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Ammonia borane (NH3BH3, AB) has recently received
much attention as a promising hydrogen-storage medium
among a very large number of candidate materials because
of its satisfactory air stability, relatively low molecular mass
(30.7 g mol�1), and remarkably high energy-storage densities
(gravimetric and volumetric hydrogen capacities are
19.6 wt % and 140 g L�1, respectively).[1–6] However, the
direct use of pristine AB as a hydrogen energy carrier in on-
board/fuel-cell applications is prevented by its very slow de-
hydrogenation kinetics below 100 8C and the concurrent re-
lease of detrimental volatile by-products such as ammonia,
borazine, and diborane.[2,3] Many different methods have
been adopted[1–7] to promote efficient H2 generation from
AB, including catalytic hydrolysis in aqueous solution,[8]

ionic liquids,[9] organic solvents,[10] and thermodynamic
modifications by formation of hybrid structures with transi-
tion metals,[2,8] alkali-, or alkaline-earth metal/hydrides,[11, 12]

or nanoconfined phases using porous scaffolds.[13–22] Howev-
er, many of these methods rely on the usage of heavy metal
catalysts, aqueous or nonaqueous solutions, and ionic liquids,
all of which make the hydrogen density of the systems unac-
ceptably low for practical applications.[3] Furthermore, the
vigorous reactions, hygroscopic properties, and water solu-
bility of borohydrides have negative impacts on the dehy-
drogenation performance and make it difficult to control
the release of hydrogen. The other approach is made, in par-
ticular, nanocomposition of AB within porous scaffold-
ings.[2,16–22] However, systems still suffers one or more of the
followings: either the nanocomposite is heavier or cannot
prevent the generation of all the volatile by-products.
Hence, more work needs to be done to explore the potential

role that catalysts can play to further improve the controlla-
ble H2-release kinetics under moderate conditions while at
the same time preventing the generation of detrimental by-
products.

Over the past few years, porous metal–organic frame-
works (MOFs)[23] have emerged as promising multifaceted
materials,[23–25] combining such functions as catalytic activi-
ty,[17,18, 24] shape-selectivity,[23–25] templating,[14] and purifica-
tion.[25] Crystalline MOF structures are composed of metal
sites linked to organic ligands, yielding three-dimensional
extended frameworks that often possess considerable porosi-
ty. In principle, the combination of nanoporosity and active
metal sites in MOFs makes them potentially useful materials
for promoting the decomposition of AB. However, until
now, such a use of MOFs has been rare[17, 18] and any future
success would depend crucially on the particular choices of
a suitable metal center, pore structure, and thermal stability.
For instance, Li et al.[17] were the first to show that Y-based
MOF as a solid state decomposition agent for AB. The main
drawback of AB-Y-MOF is largely added weight due to the
heavy Y metal. In addition, for the given very narrow pore
structure of Y-MOF, as low as approximately 8 wt % of AB
loading is achieved for the reported 1:1 mole ratio. Thus, it
is highly desirable to have a light weight MOF with stable
and suitable nanopore channels that can hold more than
one AB molecule. Herein, we show that the porous Mg-
MOF-74 (Mg2ACHTUNGTRENNUNG(DOBDC), DOBDC =2, 5-dioxido-1, 4-ben-
zenedicarboxylate)[26–28] is a promising candidate for nano-
confinement and catalytic decomposition of AB for clean
and efficient H2 generation.

Mg-MOF-74 has a rigid framework, composed of one-di-
mensional (1D) hexagonal channels (Figure 1 a) with a nom-
inal diameter of approximately 12 � running parallel to the
DOBDC ligands.[26–28] In as-synthesized material, the Mg2+

cations are coordinated with five oxygen atoms from the
DOBDC ligands and one oxygen atom from a terminal
water molecule. However, upon heating under vacuum, the
terminal water molecules can be easily removed, leading to
unsaturated (open) Mg metal sites (decorated on the edges
of the hexagonal pore channels) with an open pore structure
of high surface area (>1000 m2g�1).[26] The open Mg metal
sites play a vital role in enhanced binding of various gas
molecules (H2, CH4, C2H2, NO, etc.[26–28]) and successfully
used to promote molecular separation.[25] Figure 1 b repre-
sents AB confinement within the MOF pores as obtained
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from our first-principles structural optimization (see the
Supporting Information) for a loading of one AB per Mg2+

cation (1:1 mole ratio). This corresponds to 18 AB mole-
cules per hexagonal unit cell, equivalent to approximately
26 wt %, which is significantly larger than the approximately
8 wt % of AB loading in a Y-MOF system.[17]

