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Direct methanol fuel cells (DMFCs) and proton exchange
membrane fuel cells (PEMFCs) have received considerable
attention throughout the past decade because they are
considered promising energy conversion devices for auto-
mobiles, homes, and portable electronics. One of the critical
components of these fuel cells is the proton conducting
membrane electrically separating the anode from the cathode,
and Nafion is the standard for new materials comparison.
Nafion, while exhibiting excellent proton conductivity at low
temperatures and high levels of hydration (∼10-1 S/cm under
conditions comparable to those used herein), has drawbacks
including measurable methanol crossover and loss of hydra-
tion and proton conductivity at temperatures above 100 °C.
To address some of these issues, a number of reports suggest
using various additives including metal oxides,1–5 clays,6

mesoporous materials,7–11 and zeolites.12–15

Among the oxide additives, acid functionalized mesopo-
rous silicas and zeolites are advantageous because of their
high acid strength (e.g., -SO3H), adjustable acid group

density, and the possiblity to block methanol crossover and
increase water retention at high temperature while allowing
fast proton transport through the pore space. Acid function-
alized mesoporous materials (by grafting or co-condensation)
are used as solid catalysts, but only a few studies focus on
their proton conducting properties.9,10,16–22 Organically func-
tionalized zeolite beta was first synthesized in our laboratory
for catalysis applications nearly a decade ago.23 Holmberg
and co-workers investigated this solid as a potential proton
conducting material.24 In their report, they synthesized zeolite
beta containing phenethyl moieties from synthesis gels
containing varying amounts of aluminum and suggested, after
sulfonation of the phenyl ring, possible cooperativity between
the negatively charged aluminum framework sites (counter-
balanced by a proton or tightly bound tetraethyl ammonium
ion, TEA+) and the strong Bronsted acidity of the sulfonic
acid in generating the observed proton conductivity, as the
sample with the highest measured proton conductivity was
crystallized from a synthesis gel having the lowest SiO2/
Al2O3 ratio (SiO2/Al2O3 denoted here by X).

One goal of this study is to test the hypothesis of
cooperativity between the sulfonic acid sites and the frame-
work acid sites generated by framework aluminum by
synthesizing molecular sieves with the *BEA framework that
contained both sulfonic acid groups and varying concentra-
tions of framework aluminum sites by either direct synthesis,
as in the case of nanocrystalline beta, or by post-synthetic
insertion of aluminum in the hydroxyl nests left by the
removal of framework zinc in CIT-6 (the zincosilicate
analogue to zeolite beta).25 As shown below, framework
aluminum is not maintained upon generation of the sulfonic
acid sites. Instead of generating a series of samples with
variable aluminum contents, the solids ended up being a
series of samples that possess significantly different amounts
of hydroxyl groups. Thus, in this communication, attention
is paid to the effects of the hydroxyl group in the materials
by choice of synthesis method and post-synthesis “annealing”
of the framework silanols. Namely, sulfonic acid function-
alized and unfunctionalized molecular sieves with the *BEA
framework topology (pure silica, ammonium, or proton
exchanged) are prepared, and conductivity results are com-
pared to sulfonic acid functionalized MCM-41. Furthermore,
ammonium and proton exchanged nanocrystalline zeolite beta

* Corresponding author: mdavis@cheme.caltech.edu
† California Institute of Technology.
‡ University of California, Riverside.

(1) Watanabe, M.; Uchida, H.; Seki, Y.; Emori, M.; Stonehart, P. J.
Electrochem. Soc. 1996, 143 (12), 3847–3852.

(2) Adjemian, K. T.; Lee, D. J.; Srinivasan, S.; Benziger, J.; Bocarsly,
A. B. J. Electrochem. Soc. 2002, 149 (3), A256–A261.

(3) Ladewig, B. P.; Knott, R. B.; Hill, A. J.; Riches, J. D.; White, J. W.;
Martin, D. J.; Diniz da Costa, J.; Lu, G. Q. Chem. Mater. 2007, 19,
2372–2381.

(4) Mauritz, K. A. Mater. Sci. Eng., C 1998, 6, 121–133.
(5) Shao, Z.-G.; Xu, H.; Li, M.; Hing, I.-M. Solid State Ionics 2006, 177

(7-8), 779-785.
(6) Chang, J.-H.; Park, J. H.; Park, G.-G.; Kim, C.-S.; Park, O. O. J. Power

Sources 2003, 124, 18–25.
(7) Baglio, V.; Di Blasi, A.; Arico, A. S.; Antonucci, V.; Antonucci, P. L.;

Trakanprapai, C.; Esposito, V.; Licoccia, S.; Traversa, E. J. Electro-
chem. Soc. 2005, 152 (7), A1373–A1377.

