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Tetra-n-butylammonium Borohydride Semiclathrate: A Hybrid Material for Hydrogen
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In this study, we demonstrate that tetra-n-butylammonium borohydride [(rn-C4Hy)4NBH,4] can be used to form
a hybrid hydrogen storage material. Powder X-ray diffraction measurements verify the formation of tetra-
n-butylammonium borohydride semiclathrate, while Raman spectroscopic and direct gas release measurements
confirm the storage of molecular hydrogen within the vacant cavities. Subsequent to clathrate decomposition
and the release of physically bound H,, additional hydrogen was produced from the hybrid system via a
hydrolysis reaction between the water host molecules and the incorporated BH,™ anions. The additional
hydrogen produced from the hydrolysis reaction resulted in a 170% increase in the gravimetric hydrogen
storage capacity, or 27% greater storage than fully occupied THF + H, hydrate. The decomposition temperature
of tetra-n-butylammonium borohydride semiclathrate was measured at 5.7 °C, which is higher than that for
pure THF hydrate (4.4 °C). The present results reveal that the BH, anion is capable of stabilizing

tetraalkylammonium hydrates.

Many kinds of hydrogen storage materials have been studied
as hydrogen is considered a potentially important future energy
carrier.'® In particular, clathrate hydrates have been highlighted
as a potential storage materials because of the ready availability
and nature of the host (water), as well as their ability to
concentrate hydrogen in molecular form.*~® Although simple
(one guest) structure II hydrogen hydrate or H,(H,0) filled ice
can approach the hydrogen capacity set by the DOE (6 wt %
by 2010), severe formation conditions prevent the use of these
clathrates for practical hydrogen storage.*!° Other hydrogen
hydrates which are stable at moderate pressure conditions can
store hydrogen with contents near 1 wt %.!! Therefore, other
hydrogen storage materials should be considered to overcome
this limitation.!?

In parallel, certain chemical hydrogen storage schemes utilize
the hydrolysis of compounds such as NaBH4 and NH;BH;.!3~"7
Such schemes have been considered one of the best methods
to produce hydrogen as a result of the better reaction kinetics
compared to pyrolysis of the same compounds, providing
acceptable hydrogen capacity.’*~!7 NaBH,, a widely studied
material, can generate hydrogen via the following hydrolysis
reaction,
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NaBH, + 2H,0 — NaBO, + 4H, (1)

This process theoretically generates 10.8 wt % of hydrogen
capacity; however, because NaBO, is produced as a byproduct,
the actual hydrogen capacity reduces to below 2.9 wt %.8

These two different approaches to hydrogen storage, physical
storage in clathrate hydrates and chemical hydrogen production
via a hydrolysis reaction, have a common ingredient—the
presence of water—which is essential to both methods. If the
hydrolyzable material can be used to form a clathrate hydrate,
one may achieve both stabilization of the hydrate compound
and a higher hydrogen capacity by producing additional
hydrogen through hydrolysis. However, combining two ap-
proaches has rarely been attempted in spite of its potential to
hydrogen storage.

Recently, the chemical-clathrate hybrid concept for hydrogen
storage was reported in a previous study.'> The B-phase of
hydroquinone was shown to store hydrogen physically within
clathrate cavities, as well as chemically through direct oxidation
of the host hydroquinone in a hydrogen fuel cell. Although the
utilization of hydrogen storage from two independent sources
of the same material is a promising concept, novel host materials
that have greater physical and chemical storage capacities are
needed to improve this hybrid idea. Additionally, novel concepts
that exploit different chemical-clathrate hybridization mecha-
nisms should be explored.

