
Journal of The Electrochemical Society, 155 �1� B70-B78 �2008�B70
Studies of Nafion–RuO2·xH2O Composite Membranes
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Nafion/RuO2·xH2O composite membranes were prepared by the recast method. The hydration level of RuO2·xH2O was varied by
heat-treatment of commercially available powders, and composite membranes were prepared with various RuO2·xH2O/Nafion
weight ratios. The through-plane conductivity of the membrane was evaluated in a fuel cell test station �H2/O2 at 80°C�. The
through-plane conductivity decreased from 0.32 to 0.26 � cm2 as a result of the introduction of RuO2·xH2O in the composite
membrane. The open-circuit voltage of the single fuel cell element is not affected by the presence of RuO2·xH2O particles.
Electrochemical impedance spectroscopy �four-probe method� was also used to evaluate the in-plane conductivity at 80 and
120°C, and at various relative humidities �RHs� ranging from 20 to 90%. In that case, the addition of 5 wt % RuO2·xH2O to
Nafion causes a significant increase of the conductivity. The in-plane conductivity does not vary with RH and is unaffected by
cation exchange �from H+ to Ba2+ or to Na+�. This is thought to arise as a consequence of RuO2·xH2O sedimentation on one side
of the membrane during the casting procedure. This hypothesis was confirmed by point energy-dispersive X-ray analysis and
scanning X-ray transmission microscopy that both show the presence of a thin layer ��5 �m� of RuO2·xH2O on one side of the
membrane. Scanning transmission X-ray microscopy also reveals that a significant fraction of RuO2·xH2O is incorporated in the
bulk of the membrane in the form of isolated aggregates �200–300 nm� made of smaller RuO2·xH2O particles. These aggregates
are thought to be responsible for the reduced through-plane ionic conductivity of the composite membrane observed in fuel cell
test stations.
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The current state-of-the-art of polymer electrolyte membrane
fuel cell �PEMFC� technology is based on perfluorosulfonic acid
�PFSA� membranes operating at an average temperature of 80°C.
PFSA ionomers typically consist of a perfluoroalkyl backbone and
perfluoroalkyl ether side chains bearing sulfonic acid end groups.
Among PFSA membranes, Nafion is recognized for its outstanding
properties, including high proton conductivity, excellent chemical
stability in both highly oxidative and reductive media �due to its
Teflon-like backbone�, low gas permeability, and good mechanical
strength. Great strides have been made in recent years to decrease
both the equivalent weight �EW� and the thickness of Nafion mem-
branes to achieve better durability and higher power density in
PEMFCs.

For the past decade, the industrial target has been operation of
PEMFCs at higher temperatures to improve the total efficiency and
reduce the complexity of the fuel cell ancillary systems. Yet, when
used above 80–100°C, Nafion membranes undergo severe structural
degradation, including dehydration due to lower affinity for water
molecules, loss of dimensional stability due to irreversible softening
of the polymer backbone near the glass transition temperature, and
higher fuel permeation.

Mixing of Nafion with various fillers has been proposed as a way
to improve water retention at low humidification and/or higher tem-
peratures, and to improve proton transport. Three main approaches
have been followed and they have recently been reviewed.1-4 These
approaches include: �i� impregnating or casting with free nonvolatile
acids,5 heteropolyacids �HPAs�,6-13 or ionic liquids,14 �ii� reducing
the thickness of the membranes by the Teflon-based microreinforce-
ment technique,15-20 and �iii� preparing organic/inorganic composite
membranes with Nafion and hygroscopic oxides such as SiO2,21-30

ZrO2,29,30 Al2O3,22,30 and TiO2,28,29,31-33 or solid inorganic proton
conductors such as zirconium phosphate26,34-37 and cesium
phosphate.1

The properties of these membranes can be further improved by
combining some of the approaches described above. For example,
approaches �i� and �iii� were used to stabilize water-soluble HPA
additives by ion exchange of the protons with larger cations,11,12 or
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by supporting it onto high-surface-area silica.13,26-28 Likewise, ap-
proaches �ii� and �iii� were used together to prepare composite
Nafion–Teflon–Zr�HPO4�2 membranes derived from 25 �m thick
Gore-Select membranes, which are routinely obtained by impregnat-
ing a Nafion solution into a microporous Teflon matrix.15 Besides
better mechanical strength, the resulting membrane has a higher
conductivity, which was ascribed to both a reduction of the mem-
brane thickness and the presence of extra proton-exchange sites due
to the incorporation of zirconium phosphate.16

Another interesting approach to improve the performance of
membranes under low-humidity conditions is the concept of
self-humidification.38 It basically consists of dispersing Pt nanopar-
ticles that catalyze the recombination of crossover hydrogen with
oxygen to generate water molecules in situ in the bulk of the mem-
brane. This results in more stable fuel cell operation at 80°C without
any external humidification.39 This approach was further developed
by combining the effects of Pt and hygroscopic SiO2,39,40 TiO2,33 or
using Pt/SiO2 nanoparticles.18,19,39

In the course of these various studies, composite membranes
were prepared by either recasting from a Nafion ionomer solution
mixed with the desired solid or a sol-gel approach based on the in
situ chemical precipitation of solid nanoparticles inside the hydro-
philic pores of a commercial membrane. It is not clear which ap-
proach should be preferred; except for one study,4 most papers on
the subject have reported comparable results.23,24,29,33,35 Neverthe-
less, the particle size of the solid additives proves to be important to
maximize the surface-to-volume ratio and to increase the interaction
with the ionomer to bridge the hydrophilic clusters more
effectively.1,9,11,29,30,37

There is general agreement in the literature that the incorporation
of hydrophilic additives enhances water uptake and imparts better
thermal stability to the composite membrane.2 However, despite
higher water retention properties, the proton conductivity of the hy-
brid membranes are often lower than, or at most equal to, that of
bare Nafion membranes.8,11,25,26,35-37 In the case of zirconium phos-
phate, this observation was explained by a “scaffolding effect” of
the additive that would account for a greater rigidity of the mem-
brane by constricting the pores through polymer-additive
interactions.36 In any case, increased proton conductivity is gener-
ally observed for nanosized particles as opposed to larger
particles.9,29,31,33,39 Proton transport in composite membranes occurs



B71Journal of The Electrochemical Society, 155 �1� B70-B78 �2008� B71
through a complex interplay between the surface and chemical prop-
erties of the polymer and the additives,1,26 and the use of “bifunc-
tional” additives, which are both hygroscopic and able to conduct
protons, should require special attention.