(8) Kim, H. J.; Lim, J. E.; Shul, Y. G.; Han, H. Recent AdVances in the
Science and Technology of Zeolites and Related Materials, Parts A-
C; 2004; Vol. 154, pp 3036-3043.

(9) Hogarth, W. H. J.; da Costa, J. C. D.; Drennan, J.; Lu, G. Q. J. Mater.
Chem. 2005, 15 (7), 754–758.

(10) Lin, Y.-F.; Yen, C.-Y.; Ma, C.-C. M.; Liao, S.-H.; Lee, C.-H.; Hsiao,
Y.-H.; Lin, H.-P. J. Power Sources 2007, 171, 388–395.

(11) Pereira, F.; Valle, K.; Belleville, P.; Morin, A.; Lambert, S.; Sanchez,
C. Chem. Mater. 2008, 20 (5), 1710–1718.

(12) Li, X.; Roberts, E. P. L.; Holmes, S. M.; Zholobenko, V. Solid State
Ionics 2007, 178, 1248–1255.

(13) Chen, Z. W.; Holmberg, B.; Li, W. Z.; Wang, X.; Deng, W. Q.; Munoz,
R.; Yan, Y. S. Chem. Mater. 2006, 18 (24), 5669–5675.

(14) Libby, B.; Smyrl, W. H.; Cussler, E. L. Electrochem. Solid-State Lett.
2001, 4 (12), A197–A199.

(15) Libby, B.; Smyrl, W. H.; Cussler, E. L. AIChE J. 2003, 49 (4), 991–
1001.

(16) Halla, J. D.; Mamak, M.; Williams, D. E.; Ozin, G. A. AdV. Funct.
Mater. 2003, 13 (2), 133–138.

(17) Marschall, R.; Bannat, I.; Caro, J.; Wark, M. Microporous Mesoporous
Mater. 2007, 99, 190–196.

(18) Otomo, J.; Wang, S.; Takahashi, H.; Nagamoto, H. J. Membr. Sci.
2006, 279, 256–265.

(19) Alabi, C. A.; Davis, M. E. Chem. Mater. 2006, 18 (24), 5634–5636.
(20) Munakata, H.; Chiba, H.; Kanamura, K. Solid State Ionics 2005, 176

(31-34), 2445–2450.
(21) Mikhailenko, S.; Desplantier-Goscard, D.; Danumah, C.; Kaliaguine,

S. Microporous Mesoporous Mater. 2002, 52, 29–37.
(22) Li, H.; Nogami, M. AdV. Mater. 2002, 14 (12), 912–914.
(23) Jones, C. W.; Tsuji, K.; Davis, M. E. Nature 1998, 393, 52–54.
(24) Holmberg, B. A.; Hwang, S.-J.; Davis, M. E.; Yan, Y. Microporous

Mesoporous Mater. 2005, 80, 347–356.
(25) Takewaki, T.; Beck, L. W.; Davis, M. E. J. Phys. Chem. B 1999,

103, 2674–2679.

3791Chem. Mater. 2008, 20, 3791–3793

10.1021/cm800762x CCC: $40.75  2008 American Chemical Society
Published on Web 06/03/2008



are investigated in an attempt to separate factors that
contribute to the observed proton conduction and to better
design future materials.

Zeolite beta synthesized from gels containing tetraethy-
lammonium hydroxide as the structure directing agent is
known to have a high density of internal hydroxyl group
nests,26 and the removal of framework aluminum only
increases this density. Similarly, when CIT-6 is treated with
acetic acid at 80 °C, hydroxyl nests remain and the material
is hydrophilic, but when treated with acetic acid at 135 °C
the hydroxyl nests are annealed and the material becomes
hydrophobic.25 In contrast, pure silica zeolite beta crystallized
from fluoride containing gels is known to possess many fewer
hydroxyl defects27 than the corresponding hydroxide-based
synthesis product and is hydrophobic. For comparison,
MCM-41 has many dangling hydroxyl groups and is hydro-
philic. As shown and discussed below, the presence of
hydroxyl groups is pivotal in achieving high proton conduc-
tivity, presumably due to the formation of a more complete
hydrogen bonded water network in the materials with many
dangling -OH, and better water saturation inside the
molecular sieves.