The successful incorporation of AB into the nanopores of
Mg-MOF (see the Supporting Information, for synthesis and
experimental details) at different loading levels is demon-
strated by powder X-ray diffraction (XRD) (Figure 2 and S1

in the Supporting Information), nitrogen and hydrogen gas
sorption measurements at 77 K (Figure S3 in the Supporting
Information), and Fourier transform infrared (FTIR) spec-
troscopic analyses (Figure S4 in the Supporting Informa-
tion). The XRD patterns of the AB-Mg-MOF system show
no notable change in structural parameters, indicating that
the framework structure retains its integrity upon AB infil-
tration. The disappearance of crystalline AB peaks at low
loading as well as decreased MOF peak intensities, especial-
ly the first two reflections, suggests that AB is confined
within the pores of MOF. In contrast, at high loading (�2:1
AB/Mg), the reappearance of characteristic AB diffraction

peaks indicates the aggregation of excess bulk AB phase
outside the saturated nanopore channels. Furthermore, the
negligible N2 and H2 adsorption in the AB-Mg-MOF system
compared to the clean MOF indicates complete pore filling
by AB guest molecules. At low loading, the FTIR spectra
exhibit no obvious difference between clean MOF and AB-
loaded MOFs. The B�H modes associated with AB only
appear at higher loadings.

Figure 3, S5, and S6 in the Supporting Information show
the thermal decomposition behaviors of pristine AB and the
AB-Mg-MOF system obtained using simultaneous thermog-

ravimetry, differential scanning calorimetry, and mass spec-
trometry (TG/DSC/MS), and independent volumetric tem-
perature programmed desorption (TPD) analysis. As we are
interested in improvements in hydrogen-release properties
of the AB-MOF system compared to AB alone, the hydro-
gen contents from the volumetric desorptions are based on
AB alone and not on the combined AB-MOF system. In
this way, we get better idea about the improvements made
between pristine AB and different AB loaded MOF sys-
tems. In agreement with previous studies,[2] pristine AB re-
leases H2 above 100 8C in a two-step process and the concur-
rent generation of volatile by-products of ammonia, bora-
zine, and diborane is clearly observed. This qualitatively ac-
counts for the TG result of the pristine AB, where a signifi-
cantly larger mass loss (ca. 45 %) than the expected value
(ca. 13 %) for H2 release is observed. The prominent endo-
thermic and exothermic peaks in DSC indicate that AB
melts before it starts to decompose.

In contrast, the low loading AB-Mg-MOFs exhibit signifi-
cant improvements in terms of both hydrogen release tem-
perature and absence of unwanted by-products. The H2 re-
lease temperature has decreased to <70 8C and the dehydro-
genation is a single-step process, peaking at approximately

Figure 1. a) The framework structure of one-dimensional hexagonal
shaped open pore channels of clean Mg-MOF-74. b) The confinement of
AB within the pores.

Figure 2. X-ray diffraction patterns of clean and AB-loaded Mg-MOF-74
and pristine AB. The dotted vertical lines represent the positions of pris-
tine AB peaks, which only appear for 2:1 and 4:1 AB/Mg samples.

Figure 3. a) TG-MS, b) TPD, and c) TG results of AB-Mg-MOF-74 with
different levels of AB loading in the MOF.
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100 8C. The volumetric TPD estimates about 11 wt % of H2

capacity at 120 8C compared to 6 wt % of H2 capacity for
pristine AB. The releases of 16 wt % at 200 8C is also very
high compared to the approximately 12 wt % of H2 from
pristine AB. Most importantly, MS results show no signs of
any detectable ammonia, borazine, or diborane during the
thermal desorption process for temperatures up to 200 8C.
The complete prevention of volatile by-products is also evi-
dent from TG results, in which the mass loss is considerably
reduced compared to pristine AB. In addition, the TG mass
loss of the AB-Mg-MOF system is in good agreement with
the volumetrically obtained TPD results. The DSC (Fig-
ure S5 in the Supporting Information) results show largely
reduced exothermicity without endothermic melting peaks,
indicating the direct solid-state decomposition of the nano-
confined AB.

