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In order to check the influence of Brensted acidic Al sites in the walls of mesoporous materials on their
proton conductivity, we introduced aluminium into the mesoporous SiO, framework Si-MCM-41, which
possesses hexagonally ordered channels, by using different Al sources, i.e. sodium aluminate, aluminium
sulphate and aluminium isopropoxide. The successful synthesis of ordered mesoporous material with
incorporated Al species was proven by X-ray diffraction, energy-dispersive X-ray spectroscopy, nitrogen
adsorption, scanning electron microscopy and solid state 2 Al MAS NMR. By realizing Si/Al ratios of 8-40 it
was found that the proton conductivity of the mesoporous aluminium silicates measured by impedance
spectroscopy significantly increases with the Al content, reaching a conductivity of 3 x 103 Scm™! at
140°C. The increase of the proton conductivities compared to Al-free Si-MCM-41 results from (i) an

Keywords:
Proton conductivity
PEMFC membrane additives

Al-MCM-41

27A]1 MAS NMR improved hydrophilicity enhancing the water storage capability, (ii) a decreased particle size from the
Solid proton conductors micrometer to the nanometer scale (50-100nm) and (iii) the existing Brensted acidity in the meso-
Fuel cells porous AI-MCM-41. The Al source NaAlO, gives clearly the best results because the entire Al incorporated

within the framework is tetragonally coordinated, while for samples prepared with Al,(SO4)3 or AIP also

octahedral coordination of oxygen around the Al centers is observed by 27 Al MAS NMR.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, an economical and sustainable handling of energy
sources, and simultaneously avoiding of any environmental harm,
becomes more and more important. In this field, fuel cells are
increasingly playing an important role in a hydrogen-based energy
economy [1-3]. Functionalized ordered mesoporous silica mate-
rials, especially Si-MCM-41, have been found to be attractive
additives for the construction of high temperature polymer elec-
trolyte membrane fuel cell (HT-PEMFC) membranes [4,5]. Due to
their high hydrophilicity and capillary condensation effects in the
narrow channels they can store water and release it again at ele-
vated temperatures, enabling water-assisted proton transport even
at temperatures above 100 °C. Enhanced working temperatures of
about 140-180°C, however, are favorable as the cooling of the fuel
cell system is simplified, the tolerance towards CO, which poisons
the necessary Pt electrocatalyst, is increased, and finally cathode
kinetics is faster leading to smaller amounts of the noble metal
catalysts required [6]. All these will result in more efficient fuel
cell arrangement and higher power densities. Presently, the most
used polymer membrane in PEM fuel cell membranes is Nafion®
(DuPont), consisting of a perfluorinated backbone with hydrophilic
side chains carrying very strong acidic sulphonic acid end groups
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(-SO3H). The operation temperature of Nafion® is limited to about
80°C due to the difficulties to maintain a defined high relative
humidity which is necessary to avoid the decrease of proton con-
ductivity at higher temperatures [7].

Our approach is to incorporate hydrophilic and preferably water
storing particles with intrinsic proton conductivity into the mem-
brane. Recently, we have shown that Si-MCM-41 functionalized
with acidic sulphonic acid groups (SO3H) exhibits, depending on
the synthesis route, i.e., grafting or co-condensation, very high
proton conductivities [4,5]. We have also demonstrated that, if
incorporated into a polymer matrix, with functionalized polysilox-
anes or polyoxadiazoles, these functionalized particles improve
the proton conductivity of the resulting composite polymer elec-
trolyte membrane (PEM) at high temperatures (180°C) and low
humidity compared to a pure polymer membrane by up to two
orders of magnitude [8]. In order to guarantee a good homogeni-
sation and to provide additional mechanical stability, the use of
particles with mean diameters in the nm-range is indispensable.
Besides of SO3H-functionalized Si-MCM-41, some zeolites, e.g.,
mordenite, were also shown to increase the proton conductivity at
elevated temperatures if integrated in Nafion®-based hybrid mem-
branes[9]. Detailed impedance and NMR spectroscopy studies have
shown that the proton conductivity of ZSM-5 zeolites increases
with a decreasing Si/Al ratio of the zeolite because the Brensted
and Lewis acidic centers at the Al sites in the framework sup-
port the proton transfer [10-12]. It is, however, problematic to
produce large quantities of nm-sized zeolites and, more impor-
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tant, their crystal structure is known to be damaged under acidic
conditions.