In this study, we demonstrate the incorporation of BH, ™, a
common hydrolyzable anion, into a clathrate hydrate to dem-
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Figure 1. PXRD patterns for (a) TBAB, (b) TBABh, and (c) TBABh
+ H, semiclathrate hydrates obtained at atmospheric pressure and 100
K. For each pattern, the upper tickmarks indicate reflections from the
primary tetragonal phase which are coincident for the proposed space
groups P4,% P4/m* and the lower tickmarks indicate reflections from
the secondary orthorhombic Pmma phase.!® Asterisks indicate contribu-
tions from ice and alumina.

onstrate another chemical-clathrate hybrid concept using water
molecules. For this proof-of-concept, tetra-n-butylammonium
borohydride (TBABh) was used. Tetraalkylammonium salts with
suitable anions, such as F~, Br~, or OH™, are known to form
clathrate or semiclathrate structures with!®~>* and without®~3°
secondary guests. In particular, tetra-n-butylammonium bromide
(TBAB) and fluoride (TBAF) semiclathrate hydrates were
reported to show better thermodynamic stability than tetrahy-
drofuran (THF) clathrate hydrate.”’ However, the borohydride
anion (BH,™) has not been used previously to form a semi-
clathrate hydrate, perhaps due to its reactive nature with water.
In this work, TBABh semiclathrate hydrate with and without
molecular hydrogen was synthesized and analyzed by Raman
spectroscopy, powder X-ray diffraction (PXRD), and differential
scanning calorimeter (DSC). Gas evolution tests indicated that
the hydrogen capacity from the semiclathrate increases by
producing additional H, from the anion—water host framework.

The structure of tetra-n-butylammonium (TBA™) semiclath-
rate is known to depend on the anion size and water concentra-
tion.> TBABh was expected to follow similar structural behavior
as TBAB, ' given the proximity of ionic radii (BH,™, 2.03 A;
Br~, 1.96 A).32 The phase behavior of the TBAB + H,O system
is quite rich with at least four reported semiclathrate phases
below 10 mol % TBAB.333* The exact structure and hydration
number of these phases have been a point of controversy;'%26-33~36
however, most reports are consistent with the formation of a
tetragonal P lattice near 1TBAB:32H,0%33 and an orthorhombic
P lattice ranging between 1TBAB:36—38H,0.!%33 We prepared
2.54 mol % solutions of TBAB and TBABh in H,O in
accordance with the recent single crystal diffraction study of
Shimada et al.'” who formed stoichiometric orthorhombic
crystals with a composition of 1TBAB:38H,0.

The PXRD pattern for TBAB semiclathrate shown in Figure
la shows mainly tetragonal structure (indexed to P4/m and P4:
a = 23.515(6) and ¢ = 12.492(44) A) with a small fraction of
the orthorhombic phase present. In contrast, the PXRD pattern
for TBABh hydrate shown in Figure 1b is identified as almost
purely tetragonal structure (indexed to P4/m and P4: a =
23.549(21) and ¢ = 12.466(45) A).” The persistence of the
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tetragonal semiclathrate phase is most likely the result of
metastability. Recent studies on TBAB semiclathrate indicated
metastable three phase coexistence at 2.54 mol % TBAB.3>3¢
Gaponenko et al.* previously observed the tetragonal TBAB
semiclathrate phase to always grow first in this composition
range, with the equilibrium orthorhombic phase not appearing
for days or even weeks. This scenario is further complicated
for the TBABh system in which NaOH was added to prevent
premature hydrolysis reaction.® Although the amount of added
NaOH (molar ratio of OH/BH,~ = 0.05) is quite small, a
slightly reduced water concentration for TBABh can affect the
phase equilibrium between tetragonal and orthorhombic structures.

Based on this PXRD confirmation, the implication is that
TBABh semiclathrate provides small dodecahedral (5'?) cages
for hydrogen molecules to occupy, in both the tetragonal and
orthorhombic stuructures.’! To confirm that H, could be
enclathrated into the 5'? cages, the 2.54 mol % TBABh sample
was pressurized with H; to 70 MPa at 253 K, a condition below
the phase boundary of pure hydrogen hydrate,* and the PXRD
pattern and Raman spectrum were obtained. The PXRD pattern
for TBABh + H, hydrate (Figure 1c) shows mixed phase of
tetragonal (indexed to P4/m and P4: a = 23.520(10) and ¢ =
12.449(27) A) and orthorhombic structure (indexed to Pmma:
a = 21.053(14), b = 12.642(8), and ¢ = 12.017(17) A).3" In
this case, the influence of external pressure and incorporation
of H, may also affect the equilibrium structure.