In this paper, we choose to concentrate on hydrous ruthenium
oxide, RuO2·xH2O, a mixed electronic–protonic conductor, as an
additive to Nafion. Ruthenium oxide belongs to a class of oxides
that encompasses many transition-metals or rare-earth oxides.
Proton conduction in these oxides occurs by a mixed-translocation
mechanism, whereby protons move along an adsorbed hydrous
structure.41 This material is considered to be one of the best elec-
trode materials for electrochemical capacitors due to its high specific
pseudocapacitance, high conductivity, and reversibility. More impor-
tantly, the proton dynamics of RuO2·xH2O, which have been char-
acterized by variable-temperature 1H spin-lattice relaxation time
�T1� measurements,42 are excellent. Upon varying the hydration
state x of the hydrous ruthenium oxide powder through heat-
treatment, a minimum of the proton activation energy was found for
powders annealed between 100 and 200°C. This minimum was cor-
related with a maximum of specific capacitance.42 Other studies
have confirmed that the charge-storage and electrocatalytic proper-
ties of RuO2·xH2O strongly depend on structural water content.43-46

According to Dmowski’s nanocomposite structural model,43 metal-
lic conduction is supported by the oxide rutile-like nanocrystals,
while proton conduction is associated with water chemisorbed along
grain boundaries with oxides.

Given the importance of the hydration state of RuO2·xH2O for
the conduction of protons, we accordingly have assessed the prop-
erties of different Nafion/RuO2·xH2O composite membranes pre-
pared by the recasting method. The water content x was varied by
heating commercially available powders at different temperatures.
These composite membranes were tested in a H2/O2 polymer elec-
trolyte membrane fuel cell test station. Conductivity profiles at 80
and 120°C were established in a four-electrode conductivity cell,
and the structural organization and dispersion of the oxide particles
in the composite membranes were assessed through a combination
of scanning electron microscopy and scanning transmission X-ray
absorption microscopy.

Experimental

Membrane preparation.— Membranes �wet thickness between
65 and 95 �m� were prepared by solution casting. The casting sol-
vent was composed of a 3:1:1 mixture of 2-propanol/water/
N,N-dimethylformamide �DMF�, unless otherwise stated. Dimethyl-
formamide and 2-propanol �ACS certified� were purchased from
Fisher Chemicals and Sigma-Aldrich, respectively. The addition of
DMF, a high-boiling solvent, has been reported to improve the me-
chanical strength and plasticity of the recast membranes.8,47-50 Other
high-boiling point solvents, like dimethylsulfoxide �DMSO� and
ethylene glycol, have a similar effect. In the present series of experi-
ments, DMF was selected because it allows the application of a
moderate heating step above the Nafion vitreous transition tempera-
ture �Tg � 110°C51� at the end of the casting process. This heating
step was proposed to replace the classical heating post-treatment
above Tg that is necessary to induce a structural reorganization of
the polymer chains and to achieve good mechanical properties.52

Hydrated ruthenium�IV� oxide �Ru content 54% min�,
RuO2·xH2O, was purchased from Alfa Aesar. The commercial pow-
der was partially hydrated and is best described as RuO2·xH2O, with
2 � x � 3. It was heated in air for 24 h at three different tempera-
tures, i.e., 75, 150, and 400°C, to remove some of the structural
water molecules and to study the influence of the hydration level on
the conductivity of the composite membranes. It is generally as-
sumed that complete dehydration of RuO2·xH2O occurs above
350°C.53 Considering that a thermal treatment at 400°C gives an-
hydrous RuO2, it is possible to determine the water content of
RuO2·xH2O heated at 75 and 150°C by determining the weight loss
of the sample upon subsequent heating at 400°C. Using this proce-
dure, it was found that x = 2.12 for as-received RuO2·xH2O, and
that x = 1.94 and 0.51 for RuO2·xH2O annealed at 75 and 150°C,
respectively. The extent of partial dehydration observed at 150°C is
in good agreement with literature data. For instance, Ref. 43 found
x = 0.58 for RuO2·xH2O treated under the same annealing condi-
tions, while x = 0.50 and 0.44 were found in Ref. 54 and 55 for
RuO2·xH2O annealed at 150°C for 17 h. The hydration level for
as-received RuO2·xH2O powder is also consistent with former de-
terminations �for instance, x = 2.11 in Ref. 43 and x = 2 in Ref. 54�.
Prior to their use, the three powders were ground using an agate
mortar and pestle.

The structure of the heat-treated RuO2·xH2O powders was stud-
ied by X-ray diffraction �XRD� �the diffractograms are not dis-
played�. The X-ray diffractogram of fully hydrated RuO2·xH2O dis-
plays very broad diffraction peaks that are characteristic of either an
amorphous or a nanocrystalline structure. Similar X-ray diffracto-
grams were obtained for RuO2·xH2O heat-treated at 75 and 150°C.
In contrast, much sharper diffraction peaks, corresponding to the
rutile structure of RuO2, are observed for the powder annealed at
400°C, consistent with what was found elsewhere.56 The presence
of these sharper peaks indicates that the loss of hydration water
molecules causes a partial ordering of the RuO2 unit. These results
are consistent with data from the literature showing that diffraction
peaks are almost absent in the XRD patterns of RuO2·xH2O pow-
ders heated at temperature below 200°C.43,46,57 Upon increasing the
temperature, removal of structural water molecules causes a struc-
tural reorganization of the compound and a partially ordered three-
dimensional rutile network is formed.

