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Abstract

Nanoporous anatase ceramic membranes were prepared via particulate sol-gel processes. The calcined xerogels were mesoporous, with
BET surface area of 1213y, an average pore diameter of 5.8 nm and a pore volume of 0.23§.dPmoton conductivity of the membranes
was measured as a function of temperature and relative humidity, R.H. When anatase membranes are treated at pH 1.5, the proton conductivity
increased in the whole range of temperature and R.H. It indicates that the surface site density (hnumber of water molecules per square
nanometer) of these materials has a strong effect on conductivity. The proton conductivity of the studied anatase membranes followed an
Arrhenius-like dependence on the temperature (from room temperature’®),90 both treated and untreated membranes. A sigmoidal
dependence of the conductivity on the R.H. was observed with the greatest increase noted between 58 and 81% R.H. in both treated and
untreated anatase membranes. The highest value of proton conductivity was found to be 0.015 S/Craiad 81% R.H., for treated anatase
ceramic membranes. An increase of the conductivity could be achieved by means of longer times of treatment.

According to the activation energy values, proton migration in this kind of materials could be dominated by the Grotthuss mechanism in the
whole range of R.H. The similar values of proton conductivity, lower cost and higher hydrophilicity of these membranes make them potential
substitutes for perfluorosulfonic polymeric membranes in proton exchange membrane fuel cells (PEMFCs).
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction glasses and xerogels have been the subject of growing inter-
est due to their potential as solid electrolytes in sensors, fuel
At present, Nafion is one of the few materials that de- cells, etc38 In particular, both silica and acid doped silica
liver the set of chemical and mechanical properties required xerogels have been widely studi&éd However, other type
to perform as a good electrolyte in proton exchange mem- of xerogels and porous ceramic membranes could also, in
brane fuel cells (PEMFCSs)However, Nafion membranes  principle, display high values of proton conductivity.
are very expensive, hard to synthesize and present environ- Possible future electrolyte materials in PEMCs should
mental problems with regards to recycling and disposal of provide high proton conductivity at low temperature; hy-
fluorinated polymers and their separation from the platinum drophilicity and mechanical, thermal, and chemical stabil-
catalysts used. They are susceptible to deformation on theity. They should also be impermeable tg Bind Q. Stable
basis of their repetition of absorption and desorption of wa- inorganic membranes with high conductivities at low tem-
ter. Moreover, the detrimental problem for high temperature perature, if developed, would extend usefulness beyond the
use of Nafion is the loss of grafted HgBrancheg.Over the limitation of both organic and hybrid films and would have
last 10 years, the proton conductivity characteristics of porous potential viability.
High porosity and suitable pore size anatase ceramic mem-
« Tel.. +01 735 58 58; fax: +91 735 58 43. branes could be one of the most promising cryst_alllne materi-
E-mail address: tcolomer@icv.csic.es. als as electrolytes in PEMFCs. Anatase ceramic membranes
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are acid resistant and their precursor sols can produce co-{ore size in the dry xerogels, which were fired at 40Gor
herent films. The use of these nanoporous membranes would h in order to achieve the ceramic membranes. X-ray diffrac-
require tube or flat technology fuel cell geometry to avoid tion analysis of powdered xerogels was carried out with a
contact between cathode and anode reagents. Furthermord)-5000 Siemens diffractometer using monochromatized Cu
in order to fabricate oxide-based PEMFCs that are capableKa radiation.

of keeping streams of Hand G from mixing, a separation The average particle size in the prepared sols was deter-
layer with an average pore size on the order of 1-4 nm whosemined by quasi-elastic laser light scattering using photon
pores are filled with water would be necessary. correlation spectroscopy on a Brookhaven light scattering

TiO, particles loaded with Pt would be employed as the instrument equipped with a laser light scattering goniometer
electrodes. The membrane electrode assemblies could be prqfModel BI2030AT). The wavelength of the laser light used in
pared by dip-coating or slip-casting techniques. this instrument was 633 nm, which can detect a minimal par-

