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a  b  s  t  r  a  c  t

For  the  first  time,  mesoporous  acid-free  hematite  ceramic  membranes  have  been  studied  as  proton
conductors.  The  xerogels  after  calcination  at 300 ◦C  for 1  h were  mesoporous,  as  is mentioned  above,
with  a  BET  surface  area  of  130  ±  2  m2 g−1, an  average  pore  diameter  of  3.8  nm  and  a  pore  volume  of
0.149  ± 0.001  cc  g−1.  A sigmoidal  dependence  of  the  conductivity  and  the water  uptake  with  the  RH  at  a
constant  temperature  was  observed.  The  conductivity  of  the  ceramic  membranes  increased  linearly  with
temperature  for  all  relative  humidities  studied.  The  highest  value  of  proton  conductivity  was  found  to  be
2.76  × 10−3 S  cm−1 at 90 ◦C and  81% RH.  According  to the  activation  energy  values,  proton  migration  in
esoporosity
lectrolyte
roton exchange membranes
EMFCs

this  kind  of  materials  could  be dominated  by the  Grotthuss  mechanism  in  the  whole  range  of  RH. The  low
cost and  high  hydrophilicity  of  these  ceramic  membranes  make  them  potential  substitutes  for  perfluo-
rosulfonic  polymeric  membranes  in  proton  exchange  membrane  (PEMFCs).  In addition,  since  hydrogen
permeability  values  are  in  the range  of  10−9 to 10−10 mol  cm−1 s Pa, in order  to  fabricate  oxide-based
PEMs  that  are  capable  of  keeping  streams  of H2 and  O2 from  mixing,  a separation  layer  with  pore  sizes
<2  nm  whose  pores  are  filled  with  water  will  be needed.
. Introduction

It is well known that �-Fe2O3 (hematite) nanoparticles are par-
icularly appealing for experimental and theoretical investigations
n view of their technological applications. In fact, they have been

idely used as red pigments, catalysts in dehydrogenation reac-
ions, anticorrosive agents, and starting materials in the synthesis
f magnetic ferrites [1–4]. Their applications in nonlinear optics,
as sensors and in solar energy conversion and storage have also
een recently investigated [5,6]. Nevertheless, if �-Fe2O3 is pre-
ared as a mesoporous membrane it could behave as a proton
onducting material and to the best of my  knowledge, hematite
as not been studied yet as a proton conductor. At present, Nafion

s one of the few materials that deliver the set of chemical, electro-
hemical and mechanical properties required to perform as a good
lectrolyte in PEMFCs [7]. However, Nafion® membranes are very
xpensive, hard to synthesize and present environmental prob-
ems with regard to recycling and disposal of fluorinated polymers
nd their separation from the platinum catalysts used. In addition,

olymer and hybrid membranes are susceptible to deformation on
he basis of their repetition of sorption, desorption, and perme-
tion of water. The deformation increases the interfacial resistance

∗ Tel.: +34 91 735 58 40; fax: +34 91 735 58 43.
E-mail address: tcolomer@icv.csic.es

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.06.018
© 2011 Elsevier B.V. All rights reserved.

between the membrane and electrodes, and decreases the fuel cell
performance. Moreover, the detrimental problem for high tem-
perature use of Nafion is the loss of grafted HSO4 branches as
well as the loss of its good mechanical properties [8].  Over the
last ten years, the proton conductivity characteristics of porous
P2O5–SiO2 glasses, xerogels, ceramic membranes, solid acids, and
ordered mesoporous silica membranes have been the subject of
growing interest due to their potential as solid electrolytes in sen-
sors, fuel cells, etc. [9–22]. However, the application of solid acids
as electrolytes in a fuel cell requires lower thicknesses than they
show, i.e., 1.5 mm [20]. In addition, a subsequent study has indi-
cated that this type of materials may  be not stable in fuel cell
environments [21]. The same problem of instability affects to the
glasses based on phosphates [10]. Ordered mesoporous MCM-41
silica with assembled H3PW12O40 nanoparticles by the vacuum-
assisted impregnation method have been prepared and showed
proton conductivity values of 1.8 × 10−2 and 4.5 × 10−2 S cm−1 at
25 and 150 ◦C, respectively. However, a drastic and rapid decrease
in conductivity occurs as a function of time due to a partial or a total
loss of the impregnated acid [22].