The preparation procedure of the composite membranes was as
follows: 2 g of 20 wt % Nafion dispersion �EW 1050 equiv g−1�
from DuPont were weighed and mixed with the ternary solvent com-
posed of 9 mL 2-propanol + 3 mL Millipore water + 3 mL DMF.
For RuO2-based composite membranes, the proper amount of
RuO2·xH2O powder was added to the ionomer solution. Two series
of membranes with different RuO2·xH2O loadings were prepared.
The first series contained 1 wt % RuO2·xH2O �based on the weight
of RuO2�, while the second series contained 5 wt % RuO2·xH2O. To
account for the different hydration state of the powders, the added
mass of RuO2·xH2O was based on that of the dehydrated RuO2
content. The mixture of RuO2·xH2O powder and Nafion was briefly
stirred with a magnetic bar and then sonicated for 30 min. High-
shear mixing of the dispersion for 3 h was explored for some early
preparations. No substantial improvement of the membrane’s com-
positional homogeneity was achieved by high-shear mixing com-
pared to ultrasonication, and that later method was eventually pre-
ferred. The slurry was then poured into a circular casting mold. This
homemade mold consists of a cylindrical hollow glass piece �i.d.
5.4 cm, i.e., surface area 22.9 cm2� that is deposited onto a flat glass
support of larger surface area. The whole set is clamped tightly
between two square stainless steel pieces with two intercalated
Teflon O-rings �Chemglass�.

The solvent was evaporated by heating the samples according to
the following sequence. First, the sample was brought to 80°C over
90–100 min. It was then brought slowly �over a period of
50–60 min� to 140°C and held at 140°C for 10 min. This last step
imparts insolubility to the recast films.58 As-prepared membranes
were allowed to cool to room temperature overnight, and they were
peeled from their glass support under deionized water the next day.
Parts of the membranes were analyzed in the Na+ form; therefore,
they were only boiled for 1 h in deionized water before conductivity
measurements. The protonation treatment consisted of washing the
membranes for 1 h in hot 3% hydrogen peroxide solution, rinsing
for 1 h in boiling deionized water, proton-exchanging for 1 h in
boiling 1 M sulfuric acid, and finally, rinsing for one additional hour
in boiling deionized water.59 For membranes in the Ba2+ form, an
additional H+/Ba2+ ion-exchanged step in hot 0.1 M BaCl2
�BaCl ·2H O from Anachemia� for 1 h, followed by rinsing for 1 h
2 2
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in boiling deionized water, was carried out after the protonation step
described above. All membranes were stored at ambient temperature
in deionized water until further use.

Membrane and powder characterization.— The chemical profile
of the composite membranes was determined using the energy-
dispersive X-ray �EDX� spectrometer attachment of a scanning elec-
tron microscope �JEOL JSM-6300F�. Membranes in swollen state
were freeze-fractured in liquid N2, exposing a fresh cross-sectional
surface. Pieces were fixed onto a silicon substrate with a copper tape
and attached to the sample support with a carbon-based paste. The F,
S, and Ru composition profiles were determined by probing F/S and
Ru/S atomic ratios measured at an accelerating voltage of 20 kV
and a magnification of �5000 at several points evenly distributed
across the membrane thickness.

The interferometrically controlled scanning transmission X-ray
microscope �STXM�60 at bending magnet beamline 5.3.2 at the Ad-
vanced Light Source �ALS�61 was used for chemical mapping using
X-ray absorption. The methods of measuring and analyzing STXM
images and spectra have been described elsewhere.62,63 The
aXis2000 program64 was used to process the spectral and image
data. For STXM, the samples were cut to 2–3 �m thick slices and
deposited on a thin Si3N4 window.

Fuel cell testing.— Nafion/5% RuO2·1.94H2O and Nafion/5%
RuO2 composite membranes were prepared and equilibrated as de-
scribed above. They were used as electrolyte in a H2/O2 PEMFC
operated at 80°C/100% relative humidity �RH�. The performance
was compared to plain, commercially available and recast Nafion
membranes under the same experimental conditions.

Commercial ELAT disks from E-TEK �surface area 1.13 cm2�
supporting a platinum catalyst layer of 0.4 mg cm−2, i.e., 20 wt %,
served both as electrodes and gas diffusion layers �GDLs�. Nafion
dispersion was paint-brushed onto the surface of the anode and the
cathode to improve interfacial three-phase contact between the
membrane and the electrodes. The mass deposited was of the order
of 0.5–1 mg cm−2. The catalyzed GDLs were dried on a hot plate at
100°C for a few minutes before subsequent membrane electrode
assembly �MEA� buildup.

The MEAs were fabricated by sandwiching the different mem-
branes between two identical ELAT electrodes and hot-pressing at
140°C and 300 psi for 40 s. They were placed between two Teflon
gaskets in fuel cell hardware from Globetech, Inc. The single fuel
cell was run at 80°C and fed on the anode side with hydrogen
�pressure 30 psig, flow rate 500 cm3 min−1� and on the cathode side
with oxygen �pressure 60 psig, flow rate 500 cm3 min−1�. The sys-
tem was pressurized and both gases were fully hydrated before en-
tering the fuel cell by passing through humidification bottles set at
110°C. All running parameters were fixed, controlled, and registered
by a Hewlett-Packard 6060B test station.

The MEAs were equilibrated at a constant potential of 0.5 V vs
a reversible hydrogen electrode �RHE� for 20 h. This step was nec-
essary to electrochemically clean the Pt catalyst surface, reach opti-
mal hydration of the membrane using the water produced by the
electrochemical reaction, and obtain stable polarization curves.

Conductivity measurements.— The experimental setup devel-
oped for the measurement of the specific conductivity is adapted
from the four-electrode ac impedance method developed by Sone et
al.59 However, several improvements were made compared to the
original system, and our system allows for a precise control of the
humidity over the whole 0–100% humidity range and for tempera-
tures up to 150°C. The home-built conductivity measurement sys-
tem is composed of four conductivity cells able to run simulta-
neously under nitrogen atmosphere. One of the cells is back-
pressurized to control the humidity levels at temperatures higher
than 100°C. A short description of the conductivity measurement
system follows.