Thus, our actual strategy is to combine the positive effects
of mesoporous oxides and zeolites by studying mesoporous alu-
minium silicates with Al centers in the amorphous walls, but
more stable porosity. Therefore, we prepared aluminium contain-
ing Si-MCM-41 (in the following named AI-MCM-41) by using
different Al sources, i.e., sodium aluminate (NaAlO;), aluminium
sulphate (Al(SO4)3) and aluminium isopropoxide (AIP). Apart from
the different Al sources the Si/Al ratio was also varied to obtain
AI-MCM-41 with a maximum content of Al without destroying
the mesoporous character of the material since both factors are
important for high proton conductivity and further applications.
Characterisation of the synthesized materials was performed using
X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDXS), nitrogen adsorption, scanning electron microscopy (SEM)
and 27Al magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy. Proton conductivity values were determined
by impedance spectroscopy (IS).

2. Experimental
2.1. Synthesis of AI-MCM-41

Aluminium containing mesoporous Si-MCM-41 was synthe-
sized via three routes mainly differing in the aluminium source
used. The synthesized samples were designated as x-MCM-41(y)
where x indicates the Al source and y the Si/Al ratio. For all syntheses
hexadecyltrimethylammoniumbromide (CTAB) was used as surfac-
tant. In the following, synthesis descriptions for x-MCM-41(15) are
given.

AIP-MCM-41(15) was prepared based on a recipe published
elsewhere [13], with some alterations regarding the synthesis tem-
perature which was set to 30°C and the aging time changed to 4
days. Tetraethylorthosilicate (TEOS) and aluminium isopropoxide
(AIP) were used as silica and aluminium sources, respectively. An
appropriate amount of 10 mL TEOS was mixed to a 3.7% solution
of 0.613 g AIP in 3.83 mL propan-2-ol (PrOH) prepared in an ultra-
sonic bath. In a second beaker 2.42 g CTAB were dissolved in 120 mL
deionized water and 10 mL aqueous ammonia (25 wt.%) at 30°C.
The TEOS/AIP solution was dropped slowly over a period of 15 min
to the surfactant/ammonia solution. The molar composition of the
final mixture was 1 TEOS:(1/15) AIP:0.147 CTAB:3.04 NH3:160
H,0:z PrOH. In this route the Si/Al ratio was varied between 15
and 40.

NaAlO,-MCM-41(15) was synthesized by first dissolving 15g
CTABin 95 mLH,0 at 30°C[14]. Afterwards an appropriate amount
of sodium aluminate (0.626g) was added under stirring for 2 h.
After a clear solution was obtained, 10.65¢g sodium silicate was
added under stirring immediately followed by sulphuric acid (5.6 g,
10%). The entire solution was then stirred for 30 min before the pH is
adjusted to 10 with sulphuric acid (50%). The molar ratio of the indi-
vidual components of the reaction mixture was 1 Na,SiO3:(1/15)
NaAl0,:0.4 CTAB:68 H,O0. Following this route samples with Si/Al
ratios of 5-40 were synthesized.

For Al;(SO4)3-MCM-41(15) first 2.42g CTAB were dissolved
in 120 mL deionized water at 33°C, then 20 mL aqueous ammo-
nia (25wt%) were added [13]. Distinct volumes of 10mL of a
0.146 mol L-! aqueous solution of aluminium sulphate were added.
Finally, 10mL of TEOS were added under stirring to the mix-
ture. The molar composition of the mixture was 1 TEOS:(1/30)
Al>(S03)4:0.147 CTAB:6.08 NH3:160 H,O. In general, samples with
Si/Al ratios between 10 and 40 were prepared by this route.

In all cases the mixtures were transferred to Teflon®-lined auto-
claves and heated for 4 days at 100°C. The synthesis products

were recovered by filtration and washed with ethanol and dis-
tilled water (Al;(SO4)3, AIP). Samples synthesized with NaAlO, as
Al source were washed with 0.1 M H,S0O4 for ca. 30 min in order to
remove all the sodium ions. Afterwards the resulting white solid
was dried for 24 h at 100°C and calcined at 540°C (heating rate:
1°Cmin~1).

