiloxanes,
and others [6—8]. However, perfluorinated ionomers, such as
Nafion®, Aquivion, Aciplex, among others, are still the most
widely applied systems owing to their high proton conduc-
tivity and good chemical and electrochemical stability? [9—11].
Nevertheless, perfluorinated ionomers suffer from important
drawbacks, including the necessity of a very high degree of
hydration for proton conduction. This fact ultimately prevents
them from operating effectively at temperatures higher than
ca. 80—90 °C and low humidification [7,9,12]. These are
important technological limitations as: (a) the required water
and thermal management modules are very bulky and
expensive; and (b) it is necessary to use very pure fuels
because at temperatures lower than 120—140 °C the platinum-
based electrocatalysts used in PEMFCs show a very poor
tolerance towards even small traces of common contami-
nants such as CO and H,S [13] that typically are found in
hydrogen obtained from steam-reforming processes [14,15].
One way to address the limitations of perfluorinated ionomers
is to devise hybrid inorganic—organic proton-conducting
materials, where a suitable filler of micrometer to nano-
meter size is added to the polymer host [16—18]. In recent
years, this approach has been focused on a variety of hybrid
systems, which utilize the following families of nanofillers
[18—33]: (a) heteropolyacids, including silicotungstic acid,
phosphotungstic acid, molybdophosphoric acid and others;
(b) zirconium phosphate; (c) organically-modified silicates and
silane-based fillers; (d) zeolites; and (e) Pt, Pt—SiO, and
Pt—TiO,. Generally, the filler is a material characterized by
a strongly acidic and/or hydrophilic behaviour. This choice is
based on the assumption that these properties would possibly
provide extra mobile protons as charge carriers and help the
resulting hybrid system retain water at high temperatures and
low hydration levels. In the past few years, this research group
has conducted experiments on a number of different hybrid
systems, to obtain doped Nafion ionomers containing: (a) both
pristine and “core—shell” oxoclusters [34—40]; (b) single inor-
ganic oxoclusters doped with an ionic liquid [41]; (c) oxoclus-
ters functionalized with perfluoroalkylated chains [42]; and (d)
proton-conducting ionic liquids (PCILs) [43]. These continuing
efforts allow better elucidation of the effects arising from the
complex interplay between the perfluorinated ionomer and
the dopants in terms of structure and the proton conduction
mechanism of hybrid proton-conducting materials. Among
the investigated materials, systems including nanofillers with
a basic character such as HfO, have shown an improved
proton conductivity and interesting structural features
[35—37]. However, the use of pristine hafnium oxide as a filler
in hybrid membranes should be avoided because of its very

2 The DuPont Oval Logo, DuPont™, the miracles of science™
and all products denoted with a™ and ® are trademarks or
registered trademarks of DuPont or its affiliates.

high cost. Recently, it was shown that it is possible to develop
oxide nanofillers characterized by “core—shell” morphology.
The “core” is made of particles with a high Mohs hardness or
crystallinity, while the “shell” consists of the softer oxide
[38,39]. This approach is followed here to prepare nanofillers
characterized by a HfO, “shell” or “core”. The ultimate goal is
to reduce the loading of hafnium in the resulting hybrid
inorganic—organic membranes. ZrO, and SiO, are used as the
“core” and the “shell” to obtain nanofillers with the formulae
[(ZrO,)- (HfO,)0.25] and [(SiO,)-(HfOy)o.0s], respectively, which
are characterized by HR-TEM, EDX and ED measurements.
Two families of hybrid Nafion-based inorganic—organic
proton-conducting membranes are prepared with
[(ZrO,) - (HfOq)0.25] and [(SiO,):(HfO2)o2s] nanofillers and are
labelled [Nafion/(ZrHf),] and [Nafion/(SiHf),], respectively. In
both families, the mass fraction of the nanofiller x is 0.05, 0.10
or 0.15. This study is focused on elucidating the effect of the
nanofillers on the proton exchange capacity, water uptake,
thermal stability and fuel cell performance of the Nafion host
polymer. Particular attention is dedicated to creating
a coherent picture that relates the effects of the different
Nafion-nanofiller interactions to the water uptake and proton
conductivity of the hybrid membranes as a function of the
water vapour activity (amo) in the environment.

2. Experimental
2.1. Reagents

A 5 wt% solution of Nafion® ionomer with a proton exchange
capacity (PEC) of 0.9 mequiv g * (Alfa Aesar, ACS) was used as
received. Amorphous silica with a particle size of 9 ym and
a porosity of 1.8 mL g~* was provided by Silysiamont S.p.A.,
Italy. Zirconium oxide, hafnium oxide and all the solvents
were acquired from Sigma—Aldrich and used as received.
Nafion 115™ membranes were obtained from Sigma—Aldrich
and activated by the standard procedure reported elsewhere
[42]. The C2-20 electrocatalyst, used in the preparation of all
MEAs, had a platinum loading equal to 20 wt% and was used
as received from BASF. Double-distilled water was used in all
procedures.

2.2. Preparation of the “core—shell” nanofillers

The [(ZrO,)- (HfO,)o.25s] nanofiller (ZrHf) was prepared accord-
ing to the following procedure. 10 mL of a dimethylformamide
(DMF) suspension containing 1.5 g of ZrO, and 0.643 g of HfO,
was ground for 10 h at 500 rpm in a tungsten carbide jar using
a planetary ball mill. The viscous suspension was transferred
into a 100 mL volumetric flask and diluted with DMF.
[(Si0y)- (HfO,)o.25] nanofiller (SiHf) was obtained according to
the same procedure, but the ZrO, was replaced with 1.5 g of
amorphous silica.

2.3. Membrane preparation
The hybrid inorganic—organic membranes, labelled [Nafion/

(ZrHf),] and [Nafion/(SiHf),], were prepared by a standard
solvent-casting procedure [39]. The nanofiller mass fraction x
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was equal to 0.05, 0.10 or 0.15. Membranes prepared without
filler, labelled “pristine recast Nafion”, were used as a reference
for the PEC, WU and HR-TG measurements. A suitable amount
of Nafion, suspended in DMF and prepared as described else-
where [34,35], was added to a suitable amount of the suspension
of nanofiller to obtain a total dry mass of 0.45 g. The mixture was
homogenized by sonication and cast onto a Petri dish with
a diameter of 5 cm at 100 °C for 15 h. The resulting membranes
(thickness of ca. 110 pm) were further treated and purified as
described in a previous work [42]. All the membranes were dried
for one night at room temperature under a dry air flow before
the HR-TG analyses and fabrication of MEAs.