The conductivity was measured by electrochemical impedance
spectroscopy �EIS� using a four-electrode configuration cell. The
conductivity cell is made of four parallel Pt wires �Alfa Aesar, di-
ameter 0.25 mm�, equally spaced on a plastic support. The two outer
Pt wires �3 cm apart� are used to impose an ac potential, while the
two inner Pt wires �1 cm apart� are used to measure the ac current.
The plastic support encasing the four parallel Pt electrodes is made
of temperature-resistant Kel-F polymer. A “window”-type cell de-
sign, with large voids �holes� between the electrodes, makes possible
the rapid humidification of the membrane by direct contact
with the circulating humidified gas. Membrane strips �3.0–3.5 cm
� 0.8–1.1 cm� were cut from the wet membranes and placed sym-
metrically on top of the Pt electrodes. To complete the cell, a second
plastic support was clamped on top of the bottom support and held
in place with screws.

The conductivity cell was introduced in a stainless steel chamber
that was itself fixed inside an Isotemp oven �Fisher, model RH202P�
by quick connects �Swagelok�. Electrical contact was established by
heat-resistant connectors and cables. The temperature was controlled
within ±0.3°C. The atmosphere in the stainless steel chamber was
controlled by circulating a humidified nitrogen gas �N2 flow was
adjusted at 300 cm3 min−1 with mass flowmeters�. The N2 gas was
humidified by circulating it through a heated glass reaction pressure
flask �Lasalle Scientifique, Inc.� containing water. The vapor pres-
sure in the circulating N2 gas is controlled by adjusting the tempera-
ture of water in the glass reaction pressure flask. The humidified gas
was then circulated through the stainless steel chamber and the open
configuration of the conductivity cell enabled direct exposure of the
membranes to the humidified gas. Rope heaters �Omega� maintained
at 10°C above the working MEA prevented water condensation in
the stainless steel tube connecting the glass reaction pressure flask
and the stainless steel chamber. Control of the temperature profiles
and data acquisition was performed via a resistance thermometer
device �RTD� temperature probe controlled by a software-managed
controller system �model ZCP403 manufactured by Zesta Engineer-
ing, Ltd.�. Water heating in the glass reaction pressure flask was
achieved through a temperature ramp of 1°C min−1 up to final tem-
perature. The set value was then maintained with an accuracy of
±0.1°C. The equilibration time of commercially available recast
Nafion and Nafion–RuO2 composite membranes was about 4–5 h
after starting the heating process.

The impedance of the membranes �in-plane conductivity� was
measured at open-circuit potential using a Solartron SI 1255 HF
frequency response analyzer, combined with a Solartron multipoten-
tiostat �model Multistat 1480A�, over a frequency range extending
from 10−1 to 105 Hz �5 mV ac amplitude�. The specific conductivity
of the membranes, � �S cm−1�, was determined by taking the aver-
age of the real part, R, of the complex impedance over a frequency
range extending from 101 to 104 Hz �the phase angle is zero over
that range�. Conductivity values were obtained from Eq. 1

� = l/RS �1�

where l �cm� denotes the distance between the reference electrodes
�1 cm� and S �cm2� is the cross-sectional area of the membrane. The
thickness of the membranes was determined with a numeric mi-
crometer �Geneq, Inc., model 1060001�. The accuracy of each mea-
surement is ±4 �m. For each RH/T condition, several series of 20
consecutive impedance spectra were taken on equilibrated mem-
branes and the final conductivity was calculated from the average
resistance value.

Results

Fuel cell testing.— The performances of the various membranes
were verified in a bench scale fuel cell test station. Figure 1 shows
the cell potential �E� vs current density � j� curves for different
H2/O2 single fuel cells fabricated from commercially available and
recast Nafion membranes, and Nafion/5% RuO2 and Nafion/5%
RuO2·1.94H2O composite membranes. All measurements were per-
formed at 80°C under fully humidified conditions �see Experimental
section�. As seen in Fig. 1, the current densities for composite mem-
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branes exceed that of the bare Nafion membranes at all cell poten-
tials. The performance of a single fuel cell is thus improved by the
introduction of RuO2·xH2O in the membrane. This is especially the
case for the MEA prepared with a Nafion/5% RuO2 composite mem-
brane. More severe mass-transport limitations at the highest current
densities are observed for the Nafion/5%·1.94RuO2 composite mem-
brane, but this might be due to a nonoptimized procedure of prepar-
ing the MEA.

All polarization curves were analyzed by fitting the experimental
data to Eq. 2

E = E0 − b log j − Rj �2�

where E is the observed cell potential, E0 is the open-circuit poten-
tial, b is the Tafel slope, j is the current density, and R is the total
resistance of the cell. Equation 2 above does not take into account
mass-transport limitations occurring at the highest current densities
and so the polarization curves were fitted up to 1 A cm−2, where
mass-transport limitations are not severe. The parameters extracted
from the fitting of the curves are given in Table I.

As seen in Table I, open-circuit potential �OCP� values are very
close to each other, with a mean value of 0.958 V. Interestingly, the
fact that the OCP values are the same for cells prepared using either
Nafion or Nafion/5% RuO2·xH2O composite membranes indicates
that the gas permeability of the membrane is not affected by the
introduction of RuO2·xH2O and that short-circuiting of the anode
and cathode is not an issue. Also, there is a small difference between
the Tafel slopes of the MEAs made from Nafion/5% RuO2·xH2O
composite membranes ��40 mV/dec� as opposed to those made
from bare Nafion membranes ��30 mV/dec�. However, this small
difference might not be significant and may arise simply as a con-
sequence of the limited current range ��1 A cm−2� used to fit the
polarization curves.

Figure 1. Polarization curves of Nafion/5% RuO2 and Nafion/5%
RuO2·1.94H2O composite membranes measured at 80°C. Also shown are the
polarization curves of commercially available and recast Nafion membranes.

Table I. Values of the electrokinetic parameters obtained from
the polarization curves measured at 80°C.