The sol-gel method is an excellent process for producing ticle size of 3 nm. The porous structure of the ceramic mem-
highly proton-conductive solid materials. The control of pore branes was characterized by nitrogen sorption (Micromerit-
structure such as pore diameter and pore volume is very im-ics ASAP 2000 poresizer) after degassing vith molecule
portant for designing the proton conducting paths. Comparedcross-sectional area of 0.162 fimas used as the adsorptive
to polymeric sol—gel routes, sol-gel processing of particles gas. Prior to N sorption, all samples were degassed [i.e. ex-
offers a sharper pore-size distribution in the final product. posing the monoliths to a vacuum pressure lower than 1 Pa at
In the first stage of this particulate sol-gel route, we should 200°C overnight (20 h)]. This is done to remove physically
produce uniformly distributed particles in the nanometer-size adsorbed gases from the sample surfaces, in particular water
range that match the pore scale required by the application.vapour® The specific surface areas were estimated in relation
The second stage of this particulate sol—gel route is to trans-to the masses of the outgassed samples. Three isotherms were
form the sol to a gel by evaporating the solvent. collected for each sample to ensure that the data were rep-

The objective of this work is to design mesoporous anataseresentative. Pore size distributions were calculated from the
ceramic membranes of high porosity and small pore size desorption data using the BJH methi8d.! Specific surface
(~6.0 nm) by a particulate sol—gel route, with the aim of ob- area was calculated from the BET equation. Pore volume
taining proton exchange electrolytes for PEMFCs. Electro- was determined from the adsorption maxima. The connec-
motive force measurements were performed to determine thetivity of the membranes was calculated from the Seaton’s
type of carrier responsible of the conduction process. A study model based on the use of the percolation thééfhe wa-
ofthe electrical transport properties as a function of both tem- ter contents of the ceramic membranes were measured by
perature and relative humidity is reported. The effect of the thermogravimetric analysis (TG/DTG) using a Netzsch STA
surface site density on the electrical transport properties is409 system. Samples were equilibrated at 81% R.H. before
also investigated. placing them in the balance crucible. Next, TG curves were

registered under a dynamic dry air atmosphere of 20 mL/min

and the following heating program: the temperature was in-
2. Experimental creased to 350C at a rate of 2C/min. The membranes were

exposed for several days to 81% R.H. to reach full surface

The TiG, sol was synthesized by the hydrolysis of ti- hydroxylation/hydration before performing the TG analysis.
tanium tetra-isopropoxide, Ti(OPs (98% Aldrich reagent  For comparison, the same type of thermal analysis was per-
grade and used as received). The titanium tetra-isopropoxide formed on a strip of Nafion 117 film.
was hydrolyzed in water into which concentrated nitric acid, A hydrogen concentration cell similar to that reported by
HNO3 (ACS), was previously added. Chemicals were pur- Nogami et aft® was constructed in order to determine the
chased from Aldrich Chemical Inc., except for the nitric mobile species. For this, both surfaces of the ceramic mem-
acid (70% ACS reagent grade), which was used as-receivedbranes were covered with porous Ag paste and sealed by
from Fischer. Dialysis tubing was employed to clean the epoxy resin. Membranes of 1 cm diameter and 0.11 cm thick-
sol after the hydrolysis and condensation reactions wereness were tested. The electromotive force generated between
complete (membrane tubing: Spectra/por, molecular cut- the electrodes was measured by a potentiostat (Model Volta-
off =3500 molecular weight). Precipitation occurred imme- lab 40) as a function of the hydrogen partial pressure. The
diately upon hydrolysis. These precipitates were then pep-total pressure of gases was constant at 1 atm and the gas flow
tized with the available HN®at room temperature. The sols rates were 150 mL/min. Both gases were moist and kept at a
were put into dialysis tubing and dialyzed against pure water relative humidity of 81% at room temperature.
to remove nitric acid and isopropanol byproduct until the pH Electrical conductivity of the membranes was measured
is 3.5. by electrochemical impedance spectroscopy (EIS) using a