2.4. Fabrication of membrane-electrode assemblies

(MEAs)

MEAs were prepared with a catalyst-coated substrate (CCS)
procedure as described elsewhere [44]. The platinum loading
on both the anodic and the cathodic electrocatalyst layers was
0.4 mg cm™'. The Nafion/C ratio was 0.6 [45]. The electro-
catalytic layers were deposited on GDS1120 carbon paper
obtained from Ballard Power Systems. The resulting gas-
diffusion electrodes (GDEs) were hot-pressed onto the
membranes according to a protocol detailed elsewhere [46].

2.5. Instruments and methods

The proton exchange capacity (PEC) of the membranes was
determined as follows [34,35]. 100 mg of each sample were
suspended in 100 mL of a 1 M KClI solution. The suspension
was stirred overnight and titrated with a 107> M KOH
solution using phenolphthalein as the indicator. The
isopiestic water adsorption at different relative humidity
values was determined by equilibrating each sample with
different saturated salt solutions for two weeks [47]. After
recording their weight, the hydrated samples were dried
over P,Os for two more weeks and weighted again. The
water uptake was converted into the hydration number A
(number of water molecules per sulfonic acid group) by the
following formula:

_ Wthy — Wtdry % EwW (1)
Wtdry MWHZO . (1 — X)

A

where wtyy is the weight of the hydrated sample, wtqy is the
weight of the dry sample, MWy, is the molecular weight of
water, EW is the equivalent weight of Nafion and x is the mass
fraction of nanofiller in the hybrid membrane. High-
resolution thermogravimetric analyses were carried out with
a High Resolution TGA 2950 (TA Instruments) thermobalance.
A working N, flux of 100 mL min~" was used. The TG profiles
were collected in the temperature range between 20 and
900 °C, using an open platinum pan loaded with ca. 7 mg of
each material.

High resolution transmission electron microscopy (HR-
TEM) and electron diffraction (ED) were performed using a Jeol
3010 instrument operated at 300 kV with a high-resolution
pole piece (0.17 nm point-to-point resolution) and equipped
with a Gatan slow-scan 794 CCD camera. Energy-dispersive
X-ray spectroscopy (EDX) was carried out using an Oxford
Instrument EDS detector (Mod. 6636). The sample powders

were suspended in isopropanol and a 5 uL drop of this
suspension was deposited on a porous carbon film supported
on 3 mm copper grid.

2.6. Tests in a single-cell configuration

Single fuel cell tests were carried out in a 5 cm? single cell with
a two-channel serpentine flow field for both the anodic and
the cathodic sides, using pure hydrogen as the fuel and pure
oxygen or air as the oxidant. The temperature of the cell and
reagent streams was kept constant at 85 °C. The hydrogen
flow rate was 800 ml-min . Air and oxygen flow rates were set
at 1700 and 500 ml'min~?, respectively. Polarization curves
were collected with fully-humidified reagent streams at a back
pressure of 4 bar and then at a back pressure of 1 bar.
Subsequently, the activity of the water vapour (au0) of both
reagent streams was reduced to 0.75 and the polarization
curves were measured after the system reached stability.
Finally, polarization curves were determined with both
reagent streams having the same ayyo of 0.50, 0.25, 0.12 or
0.05. All the measurements with reagent streams character-
ized by ap0 < 1 were collected at a back pressure of 1 bar. Both
pure oxygen and air were used as oxidants at each set of
operating conditions. The polarization curves were not cor-
rected for internal resistance losses.

3. Results
3.1. Preparation of the nanofillers

To obtain the nanofillers described here, two oxides charac-
terized by a different Mohs hardness or crystallinity are sus-
pended in dimethylformamide (DMF). The resulting mixture is
ground extensively in a planetary ball mill. There are two
main objectives of this preparation protocol: (a) to segregate
the oxide characterized by the lower hardness or crystallinity,
i.e. HfO, or SiO,, on the surface of the resulting “core—shell”
inorganic biphasic nanoparticles; and (b) to obtain nano-
particles with a very fine and homogeneous granulometry.
Both of these objectives were reached for similar “core—shell”
systems prepared by the same procedure [38,39]. “Core-shell”
inorganic nanodomains can be divided into two classes:
chemical and physical “core—shell” nanodomains. In chem-
ical “core—shell” nanodomains, a “core” with a higher Mohs
hardness index or with a higher crystallinity is chemically
covered by a “shell” of a softer material characterized by
a lower Mohs hardness. A chemical bonding interaction
occurs between the shell and the core materials when the two
materials have compatible crystal structures and chemical
behaviour (“core—shell” type A). In the physical “core—shell”
nanodomains, a simple adhesion of the soft phase, charac-
terized by a low Mohs hardness or less crystalline nano-
particles, onto the surface of the nanoparticles with a high
Mohs hardness is expected. Physical “core—shell” nano-
particles occur when the two materials forming the “core—-
shell” have very different and incompatible crystal structures.
In this situation, the soft phase is physically adsorbed on the
surface of the hard nanoparticles to form a physically-
interacting shell (“Core—Shell” type B).
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Fig. 1 — HR-TEM morphology images of ZrHf “core—shell”
nanofiller.

The ZrHf and SiHf fillers were carefully characterized by
HR-TEM. The micrograph in Fig. 1(a) indicates that ZrHf
consists of nanoparticles with an approximately spherical
shape and diameters ranging from 10 to 100 nm. The particles
sizes are classified on the basis of EDX analyses: a) large
nanoparticles (d > 80 nm) with atomic percentages of
Zr = 49.6, Hf = 0.6 and O = 49.8% at; b) medium nanoparticles
(20 < d < 80 nm) with Zr = 44.2, Hf = 1.3 and O = 54.3% at; and
c) small nanoparticles (d < 20 nm) with Zr = 40.8, Hf = 5.9 and
O =53.3% at. It should be observed that decreasing the particle
size increases the ratio of the atomic percentages Hf/Zr, which
indicates that the thickness of the layer of the soft material
interacting with the surface of hard core is probably inde-
pendent of the “core” size. Fig. 1(b) and (c) show the
morphology of the smaller particles. It is impossible to
distinguish the ZrO, and HfO, phases by electron diffraction
measurements and HR-TEM. The results demonstrate that
these two components are isomorphous phases and as shown
in Fig. 1(c) the particles are highly crystalline with interplanar
distances corresponding to a polyphasic a-ZrO,, composed of
triclinic a-ZrO, (P, /nmc) with small amounts of monoclinic
(Fm3m) and cubic (Py1/c) a-Zr0,. The interplanar distances also
correspond to a triclinic HfO, (P4, /nmc). From these results, it
should be concluded that the HfO, soft phase is highly
compatible with the ZrO, nanoparticles. It is chemically
bonded to the surface of the ZrO, “core” nanoparticle forming
a “shell” with an isomorphic structure making ZrHf a good
example of an A-type “core—shell” nanofiller.