Membrane
E0
�V�

b
�mV/dec�

R
�� cm2�

N117 0.958 31 0.35
Recast Nafion 0.958 28 0.32
Nafion/5% RuO2·1.94H2O 0.950 40 0.26
Nafion/5% RuO 0.966 39 0.25
2
It is also noteworthy that the total resistance, R, is about 25%
lower for MEAs made with RuO2-based composite membranes
compared to reference MEAs using bare Nafion. Considering that
the various cells were made in a similar manner and that only the
nature of the membrane is changed, this implies that there is a sig-
nificant decrease of the resistance associated with the transport of
protons in the composite membranes. The R values of the composite
membranes are 0.25–0.26 � cm2, which is comparable to the value
of 0.26 � cm2 obtained by Adjemian et al. with a recast Nafion/10%
SiO2-based MEA under the same experimental conditions.24 In the
following section, we investigate in more detail the conductivity
behavior of the composite membranes with respect to RH.

Conductivity measurements.— The conductivity measurement
system was calibrated at 80°C with recast Nafion membranes, and
the experimental values were compared with commercially available
Nafion membranes �N117 and N112� and with literature data. As
stated previously, recast Nafion membranes were prepared with the
addition of DMF in the casting solution and included a post-
treatment at 140°C. The conductivity profile �80°C� of the recast-
Nafion membrane is plotted in Fig. 2 as a function of RH. For the
sake of comparison, the conductivity profile of a recast-Nafion
membrane prepared without the addition of DMF is also shown.
Also depicted in that figure are the conductivity profiles of commer-
cially available Nafion membranes and the data taken from Sone et
al. for Nafion N117 at 80°C.59

As seen in Fig. 2, the conductivity profiles of both recast Nafion
membranes �with and without the addition of DMF� are very close
to each other, indicating that the addition of DMF has no peculiar
deleterious or beneficial effect on the protonic transport of recast
Nafion membrane. These values are also similar to those measured
on commercially available N117 or N112 Nafion membranes. The
cluster-network microstructure of recast Nafion membranes is most
unaffected by the presence of DMF in the casting solution and is
most probably similar to that of the extruded form of the membrane.
Incidentally, the conductivity values measured on commercially
available Nafion membranes are similar to those obtained by Sone et
al.,59 confirming the validity of our experimental approach. To set a
reference point, the mean ionic conductivity at 80°C/80% RH is
0.035 S cm−1, and the standard deviation, based on 50 different
measurements made on 20 different membranes, is 0.005 S cm−1.

The conductivity vs RH profiles of Nafion/5% RuO2·xH2O com-
posite membranes are shown in Fig. 3 for various values of x.
The conductivity profiles of Nafion/5% RuO2 and Nafion/5%
RuO2·0.51H2O composite membranes are surprisingly flat over the
whole RH range, with mean � values of 0.328 and 0.166 S cm−1,
respectively. These values are much larger than the conductivity

Figure 2. Conductivity profiles of Nafion membranes measured at 80°C.
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measured on bare Nafion membranes. For these two membranes, the
water vapor pressure has very little effect on the in-plane conduc-
tivity. The hopping of protons through water molecules is definitely
less important for these composite membranes than it is for bare
Nafion membranes. An alternative conduction pathway through the
oxide particles needs to be invoked to explain the invariance of the
conductivity on the RH values. In the case of the Nafion/5%
RuO2·2.12H2O composite membranes, the conductivity profile
is close to that of bare Nafion for RHs � 50%. For smaller RH
values ��50%�, the conductivity values are almost constant
��0.02 S cm−1�, much larger than that of bare Nafion membranes.

In order to examine the influence of temperature, additional mea-
surements were performed at 120°C on Nafion/5% RuO2·0.51H2O
composite membranes at low RH �20%� and high RH �80%�. As
seen in Table II, there is no difference between the conductivity
measured at 20% RH and 80% RH. For comparison, the conductiv-
ity of bare Nafion membranes measured under the same conditions
varies from 0.0026 and 0.0615 S cm−1 as RH increases from 20 to
80%.

Nafion/1% RuO2·xH2O �instead of 5 wt %� composite mem-
branes were also cast using RuO2, RuO2·0.51H2O, and
RuO2·2.12H2O. The conductivity value of any of the Nafion/1%
RuO2·xH2O composite membranes does not differ by more than
10% from that of bare Nafion membranes. Conductivity vs RH pro-
files of these membranes are identical to each other and closely
follow that measured on bare Nafion membranes. This difference is
well within the experimental uncertainty �see above�, and it must be
concluded that the addition of 1 wt % of RuO2·xH2O to the Nafion
solution does not affect the conductivity of the resulting membrane.

It was hypothesized that the electronic conductivity of the oxide
additive might contribute significantly to the overall conduction seen
in Nafion/5% RuO2·xH2O composite membranes. To separate the
ionic and electronic contributions from the measured signal, we
have changed the nature of the counterion associated with the sul-

Figure 3. Influence of the hydration state of ruthenium oxide on the con-
ductivity profile of Nafion/5% RuO2·xH2O composite membranes. The con-
ductivity profile of bare Nafion membrane is also shown. All measurements
were realized at 80°C.

Table II. Conductivities for Nafion/5% RuO2·0.51H2O composite
membranes at 120°C.

Relative humidity
�RH�

� in H+ form
�S cm−1�

� in Na+ form
�S cm−1�

20% 0.163 ± 0.014 0.168 ± 0.017
0.168 ± 0.017 0.141 ± 0.018

80% 0.163 ± 0.018 0.155 ± 0.017
fonic acid groups of the ionomeric membrane. For this purpose,
protons were ion-exchanged with Na+ and Ba2+ ions as described in
the Experimental section and the conductivity of the membrane in
the Na+ and Ba2+ forms was measured as a function of RH.