Possible future electrolyte materials in PEMFCs should pro-
vide high and constant proton conductivity at low temperature;

hydrophilicity and mechanical, thermal, and chemical stability
under fuel cell conditions. They should also be impermeable to
H2 and O2. Stable inorganic xerogels and/or ceramic membranes
with high conductivities at low temperature, if developed, would

dx.doi.org/10.1016/j.jpowsour.2011.06.018
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tcolomer@icv.csic.es
dx.doi.org/10.1016/j.jpowsour.2011.06.018
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xtend usefulness beyond the limitation of organic and hybrid
lms, glasses, solid acids, and acid-impregnated membranes, and
ould have potential viability. A totally inorganic membrane elec-

rolyte approach to solving the high temperature problem could
e the use of mesoporous acid-free oxide exchange ceramic mem-
ranes with an average pore size higher than 2 nm and lower than
0 nm [14,17,19].

The use of these mesoporous membranes would require tube or
at technology fuel cell geometry to avoid contact between cathode
nd anode reagents. Furthermore, in order to fabricate oxide-based
EMFCs that are capable of keeping streams of H2 and O2 from mix-
ng, a separation layer with an average pore size with an average
ore size <2 nm whose pores are filled with water would be neces-
ary. �-Fe2O3 nanoparticles loaded with Pt will be employed as the
lectrodes. The membrane electrode assemblies could be prepared
y dip-coating, spin-coating or slip-casting techniques.

The sol–gel method is an excellent process for producing highly
roton-conductive solid materials, since the control of pore struc-
ure such as pore diameter and pore volume keeping the isotropy
f the porous network is very important for designing the proton
onducting paths.

The objective of this work is to design mesoporous acid-free
ematite ceramic membranes of high pore volume and small pore
ize (3.8 nm)  by a sol–gel route assisted by microwaves, with the
im of obtaining proton exchange electrolytes for PEMFCs. A study
f the electrical transport properties and water uptake behavior
s a function of both temperature and relative humidity is also
eported.

. Experimental

.1. Synthesis of the ˛-Fe2O3 ceramic membranes

The ferric oxide sol was prepared by weak-base titration
NaHCO3, Mallinckrodt, USA) of a fresh ferric nitrate solution
Fe(NO3)3·9H2O, Fisher Scientific, USA). The nitrate was  dissolved
n Milli-Q water and filtered through a 0.2 �m nucleopore filter
Millipore, USA). A titration rate of 2.5 ml  min−1 under conditions
f rapid stirring and room temperature resulted in the formation
f a deep red, optically transparent solution at 15 min  after start-
ng the reaction. The hydrolytic solution was then microwaved at
00 ◦C using a Perkin–Elmer Multiwave 2000 system microwave
ven (Waltham, MA,  USA), and then quenched in ice-water. This
reatment is expected to increase polymer stability toward growth
nd degradation by accelerating condensation reactions within the
olymer structure and producing a “hardened and more flexible”
olymer. The hydrosols were dialyzed in a membrane tubing: Spec-
ra/por, molecular cut-off = 3500 molecular weight) against Milli-Q
ater until the pH was 4.0. The sol was then concentrated by rotary

aporization until a 0.62 M [FeIII] sol was obtained. Bulk xerogel
amples were obtained by drying the solution in Teflon dishes at
5 ◦C and at constant RH. Those xerogels were fired in air at 300 ◦C
or 1 h.

.2. Structural, textural and microstructural characterization

The fired bulk samples were employed to characterize the
rystalline phase, texture and microstructure using X-ray diffrac-
ometry (XRD), Fourier transform infrared spectroscopy (FTIR),
itrogen sorption, and transmission electron microscopy-energy
ispersive X-ray (TEM-EDX) techniques.
XRD analysis of powdered xerogels was carried out with a
-5000 Siemens (Karlsruhe, Germany) diffractometer using Ni-
ltered Cu K� radiation over a range of 15 ◦ ≤ 2� ≤ 60◦ at a step
can rate of 0.05◦ s−1 collected at room temperature.
rces 196 (2011) 8280– 8285 8281