The micrographs in Fig. 2(a) and (b) clearly show that the
SiHf filler consists of crystalline HfO, nanoparticles with
diameters ranging from 50 to 100 nm and a “shell” of tiny
amorphous grains of SiO, with sizes lower than 10 nm phys-
ically adsorbed on the surface of the HfO, nanoparticles.

Fig. 2 — HR-TEM morphology images (a) and (b) and
electron diffraction pattern (c) of SiHf “core—shell”
nanofiller.

These results were supported by the EDX analyses and the
electron diffraction measurements shown in Fig. 2(c). EDX
measurements revealed a clear phase segregation between
the “core” and the “shell” domains of the nanoparticles. The
electron diffraction pattern of Fig. 2(c) exhibits the typical
structure of amorphous silica grains revealed as a diffuse
“halo” and shows that HfO, is present in its original crystalline
structure. From this information, it is concluded that SiO, and
HfO, are completely chemically incompatible and the “cor-
e—shell” morphology of HfO, and SiO, results from a physical
adhesion of SiO, on the surface of HfO,. Thus, the SiHf is a B-
type “core—shell” nanofiller.

3.2. Preparation of the hybrid membranes

To incorporate particles characterized by a very fine gran-
ulometry, it is essential to expand their contact area with the
polymer host matrix to promote the effects arising from the
interactions between the two components in the resulting
hybrid inorganic—organic material. The suspension of the
nanofillers and the Nafion ionomer in DMF is particularly
stable. This is very important to inhibit the settlement of the
nanofiller particles during the solvent-casting procedure. The
hybrid membranes are homogeneous and characterized by
a uniform thickness of ca. 110 pm. This value was chosen to
approximately match the thickness of the Nafion 115 refer-
ence membrane. The MEAs assembled from these hybrid
systems are expected to show good performances and mini-
mize the issues arising from the crossover of the reagents or
the development of pinholes and cracks in the membrane.
The treatments performed after the solvent-casting proce-
dure, i.e. the consolidation of the [Nafion/(ZrHf),] and [Nafion/


http://dx.doi.org/10.1016/j.ijhydene.2011.07.132
http://dx.doi.org/10.1016/j.ijhydene.2011.07.132

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 6199—6214

6203

Table 1 — Proton exchange capacity of [Nafion/(ZrHf),] and
[Nafion/(SiHf),] hybrid membranes.

X PEC (mequiv g%
Nominal®  [Nafion/(ZrHf),]°  [Nafion/(SiHf),]P
0 0.9 0.9 0.9
0.05 0.855 0.86 0.87
0.1 0.810 0.8 0.82
0.15 0.765 0.78 0.8

a Calculated by correcting the PEC of Nafion by the mass fraction of
nanofiller.
b Determined by titration.

(SiHf),] hybrid membranes at 130 °C for 3 h followed by a hot-
pressing step at 100 °C and 1000 psi, are intended to: (a)
remove the last traces of solvents; (b) consolidate the
mechanical properties of the hybrid materials; and (c) prevent

20 1 a
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T 5 o IR
2 15 :
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o . -
S : :
£ 10 1 [Nafion/(ZrHf),] i
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1 [] x=0.10 v
. A x=0.15 :
S ;
O_II|IIIIIIIII|IIIIIIIII|IIIIillll||lll|lllllllll|ll
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Fig. 3 — Dependence of A versus the water activity (ax20) for
the hybrid membranes; values determined by isopiestic
absorption. (a) [Nafion/(ZrHf),] membranes; (b) [Nafion/(SiHf),]
membranes. The lines are meant as a guide for the eye.

the irreversible swelling of the membranes in the subsequent
washing procedures.

3.3. Proton exchange capacity (PEC) and water uptake

The proton exchange capacity (PEC) values of both the
[Nafion/(ZrHf),] and the [Nafion/(SiHf),] membranes are
determined by titration as discussed in Section 2.5 and are
shown in Table 1. Both families of membranes are charac-
terized by PEC values very similar to the nominal figures
obtained by correcting the PEC of pristine Nafion according to
its mass fraction in the hybrid systems. Therefore, the nano-
fillers do not provide any significant additional contribution to
the PEC of either the [Nafion/(ZrHf),] or [Nafion/(SiHf),]
membranes. The values of A determined by the isopiestic
absorption of water at various water activities are shown in
Fig. 3 [47]. It is possible to divide the graphs into two regions, I
and II. I includes the data collected at water activities below
0.6, while II covers the remaining data. In I, the evolution of A
is moderate and follows a Langmuir-like trend. Both [Nafion/
(ZrHf),] and [Nafion/(SiHf),] membranes show a higher A than
pristine recast Nafion in region I. Fig. 4 reports the values of A
versus the mass fraction of nanofiller x for both families of
hybrid membranes at a0 = 0.33 and ag,o = 1. It is observed at
amgo = 0.33 (upper panel of Fig. 4) that: (a) the A values for
[Nafion/(SiHf),] membranes are larger than those of the
[Nafion/(ZrHf),] membranes for all x; and (b) A increases as x
increases in [Nafion/(SiHf),] membranes. In comparison, the
maximum A occurs at x = 0.05 for [Nafion/(ZrHf),] membranes
before undergoing a very slight decrease as x increases to 0.15.
Similar trends are observed at ay,0 = 1 (lower panel of Fig. 4),
except there is no significant decrease in A as observed in
[Nafion/(ZrHf),] membranes at x =0.1 and x = 0.15. It should be
highlighted that in region II, agyo > 0.7, the differences in A
between the various membranes are increasingly evident,
especially for [Nafion/(SiHf),] membranes. In summary, the
introduction of the B-type
[(Si0,) - (HfOy)o.28] leads to a significant increase in the capa-
bility of [Nafion/(SiHf),] membranes to absorb water as

“core—shell” nanofiller

- 40ia
S E e
E 35 T
- k| P S
b= E| -
& 3.0 / %\e\gm
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X

Fig. 4 — Dependence of A vs. the mass fraction of nanofiller
x for the hybrid membranes; values determined by
isopiestic absorption at: (a) agso = 0.33; (b) ayo = 1. The
lines are meant as a guide for the eye.
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Fig. 5 — Thermogravimetric measurements of hybrid

[Nafion/(ZrHf),] and [Nafion/(SiHf),] membranes; I, I and III
indicate the main thermal degradation events.

compared to pristine recast Nafion. The effect of the
[(ZrO,)-(HfO,)02s] nanofiller on A in [Nafion/(ZrHf),]
membranes is significantly lower at both high and low values
of water activity.