2.2. Characterisation

XRD measurements were carried out on a Philips X'Pert diffrac-
tometer at room temperature using Cu Ko radiation (A =1.5406 A),
with a step size of 0.02° and 5s measuring time per step. Nitro-
gen adsorption isotherms at —196°C were determined on a
Quantachrome Autosorb 3B apparatus. Prior to each adsorption
measurement, the samples were outgassed at 200 °C for 24 h. The
Brunauer-Emmet-Teller (BET) method was used to determine the
specific surface area. The pore diameters were calculated according
to the Barrett-Joyner-Halenda (BJH) method [15]. SEM and EDXS
were determined on a field-emission scanning electron microscope
JEOL JSM-6700F with an EDX spectrometer Oxford Instruments
INCA 300. In order to obtain representative description of the Si/Al
ratio, EDXS measurements were investigated at low magnification
in an area of typically 850 pm x 600 m in order to determine the
Si/Al ratios of the washed and calcined samples and especially to
check that the samples are sodium free. For the EDXS measure-
ments the samples were pressed into pellets in order to obtain a
smooth surface and to minimize the error range of the instrument.
Solid state 27Al MAS NMR spectra at a spinning speed of 12 kHz
were recorded with an MSL 400 spectrometer (Bruker) which is
connected to a shimmed Oxford cryomagnet of a nominal field of
9.4T. This external magnetic field corresponds to a 27 Al resonance
frequency of 104.24 MHz. A standard MAS NMR probe (Bruker) was
used in combination with rotors of ZrO, (4 mm in diameter). Free
induction decays (FID) were recorded with a single pulse sequence
at room temperature. The 90° pulse length was about 2 s and
the recycle delay was set to 2s. Up to 2000 FIDs were accumu-
lated for each NMR spectrum. The 27Al MAS NMR spectra were
referenced to [Al(H,0)s]?* using an aqueous solution of aluminium
nitrate.

IS measurements were performed on a Zahner electrochemical
workstation IM6e in a frequency range from 1 to 108 Hz with an
oscillating voltage of 100 mV. The powder samples were prepared
as described elsewhere [16]. For the measurements the pellets were
placed between two thin graphite slices and then put into a holder
made of Teflon® where the pellet is clamped between two sintered
metal electrodes. This holder was finally put in the temperature
cell of the impedance spectrometer. The relative humidity (RH)
can be adjusted using a connected water tank which is individually
heatable.

3. Results and discussion
3.1. Characterisation of mesoporous aluminium silicates

The Si/Al ratios of the washed and calcined materials were deter-
mined by EDXS and are presented in Table 1. The EDXS results
demonstrated that in case of samples prepared with NaAlO, ion
exchange with H* ions [17] was successful and led to the complete
absence of Na* ions in the final products. For the samples prepared
with Al;(SO4)3; and AIP, as well as for the NaAlO, samples before
washing with H,SOy4, the Si/Al ratios determined by EDXS are in
very good agreement with the desired Si/Al ratios. Thus entire Al
provided in the synthesis mixture is incorporated in the framework
during synthesis. During washing with H,SO,4, however, some Al
is removed from the framework—the Si/Al ratios discussed in the
following are always those of the final products.
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Table 1

Lattice constants ao, surface areas As, pore volumes V,, pore diameters D, and wall thicknesses T,y for NaAlO,-MCM-41 samples with different Al content, i.e. Si/Al ratio in

the walls.
Sample Si/Al by EDXS ap/nm As/m? g1 Vp/em3 g1 Dp/nm Tw/nm
Si-MCM-41 - 4531 1031 0.956 2.70 2.027
Al (S04)-MCM-41(20) 19 4.381 854 0.892 2.65 1.731
AIP-MCM-41(20) 22 4.334 830 0.792 2.60 1.734
NaAlO,-MCM-41(20) 21 4.424 1231 1.185 2.68 1.754
NaAlO,-MCM-41(15) 14 4416 954 0.899 2.64 1.766
NaAlO,-MCM-41(10) 10 4.278 832 0.780 241 1.888
NaAlO,-MCM-41(08) 08 4194 785 0.713 2.28 1.914
NaAlO,-MCM-41(05) 05 - 344 0.285 2.17 -