Fourier transform infrared (FTIR) spectroscopy was conducted
between 4000 and 400 cm−1 on powdered xerogels mixed with KBr.
The IR spectra were obtained with a Perkin–Elmer 1760X spec-
trophotometer (Waltham, Massachusetts, USA) with a 3600 data
station, using the standard program CDS-13 for data handling. The
porous structure of the membranes was characterized by nitrogen
sorption (Micromeritics ASAP 2000 poresizer, Norcross, Georgia,
USA) after degassing at 200 ◦C. N2 with molecule cross-sectional
area of 0.162 nm2 was  used as the adsorptive gas. Prior to N2 sorp-
tion, all samples were degassed (i.e. exposing the monoliths to a
vacuum pressure lower than 1 Pa at 200 ◦C overnight). The specific
surface areas were estimated in relation to the masses of the out-
gassed samples. Three isotherms were collected for each sample
to ensure that the data were representative. Pore size distributions
were calculated from the desorption data using the BJH method
[23,24]. Specific surface area was  calculated from the BET equation.
Pore volume was determined from the adsorption maxima. The
mean coordination number Z (connectivity), and the linear dimen-
sion of the network, L, of the membranes was calculated from the
hysteresis of the isotherms employing the Seaton’s model based on
the use of the percolation method [25].

The microstructure was studied by means of Transmission
Electron Microscopy (TEM) and selected area electron diffraction
(SAED) performed on a Jeol 2000FX microscope (Tokyo, Japan)
working at 200 keV. Local composition was analyzed by EDAX with
an ISIS analyzer system attached to the above mentioned micro-
scope.

2.3. Water uptake studies

The total water content (chemisorbed + physisorbed) of the
ceramic membranes was  measured by thermogravimetric analysis
(TG/DTG) using a Perkin–Elmer, Model Pyris 1 (Waltham, Mas-
sachusetts, USA). Samples were equilibrated at 81% RH before
placing them in the balance crucible in order to reach full surface
hydroxylation/hydration. Next, TG curves were registered under a
dynamic dry air atmosphere of 20 ml  min−1 up to 299 ◦C at a heating
rate of 1 ◦C min−1.

Physisorbed water in the xerogels was measured at 25 ◦C and
40 ◦C as a function of RH. The samples were kept in a closed ther-
mostatic chamber with the desired RH maintained by saturated
solutions of the appropriate salts [MgCl2·6H2O for 33%, NaBr·2H2O
for 58%, NaCl for 75%, (NH4)2SO4 for 81% and K2SO4 for 97% RH]
[26]. Samples were left to equilibrate at each RH for 24 h. The weight
of the equilibrated samples was  measured using a Mettler Toledo
AT 261 Delta Range (Canton, MA,  USA) balance place inside the
chamber.

2.4. Electrical characterization and H2 permeability

A hydrogen concentration cell was constructed to determine
if proton are mobile species in these ceramic membranes. Both
surfaces of the ceramic membranes were covered with porous
Ag paste (area: 0.28 cm2) and sealed by epoxy resin. The electro-
motive force generated between the electrodes was measured
by a potentiostat (EG&G M-273A Instrument, Princeton Applied
Research, USA) as a function of the hydrogen partial pressure. The
total pressure of gases was constant at 1 atm and the gas flow rates
were 150 ml  min−1. Both gases were moist and kept at a RH of 81%
and at room temperature.

Electrical conductivity of the membranes was  measured by
electrochemical impedance spectroscopy (EIS) using a HP-4192A

frequency response analyzer (Palo Alto, CA, USA). The frequency
range used was  5–107 Hz. Gold electrodes (area: 0.28 cm2) were
sputtered onto both sides of each membrane prior to the elec-
trical measurements. Before collecting impedance spectra, the
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calculated by the combination of TG and water adsorption studies.
From TG results the number of total water molecules per unit of

specific surface area was calculated. These calculations show that,
Fig. 1. XRD pattern of the �-Fe2O3 ceram

alcined membranes were allowed to equilibrate at different RH
33, 58, 75, 81 and 97%) for 24 h in sealed chambers containing
he saturated solutions of appropriate salts mentioned above. Mea-
urements were performed at constant temperature (from 25 to
0 ◦C), with the sample chamber immersed in a thermostatically
ontrolled water bath. The reproducibility of the results was veri-
ed by repeating the measurements three times for a given sample,
nd also by testing different samples equilibrated under the same
onditions. The spectra were fit using the EQUIVCRT program by
oukamp [27].