See the Supporting Information for detailed synthetic pro-
cedures. Aluminum reinsertion into S-PE-CIT-6 extracted with
acetic acid at 60 and 80 °C is attempted using Al(NO3)3 ·9H2O
according to a previously published procedure.25

Samples are characterized by powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA), 13C CPMAS
NMR, and 29Si CPMAS NMR. See Supporting Information
(Figures S3-S6) for spectra. Silicon and aluminum contents
are obtained by energy dispersive spectroscopy (EDS).
Samples are titrated to estimate acid loading with 0.01 N
NaOH followed by back-titration with 0.01 N HCl.

From the EDS results, it is observed that aluminum has
been incorporated into as-made and calcined nanocrystalline
beta samples produced from aluminum containing gels

(shown below for non-PE containing samples H-BEA-X and
NH4-BEA-X, but also true for PE containing samples prior
to sulfuric acid treatment). While the SiO2/Al2O3 ratio is
greatly varied in the gels, a much narrower range is observed
in the crystallized powders, and lower yields based on SiO2

are observed with decreasing gel aluminum content. Treat-
ment with sulfuric acid, however, removes aluminum from
the framework, in addition to most of the TEA+ (Supporting
Information, Figure S6). Some residual TEA+ exists and may
be bound to framework defects. Treatment of the zincosilicate
CIT-6 with acetic acid removes framework zinc,25 and 27Al
MAS NMR indicates almost no reinsertion of aluminum into
sulfonic acid functionalized CIT-6 (S-PE-CIT-6). We have
yet to find a successful method for producing zeolite beta
containing both organic sulfonic acids and framework
aluminum (acid) sites.

Impedance spectroscopy is performed with a Solartron
1260 to measure the proton conductivity in an apparatus
similar to that of Holmberg et al. (schematic shown in
Supporting Information, Figure S2).24,28 All samples are
thoroughly washed and allowed to equilibrate with bulk water
prior to measurement. Attempts were made to characterize
free-standing pellets with evaporated gold contacts in a
controlled temperature-humidity chamber, but the pellets
lost mechanical integrity at elevated temperatures and
humidities, even when held between gold, platinum, or
stainless steel plates.

Proton conductivities, sample and gel SiO2/Al2O3, and
acid loadings from TGA and titration are presented in
Table 1 for the investigated samples. For comparison, the
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Table 1. Summary of Sample Characterization and Proton Conduction Dataa

sample σ (S/cm) SiO2/Al2O3 (EDS) SiO2/Al2O3 (rxn mixture) TGA (mmol/g) titration (mequiv/g)

PS-BEA 8.8 × 10-6 ∞ ∞ b -0.003
O-PS-BEA 2.3 × 10-5 ∞ ∞ b 0.0012
S-PE-PS-BEA 5.4 × 10-4 ∞ ∞ 0.17 0.18
BEA-50_80SA 1.1 × 10-5 ∞ 50 b b

BEA-400_80SA 6.4 × 10-6 ∞ 400 b b

BEA-1000_80SA 1.7 × 10-5 ∞ 1000 b b

NH4-BEA-50 2.8 × 10-3 30 50 b b

NH4-BEA-100 1.2 × 10-3 73 100 b b

NH4-BEA-400 2.3 × 10-3 69 400 b b

NH4-BEA-1000 1.2 × 10-3 65 1000 b b

H-BEA-50 7.0 × 10-4 35 50 b b

H-BEA-100 6.1 × 10-4 75 100 b b

H-BEA-400 4.8 × 10-4 60 400 b b

H-BEA-1000 3.1 × 10-4 86 1000 b b

S-PE-BEA-50 4.9 × 10-3 ∞ 50 0.19 0.23
S-PE-BEA-100 6.7 × 10-3 ∞ 100 0.24 0.30
S-PE-BEA-400 6.8 × 10-3 ∞ 400 0.51 0.78
S-PE-BEA-1000 4.5 × 10-3 ∞ 1000 0.23 0.24
S-PE-CIT-6_80AA 6.8 × 10-3 ∞* 33* 0.23 0.29
S-PE-CIT-6_135AA 1.2 × 10-3 ∞* 33* 0.24 0.23
MCM-41 2.9 × 10-5 b b b 0.0055
O-MCM-41 1.5 × 10-5 b b b 0.0052
S-PE-MCM-41 8.3 × 10-3 b b 0.59 0.87
a ∞*, for zincosilicate; ∞, no Al detected; PS, pure-silica from fluoride synthesis; O, oleum treated; 80SA, extracted with 18 M H2SO4 at 80 °C;

NH4, ammonium exchanged nonfunctionalized; H, proton exchanged nonfunctionalized; PE, phenethyl functionalized; S, sulfonated with oleum; 80AA
and 135AA, extracted with acetic acid at 80 and 135 °C. b Not measured.
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conductivity of as-made samples (containing ∼20 wt %
SDA) are presented in Table S1 in the Supporting
Information.