Powder XRD patterns of hexagonal mesoporous Si-MCM-41
exhibit four characteristic reflections which are indexed as (100),
(110),(200) and (210)[18]. Fig. 1 shows the XRD patterns of the
calcined pure silica based and aluminium containing Si-MCM-41
samples with a ratio of Si/Al ~ 20, respectively. The sharp first (1 0 0)
Bragg reflections obtained at 260=2.11-2.31° proof the existence
of structured mesopores consisting of channel-type pores with
diameters of about 2-3 nm [19,20]. In addition, two weaker peaks
ascribed to the (110) and (2 00) reflections were found indicating
the typical hexagonal order of the channel pores in the obtained
materials. Although the intensity of these reflections is lower for
the AI-MCM-41 compared to the pure Si-MCM-41, their existence
demonstrates that the long-range hexagonal ordered structure is
still maintained after incorporation of aluminium in the frame-
work. Furthermore, XRD patterns recorded at higher angles up to
80° showed no peaks. Therefore, the presence of any crystalline
aluminium containing species can be excluded. In general, com-
pared to pristine Si-MCM-41, aluminium containing AI-MCM-41
samples possess a less ordered mesoporous structure indicated by
the decreased intensity of all reflections (Fig. 1). However, inten-
sity deterioration and broadening of the XRD reflections is a typical
behaviour for AI-MCM-41 [20], because the incorporation of Al into
the walls alters their electron density, and at the same time the elec-
tron density contrast to the empty pores which is responsible for
the appearance of all the peaks. The more pronounced are the shift
in the peak positions to higher angles the higher the Al content.
This indicates a decrease in the lattice constants which in principle
can be the result of reduced channel pore diameters or thinner pore
walls.

The pore diameters as well as the inner surface areas and the
pore volumes can be determined by adsorption-desorption mea-

Fig. 1. X-ray diffraction patterns of Si-MCM-41 and Al-MCM-41(20) samples syn-
thesized with different Al sources.

surements using nitrogen (N;) as probe gas, performed of the
calcined materials. The isotherms obtained for the calcined Al-
MCM-41 samples are shown in Fig. 2; the values for the inner
surface area (estimated according to the BET formalism), the pore
volumes, the pore diameters deduced from the isotherms are listed
in Table 1 and are in fair agreement with literature data [21].
By subtracting the pore diameters from the lattice constants ag,
determined from the positions of the (100) reflections in the XRD
patterns, also the thickness of the walls is obtained. The nitrogen
adsorption-desorption isotherms exhibit a shape typical for type IV
isotherms [22] and confirm the characteristic features for the pres-
ence of mesopores with diameters in the range of 2-3 nm for all
samples. At low relative pressures the adsorbed amount increases
continuously due to monolayer adsorption followed by multilayer
adsorption. A strong increase in the adsorbed amount occurs at rel-
ative pressures of 0.2-0.4 due to capillary condensation of nitrogen
in the mesoporous channels. The sudden increase in the adsorption
(p/po>0.9) and narrow hysteresis loop for the sample NaAlO;-
MCM-41(20)at high relative pressures (p/pg > 0.5) are caused by the
condensation of nitrogen in the interstitial space between particles
(void spaces) and cracks inside the NaAlO,-MCM-41(20) particles
[5,22]. The pore diameters were calculated from the isotherms by
using the Barrett, Joyner and Halenda (BJH) method [15] and are
plotted in the inset of Fig. 2. For samples with a Si/Al ratio of 20
they lie in the range of 2.4-2.7 nm, the latter value being almost
equal to that of Al-free pure Si-MCM-41. With increasing Al content
in the samples, however, the pore diameters shrink continuously.
For example, for the series of NaAlO,-MCM-41 made with NaAlO,,
showing for a Si/Al ratio of 20 the diameter is 2.68 nm but finally
reaches 2.28 nm for a Si/Al ratio of 8 (Table 1). The decrease in

~Ar~ NaAlO,MCM-41(20)

nitrogen adsorption / cm* g STP

w0 AIP-MCM-41(20)

S =0 AL(S0,),-MCM-41(20)
J? 1 1 | | |
0.0 0.2 0.4 0.6 0.8 1.0

p/p,

Fig. 2. Nitrogen adsorption-desorption isotherms and pore diameters of AI-MCM-
41(20) samples synthesized with different Al sources.
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Fig. 3. SEM pictures of Si-MCM-41 (left) and NaAlO,-MCM-41(20) (right).

pore diameter goes in line with the decrease in lattice constants
indicating that the pore wall thicknesses remain almost constant.