Figure 4 shows the conductivity vs RH profile of bare Nafion
membranes in three different forms, namely, H+, Na+, and Ba2+. As
seen in Fig. 4, the � values are greatly affected by the nature of the
cation. The conductivity of the Na+-exchanged Nafion membrane is
about 2 dec lower than the conductivity of the bare Nafion mem-
brane in the H+ form. The conductivity is even lower for the bare
Nafion membrane in Ba2+ form, and the slope of the conductivity vs
RH curve is steeper than for the other two forms. Nafion membranes
in Ba2+ form become highly resistive as the RH values decrease, and
it was not possible to measure � values for RH values lower than
�70%. It is assumed that proton transport in both Na+- and
Ba2+-ion-exchanged Nafion membranes is hindered by electrostatic
effects arising from the double positive charge of Ba2+ and steric
effects due to the larger size of the cation.

The conductivity results of Nafion/5% RuO2·xH2O composite
membranes in H+, Na+, and Ba2+ forms are displayed in Fig. 5a
�x = 0�, 5b �x = 0.51�, and 5c �x = 2.12�, respectively. In all cases,
the conductivity vs RH profiles are flat and do not vary with RH.
There is little variation of the conductivity when the counterion is
changed from H+ to Na+ and then to Ba2+. In the case of Nafion/5%
RuO2 composite membranes �Fig. 5a�, the conductivity increases
slightly from H+ to Na+ and then to Ba2+ form. For Nafion/5%
RuO2·0.51H2O membranes �Fig. 5b�, all conductivity curves are
superimposable, whereas for Nafion/5% RuO2·2.12H2O membranes
�Fig. 5c�, no clear trend is observed. The invariance of the conduc-
tivity value with RH is also verified at 120°C �see Table II�. The
contrast observed between the results of Fig. 4 �pronounced depen-
dency of � on RH as the cation is changed� and Fig. 5 �no change in
the � value with RH as the cation is changed� is a strong indication
that proton conduction is probably not the main conduction
mechanism involved in the in-plane conductivity of Nafion/5%
RuO2·xH2O membranes.

Membrane characterization.— Figure 6 shows the cross-
sectional Ru/S and F/S atomic ratios of a Nafion/5%
RuO2·0.51H2O composite membrane, determined by X-ray fluores-
cence analysis in a scanning electron microscope �SEM-EDX�. In
that case, dispersion of the ruthenium oxide powder was achieved
by high-shear mechanical mixing of the slurry at constant speed for
3 h, followed by ultrasonication for half an hour just prior to pour-
ing the solution into the glass mold. As expected, the membrane
exhibited uniform F/S atomic ratio �63.4 ± 4.8%� across the whole

Figure 4. Influence of the ionic form of recast Nafion membranes on their
conductivity profile at 80°C.
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section of the membrane. In the case of Ru and S, the Ru/S atomic
ratio is constant across the membrane �0.30 ± 0.06%�, except for a
nearly fivefold enrichment of ruthenium �Ru/S = 1.49%� on one
side of the membrane. Looking back at the way the membrane was
cast, it was realized that the side of the membrane that exhibits Ru
enrichment is the one that was in contact with the glass plate during
the casting process. The same analysis performed on a membrane
prepared without any high-shear mixing gave similar results �not
shown here�. The presence of a Ru-enriched layer at the bottom face
of the membrane indicates that partial sedimentation of RuO2·xH2O
occurs during casting of the membrane. Casting of the membrane is
a very slow process that occurs over a period of two days. Through
a series of SEM micrographs �not shown�, it was possible to esti-

Figure 5. Influence of the ionic form of Nafion/5% RuO2·xH2O composite
membranes on the conductivity profile: �A� x = 0, �B� x = 0.51, and �C� x
= 2.12. All measurements were realized at 80°C.

Figure 6. Cross-sectional composition profile of a recast Nafion/5%
RuO2·0.51H2O membrane determined by X-ray fluorescence analysis in a
scanning electron microscope �SEM-EDX�. The membrane is 80 �m thick.
mate the thickness of the Ru-enriched layer. The Ru-enriched layer
is between 5 and 10 �m thick and does not vary much from one
composite membrane to the other.

It was not possible to detect RuO2·xH2O aggregates in the bulk
of the membrane by relying on SEM and EDX. However, STXM
was able to directly visualize both the Ru-enriched sedimentation
layer and also RuO2·xH2O aggregates in the bulk of the membrane.
As described elsewhere,62,63 STXM provides both spectroscopic and
spatial information and thus allows unambiguous identification of
RuO2·xH2O aggregates within the bulk of the membrane, with clear
differentiation of them from the surrounding polymer.

Figure 7 presents the O K-edge spectra of bare RuO2·xH2O and
pure Nafion, which are quite different. In the case of RuO2·xH2O,
the O K-edge displays two sharp absorption features at 529.8 and
531.5 eV. While detailed interpretation of these spectral features
requires calculations, generally speaking, they can be ascribed to
excitations from the O 1s level to the empty p-density of states of
RuO2. The associated water signal is not identifiable. The O K-edge
spectrum of liquid water65 is dominated by a broad band peaking at
538 eV with a pre-edge peak at �535 eV. In contrast, the SO3

−

moiety and the two ether groups �–C–O–C–� of the PFSA ionomer
display only a small absorption feature at 531.5 eV below the O
absorption K-edge dominated by a broad peak attributable to O
1s → �SvO

* excitations centered at 538 eV. It is thus possible to
use the O K-absorption spectra in a fingerprint fashion to identify
these compounds, to map their spatial distributions in fuel cell mem-
branes, and to unequivocally discriminate between regions of the
membrane that are either RuO2·xH2O- or Nafion-rich.

Figure 8a shows an image obtained at 520 eV in a region close to
the surface of the composite membrane. As seen in that image, the
composition at the surface of the composite membrane is different
from that of a few micrometers away. On that scale, the composition
of the bulk of the composite membrane is homogenous. However,
detailed analysis reveals the presence of RuO2·xH2O aggregates dis-
persed in the Nafion matrix �see later�.