In order to fabricate membranes with flat crack-free re- HP-4192A frequency response analyzer. The frequency range
gions larger than 1 cfythe sols were dried in Teflon dishes used was 5-10Hz. Gold electrodes were sputtered onto
at 25°C and constant R.H. Titania sols were gelled rapidly both sides of each membrane prior to the electrical mea-
(after 48 h) under low-R.H. conditions (30%) to minimize surements. Before collecting impedance spectra, the calcined
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membranes were allowed to equilibrate at different R.H. (33, ume of 0.236 crfg. The calcined xerogels can be regarded
58, 75, 81 and 97%) for 24 h in sealed chambers contain- as having high surface area and porosity (47.0%). The width
ing saturated solutions of appropriate salts [Mg6H,O for of the hysteresis is indicative of the interconnectivity of these
33%, NaBr2H;0 for 58%, NaCl for 75%, (Nk)2SOq for pores. The wider the hysteresis, the more interconnected are
81% and KSO; for 97% R.H.]'* Measurements were per-  the pores. The value of the connectivity is 5.6 for the mem:-
formed at constant temperature (from 25 to’@9, with the branes according to the Seaton’s mdd@idicating an open
sample chamber immersed in a thermostatically controlled framework with an interconnected internal structure. Inter-
water bath. The reproducibility of the results was verified by connection between pores is indispensable for achieving high
repeating the measurements three times for a given sampleproton conductivity.

and also by testing different samples of the same material
equilibrated under the same conditions. The spectra were fit
using the EQUIVCRT program by Boukamp.

To study the effect of site density on electrical conductiv-
ity, the membranes were immersed at room temperature in ag
stirred HNG; solution at pH 1.5. The membranes were then
rinsed with MQ water and left to dry at 12C overnight. We
will refer to these samples as treated membranes.

3.2. XRD and DTA-TG measurements

The XRD patterns of the calcined xerogels at 4GCfor
h corresponds to anatase phase.

The ability of these xerogels and Nafion to retain water
at different temperatures was studied by combined TGA and
BET analysist’ Data extracted from this analysis are reported
in Table 1

As is well known, the adsorption energy for ph-
ysisorbed water is smaller than for chemisorbed molecu-
, , lar water/hydroxyl group$®-2° Therefore, physisorbed and
3.1. Nitrogen sorption chemisorbed should be eliminated at different temperatures.
The weight loss before 10@ in the TG curves is assigned
to physisorbed water, and the loss between 100 andG50
surface hydroxyl groups and/or coordinated wéafednder
the experimental conditions used in these measurements, the
exposure of the membranes to a solution at pH 1.5 increases
the total amount of water (physisorbed + chemisorbed) from
62.2 (untreated sample) to 73.9 molecules/(ineated mem-

3. Results and discussion

The N, adsorption—desorption isotherm for the anatase
membranes is of type IV of the IUPAC classification, and ex-
hibits a H1 hysteresis loogF{g. 1).1° The membranes were
mesoporous, with a BET surface area of 12Ignan average
pore diameter of 5.8 nm (desorptiomig. 2) and a pore vol-

200 brane). Thus, protonation increases the water uptake of the
5 :gg IV membranes; this was observed over the full range of R.H.
‘c'E*a 140 ] o 0 g Under the above-mentioned experimental conditions, the
g 0l SR | anatase membranes show a higher water content per unit vol-
8 100! =B | ume (26 mmol/cr for the untreated calcined xerogel and
B g . 30 mmol/cn? for the treated membrane, respectively) than
a 60 gu" - that of Nafion (15 mmol/c), which implies a higher hy-
Z 4] s 00 ° - drophilicity for the anatase membranes. The results show that

20 ;':'D oxides retain a larger amount of water in their pores, which

is expected since their surfaces are more hydrophilic than
Nafion. Furthermore, the temperatures found for the DTG
minimum of the anatase membranes provides evidence that
Fig. 1. Nitrogen adsorption—desorption isotherms of anatase membranes. the thermal stability of the physisorbed water is’80for the
ceramic membranes and lower for Nafion {(€). Moreover,

0+
o 010203040506 070809 1
P/Po

fo 00012 between 100 and 20Q, the percentage of water remaining
g in the membranes is higher than in Nafion, which may en-
g 000 able these calcined xerogels to maintain relatively high proton
£ E 0,008 conductivity at temperatures above I@

& S

8 00006 |

E:l .E_, 0,0004 Table 1

c Water content per volume of sample in samples hydrated &€ 2md 81%
20,0002

E " R.H.