As seen in the scanning electron micrographs of Fig. 3 the incor-
poration of aluminium into the silica-framework of Si-MCM-41
changes the size and morphology of the particles from typically
4 to 5pm to the nm-range. This change is ascribed to the addi-
tion of aluminium since apart from that, the synthesis routes of
Si-MCM-41 and Al-MCM-41 materials are nearly identical. The
NaAlO,-MCM-41 samples consist of nanoparticles with a narrow
grain size distribution and grain sizes of 100-120nm [23]. The
nanograins agglomerate easily but they can be separated again by
treatment in an ultrasonic bath for 30 min.

3.2. Proton conductivity

The proton conductivities of the different Al-containing x-MCM-
41(20) samples compared to Al-free silica based Si-MCM-41 are
shown in Fig. 4. As a result of the incorporation of aluminium into
the walls, the proton conductivity is obviously increased compared
to Si-MCM-41 for all samples in the entire temperature range.
NaAlO,-MCM-41 shows the best results among these, exhibiting
two orders of magnitude higher proton conductivity than observed
for pure Si-MCM-41, resulting in a value of 10~4Scm~"! at 140°C.
The main reason for the enhanced proton conductivity is the cre-
ation of Bregnsted acid sites [13,20].

Similar to modified Si-MCM-41, in which organic linkers with
proton accepting or donating SO3H, SO3~ [4,5] or imidazole [16]

10° g
E —A—NaAlO,-MCM-41(20)
10* [ —®—AI(SO,),-MCM-41(20)
E —m— AIP-MCM-41(20) /
[ —O—Si-MCM-41 .
g 10° E /-
2 - //
~ I m]
g )
o 10 3 // /
: A/: /u
107 E ' /D
E o
10°® 3
E 1 2 1 1 1 1 1 1

1
60 80 100 120 140
temperature / °C

Fig. 4. Proton conductivities for AI-MCM-41(20) at 100% RH compared to pristine
Si-MCM-41. The lines are only to guide the eyes and have no physical meaning.

head groups were anchored to the inner pore wall surface, the
Bronsted acid sites act as places for proton docking on the inner
surface of the mesoporous AI-MCM-41 material. Analogous to the
situation in zeolites, where protons or other cations are also weakly
coordinated to the Al centers in the framework but are nevertheless
mobile if suitable solvents are present, leading to fast ion exchange
rates or high activity in acidic catalysis [24,25], a high number
of Bronsted sites increases the concentration of mobile protons.
Furthermore, the distances between the Brgnsted sites decreases,
which also supports the proton hopping because the hopping prob-
ability is distance dependent [8a]. Thus, the proton conductivity
increases compared to the pristine Si-MCM-41.

Additionally, the hydrophilic behaviour of the AI-MCM-41 is
enhanced compared to that of pure mesoporous Si-MCM-41 as
found in water adsorption measurements (Fig. 5). The run of
the adsorption curves is again typical for mesoporous materials
showing a strong increase in water uptake resulting from capil-
lary condensation in the pores at p/pg ~ 0.5. The enhanced water
adsorption capacity especially of sample NaAlO,-MCM-41(20) and
the higher storage probability for water are caused by the increased
hydrophilic character of the walls of the mesopores due to the
presence of Brgnsted acid sites (see Fig. 6). Again NaAlO,-MCM-41
shows the best results for the materials synthesized with different
Al sources at Si/Al = 20, incorporating water as much as 80 wt.% of its
dry weight. The improved adsorption abilities are very important
for the proton conductivity as water molecules strongly support the
proton transport [26,27]. We also found that as long as the meso-

100
A NaAlO,-MCM-41(20)
® Al,(SO,),-MCM-41(20) ‘}
80 o AIP-MCM-41(20) A AA
O SiMCM-41 4
X
© 60}
X
L
o
>
E o
L 4t
o
2
20 |
0

p/p,

Fig. 5. Water adsorption isotherms for AI-MCM-41(20) samples synthesized with
different Al sources compared to pristine Si-MCM-41.
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Fig. 6. Internal pore surface of AI-MCM-41.

porous structure is intact, the amount of adsorbed water is higher
the more aluminium is incorporated in the framework.