The Raman spectrum of TBABh + H, hydrate in the H,
vibron region (Figure 2a, top) shows two peaks at 4119 and
4124 cm™!, originating from the hydrogen Q branch transitions
Qi(1) (ortho) and Q4(0) (para) [Qan(J), where v and J are the
vibrational and rotational quantum numbers], respectively.’
Comparing these Raman shifts with THF + H, hydrate (Figure
2a, bottom) reveals the presence of the same peak positions,
confirming that H, is enclathrated into 5'> cages. Having
confirmed H, enclathration in the hydrate cavities from Raman
spectroscopy, we clearly conclude that BH,™ can be used to
form a semiclathrate hydrate with Ho.

Further evidence for the TBABh semiclathrate formation was
obtained from the B—H stretching region of the Raman
spectrum. In TBAB hydrate, one Br~ is substituted for an
oxygen—water position on the host lattice, coordinated by four
nearest-neighbor water molecules.! Similarly, BH,~ is expected
to maintain an equivalent configuration. This BH,~ incorporation
into the host lattice can affect the B—H stretching mode of
TBABh. Figure 2b shows the Raman spectra in the B—H
stretching region of TBABh powder, aqueous solution, and
hydrate. One sharp peak at 2246 cm™! appears in the spectrum
of TBABh powder. When TBABN is dissolved into water, this
peak broadens and shifts to 2284 cm™'. After the TBABh
semiclathrate hydrate is formed as the temperature decreases,
the B—H peak broadens further and shifts to 2289 cm™'. The
broadening and the blue-shift of the B—H peak strongly imply
interaction between BH,~ and H,O molecules distinct from the
aqueous phase, which is attributed to the BH, ™ incorporation
into the water host framework.

From the spectroscopic results, it was confirmed that TBABh
hydrate is capable of accommodating molecular hydrogen within
the 5'2 cavities. Therefore, with BH,™ also incorporated into
the clathrate, this material has two independent hydrogen
sources: physically trapped and chemically bound. The physi-
cally stored and chemically produced hydrogen capacities of
TBABh hydrate were measured volumetrically, with and without
an acidic catalyst. Without the hydrolysis reaction, 73 + 3 mL
of H, (0.82 atm, 293.15 K) was stored in small cavities per
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Figure 2. (a) Raman spectra of the H, vibron region in TBABh + H,
hydrate at 76 K (top) and the THF + H, hydrate at 76 K (bottom). (b)
Raman spectra of the B—H stretching region for the TBABh hydrate
(primarily tetragonal phase) at 270 K (peak at 2289 cm ™), the TBABh
solution at 284 K (peak at 2284 cm™!), and the TBABh powder at 295
K (peak at 2246 cm™").

1.0 g of TBABh hydrate (Figure 3a); that is, 0.50 wt % of H,
was physically stored in the TBABh hydrate.*® The volumetric
measurement was repeated in presence of HCI as a catalyst for
the hydrolysis.*! In this case, the total amount of stored and
produced H, was 197 = 4 mL/1.0 g of TBABh hydrate (Figure
3b), implying that 124 mL of H,/g of TBABh was produced
via the hydrolysis reaction between BH,™ and dissolved host
water molecules.*> The hydrolysis reaction conversion of the
BH,™ host to H, was 99.4% for a total of 1.35 wt % of H,
stored in the TBABh hydrate. Although this amount of hydrogen
is lower than 2.9 wt % obtained from the hydrolysis of NaBH,
alone, the hybrid storage material concept may open possibilities
for improvement through structural modifications that would
allow for a greater number of chemical energy carrier molecular
storage sites.