3.4.  TGA analysis of the membranes

Fig. 5 reports the TGA profiles of the hybrid [Nafion/(ZrHf),]
and [Nafion/(SiHf),] membranes. The thermal decomposition
events typically observed in hybrid inorganic—organic Nafion-
based membranes are evident [35,39,41,42]. The main degra-
dation processes are labelled I, II and III; a further small
elimination can be seen at T < 100 °C and is ascribed to the
desorption of residual water from the membranes. Degrada-
tion I occurs between 100 and 250 °C and is attributed to the
loss of the —SO3H groups of the Nafion host polymer. Degra-
dation II is observed between 300 and 380 °C and originates in
the decomposition of the perfluoroether side chains of Nafion.
Finally, degradation Il is evident at T > 400 °C and is due to the
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Fig. 6 — Derivatives of the TG profiles of hybrid [Nafion/

(ZrHf),] and [Nafion/(SiHf),] membranes as a function of the
temperature. (a) event I; (b) event II.

decomposition of the perfluorinated backbone chains of
Nafion. The residue remaining at the highest temperatures
(T > 700 °C) is in good agreement with the weight concentra-
tion of the inorganic nanofillers embedded in each hybrid
membrane. Fig. 6 shows the derivatives of the TGA profiles
reported in Fig. 5 in the temperature ranges from 100 to 270 °C
(see Fig. 6(a)) and 300—400 °C (see Fig. 6(b)). Fig. 6(a) and (b) are
intended to yield information about the thermal degradation
events I and II, respectively. Fig. 6(a) reveals that a slightly
lower loss of —SO3H groups occurs in the [Nafion/(ZrHf),] and
[Nafion/(SiHf)x] membranes than in pristine recast Nafion in
the same temperature range. In contrast, Fig. 6(b) clearly
indicates that the degradation of the perfluoroether side
chains of the Nafion host polymer is quite different in the two
families of hybrid membranes. Degradation II occurs at
a temperature ca. 20 °C lower in all the [Nafion/(ZrHf),]
membranes than in pristine recast Nafion. The opposite trend
is found in the [Nafion/(SiHf),] membranes, where degrada-
tion II is manifested at temperatures ca. 20 °C higher in
comparison to pristine recast Nafion. These results confirm
that the catalytic effect of transition metal oxides on the
polyether side group degradation of membranes is greater in
[Nafion/(ZrHf),] than in [Nafion/(SiHf),].


http://dx.doi.org/10.1016/j.ijhydene.2011.07.132
http://dx.doi.org/10.1016/j.ijhydene.2011.07.132

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 6199—6214

6205

-2

] i a
0.9 1
0.6
> 1 [Nafior/(ZeH),]
= 03] ——x=005
o {4 —+=x=010
= 1 ——-x=015
-g ] —+— Nafion 115
£ 00 Fr—rrre e
3 ]
O 09 Oxidant: O,
1 N Back Pressure = 4 bar
y AN
0.6 i
0.3 + [Nafion/(SiHN),)
] -e—=x=00s
41 —#-x=010
-_ —— x=015
0.0 ——

———— : :
0.0 0.5 1.0 15 2.0
Current Density / A-cm’

] b
06 -
0.4 4 [Nafion/(ZrH),
1 o x=005
E —- x=0.10
1 - x=0.15
0.2 5
g 0.0 E‘ T T | TITTT T T T T T
=S ] Oxidant: O,
~ 0.6 —: Back Pressure = 4 bar
= 3
2 ] . [Nafion/(SiHf),]
D g4 ] —a x=005
0 &5 - x=010
= 3 — x=015
[ B
3.,
S 021
0.0 3
ﬁ"“l""l“"\““l""l““ “"l"“l““l“"l"“\““
0.0 04 08 1.2

Cell Potential / V

Fig. 7 — (a) Polarization curves; and (b) power curves of MEAs assembled with: a Nafion 115 membrane (+); the [Nafion/
(ZrHf),] hybrid membranes (open symbols); the [Nafion/(SiHf),] hybrid membranes (solid symbols). The oxidant is pure

oxygen and the back pressure is 4 bar at ay,o = 1.

3.5.  Tests in a single-cell configuration

3.5.1.  Single-cell performance at 4 bar and 100% RH

Fig. 7 depicts the polarization and the power curves of MEAs
assembled with Nafion 115, [Nafion/(ZrHf),] and [Nafion/
(SiHf)x] membranes in “ideal” operating conditions, i.e. using
pure oxygen as the oxidant and fully-humidified reagent
streams at a back pressure of 4 bar. The two families of
proton-conducting materials are characterized by signifi-
cantly different behaviours. As in the Nafion 115 reference
membrane, the [Nafion/(ZrHf),] hybrid membranes feature
polarization curves with a very similar S-shape. This shape
originates from: (a) a sharp drop at the highest cell potentials,
which essentially arises from the limited effectiveness of the
cathode electrode due to the sluggishness of the oxygen
reduction reaction; (b) a linear section at intermediate cell
potentials, where the slope depends mainly on the various
ohmic losses; and (c) a further drop at the lowest cell poten-
tials as the limitations due to mass transport issues become
progressively more important [3,5]. The initial potential drop
of all the [Nafion/(ZrHf),] hybrid membranes is very similar to
the Nafion 115 reference membrane. In comparison, in
[Nafion/(SiHf),] hybrid membranes this initial drop is much
more pronounced and continues up to current densities as
high as 0.2—0.5 A cm 2. In all the investigated MEAs, the slope
of the linear section of the polarization curves is slightly lower
than in the Nafion 115 reference. Finally, the polarization
curves of all the MEAs, i.e. the Nafion 115 reference, the