In order to provide a detailed chemical analysis, images of a
region of a Nafion/5% RuO2·xH2O composite membrane were re-
corded at a series of energies across the O K-absorption edge from
526 to 560 eV �image sequence or “stack”66�. From such a series of
images, one can compute image differences that emphasize those
regions of the samples that are rich in a specific compound. As seen
in Fig. 7, only RuO2·xH2O displays an absorption peak below
530.5 eV. Thus, the difference in images recorded on the
RuO2·xH2O peak at 529.5 eV and below that peak at 527.0 eV
identifies those regions of the composite membrane that are

Figure 7. O K-edge spectra of RuO2·xH2O and of PFSA polymer extracted
from image sequences recorded using STXM on a recast Nafion/5%
RuO2·0.51H2O membrane.
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RuO2·xH2O-rich. Figure 8b shows this image difference. It shows
that RuO2·xH2O is mainly concentrated at the surface of the mem-
brane. This side of the membrane corresponds to the one that was in
contact with the glass slide during the casting procedure. This is
consistent with the previous EDX analysis, showing that one side of
the composite membrane was enriched with a ruthenium-based com-
pound. The thickness of the RuO2·xH2O layer at the surface of the
membrane is �7 �m.

Turning now to the bulk of the membrane, we have examined
several areas of this sample away from the surface of the membrane
in order to look for RuO2·xH2O outside of the surface layer that is
RuO2·xH2O-rich due to sedimentation during the membrane prepa-
ration. An image sequence �50 � 150 pixels� from 526 to 560 eV
of the whole region displayed in Fig. 8b was recorded. From this
data, the O K-edge spectrum of any region can be extracted. Figure
9 presents the O K-edge spectrum of a region far away from the

Figure 8. �a� STXM image �o.d.� at 520 eV of a region of a recast Nafion/
5% RuO2·1H2O membrane in the region of the sedimentation layer. �b�
Image difference indicating the spatial distribution of the RuO2.

Figure 9. �Color online� �a� Sum of an O K-edge image sequence
�520–560 eV� recorded far from the sedimentation layer. The red overlay
indicates where the spectrum analyzed in �b� was obtained �it corresponds to
pixels with more than 3 nm thickness of RuO2 but excludes the discrete
RuO2·xH2O particles. �b� Fit to the extracted spectrum. The contribution of
the Nafion backbone was estimated from its elemental constituents and tabu-
lated elemental X-ray absorption coefficients. The spectra of RuO2·xH2O and
of SO3

− and the two ether O of Nafion are those displayed in Fig. 7 but are
weighted by the fit coefficients. Note the 3� gain on the RuO2·xH2O com-
ponent, which was included for clarity.
surface of the membrane, along with its spectra decomposition,
based on a least-squares fit to the two spectra displayed in Fig. 7. In
the O K-edge absorption region, the absorption spectrum of the
polymer backbone, which is made of C, F, and S atoms, contributes
only to the background signal. As seen from a comparison of the
curves, the absorption features of the bulk membrane lying below
the absorption threshold cannot be accounted for solely by the signal
from the SO3

− and two ether groups of Nafion. Instead, a small
amount of RuO2·xH2O must be included to reproduce the absorption
curve of the bulk membrane. This analysis indicates the bulk of the
composite membrane contains up to the equivalent of 0.2 vol % of
RuO2·xH2O �5 nm of an � 2500 nm thick membrane�.

We have looked more specifically at the presence of RuO2·xH2O
in the bulk of the membrane, taking full advantage of the spectro-
scopic and spatial resolution capabilities of STXM. Figure 10 shows
an image of several particles of RuO2 that are located in the bulk of
the composite membrane and that are aggregated together. Point
spectra taken at that location confirm that these objects are
RuO2·xH2O. As seen in Fig. 10, the smallest distinguishable struc-
ture has a diameter of about 100–300 nm and several of these small
particles are aggregated together to form a larger irregular frame-
work structure with typical dimensions of a few micrometers. As
seen in Fig. 10, this aggregate is totally surrounded by Nafion and is
isolated from other RuO2·xH2O particles. The presence of such ag-
gregates of RuO2·xH2O within the bulk of the membrane confirms
that part of the RuO2·xH2O particles that are mixed with Nafion are
indeed trapped in the bulk of the membrane and do not sediment like
most of other RuO2·xH2O particles.

Discussion

Nafion-ruthenium oxide composite membranes have been pre-
pared. Four-probe EIS showed that the in-plane conductivity of the
composite Nafion membrane is increased by the addition of
RuO2·xH2O. As depicted in Fig. 3, the conductivity of the compos-
ite membrane increases as the degree of hydration of RuO2·xH2O, x,
decreases. Also, the conductivity of the composite membranes is
virtually unchanged as RH is varied. Furthermore, ion-exchange of
protons with Na+ or Ba2+ has no effect on the conductivity of
Nafion/5% RuO ·xH O membranes, as it is observed �and expected�

Figure 10. Optical density image at 520 eV of RuO2·xH2O aggregates in a
Nafion/5% RuO2·xH2O composite membrane measured by STXM far from
the sedimentation layer. Scale bar is 1 �m.
2 2
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with a bare Nafion membrane. Both observations raised some con-
cerns regarding the role of electronic conduction in the in-plane
conductivity of the composite membrane.

Extensive characterization of the chemical profile composition of
the composite membranes has revealed that the fabrication process
yields to the sedimentation of RuO2·xH2O on one side of the mem-
brane. Typically, a layer of about 5–10 �m exists on one side of the
membrane, where the concentration of RuO2·xH2O far exceeds that
observed in the bulk. Remembering that RuO2·xH2O is an electron
and a proton conductor, the presence of a sedimentation layer of
RuO2·xH2O on one side of the membrane could be responsible for
the occurrence of an electronic conduction path in the composite
membrane.

To test this hypothesis, we have estimated the electronic
conductivity of the RuO2·xH2O sedimentation layer, assuming that
the experimentally measured resistance value of each Nafion/
RuO2·xH2O membrane was due to the oxide layer and that the thick-
ness of the sedimentation layer was 8 �m. In the case of Nafion/
RuO2·2.12H2O, the resistance value at RH = 20% was considered
because the conductivity of the bare Nafion is one order of magni-
tude lower at that RH value �see Fig. 2�. The estimated electronic
conductivity of the RuO2·xH2O sedimentation layer would be 3.3,
1.7, and 0.17 S cm−1 for x = 0.0, 0.51, and 2.12, respectively.