The hydrogen permeability was measured using a forced-
onvection drying oven (DO-600FA), under dry conditions,
onsisting of two compartments with a capacity of 50 cm3. The
hambers were separated by a vertical membrane with an effective
rea of 20 cm2. All experiments were carried out in a temperature
ange of 25–100 ◦C at a pressure of 1 atm.

The samples for the H2 permeability, electrical measurements
nd for the study of the water uptake were flat with a thickness of
.10 cm.

. Results and discussion

.1. Structural, textural and microstructural characterization

The XRD pattern of the xerogel calcined at 300 ◦C for 1 h corre-
ponds to hematite, �-Fe2O3 (PDF 33-0664). The peak broadening
s very wide indicating a small crystallite size (Fig. 1).

The 525 cm−1 and 466 cm−1 peaks of the FTIR spectrum (not
hown here) for the calcined xerogel lie within the transverse and
ongitudinal mode frequency range for two characteristic vibra-
ions in hematite [28]. When the xerogels after calcination are
rushed with an agate mortar and observed by TEM, agglomer-
tes of individual crystals could be clearly perceived (Fig. 2). The
esulting powder shows a particle size of ∼5 nm.  The selected area
lectron diffraction diagram (SAED) shown as an inset in the micro-
raph provides also a direct evidence of the microstructure of the
aterials, showing in this case a typical diffraction pattern of a

olycrystalline sample (diffraction rings instead of well defined
pots), in accordance with the XRD patterns.

The N2 adsorption–desorption isotherm for the xerogels cal-
ined at 300 ◦C for 1 h is of type IV of the IUPAC classification,
nd exhibits an E hysteresis loop in accordance with de Boer [29]
r type H2 from IUPAC classification [30] (Fig. 3). The parame-
ers of the connectivity for the membranes prepared in this work
re Z = 2.3 ± 0.1 and L = 4.7 ± 0.1 according to the Seaton’s model
25] indicating an open framework with an interconnected inter-
al structure. Interconnection between pores is indispensable for

chieving high proton conductivity.

The membranes were mesoporous, with a BET surface area of
30 ± 4 m2 g−1, an average pore diameter of 3.8 nm (desorption
ranch) (Fig. 4) and a pore volume of 0.149 ± 0.001 cm3 g−1.
brane after calcination at 300 ◦C for 1 h.

3.2. Water uptake studies

As the RH is controlled by using saturated salts, and the % RH
for these salts depends on temperature, the conductivity for the
system from 40 to 90 ◦C may  correspond to a lower RH.

Calcined �-Fe2O3 xerogels at 300 ◦C exposed to water vapor
will have molecular water or hydroxyl groups coordinated to sur-
face five-coordinated Fe3+ ions and hydroxyl groups coordinated
to bridging O2

− ions (chemisorbed water). These mesoporous
materials should also have water molecules hydrogen bonded
(physisorbed water) to bridging O2

− ions of the surface (second
layer water) and to other hydrogen bonded water molecules (mul-
tilayer water). Physisorbed and chemisorbed water should evolve
at different temperatures [31,32] and each type of water can be
Fig. 2. TEM micrograph of the crushed xerogel after calcination at 300 ◦C for 1 h.
Selected area electron diffraction pattern is shown in the inset.
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ig. 3. Nitrogen adsorption–desorption isotherm of the hematite xerogel after cal-
ination at 300 ◦C for 1 h.

t 81% RH (atmosphere that the xerogel experiences for 24 h before
he TG measurement) and from 25 to 299 ◦C the total number of
ater molecules (chemisorbed + physisorbed) per square nanome-

er is 32 molecules nm−2.
The water adsorption isotherm of the xerogels normalized with

espect to the specific surface area, i.e., the total water density as

 function of the RH at 25 and 40 ◦C versus different RH in the
ydrated xerogels is shown in Fig. 5. Since the outgassing of the
amples prior to measuring the isotherms was done at 60 ◦C, the
hemisorbed water was not removed and therefore the isotherms

ig. 4. Pore size distribution of the hematite xerogel after calcination at 300 ◦C for
 h.
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Fig. 6. Relationship between emf and relative hydrogen gas pressure at room tem-
perature and 81% RH.