[Nafion/(ZrHf),] and the [Nafion/(SiHf),] hybrid membranes,
show a similar trend at the lowest cell potentials. The
difference in the initial potential drop of the polarization
curves of the Nafion 115 reference and the [Nafion/(ZrHf),]
hybrid membranes as compared to the [Nafion/(SiHf),] hybrid
membranes is explained as follows. In the Nafion 115 refer-
ence and all the [Nafion/(ZrHf),] hybrid membranes, the initial
portion of the polarization curve is controlled mainly by the
electrode processes, particularly the oxygen reduction reac-
tion [3,5,48]. It should be highlighted that: (a) all the MEAs
mount gas-diffusion electrodes (GDEs) prepared with the
same porous materials; (b) all the GDEs bear electrocatalytic
layers sharing the same formulation and using the same
functional materials (ionomer and electrocatalysts); and (c) all
the MEAs are assembled according to the same protocol.
Thus, since the Nafion 115 reference and the [Nafion/(ZrHf)y]
hybrid membranes mount the same electrodes, the initial
portions of the polarization curves are essentially coincident
as the ohmic contributions are assumed to be practically the
same. In contrast, the initial potential drop in the polarization
curves of all the [Nafion/(SiHf),] hybrid membranes is too
large to be ascribed only to the sluggishness of the electrode
processes. A significant contribution is expected to derive
from ohmic losses. The latter mainly occurs due to: (a) the
ohmic resistance of the membrane; (b) the ohmic resistances
of the other components of the MEA; and (c) the resistance
arising from the interfaces between the various layers of the
MEA [3,5,48]. Contributions (b) and (c) are expected to be the
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same for all the MEAs described in this report for the same
reasons mentioned above. Therefore, the ohmic resistance of
the proton-conducting membrane is assumed to be the
discriminating factor. At low current densities, the ohmic
resistance of the [Nafion/(SiHf),] hybrid membranes is
expected to be very high, which leads to the observed steep
potential drop. As the current density becomes larger than
J > 0.2-0.5 A cm™?, the proton conductivity of the membrane
increases suddenly, leading to a significant decrease in the
slope of the polarization curve. This event is interpreted by
considering that as the current density of a fuel cell is raised,
an increasing amount of water is obtained at the cathode as
the final product of the overall reaction [1]. Thus, to operate
properly the [Nafion/(SiHf),] hybrid membranes require more
water than is provided by the reagent streams. The proton
conductivity is increased only in these conditions. It is well-
known that the slope of the I-V polarization curve of a MEA
is a first approximation of its overall ohmic resistance,
assuming that the cell potential: (a) is low enough to disregard
contributions arising from electrode kinetics; and (b) no losses
due to mass transport issues are observed [3,5,48]. In general,
these conditions are satisfied in the linear section of a polar-
ization curve located at intermediate cell potentials. The
slopes of all the linear sections of the polarization curves of
both the [Nafion/(ZrHf),] and [Nafion/(SiHf),] membranes are
lower than in the Nafion 115 reference. In addition, the
thickness of all the membranes presented in this report is
comparable (ca. 110 um). Therefore, it can be concluded that
the proton conductivity of all the hybrid membranes is larger
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than the Nafion 115 reference, provided that their level of
hydration is sufficiently high. In general, the mass transport
issues affecting the shape of the polarization curve of a MEA
depend on: (a) the features of the porous materials of the
GDEs supporting the electrocatalytic layers; (b) the charac-
teristics of the materials included in the electrocatalytic
layers; (c) the formulation of the electrocatalytic layers; and
(d) the operating conditions [3,5,48]. Since these points are the
same for all the MEAs presented in this study, all of the
polarization curves are affected by essentially the same mass
transport issues, as is evident in the data reported in Fig. 7(a).
Fig. 7(b) reports the power curves derived from Fig. 7(a) by
plotting the current density versus the cell voltage. One way
to gauge the overall performance of a MEA is to consider the
maximum power density it can yield. In general, this
maximum is located at potentials (current densities) which
are: (a) high enough (low enough) to disregard the contribu-
tions arising from mass transport issues; and (b) low enough
(high enough) to consider the electrode losses constant. These
conditions are usually satisfied in the linear section of the
polarization curve of a MEA, exactly where the ohmic
contribution of the proton-conducting membrane plays the
most important discriminating role. This is especially true in
a series of MEAs assembled with the same procedure and
using electrodes sharing the same formulation as in this
report. Thus, it can be concluded that the maximum of the
power density curve is an especially effective figure of merit
to compare the overall performance of a series of similar
MEAs.
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Fig. 8 — (a) Polarization curves; and (b) power curves obtained from MEAs assembled with: a Nafion 115 membrane (+); the
[Nafion/(ZrHf),] hybrid membranes (open symbols); the [Nafion/(SiHf),] hybrid membranes (solid symbols). The oxidant is

pure oxygen and the back pressure is 1 bar at agso = 1.
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Fig. 9 — Dependence of the maxima of the power density on x. Data derived from Figs. 7 and 8. The oxidant is pure oxygen

and the back pressure at ay,0 = 1 is: (a) 4 bar; (b) 1 bar.

3.5.2. Single-cell performance at 1 bar and 100% RH

Fig. 8 reports the polarization and power curves of all the
MEAs, where the back pressure of the reagentsis setat 1 bar. It
is observed that the general trends highlighted in Fig. 7 are still
very evident. In particular, the polarization curves of the
[Nafion/(ZrHf),] hybrid membranes are very similar to those of
the Nafion 115 reference. In contrast, the polarization curves
of the [Nafion/(SiHf),] hybrid membranes show the same steep
potential drop at high cell potentials, followed by a linear
section showing essentially the same slope as the Nafion 115

reference. Finally, the contributions arising from mass trans-
port issues are essentially the same for all the MEAs, i.e. the
Nafion 115 reference, the [Nafion/(ZrHf),] and the [Nafion/
(SiHf)y] hybrid membranes. One major difference is high-
lighted between the data collected at different back pressures
of the reagents. At a back pressure of 4 bar, the best polari-
zation curve is found with the [Nafion/(ZrHf)o1s] hybrid
membrane, while at a back pressure of 1 bar, the same hybrid
membrane is characterized by the worst polarization curve in
its family and is much worse than the Nafion 115 reference.
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Fig. 10 — Dependence of the maxima of the power density on x. Data derived from Fig. S1 and Fig. S2 (see Supplementary
Information). The oxidant is air and the back pressure at ay,o = 1 is: (a) 4 bar; (b) 1 bar.
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3.5.3. Effect of nanofiller concentration on single-cell
performance

Figs. 9 and 10 show the maximum of the power density curves
as a function of the mass fraction of nanofiller x using either
pure oxygen or air as the oxidant, respectively. Fig. 9(b) clearly
shows that the performance of [Nafion/(ZrHf),] hybrid
membranes improves as the mass fraction of the nanofiller
increases and is always better in comparison with the Nafion
115 reference. The maximum power densities yielded by the
[Nafion/(ZrHf)o 1s] hybrid membrane and the Nafion 115
reference are 0.66 and 0.53 W cm ™2, respectively. In compar-
ison, the performance of [Nafion/(SiHf),] hybrid membranes
peaks at x = 0.10, where it is equal to 0.62 W cm~?; the other
membranes yield lower values than the Nafion 115 reference.
As the back pressure of the reagents is reduced to 1 bar (see
Fig. 9(a)), the same overall trends are observed. The only
difference is that the best performance is observed for the
[Nafion/(ZrHf)p10] hybrid membrane, which vyields
a maximum power density equal to 0.52 W cm™2 versus
0.40 W cm ™2 for the Nafion 115 reference. The performance of
the [Nafion/(ZrHf), 1s] membrane is significantly lower, as it
yields a maximum of 0.33 W cm 2. As for the [Nafion/(SiHf),]

Nafion 115 a0
Back pressure=1bar _o_ 05
Oxidant: O,

Cell Potential / V
o
14
nn

0194 & M
N .