In clathrate hydrates, increased stability usually comes at the
expense of hydrogen storage capacity.*!°~!2 For example, the
THF + H, hydrate, a commonly used binary H, hydrate, has
moderate formation conditions, but the hydrogen capacity is
sacrificed compared with pure hydrogen hydrate.*>!! TBA*
hydrates, such as TBAB and TBAF, show higher thermody-
namic stability than THF hydrate;?*****% however, the ideal
hydrogen capacity of TBAB is only 0.60 wt %, much less than
1.0 wt % for THF hydrate, when the small cage is fully occupied
by H, in both hydrates.'"""
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Figure 3. Volumes of H, (a) stored in the small cavity of TBABh
hydrate and (b) stored in the small cavity and produced via a hydrolysis
reaction between water and BH,~ after hydrate dissociation (0.82 atm,
293.15 K). The gas evolution test was performed three times for each
sample.
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Figure 4. DSC thermogram for the dissociation of 2.54 mol % of
TBABh sample.

The stability of TBABh semiclathrate hydrate was verified
by DSC. As shown in Figure 4, two peaks appeared during the
heating procedure. The first peak (—7.2 °C) is considered to be
from the NaOH solution, which was added to prevent premature
reaction. From integrating the DSC peaks, it was determined
that roughly 12.7 mol % water existed as an ice impurity with
NaOH.* The second peak (5.7 °C) is attributed to the dissocia-
tion endotherm of the TBABh semiclathrate phase. Shoulders
on this peak imply that more than one phase exist in this sample.
The dissociation point is higher than that of the pure THF
hydrate (4.4 °C).** Considering the stability of other TBA™ salt
+ H, semiclathrates, such as TBAB and TBAF,?%36434 the
TBABh + H, hydrate would be more stable than THF + H,
hydrate. With a total hydrogen capacity 27% higher than the
fully occupied THF + H, hydrate (Figure 3), the thermal
stability of TBABh hydrate may help to resolve the incompat-
ibility problem between capacity and stability of hydrogen
clathrate materials.

In this study, we suggest a hybrid hydrogen storage material
demonstrating the incorporation of hydrolyzable BH,™ into the
clathrate hydrate. There are potentially many other storage
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schemes in which the chemical energy and physical storage are
combined to produce additional hydrogen; thus, further inves-
tigations of such hybrid materials should be considered to
improve the total hydrogen capacity. The present finding on
the TBABh semiclathrate is expected not only to provide a
scientific understanding regarding the nature of tetraalkylam-
monium hydrate but also to present a new approach to hydrogen
storage.

Acknowledgment. We acknowledge financial support from
the United States Department of Energy, Basic Energy Sciences
(DOE-BES) under Contract DE-FG02-05ER46242. K.S. and
H.L. acknowledge the support by the Korea Science and
Engineering Foundation (KOSEF) grant [WCU program: 31-
2008-000-10055-0 and NRL program: ROA-2005-000-10074-
0(2009)] funded by the Ministry of Education, Science and
Technology (MEST).