Besides the Brgnsted acid sites and increased water adsorption
capacity, the reduced particle size (see Fig. 3) is also responsi-
ble for the improved proton conductivity of aluminium containing
Si-MCM-41 materials, because possible inhomogeneties in the
Brgnsted sites distribution deep in the interior of the channels
become less important. The increased external surface of the
nanoparticles will also support the proton transfer. However, in an
earlier work comparing SO3;H-functionalized Si-MCM-41 nanopar-
ticles with dense SOsH-functionalized Aerosil particles of a 10
times smaller size, an observed higher proton conductivity for the
SO3;H-functionalized Si-MCM-41 samples demonstrated that pro-
ton transfer along the straight internal channel surface is more
effective than along the external particle surface [28].

Among the AI-MCM-41 samples with a Si/Al ratio of 20
NaAlO,-MCM-41(20) exhibits higher proton conductivities than
Al5(S04)3-MCM-41(20) and AIP-MCM-41(20) which both show
almost similar performance in the IS measurements. The 27 Al MAS
NMR spectra of the samples explain this behaviour (Fig. 7). The NMR
spectrum of NaAlO,-MCM-41(20) shows only a single resonance
at around 55 ppm [13,20] which is ascribed to tetrahedrally coor-
dinated aluminium. This coordination is only found if aluminium,
identical to the situation in zeolites, is perfectly integrated into the
aluminium silicate network constructing the walls. For thermody-
namical reasons Al in aluminium oxide species possibly deposited
in the pores or Al in dangling sites will prefer octahedral oxygen
coordination only [13]. In the NMR spectra of the samples prepared

NaAlO,-MCM-41(20)

AIP-MCM-41(20)

AI(SO,)-MCN-41(20)

-150 -100 -50 0 50 100 150
8/ ppm

Fig.7. 27 AIMAS NMR spectra of AI-MCM-41(20) samples synthesized with different
Al sources.

from aluminium isopropoxide or aluminium sulphate, exactly such
octahedrally coordinated Al species show up leading to NMR lines
ataround O ppm. Although these are less intense than the dominant
resonances at around 55 ppm, the two 27 Al NMR spectra indicate
that a significant fraction of Al is deposited somewhere in the pores.
However, only tetrahedrally coordinated Al creates Brensted acid
sites and thus this part of Al cannot contribute to the proton trans-
port [29]. It is evident from IS and 27Al MAS NMR results that a
complete incorporation of aluminium in the matrix of Si-MCM-41
is necessary to obtain sufficiently high proton conductivities. Since
sodium aluminate was found to be the best aluminium source for
the preparation of samples exhibiting high proton conductivity we
focused on the improvement of materials synthesized according
this route by increasing the Al content, but still keeping a highly
ordered mesoporous structure. Thus, we prepared samples with
lower Si/Al ratio and thus more aluminium incorporated in the
walls. Fig. 8 shows the powder XRD patterns for different NaAlO;-
MCM-41(y) samples with y varying in the range of 20 >y > 5. It can
be seen that the intensity of the (100) reflection decreases and
broadens with increasing Al content. Besides the decreased reflec-
tion the loss of the long-range order can be denoted since even the
(110) and (200) reflections disappear for y < 10. For the sample
NaAlO,-MCM-41(5) it finally disappears, indicating that a too high
Al content in the walls weakens the order because with increasing
number of negatively charged Al center ([AlO;]~1) in the frame-
work their repulsive interactions and consequently the possibility
to create point defects increase. The destruction of the AI-MCM-41
structure is confirmed in nitrogen adsorption measurements, doc-
umenting a decrease in pore volume and BET surface area (Table 1),
for NaAlO,-MCM-41(5). The strong collapse in surface area and
especially in pore volume document the loss of mesoporosity.
Proton conductivities of NaAlO,-MCM-41(y) samples with high
aluminium content (Si/Al ratio down to 8) and still intact meso-
porous structure were measured in IS at 100% relative humidity
(Fig. 9). Again, compared to the pure silica based Si-MCM-41,
the incorporation of tetrahedrally coordinated aluminium clearly
increases the proton conductivity of all five samples in the entire
temperature range. NaAlO,-MCM-41(10) shows very high pro-
ton conductivities of up to 3 x 103 Scm~! at 140°C, being more
than three orders of magnitude higher than in pure Si-MCM-41
in the whole measured temperature range. By incorporating few
aluminium in the mesoporous SiO, framework and reaching a
maximum ratio of Si/Al=40, only a slight increase in proton con-
ductivity compared to the pristine materials can be obtained. These
aluminium silicates exhibit good mesoporous structure (Fig. 8).
However, the distance between the fixed Brensted acid sites in
the framework is too large and several water molecules are nec-
essary to bridge the proton transfer [8a]. Further increase of the