00 02 04 06 08 10 12
2

Current Density / A-cm’

o
'S

2

o
w

Power Density / W-cm
o

©
N
| IR BRI I BRI A A N AN AR |

o
o

LI L L L L L O

0.2 0.4 0.6 0.8 1.0
Cell Potential / V

Fig. 11 — Envelope of: (a) the polarization curves; and (b) the
power curves of the MEA assembled with the Nafion 115
membrane as a function of ay,0 in the reagent streams.
The oxidant is pure oxygen and the back pressure is 1 bar.

hybrid membranes, the best performance is obtained at
x = 0.10, where the maximum power density is equal to
0.50 W cm ™2 The trends of the maxima of the power curves
determined using air as the oxidant (see Fig. 10) are essentially
the same as those with pure oxygen, previously reported in
Fig. 8.

3.5.4. Effect of water vapour activity on single-cell
performance

Figs. 11—-13 show the envelopes of selected polarization and
power curves determined for the Nafion 115 reference, the
[Nafion/(ZrHf)o0s] and the [Nafion/(SiHf)oes] hybrid mem-
branes, respectively, as a function of the water vapour activity
in the reagent streams. All the envelopes collected for the
remaining membranes using both pure oxygen and air as the
oxidant are reported in the Supplementary Information. It is
observed that the overall performance of the membranes
decreases as the apyo in the reagent streams decreases.
Specifically, the shape of the polarization curves is altered and
two main effects are evident: (a) a potential drop at high cell
potentials; and (b) an increase in the slope of the linear section
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Fig. 12 — Envelope of: (a) the polarization curves; and (b) the
power curves of the MEA assembled with the [Nafion/
(ZrHf)o os] membrane as a function of ay,0 in the reagent
streams. The oxidant is pure oxygen and the back pressure
is 1 bar.
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of the polarization curves. It is not easy to quantify the relative
importance of these two effects for each membrane at the
different values of ayyo in the reagent streams. However, it
can be noted that the two effects tend to exclude one another.
When a potential drop at high potentials is evident, the slope
of the linear section of the polarization curve tends to be
almost constant regardless of ay,0o in the reagent streams, as
is the case in the [Nafion/(SiHf)o0s] hybrid membrane (see
Fig. 13(a)). In comparison, if the slope of the linear section of
the polarization curves increases as apyo in the reagent
streams decreases, very little potential drop generally is
observed at the highest cell potentials as in the Nafion 115
reference (see Fig. 11(a)). Finally, the polarization curves
collected using pure oxygen as the oxidant tend to preserve
the slope of the linear section of the polarization
curve regardless of apyo in the reagent streams (see the
Supplementary Information) as compared to those using air
as the oxidant. These results can be explained considering
that the proton conductivity of all the membranes is not
constant along the polarization curve. Rather, as the current
density becomes larger than a certain threshold level, the MEA
becomes self-humidified, i.e. the proton conductivity of its
membrane increases markedly following an increased

production of water as the reaction by-product. A rough esti-
mate indicates that this threshold current density at a back
pressure of 1 bar falls between ca. 0.15 and 0.3 A cm 2. It is
noted that in certain cases as the current density becomes
larger than a threshold value the increase in the proton
conductivity is sudden and very significant, as indicated by
the marked “bump” in the polarization curve of the [Nafion/
(ZrHf)o0s] hybrid membrane where a0 in the reagent
streams is 0.12 (see Fig. 12(a)). In this case, the effect is so
evident that the cell voltage actually increases from 0.2 to
0.35 V as the current density is increased from 0.12 to
0.22 A cm™2 When the cathode electrode is fed with pure
oxygen, it operates more effectively than when it is fed with
air, leading to higher cell potentials at the same current
densities [3,5,48]. As a direct consequence, the same MEA
becomes more easily self-humidified when it is fed with pure
oxygen because it is able to support larger current densities
and consequently produces more water. This explains why
polarization curves for MEAs fed with pure oxygen tend to
conserve the slope of the linear portion of the polarization
curve regardless of ayyo in the reagent streams. Fig. 14 reports
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the polarization and the power curves of the hybrid
membranes and the Nafion 115 reference where ay,o in the
reagent streams is 0.25. It is observed clearly that the perfor-
mance of the [Nafion/(ZrHf),] hybrid membranes is higher
than the Nafion 115 reference and improves as the weight
fraction of the nanofiller x decreases from 0.15 to 0.05. For the
[Nafion/(SiHf),] hybrid membranes, it is noted that if x = 0.05
the membrane becomes self-humidified at a current density
of ca.0.2 Acm™2, yielding a higher performance in comparison
with the Nafion 115 reference. However, if x = 0.10 or x = 0.15,
no such self-humidification is registered and the performance

of the membranes drops well below the level typical of the
reference. Fig. 15 reports the maxima of the power density
curves obtained for each membrane as a function of ay,o in
the reagent streams as they are fed with pure oxygen. Fig. 16
shows the corresponding data for systems fuelled with air at
the cathode. In both cases it is observed that the performance
of the [Nafion/(ZrHf),] membranes is superior than in the
Nafion 115 reference, especially if ayyo in the reagent streams
is lower than 0.5. For example, at aypo = 0.25 and fuelling the
MEAs with pure oxygen, the maximum power densities
obtained from the [Nafion/(ZrHf)oes] and the Nafion 115
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reference are 0.31 and 0.11 W cm ™2, respectively. In contrast,

the performance of the [Nafion/(SiHf),] membranes is signifi-
cantly worse than the Nafion 115 reference. The performance
of [Nafion/(SiHf),] is more significantly affected as ayyo in the
reagent streams is lowered below 1. It is also evident that the
general trends highlighted in Fig. 15 concerning the perfor-
mance of all the membranes fuelled with pure oxygen are not
altered significantly when the membranes are fuelled with air
as indicated by Fig. 16. In general, it is revealed that the rela-
tive performance of the various membranes is not affected
significantly by ay,o in the reagent streams. In other words, if
the performance of a given membrane is higher with respect
to any other at agso = 1, the same relative order is conserved
for all the other values of ay,0. The most evident exception
to this general trend occurs in the [Nafion/(SiHf)o0s]
hybrid membrane when it is fuelled with pure oxygen (see
Fig. 15(b)), where the performance becomes significantly
higher in comparison with the Nafion 115 reference at
0.12 < apgo < 0.25.