Supporting Information Available: Experimental methods,
gas chromatography, and IR spectroscopic data confirming
hydrolysis reaction of the BH, . This material is available free
of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Schlapbach, L.; Zuttel, A. Nature 2001, 414, 353-358.
(2) Struzhkin, V. V.; Militzer, B.; Mao, W. L.; Mao, H.-k.; Hemley,
R. J. Chem. Rev 2007, 107, 4133-4151.
(3) Irvine, J. J. Mater. Chem. 2008, 18, 2295-2297.
(4) Mao, W. L.; Mao, H.-k.; Goncharov, A. F.; Struzhkin, V. V.; Guo,
Q.; Hu, J.; Shu, J.; Hemley, R. J.; Somayazulu, M.; Zhao, Y. Science 2002,
297, 2247-2249.
(5) Florusse, L. J.; Peters, C. J.; Schoonman, J.; Hester, K. C.; Koh,
C. A.; Dec, S. F.; Marsh, K. N.; Sloan, E. D. Science 2004, 306, 469-471.
(6) Kim, D.-Y.; Lee, H. J. Am. Chem. Soc. 2005, 127, 9996-9997.
(7) Strobel, T. A.; Koh, C. A.; Sloan, E. D. Fluid Phase Equilib. 2007,
261, 382-389.
(8) Strobel, T. A.; Hester, K. C.; Sloan, E. D.; Koh, C. A. J. Am. Chem.
Soc. 2007, 129, 9544-9545.
(9) Strobel, T. A.; Koh, C. A.; Sloan, E. D. J. Phys. Chem. B 2008,
112, 1885-1887.
(10) Mao, W. L.; Mao, H.-k Proc. Natl. Acad. Sci. U.S.A. 2004, 101,
708-710.
(11) Strobel, T. A.; Taylor, C. J.; Hester, K. C.; Dec, S. F.; Koh, C. A;
Miller, K. T.; Sloan, E. D. J. Phys. Chem. B 2006, 110, 17121-17125.
(12) Strobel, T. A.; Kim, Y.; Andrews, G. S.; Ferrell, J. R.; Koh, C. A.;
Herring, A. M.; Sloan, E. D. J. Am. Chem. Soc. 2008, 130, 14975-149717.
(13) Kelly, H. C.; Marriott, V. B. Inorg. Chem. 1979, 18, 2875-2878.
(14) Kalidindi, S. B.; Indirani, M.; Jagirdar, B. R. Inorg. Chem. 2008,
47, 7424-7429.
(15) Schlesinger, H. I.; Brown, H. C.; Finholt, A. E.; Gilbreath, J. R.;
Hoekstra, H. R.; Hyde, E. K. J. Am. Chem. Soc. 1953, 75, 215-219.
(16) Amendola, S. C.; Sharp-Goldman, S. L.; Janjua, S.; Spencer, N. C.;
Kelly, M. T.; Petillo, P. J.; Binder, M. Int. J. Hydrogen Energy 2000, 25,
969-975.
(17) Yoon, C. W.; Sneddon, L. G. J. Am. Chem. Soc. 2006, 128, 13992—
13993.
(18) Demirci, U. B.; Akdim, O.; Miele, P. Int. J. Hydrogen Energy 2009,
34, 2638-2645.
(19) Shimada, W.; Shiro, M.; Kondo, H.; Takeya, S.; Oyama, H.;
Ebinuma, T.; Narita, H. Acta. Crystallogr. C 2005, C61, 065—066.

Letters

(20) Chapoy, A.; Anderson, R.; Tohidi, B. J. Am. Chem. Soc. 2007,
129, 746-747.

(21) Hashimoto, S.; Sugahara, T.; Moritoki, M.; Sato, H.; Ohgaki, K.
Chem. Eng. Sci. 2008, 63, 1092-1097.

(22) Choi, S.; Shin, K.; Lee, H. J. Phys. Chem. B 2007, 111, 10224—
10230.

(23) Shin, K.; Choi, S.; Cha, J.-H.; Lee, H. J. Am. Chem. Soc. 2008,
130, 7180-7181.

(24) Shin, K.; Cha, M.; Choi, S.; Dho, J.; Lee, H. J. Am. Chem. Soc.
2008, 730, 17234-17235.

(25) Fowler, D. L.; Loebenstein, W. V.; Pall, D. B.; Kraus, C. A. J. Am.
Chem. Soc. 1940, 62, 1140-1142.

(26) McMullan, R.; Jeffrey, G. A. J. Chem. Phys. 1959, 31, 1231-1234.

(27) McMullan, R.; Bonamico, M.; Jeffrey, G. A. J. Chem. Phys. 1963,
39, 3295-3310.

(28) Mootz, D.; Seidel, R. J. Incl. Phenom. 1990, 8, 139-157.

(29) Dyadin, Y. A.; Udachin, K. A.; Bogatyryova, S. V.; Zhurko, F. V.;
Mironov, Y. I. J. Inclusion Phenom. 1988, 6, 565-575.