E 0- j - Material Water content (mmol/cih

0 25 50 75 100 125 150

Pore Diameter (A) Tio, ) 26
TiO, (after protonation) 30
Nafion 15

Fig. 2. Pore size distribution of anatase calcined xerogels.
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80 the Z (real) axis at lower frequencies as this value was in-
701 dependent of the different applied bias voltages, applied on
= ig: top of the oscillating potential. At lower R.H. (33 and 58%
E ) R.H.), the impedance plot consisted of one semicircle in se-
€ 30 ries with a spike (constant phase element, CPE) that can be
® ol associated to the membrane-electrode interface response. For

101 higher R.H. (81 and 97% R.H.), two resistance values can be
0 - w ' ‘ determined from the impedance spectra. One of the proton
0 05 ! 1o 2 23 mobilities could be related to that of the protons travelling

In PH,"/PH,' through the layer of clusters along the walls (higher resis-

) o ) tance value) and the second one could be associated to the
Fig. 3. Relationship betweoen emf and the relative hydrogen gas pressure atmobility of the protons in the bulk-like water filling the pores
foom temperature and 81% R.H. (lower resistance value), in accordance with the uptake of
physisorbed water is a two-regime procés.

Fig. 5shows the proton conductivity values for both un-
treated and treated anatase membranes at room temperature
3.3.1. EMF measurements for different R.H. values. The dependence of the conductivity

Before the impedance spectroscopy measurements Wergs sigmoidal mode for both cases and according to the clas-
performed, EMF values at steady state as a function of gjication of the proton conductors as a function of the water
the logarithm of hydrogen partial pressure were obtained. vapor partial pressure proposed by Colomban and N&vak,

Th(?/se va/lues satisfied a linear relationship between emf andy,e itania calcined xerogels behave between an intrinsic con-
Inp"Ha/p"Hz (Fig. 3). The constant number in the Nernstian - q,ctor and a surface conductor. Data shéig(5) that the

equation is estimated as H8).03, and is close to a theoret- conductivity improves with R.H. For the untreated mem-
ical value of 2, indicating that hydrogen reacts according to pyrones the change in conductivity is small (from 25808

the reaction I3=2H" +2e", and the protons travel through 5 g 38, 10-6 S/cm) for lower relative humidities (from 33
the membrane. This interpretation is in agreement with y, 5804 R H.) and exhibits a radical change at high R.H. values
Nogami et al'®> who obtained an estimated value of 2.2 for (from 8.38x 106 S/cm at 58% R.H. to 1.26 10-3 S/cm at
porous sol-gel derived glasses ofs-SiO;. 81% R.H.). Thus, the proton conductivity increases almost
3 orders of magnitude when the relative humidity increases
. : i from 33 to 81% R.H. for the untreated ceramic membrane.
Fig. 4 shows the impedance spectra of the Fi@em- For the treated membrane, the conductivity increases more
branes at 25C for different R.H. values. The membrane re- han 1 order of magnitude when the R.H. increases from 33
sistance was considered to be the intersection of the arc withyq g104 In both cases, the conductivity shows the highest in-

crease between 58 and 81% R.H. This testifies that the uptake

3.3. Electrical properties

3.3.2. Impedance spectroscopy

15 of adsorbed water is a two-regime process. This mechanism
600 1 1 i 1
©33% RH. a1 of water adsorptlgn was proposed by Dubinnin and Serpin-
13]  w58%RH. SorRH. 4, sky (D.S. theory¥? At lower R.H., the water forms a layer of
400 e clusters along the walls of a matrix of interconnected pores.
ce At higher R.H., new water molecules start filling the remain-
+ 10l 200 10 l\cHz . ing pore space through capillary condensation.
% o3
< 0
2 :
_E 7.54 0 200 400 600 8,00E-03
g a
N ’E 7,00E-03 1 -m- Untreated sample
100 kHz O 6,00E-03 - -1~ Treated sample
5] i L4 . EB
. . > 5,00E-03
. * JokHz S 4,00E-03 -
250 *  400kH: b é 3,00E-03
KL} ‘,. . S 2,00E-03
"v “[ O 100E-03 1
0 T T T T T T
0 25 5 7.5 10 13 15 1,00E-06 - L —
20 30 40 50 60 70 80 90 100
Zreal (€)x1 04 R.H. (‘Vo)