4, Discussion

The data presented in this work can be rationalized in
a coherent picture by considering the Nafion-nanofiller
interactions occurring due to the presence of the nanofiller
particles in the structure of pristine Nafion. It is well-known
that Nafion is characterized by hydrophilic domains
dispersed in a highly hydrophobic matrix [10]. Water is
absorbed in the hydrophilic domains, where it causes the
dissociation of the —SOsH groups found at the domain
boundaries [49]. Thus, H30" ions are produced and quickly
diffuse within each hydrophilic domain [50,51]. However, the
long-range migration of the protons is only possible when two
different hydrophilic domains come into contact following the
relaxation of the hydrophobic matrix [11,34]. The hydrophobic
domains include fluorocarbon helices characterized by at
least two main conformations: 15; and 10s. The 15, confor-
mation is largely dominant and gives rise to highly ordered
polymeric “bundles”. The 10; conformation gives rise to
a much more disordered local structure [52]. In a hybrid
inorganic—organic Nafion-based material, the addition of the
nanofiller particles alters this picture. The development of
dynamic cross-links between the nanofiller particles and the
Nafion host polymer is signified by a significant improvement
in the mechanical properties of the hybrid materials over
pristine Nafion, especially at T > 100 °C [36,38—41,53]. It is
widely reported that these dynamic cross-links may take
place between the —SOsH groups of the Nafion host polymer
and the surface of the nanofiller particles [36,38,39,41]. The
secondary structure of the Nafion host polymer is also
significantly affected. In hybrid inorganic—organic Nafion-
based materials, the concentration of the fluorocarbon
helices characterized by the 10, conformation increases
markedly as compared to pristine Nafion [39]. In the [Nafion/
(ZrHf),] and [Nafion/(SiHf),] hybrid membranes studied here, it
is observed that the nanofiller particles interact with the
—SO5H groups of the Nafion host polymer. Fig. 6(a) clearly
shows that in both the [Nafion/(ZrHf),] and [Nafion/(SiHf)y]
hybrid membranes, as compared to pristine Nafion, the

decomposition of the —SO3H groups is inhibited by the stabi-
lizing effect introduced by interaction with the nanofiller
particles. In contrast the decomposition of the perfluoroether
side chains of the Nafion host polymer in the [Nafion/(ZrHf),]
hybrid membranes occurs at a temperature ca. 20 °C lower
than in pristine Nafion. The opposite trend is observed in the
[Nafion/(SiHf),] hybrid membranes. This evidence is inter-
preted considering that in [Nafion/(ZrHf),] hybrid membranes
the Nafion-nanofiller interactions destabilize the per-
fluoroether side chains of the Nafion host polymer, while the
opposite occurs in [Nafion/(SiHf),| hybrid membranes. Recall
that the perfluoroether side chains are located at the interface
between the hydrophilic and the hydrophobic domains of the
Nafion host polymer. Therefore, strong Nafion-nanofiller
interactions promote the thermal degradation of the per-
fluoroether side chains and enhance the coupling phenomena
between the relaxation events of the two domains. Conse-
quently, in [Nafion/(ZrHf),] hybrid membranes the hydrophilic
domains are assumed to be less mobile than in pristine
Nafion, while the opposite would occur in [Nafion/(SiHf),]
hybrid membranes. Thus, the addition of [(ZrO,))- (HfO5)o.25]
and [(SiO,)-(HfO,)0.2¢] nanofiller is expected to alter signifi-
cantly the ordering of the perfluorinated backbone chains,
triggering the 15; — 10; conformational transition. An
increased concentration of 10; helices in both the [Nafion/
(ZrHf),] and the [Nafion/(SiHf),] would be consistent with the
larger water uptake in comparison with the pristine Nafion
both at high and low values of the water vapour activity (see
Figs. 3 and 4). This latter result is in line with other evidence
found in the literature [39] and is ascribed to the higher water
uptake associated with the solvation phenomena of Nafion-
nanofiller cross-links. The solvation phenomena are expec-
ted to become more significant as the strength of the Nafion-
nanofiller cross-links increases, i.e. as the ionic character of
the Nafion-nanofiller becomes higher. Therefore, the protons
of the —SO3H groups of the Nafion host polymer are assumed
to be delocalized over the surface of the [(ZrO,)-(HfO2)o.25]
particles owing to the stronger interactions in [Nafion/(ZrHf),]
membranes. The difference in the interactions between the
—SO3H groups of the Nafion host polymer and the nanofiller
particles in the two families of hybrid membranes is ascribed
to the acid—base properties of the surface of the latter
component. It is well-known that the basic character of the
oxides studied in this work increases as follows:
Si0, << ZrO, < HfO, [28]. Thus, the surface of the
[(ZrO,) - (HfO,)0.25] nanofiller is expected to be much more basic
than the surface of the [(SiO,)-(HfO,)02s] nanofiller. The
[(ZrO,)- (HfO)025] nanofiller is capable of triggering the
formation of —SO3---{[(ZrO,)- (HfO,)0.2s]-H}" bridges owing to
non-directional ionic interactions, while the [(SiO,)- (HfO2)o.2s]
nanofiller can only give rise to localized and highly directional
—SO3H:-[(SiO4)- (HfO,)o 28] dipolar interactions (see Figs. 1 and
2). The relatively poor fuel cell performance of the [Nafion/
(SiHf)g os] hybrid membrane is ascribed to the low delocaliza-
tion of protons. In this case the protons of the Nafion —SOsH
groups tend to be localized in direct interactions with the
nanofiller particles. In comparison, the fuel cell performance
of [Nafion/(SiHf)p10] hybrid membrane is significantly
improved. This evidence indicates that the introduction of
a larger mass fraction of nanofiller promotes the structural
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disorder of the Nafion host polymer, thus promoting the
proton delocalization in bulk membranes. Taken together, the
proton localization at the Nafion-nanofiller interfaces hinders
the conductivity of the membranes. The maximum perfor-
mance is achieved only as the reagent streams are fully
humidified and only when additional water is produced by the
cell during operation as the output current density becomes
larger than 0.3—0.5 A cm~? (see Fig. 7). In these conditions, the
[Nafion/(SiHf)o.10] hybrid membrane probably is capable of
holding more water than the Nafion 115 reference, yielding
wider proton-conducting channels. This hypothesis is also
consistent with the data shown in Figs. 3 and 4. In these
conditions, the [Nafion/(SiHf)o10] hybrid membrane reaches
a higher proton conductivity than the Nafion 115 reference as
signified by the lower slope of the polarization curve in its
linear section at a current density of 0.5—1 A cm ™2 (see Fig. 7).
In the case of the [Nafion/(SiHf)o 15] hybrid membrane, a drop
in fuel cell performance is observed in comparison with the
other membranes of this family. The formation of nanofiller
aggregates results in nanofiller—nanofiller interfaces unable
to promote proton delocalization in bulk membranes. Thus,
the proton conductivity of the [Nafion/(SiHf)o1s] hybrid
membrane is reduced, since: (a) the protons have to travel
around the water solvation shells of aggregates with a low
basic character; and (b) the formation of a higher concentra-
tion of filler aggregates acts to dilute the density of charge
carriers. These results are in agreement with the morpho-
logical studies carried out by HR-TEM. The fuel cell perfor-
mance of [Nafion/(ZrHf)oos] and [Nafion/(ZrHf)o10] hybrid
membranes is markedly improved as compared to the Nafion
115 reference because the mobility of the protons in the
hydrophilic domains is higher. In this case, the proton is
delocalized on the surface of the [(ZrO,)-(HfO,)o.,s] nanofiller
owing to the strength of the —SOz---{[(ZrO,)- (HfO2)o.2s]-H}"
cross-links. In addition, these interactions are responsible for
the proton delocalization in bulk membranes through the
water solvation shell of the Nafion-nanofiller cross-links. The
performance increases as the mass fraction of the
[(ZrO,) - (HfO,)0.25] nanofiller x increases up to 0.1 because the
density of Nafion-nanofiller cross-links increases. At x > 0.1
the performance is reduced owing to the formation of nano-
filler—nanofiller aggregates, which act to dilute the concen-
tration of charge carriers. This interpretation is also supported
by the result that the [Nafion/(ZrHf)o 5] hybrid membrane
shows the highest performance for all the materials discussed
in this work if it is fuelled with pure oxygen and fully-
humidified reagent streams at a back pressure of 4 bar (see
Fig. 7). Thus, the presence of a high water content in the
hydrophilic domains of the hybrid membranes facilitates the
long-range proton migration. In these conditions and as the
cell produces high current densities, the highest power
density, i.e. 0.66 W cm ™2, recorded in this work is achieved.
This evidence indicates that the interfaces between the
particles of the [(ZrO,)-(HfO,)o2s] nanofiller may become
capable of carrying protons effectively only if the hydration
level of the membrane becomes larger than a certain
threshold. The proton conductivity of the hybrid membrane is
increased in these conditions, therefore enhancing the
maximum power density yielded by the fuel cell. These results
suggest that a suitable hydration level is necessary to form