Fig. 8. XRD patterns of Si-MCM-41 and NaAlO,-MCM-41 of different Si/Al ratio.
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Fig. 9. Proton conductivities for Si-MCM-41 and NaAlO,-MCM-41(y) of different
Si/Al ratio at 100% RH. The lines are only to guide the eyes and have no physical
meaning.

aluminium amount (NaAlO,-MCM-41(y) with 20 >y > 10) assures
a sufficiently short distance of Bregnsted acid sites for enhanced
proton conductivity as shown by the sharp increase for NaAlO,-
MCM-41(20) in Fig. 9. Here the proton conductivity increases
continuously up to a Si/Al ratio of 10. Although NaAlO,-MCM-41(8)
exhibits the highest aluminium amount its proton conductivity at
60-120°C is worse than that of the samples NaAlO,-MCM-41(10)
and NaAlO,-MCM-41(15) because the mesoporous structure is
already damaged as seen from the decreased pore volume (Table 1)
and the XRD pattern in Fig. 8. Therefore, the proton conductivity
of the mesoporous material MCM-41 can only be improved con-
tinuously with increased aluminium content if the quality of the
mesoporous hexagonal structure is sufficiently good for the proton
transport inside the pores.

However, the proton conductivity of NaAlO,-MCM-41(8)
increases drastically for temperatures above 120°C (Fig. 9). This
effect can be ascribed to the higher hydrophilicity of that sam-
ple, helping to store more water in the pore system. Furthermore,
only at increased temperatures the additional energy barriers in
NaAlO,-MCM-41(8) for the proton transport compared to those in
NaAlO,-MCM-41(y > 10) samples caused by the decreased meso-
porous hexagonal structure can be overcome due to the higher
proton energy and an enhanced diffusion speed in the more water-
rich environment.

4. Conclusions

Mesoporous Al-MCM-41 samples were synthesized by three
different routes mainly varying the Al sources, and were com-
pared to pristine Si-MCM-41 in proton conductivity and water
storage. All AI-MCM-41 materials exhibit enhanced properties
in both proton conductivity and water storage providing a sta-
ble and ordered mesoporous structure. The Al source NaAlO,
gives clearly the best results, because all Al within the frame-
work is tetrahedrally coordinated creating Branstedt acidic centers.
With Al,(SO4)3 and AIP, however, also the presence of octahedral
Al, which does not enhance the Bronstedt acidity of the frame-

work, was observed. The enhancement of the proton conductivities
results from improved water storage capabilities, decreased parti-
cle size from the micrometer to the nanometer scale (50-100 nm)
and the creating Brgnstedt acidity. The highest amount of incorpo-
rated Al in a mesoporous framework was obtained for the sample
NaAlO,-MCM-41(8). However, since the quality of the mesoporous
material was slightly reduced distinct due to the high amount of
aluminium incorporated, it does not show highest proton conduc-
tivity among the samples studied. The best proton conductivities
were found for samples with Si/Al ratio of 10 where Al content and
quality of the mesoporous structure are in optimum balance. These
samples show conductivities of about 3 x 10-3Scm~1 at 140°C.
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