Fig. 4. Impedance spectra of an untreated ceramic membrane at differentFig. 5. Proton conductivity values at room temperature vs. different R.H.
R.H. values. for both untreated and treated membranes.
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A ciprocal of temperature (from 25 to 9Q). An Arrhenius-

E 2] ‘% like dependence on temperature is also observed for ev-
a O caev ery R.H. At 90°C and 81% RH, the proton conductiv-

2 5 tﬂm ity for the treated membranes is 0.015S/cm, 1 order of
2 '3: ?‘EEH magnitude higher than the untreated membrane and in the

- L same order of Nafion for the same conditiGAg* A fur-

27 28 29 8 81 32 83 34 ther study with longer treatment times with HN@cid is
(1/71000) K necessary to achieve membranes with higher conductivity

values.

Fig. 6. Logarithm of the proton conductivity vs. the reciprocal of the tem- Activation energies are larger for the untreated membranes
perature at different R.H. for an untreated membrane. than for the treated ones. This result can be explained on

the basis of a higher site density to which the water can
Asthe R.H.is controlled by using saturated salts, and the % adsorb for the treated sample: As a consequence, the dis-
R.H. for these salts depends on temperature, the conductivitytance between water molecules will be lower and the pro-
for the system from 40 to 9@ may correspond to lower  ton hopping along the channels will be easier. On the other

values of R.H. hand, water structure is changed by the presence of the pore
walls. The degree of perturbation is related to the magni-
3.3.3. Arrhenius plots. Activation energy tude and distribution of the interfacial chargelt is known

Fig. 6 depicts the proton conductivity of the untreated that the structure of water in a cluster influences the ac-
TiO, ceramic membranes at different relative humidities ver- tivation energy of proton hoppirg. The treated materials
Arrhenius-like dependence on temperature is observed in allPOSitive surface charge than the untreated membranes, and
cases. At 90C and 81% R.H., the proton conductivity is this could affect the mobility of the proton. In summary, ac-
5.50x 10-3S/cm. The values of the activation energsaX cording to the activation energy values found, proton migra-
were obtained by linear regression of the Arrhenius equation tion is dominated by the Grotthuss mechanism in the whole
ter andk is the Boltzmann's constant. The activation energy aIS- o o
values for each relative humidity are registere@ig. 6. Ac- The similar values of proton conductivity, lower cost
cording to those values, proton migration is dominated by the @nd higher hydrophilicity of nanoporous anatase membranes
Grotthuss mechanism. In this mechanism, the proton forms amake them potential substitutes for Nafion membranes in
H30" ion and jumps to the neighboring lone pair of electrons Proton exchange membranes fuel cells (PEMFCs).
of a water molecule. For such a mechanism, the activation en-
ergy for proton conduction should be about 0.14-0.48%V,

The decrease in the activation energies when relative humid-4, Conclusions

ity increases can be explained from the higher water content.

The filling up of channels by water molecules leads to higher  Nanoporous anatase membranes were prepared via partic-
conductivity, not only via the factor, which is proportional  yjate sol-gel processes. According to EMF measurements,
to the number of mobile species, but also by increasing the ejectrical transport is due to protons in this kind of mate-
dynamical d|_sorde%. . __rial. Proton conductivity showed a pronounced dependence

Fig. 7 depicts the proton conductivity of the treated 3i0  jth R.H., on the greatest increase observed between 58 and
membranes at different relative humidities versus the re- g1o4 R.H. The proton conductivity of the studied membranes

followed an Arrhenius-like dependence on the temperature.

-1.5 I The highest value of proton conductivity was found to be

N M 0.015S/cm at 96C and 81% R.H., for HN@acid treated
E M membranes. An increase of the surface site density of the
(2] Ea =0.15eV . . . ..
B 2.5 calcined xerogels enhances their electrical conductivity. Ac-
) M cording to the activation energy values, proton migration is
4 21 s dominated by the Grotthuss mechanism in the whole range
2 .|| oA of R.H. in both the untreated and treated membranes.

s A
-4 T T T T T T
27 28 29 3 31 32 33 34
1/T*1000 (K") Acknowledgments
Fig. 7. Logarithm of the proton conductivity vs. the reciprocal of the tem- This work is in the frame of the contracts CAM

perature at different R.H. for a treated calcined xerogel. 07N/0102/2002 and CICYT MAT2002-00250.
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