include only the physisorbed water. The shape of the isotherm is
indicative of porous materials with surface polar groups [30], as
is expected for metal oxides with coordinated water and hydroxyl
surface groups. The adsorption at RH below 60% can be associated
to the formation of a layer of water clusters and, at higher RH to
the filling of the pores [33]. In other words, the sigmoidal trend of
the isotherm could testify that the uptake of physisorbed water is a
two-regime process. This mechanism was  proposed by Dubinin and
Serpinsky (D.S. theory) [33]. At lower RH, the water forms a layer
of clusters along the walls of a matrix of interconnected pores. At
higher RH, new water molecules start filling the remaining pore
space through capillary condensation, and a saturation effect is
observed at ∼81% RH, i.e., this sample is almost fully water satu-
rated in atmospheres with RH superior to 81%. Actually, the amount
of water increases significantly as the RH is increased up to 81%.
After this value, the amount of water increases very slightly for
higher RH. This means than for higher RH the number of molecules
per nm2 is almost the same and equal to 24.4 molecules nm−2 indi-
cating a saturation effect as a consequence of the sigmoidal trend
of the water uptake. The difference between the total number of
water molecules per nm2 obtained from the TG analysis and the
number of physisorbed ones obtained from the water adsorption
isotherms will give us the number of chemisorbed water per square
nanometer up to 299 ◦C, i.e., 32–24.4 = 7.6 molecules nm−2 at 25 ◦C.

The physisorbed water content values for the isotherm at 40 ◦C
show that the water content is the same at both temperatures.

3.3. Electrical characterization and H2 permeability

Fig. 6 shows the emf  values at steady state as a function of the
logarithm of hydrogen partial pressure that were obtained for the
membrane. From that figure and also from the Nernstian equation it
is possible to estimate the proton transport number of the hematite
membrane. The emf  values satisfied a linear relationship between
emf  and log p′′H2/p′H2. The constant number in the Nernstian equa-
tion is estimated 1.74 ± 0.03. This value is close to a theoretical
value of 2, indicating that hydrogen reacts according to the reac-
tion H2 = 2H+ + 2e−, and the protons travel through the xerogel. This
interpretation is in agreement with Nogami et al. [34] and Colomer
and Anderson [14] who obtained an estimated value of 2.2 and 1.7
for porous sol–gel derived glasses of P2O5·SiO2 and silica xerogels,
respectively.

◦
Fig. 5 also shows the proton conductivity values at 25 C and
40 ◦C measured at different RH values. The dependence of the con-
ductivity in both cases has a sigmoidal trend like the physisorbed
isotherms, however, as is expected, the values of proton conductiv-
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ig. 7. Proton conductivity versus the reciprocal of the temperature at different RH
or the �-Fe2O3 ceramic membranes.

ty are higher when the temperature increases, unlike the values of
he water physisorbed. It is due to the fact that at higher tempera-
ures the mobility of the charge carriers is higher.

According to the classification of proton conductors as a func-
ion of the water vapor partial pressure proposed by Colomban
nd Novak [35], the behavior of the membranes is somewhere
etween an intrinsic conductor (bulk conductor) and a sur-
ace conductor. The data show that the conductivity increases
ith RH, with the greatest increase observed between 58 and

1% RH. In both cases, the conductivity improves almost three
rders of magnitude from 33 to 81%. The change in conduc-
ivity is from 1.38 × 10−6 S cm−1 at 33% RH (log10 � = −5.86) to
.48 × 10−6 S cm−1 at 58% RH (log10 � = −5.26) and exhibits a sharp
hange (from 5.48 × 10−6 S cm−1 at 58% RH to 9.06 × 10−4 S cm−1

log10 � = −3.04) at 81%, all data at 40 ◦C. Fig. 7 depicts the pro-
on conductivity of the hematite xerogels at different relative
umidities versus the reciprocal of temperature (from 25 to
0 ◦C). An Arrhenius-like dependence with temperature is observed

n all cases. At 90 ◦C and 81% RH, the proton conductivity is
.76 × 10−3 S cm−1, the highest value observed. The values of
he activation energy (Ea) were obtained by linear regression of
he Arrhenius equation � = �0 exp(−Ea/kT), where �0 is a pre-
xponential parameter and k is the Boltzmann’s constant. The
ctivation energy values for each relative humidity are registered
n Fig. 7. According to those values, proton migration can be domi-
ated by the Grotthuss mechanism. In this mechanism, the proton

orms a H3O+ ion and jumps to the neighboring lone pair of elec-
rons of a water molecule. For such a mechanism, the activation
nergy for proton conduction should be about 0.14–0.40 eV [36].
he decrease in the activation energies when relative humidity
ncreases (up to 75% RH) can be explained from the higher water
ontent. The filling up of channels by water molecules leads to

 higher conductivity, not only via the �0 factor, which is pro-
ortional to the number of mobile species, but also by increasing
he dynamical disorder [36]. That is also confirmed by the water
sothermal where it is observed that the number of water molecules
s the same for both temperatures, 25 and 40 ◦C, as it is mentioned
bove.