a continuous solvation shell around Nafion-nanofiller cross-
links, which facilitates the long-range charge transfer process.
This condition is reached if the fuel cell produces a sufficiently
high current density and consequently a large amount of
water as the reaction product. The fuel cell performance of
[Nafion/(ZrHf),] hybrid membranes is significantly improved,
as compared to the Nafion 115 reference and the [Nafion/
(SiHf)x] hybrid membranes, even when ay,o in the reagent
streams is low (see Figs. 14—16). This evidence is easily
interpreted in the proposed framework describing the effect of
the nanofiller on the structure and proton conductivity
mechanism of these families of hybrid inorganic—organic
materials. Indeed, as compared to the Nafion 115 reference: (a)
the water uptake of both the [Nafion/(SiHf),] and the [Nafion/
(ZrHf),] hybrid membranes is higher in these conditions and is
correlated to the density of Nafion-nanofiller cross-links (see
Figs. 3 and 4); and (b) the factor responsible for the improved
proton mobility in the hydrophilic domains is the basicity of
the [(ZrO,)- (HfO,)o.25] nanofiller, which improves the strength
of the Nafion-nanofiller cross-links and facilitates the proton
delocalization in the hydrophilic domains of the hybrid
membranes in the presence of solvation water. The final
result is an improved proton conductivity of the [Nafion/
(ZrHf),] hybrid membranes even at low hydration degrees.

5. Conclusions

In this work, two “core—shell” nanofillers are obtained by
grinding either SiO, or ZrO, with HfO,. The resulting
[(ZrO,) - (HfO,)0.25] and [(SiOy)- (HfO,)o 2g] nanofillers are used in
the preparation of two families of three hybrid inorga-
nic—organic membranes each. Nafion is used as the host
polymer, and the mass fraction of nanofiller x is set as 0.05,
0.10 and 0.15. The membranes are obtained with a solvent-
casting procedure and are subsequently purified and acti-
vated. The nanofillers do not provide additional contributions
to the nominal proton exchange capacity of the hybrid
membranes, as indicated by titration measurements. It is
demonstrated that the water uptake of both [Nafion/(ZrHf),]
and [Nafion/(SiHf),] hybrid membranes is larger than pristine
Nafion both at high and at low values of activity of water
vapour in the environment. Thermogravimetric measure-
ments show that the addition of nanofiller stabilizes the
—SOsH groups of the Nafion host polymer. In contrast, the
interactions between the nanofiller and the polymer matrix
stabilize the perfluoroether side chains of the Nafion host
polymer in [Nafion/(SiHf),] hybrid membranes. The opposite
trend is observed in [Nafion/(ZrHf),] hybrid membranes. The
fuel cell performance of [Nafion/(SiHf),] hybrid membranes is
lower than the [Nafion/(ZrHf),] hybrid membranes at both
high and low water vapour activities in the reagent streams. In
general, the best performance of both families of membranes
is obtained at x = 0.10. As the fuel cells are fed with fully-
humidified reagent streams at a back pressure of 1 bar and
using pure oxygen as the oxidant, the maximum power
density yielded by the Nafion 115 reference, the [Nafion/
(ZrHf)o 10] and the [Nafion/(SiHf)o 10] hybrid membranes is 0.40,
0.52 and 0.50 W cm™?, respectively. As apyo in the reagent
streams is lowered, the fuel cell performance of all the
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membranes is significantly compromised. However, it is
observed that this effect increases in the order [Nafion/(ZrHf),]
hybrid membranes < Nafion 115 reference < [Nafion/(SiHf),]
hybrid membranes. In particular, at apgyo = 0.25, with the back
pressure of the reagents set to 1 bar and using pure oxygen as
the oxidant, the maximum power density yielded by [Nafion/
(ZrHf)0.10) hybrid membrane, Nafion 115 reference and
[Nafion/(SiHf)o 10] is 0.26, 0.11 and 0.05 W cm ™2, respectively.
The data are rationalized taking into account: (a) the modifi-
cations of the secondary structure of the Nafion host polymer
upon the introduction of the nanofiller particles; and (b) the
interactions between the nanofiller particles and the —SOsH
groups of the Nafion host polymer. The presence of the
nanofillers in the hybrid membranes increases the concen-
tration of the 10; helical conformation of the Nafion host
polymer, which improves the Nafion-nanofiller interactions.
The strength of these interactions depends on the basicity of
the nanofiller. The density and the strength of the Nafion-
nanofiller cross-links [Nafion/(SiHf),] to
[Nafion/(ZrHf),] hybrid membranes with the increase in the
ionic character of the Nafion-nanofiller interactions. There-
fore, it is proposed that in the membranes based on the
[(ZrO,) - (HfO4)0 5] nanofiller the bulk conductivity is enhanced
owing to the efficient delocalization of the protons, which is
promoted by the Nafion-nanofiller interfaces. The opposite
phenomena occur in the [Nafion/(SiHf),] hybrid membranes,
where the Nafion-nanofiller interactions take place according
to a dipolar mechanism that acts to reduce the delocalization
of the protons.
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