The observed variation of the electronic conductivity with the
hydration level of RuO2·xH2O is in accordance with literature. For
example, Zheng et al.54 have shown that the resistivity �conductiv-
ity� of RuO2·xH2O decreases �increases� with x. The resistivity of
RuO2·xH2O heated at 300°C �x = 0.11� is 1.36 m� cm �corre-
sponding to a conductivity of �700 S cm−1�, while that of as-
prepared RuO2·xH2O �x = 2.00� is more than ten times
higher at 21.6 m� cm �corresponding to a conductivity of
�50 S cm−1�. However, the conductivity values we calculated are
lower than that found in Ref. 54. This is not surprising, considering
there is a large uncertainty in the determination of the thickness of
the sedimentation layer and that our conductivity values were not
obtained from measurements on dense pellets, such as in Ref. 54.

Measurements were also performed in bench scale fuel cell test
stations, and the performances of composite membranes exceeded
that of bare Nafion membrane. This is most particularly evident in
the ohmic region, where the membrane’s resistance decreases from
0.32 to 0.26 � cm2 as a result of the presence of RuO2·xH2O. This
amelioration of the membrane properties is associated with a de-
crease of the through-plane membrane resistance. As shown by
STXM analysis, a non-negligible fraction of RuO2·xH2O is incor-
porated in the bulk of the membrane. The precise amount of
RuO2·xH2O incorporated in the membrane bulk is difficult to evalu-
ate from the STXM data, because the complete membrane was not
surveyed. However, in the three areas examined, the RuO2·xH2O
amount was equivalent to 4 nm in an �1000 nm thick membrane,
or a 0.4 vol %. This estimation is consistent with the one made from
a mass balance calculation, taking into account the thickness of the
sedimentation layer and the mass of RuO2·xH2O used in the mem-
brane preparation. Following that route, we estimated that the actual
oxide content in the bulk of the membrane �excluding the sedimen-
tation layer� is less than 1 wt % �or �0.5 vol % based on the den-
sities of the material�. Both values are well below the percolation
threshold for electronic conduction, and it is not expected that this
mechanism is responsible for the decrease of the through-plane re-
sistance of the composite membrane during its operation in real fuel
cell test conditions. Consistently, the OCP of fuel cells made with
Nafion/RuO2·xH2O membranes is identical to that observed with
pure Nafion membrane, which indicates that short-circuiting be-
tween the anode and the cathode is not an issue with these compos-
ite membranes. So, we can conclude that through-plane proton con-
duction in composite Nafion membranes is improved by the
presence of RuO2·xH2O particles in the bulk of the membrane. This
would presume that proton conduction in RuO2·xH2O particles is
facilitated compared to bare Nafion.
Extensive research about the close relationships between the
structure and the electrochemical properties of RuO2·xH2O has es-
tablished that this compound is a mixed protonic/electronic conduc-
tor, whose high pseudocapacitance can actually be ascribed to re-
versible redox processes with simultaneous exchange of protons and
electrons.41 As shown by Sugimoto et al.,67 electronic conduction in
RuO2·xH2O is not a limiting factor. The proton transport properties
of RuO2·xH2O have been studied by solid-state 1H nuclear magnetic
resonance �NMR�.42 It was shown that the activation energy for
proton transport, Ea, in RuO2·xH2O annealed at 150°C is minimal
and that it increases for RuO2·xH2O annealed at lower or higher
temperature. The lowest Ea value reported for RuO2·xH2O heated at
150°C is �2.4 kJ/mol. For comparison, Ye et al.68 measured the
activation energy for proton transport in Nafion and Nafion compos-
ites �SiO2-Nafion and ZrP-Nafion�, using the same solid-state 1H
NMR technique. The Ea value of dried Nafion is 16.4 kJ/mol, while
that of hydrated Nafion is 11.0 kJ/mol. In the case of Nafion com-
posites, the Ea value is 12.2 and 10.3 kJ/mol for SiO2-Nafion and
ZrP-Nafion, respectively. The activation energy for proton transport
in Nafion and Nafion composites is at least four times higher than
the minimal Ea value of RuO2·xH2O heated at 150°C. Even in the
case of RuO2·xH2O heated at 300°C �dehydrated RuO2, Ea
= 4.9 kJ/mol�, the Ea values of Nafion and Nafion composites are a
factor of two higher. All these values are consistent with the fact that
the introduction of RuO2·xH2O particles in the bulk of the Nafion
membrane should yield to a decrease of the through-plane mem-
brane resistance.

As pointed out by Ye et al.,68 the activation energy arising from
NMR measurements of proton dynamics are extremely local, mo-
lecular probes of proton mobility. One can hardly estimate the
through-plane resistance of a Nafion/RuO2·xH2O composite mem-
brane from such values. This is especially so in our case, where the
particle size distribution and the spatial arrangement of the
RuO2·xH2O particles in the bulk of the membrane is not known.

Conclusion

The previous measurements hold the promise that the mixing of
Nafion with RuO2·xH2O particles could effectively yield to the
preparation of composite membrane with improved properties com-
pared to bare Nafion. Also, proton conduction in RuO2·xH2O does
not depend on external humidification and much could be gained by
developing Nafion/RuO2·xH2O composite membranes that are less
dependent on external humidification that the actual bare Nafion
membrane. As discussed previously, the activation energy for proton
transport in RuO2·xH2O is minimal at the targeted operating tem-
perature �120–130°C� of PEMFCs. Such improved membranes
could also be of great benefit. However, as demonstrated previously,
much needs to be done to improve and optimize the preparation
procedure, and new ways of mixing and preparing the composite
membrane need to be devised to circumvent the sedimentation of the
RuO2·xH2O particles during the casting procedure.
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