(30) Cha, J.-H.; Shin, K.; Choi, S.; Lee, H. J. Phys. Chem. C 2008,
112, 10573-10578.

(31) Aladko, L. S.; Dyadin, Y. A.; Rodionova, T. V.; Terekhova, 1. S.
J. Struct. Chem. 2002, 43, 990-994.

(32) Nakamori, Y.; Miwa, K.; Ninomiya, A.; Li, H.; Ohba, N.; Towata,
S.-i.; Zuttel, A.; Orimo, S.-i Phys. Rev. B 2006, 74, 045126.

(33) Gaponenko, S. F.; Solodovnikov, S. F.; Dyadin, Yu. A.; Aladko,
L. S.; Polyanskaya, T. M. Zh. Strukt. Khim. 1984, 25, 177 (translation).

(34) Lipkowski, J; Komarov, V. Yu.; Rodionova, T. V.; Dyadin, Y. A.;
Aladko, L. S. J. Supramol Chem. 2002, 2, 435.

(35) Shimada, W.; Ebinuma, T.; Oyama, H.; Kamata, Y.; Takeya, S.;
Uchida, T.; Nagao, J.; Narita, H. Jpn. J. Appl. Phys. 2003, 42, L129-L.131.

(36) Oyama, H.; Shimada, W.; Ebinuma, T.; Kamata, Y.; Takeya, S.;
Uchida, T.; Nagao, J.; Narita, H. Fluid Phase Equilib. 2005, 234, 131—
135.

(37) The PXRD patterns were indexed using the Check Cell program
(a) LMGP-Suite Suite of Programs for the interpretation of X-ray Experi-
ments, by Jean laugier and Bernard Bochu, ENSP/Laboratoire des Matériaux
et du Génie Physique, BP 46. 38042 Saint Martin d’Heres, France. www:
http://www.inpg.fr/LMGP and http://www.ccpl4.ac.uk/tutorial/lmgp/, and
by using the Le Bail intensity extraction method within GSAS. . (b) Larson,
A. C.; Von Dreele, R. B. Los Alamos National Laboratory Report LAUR
1994, 8, 6—748, using EXPGUIL. (c) Toby, B. H. J. Appl. Crystallogr. 2001,
34, 210—213. It was impossible to distinguish between the propsed
tetragonal space groups P4/m (ref 33) and P4 (ref 26).

(38) For the TBABh sample, 0.3 wt % NaOH solution was used to
prevent a premature hydrolysis reaction. The 0.3 wt % is the minimum
concentration of NaOH that the gas bubbles were not observed during
TBABh dissolution. From DSC result, the added NaOH is considered to
exist as an impurity with some water molecules (Figure 4).

(39) Lokshin, K. A.; Zhao, Y. Appl. Phys. Lett. 2006, 88, 131909.

(40) This capacity indicates 2.4 H, per one TBA™. The ideal capacities
for tetragonal and orthorhombic structure are 2.0 H, and 3.0 H, per one
TBA', respectively. The experimental capacity result implies the coexistence
of two phases (refs 19 and 34).

(41) Because one drop of HCI solution can completely hydrolyze 1 g
of TBABh solution, the hydrogen capacity reduction caused by adding HCI
is quite small.

(42) The production of Hy, the consumption of BH,~, and the appearance
of BO,™ after hydrolysis were confirmed by gas chromatography and IR
spectroscopy. See the Supporting Information.

(43) Rodionova, T. V.; Manakov, A. Y.; Stenin, Y. G.; Villevald, G. V_;
Karpova, T. D. J. Inclusion Phenom. Marcocycl. Chem. 2008, 61, 107—
111.

(44) Tombari, E.; Presto, S.; Salvetti, G.; Johari, G. P. J. Chem. Phys.
2006, 124, 154507.

(45) To estimate the amount of ice impurity, the latent heats of pure ice
and TBAB semiclathrate having tetragonal structure (ref 36) were used.

JP902547D