Following Sumner et al. [37] and Zawodzisnki and Gottesfeld
38], the conductivity of Nafion does not depend as strongly on
elative humidity as the �-Fe2O3 ceramic membranes. At room
emperature, the values reported by Sumner et al. [37] range from
.0 × 10−2 S cm−1 at 45% RH to 4.0 × 10−2 S cm−1 at 70% RH. At
igher temperatures, the conductivity of Nafion® 117 does not
ncrease at the same rate as it does with RH, and the value reported
or Nafion® at 79 ◦C and 42% RH is 1.3 × 10−2 S cm−1. Furthermore,
awodzisnki and Gottesfeld [38] reported that the water content
n Nafion® 117, in terms of water molecules per sulfonate group,
Fig. 8. Hydrogen permeation rate as a function of the reciprocal of the temperature.

does not change significantly when the temperature is raised from
30 to 80 ◦C in samples equilibrated with water vapor, and that the
membranes takes up less water as the temperature is raised. We
therefore assume that the same behavior can be expected under
higher temperature and RH conditions. If we  extrapolate Sumner’s
data to the same conditions used in our study, we  find that the
conductivity of Nafion® 117 is about 3.7 × 10−2 S cm−1. Although
the proton conductivity values of the hematite membranes are
lower than that of Nafion® the ceramic membranes can be eas-
ily obtained as thinnest as it is needed [18], whereas Nafion® 111,
the thinnest polymeric membranes are about 25 �m thick [39].
Therefore, the actual ohmic resistance of such ceramic membranes
would be lower in a given device. In addition, the hematite ceramic
membranes are not susceptible to deformation under sorption, des-
orption and, permeation of water unlike organic membranes.

Fig. 8 presents the hydrogen permeability values as a func-
tion of the reciprocal temperature for the hematite membrane.
As the temperature increased from 25 to 100 ◦C the permeability
values decreased from 5.21 × 10−9 to 9.24 × 10−10 mol  (cm s Pa)−1.
These values are lower than that of Nafion® membrane 117 which
is 3.01 × 10−13 mol  (cm s Pa)−1 at 30 ◦C [40]. Then, in order to
fabricate oxide-based PEMs that are capable of keeping streams
of H2 and O2 from mixing, a separation layer with pore sizes
<2 nm whose pores are filled with water will be needed. If the
mesoporous membrane is placed between two hematite micro-
porous films in a sandwich configuration fuel cell, those thin
films will serve as gas barriers to prevent the combination of
Micropo rou s Hem a�te Memb ranes

Fig. 9. Proposed configuration of an oxide-based PEM fuel cell.
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. Concluding remarks

In summary, the mesoporous acid-free hematite ceramic mem-
ranes synthesized have proton conductivity and water uptake
ehaviors with a sigmoidal dependence on RH, with the greatest

ncrease observed between 58 and 81%. The proton conductiv-
ty shows an Arrhenius-like dependence on temperature for all
H studied. The highest value of proton conductivity was found
o be 2.76 × 10−3 S cm−1 at 90 ◦C and 81% RH. According to the
ctivation energy values (0.20–0.39 eV), proton migration can
e dominated by the Grotthuss mechanism in the whole range
f RH.

Conclusively, the proton conductivity values, environmental
riendly behavior, lower cost and higher hydrophilicity of meso-
orous hematite membranes make them potential substitutes for
afion membranes in proton exchange membranes fuel cells (PEM-
Cs).

Although the proton conductivity values of the hematite mem-
ranes are lower than that of Nafion the ceramic membranes can
e easily obtained thinner that the thinnest Nafion membranes
about 50–70 �m or even higher thick). Therefore, the actual ohmic
esistance of such ceramic membranes would be lower in a given
evice.
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