Acid site amounts from TGA and titration are in reasonable
agreement, and the acid density from sample to sample and
between synthesis methods is consistent. Samples with many
hydroxyl groups show slightly higher loading by titration
than by TGA (S-PE-BEA-X, S-PE-CIT-6_80AA, S-PE-
MCM-41) when compared to samples with fewer hydroxyl
groups (S-PE-PS-BEA, S-PE-CIT-6_135AA), possibly due
to deprotonation of some of the hydroxyl groups.

Examining the results in Table 1, unfunctionalized samples
that do not contain aluminum in the framework (PS-BEA,
O-PS-BEA, BEA-X_80SA, MCM-41, O-MCM-41) exhibit
a conductivity ∼ 10-5 S/cm, regardless of the hydrophilicity/
hydrophobicity, as no proton donating sites exist. Treatment
of MCM-41 and PS-BEA with oleum do not significantly
affect the measured conductivity, nor does the small amount
of residual SDA, as sulfuric acid treated samples (BEA-
X_80SA) exhibit conductivities similar to that of calcined
PS-BEA. Zeolite beta samples containing tetrahedrally
coordinated aluminum counterbalanced by a proton (H-BEA-
X) exhibit conductivity ∼ 5 × 10-4 S/cm, and a slight trend
of increasing conductivity with increasing aluminum content
is observed as has been previously shown for ZSM-5.29,30

Ammonium exchanged samples (NH4-BEA-X) exhibit higher
conductivity values (1-2 × 10-3 S/cm) than those in the
proton form in accordance with other reports using imped-
ance spectroscopy30 and NMR.31 Direct current electro-
chemical32 and NMR31 results suggest that ammonium ions
move by vehicular motion (chemical diffusion) and that
hydrated ammonium exchanged zeolites should exhibit
greater conductivity than hydrated, proton exchanged zeo-
lites.31

The incorporation of phenyl sulfonic acid groups into
hydrophilic nanocrystalline zeolite beta (S-PE-BEA-X) fur-
ther increases the proton conductivity to ∼5 × 10-3 S/cm.
Regardless of the aluminum content in the synthesis gel, no
aluminum is detected by EDS in the sulfonated samples, and
no significant difference in the measured conductivity values
is observed among samples crystallized from synthesis gels
containing differing amounts of aluminum. In attempts to

study cooperativity, however, it is observed that phenyl
sulfonic acid-containing pure-silica beta (S-PE-PE-BEA,
synthesized out of fluoride containing media) exhibits proton
conductivity an order of magnitude lower than phenyl
sulfonic acid-containing beta synthesized from TEAOH
containing gels even when their acid loadings are similar.
This may be due to the hydrophobicity/hydrophilicity of the
pores, as the formation of a hydrogen bonded water network
is important for fast proton hopping by the Grotthüss
mechanism. Pores with many hydroxyl defects hold more
water than defect-free pores, leading to a more “complete”
hydrogen bonding network available for proton hopping.
Results using phenyl sulfonic acid-containing CIT-6 further
strengthen this hypothesis. S-PE-CIT-6 treated with acetic
acid at 80 °C exhibits a proton conductivity similar to that
of S-PE-BEA-X (X ) 50, 100, 400, 1000). S-PE-CIT-6 from
the same synthesis batch treated with acetic acid at 135 °C,
however, shows conductivity a factor of 5 lower than the
S-PE-BEA-X samples and more closely resembles the
conductivity of S-PE-PS-BEA. Additionally, phenyl sulfonic
acid functionalized MCM-41 (S-PE-MCM-41) exhibits a
conductivity value approximately that of S-PE-BEA-X. The
acid loading by TGA and titration is slightly higher for S-PE-
MCM-41, potentially leading to the slightly greater conduc-
tivity when compared to the S-PE-BEA-X samples.

In conclusion, it is shown that the incorporation of phenyl
sulfonic acid groups into the pores of zeolite beta is more
important for enhanced proton conductivity than framework
alumina (in either the proton or the ammonium exchanged
form) and that the conductivity observed in these samples
does not arise from a cooperative effect between the bound
organic sulfonic acid groups and the aluminum acid sites.
Furthermore, the presence of framework hydroxyl groups is
necessary for increasing the proton conductivity through the
formation of a better hydrogen bonding water network in
the pores leading to faster Grotthüss transport of the mobile
protons.
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