The dehydrogenation of heavily loaded AB-MOFs indi-
cates the combined H2 release from both nanoconfined AB
and excess crystalline AB aggregates outside the saturated
nanopores. Furthermore, the presence of the excess AB ag-
gregates is clearly seen from the excess mass loss in TG, and
the prominent endothermic/exothermic peaks in DSC that
are similar to pristine AB. The TPD results indicate a bulk
AB-like behavior. Interestingly, the system still exhibits
greatly suppressed volatile by-products (Figure S6 in the
Supporting Information). Thus, the observed changes in de-
sorption behavior with AB loading further support the im-
portance of nanoconfinement and AB interaction with the
active metal-centers for promoting efficient, clean H2 re-
lease.

The controlled H2 release and dehydrogenation behavior
for different AB loadings are further demonstrated by iso-
thermal desorption kinetics measured at various tempera-
tures. Figure 4 and S7 in the Supporting Information com-
pare the dehydrogenation kinetics plots of pristine AB and
the AB-Mg-MOFs. In agreement with the literature, the
pristine AB exhibits very poor desorption kinetics and re-
lease only approximately 6 wt % of H2 at temperatures just
over 100 8C.[2,9] On the contrary, in the case of AB-Mg-MOF
system H2 release starts immediately without an induction
period when temperatures are above 65 8C. The samples

generate 10–12 wt % of clean H2 in less than 20 minutes at
temperatures slightly above 100 8C. When the temperature
is below 100 8C, about 9 wt% of clean H2 is generated
within 25 min, 90 minutes, and 7 hours at 95 8C, 85 8C, and
75 8C, respectively. In any case, we note that the values are
significantly greater than the maximum release of approxi-
mately 6 wt % of H2 from the pristine AB between 85 8C
and 125 8C. The 14 wt % of clean H2 at 125 8C in 1 hour
from our AB-MOF system represents a significant improve-
ment, and it is also higher than the theoretically predicted
approximately 13 wt % from pristine AB, which only occurs
at temperatures above 200 8C.[2] Finally, we note that the hy-
drogen-release kinetics are also very sensitive to the level of
AB-loading. At high loading, the kinetics are quite similar
to the bulk-like AB (see Figure S7 in the Supporting Infor-
mation), suggesting the importance of the AB–AB intermo-
lecular interactions between nanoconfined and bulk phase
AB.

To understand the desorption mechanism of AB-Mg-
MOF system, the samples used in the thermal desorption
studies were further studied with XRD (Figure S2 in the
Supporting Information), FTIR (Figure S4 in the Supporting
Information), gas adsorption analyses (Figure S3 in the Sup-
porting Information), and inelastic neutron scattering (INS)
(Figure 5). All the results demonstrate that the integrity of
MOF structure did not change after the thermal desorption.
In contrast to the IR spectra, for 1:1 AB/Mg sample, the
clear AB phonon modes, albeit broad, are seen in INS spec-
trum (Figure 5). The INS spectrum of AB-Mg-MOF after
thermal desorption at temperatures up to 200 8C is similar to
that for the clean Mg-MOF, with slight differences due to
the remaining residue of B and N complexes. Importantly,
there is no obvious change in H2 and N2 adsorption proper-
ties between AB-Mg-MOF systems before and after thermal
desorption (Figure S3 in the Supporting Information). Be-
cause H2 adsorption is mainly due to the open Mg metal
sites and N2 is defined by open pore structure, the observed
behaviors indicate that the open Mg metal sites and 1D na-
nopore channels are remain inaccessible even after thermal
desorption. This suggests that the Mg sites and nanopores
are occupied by remaining complexes made of B and

Figure 4. The isothermal H2 desorption kinetics of AB-Mg-MOF-74 at different temperatures for AB/Mg mole ratios of a) 0.5 and b) 1.
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N atoms after dehydrogenation. In fact, earlier it was shown
that B interacts with O groups on the porous support due to
the electropositive B in -BH3 and electron donating O. Also
the metallic catalyst is likely to interact with the -NH3 group
in AB.[2,16–22] This leads to greatly weakened N�B and B�H
bonds, which could lead to improved desorption kinetics as
well as reduction in dehydrogenation temperature. The in-
teraction of Mg and the organic linker with N and B, also
explains the suppression of ammonia, borazine and diborane
for the samples with loading levels of up to 1:1 AB/Mg. The
early hydrogen release from weakened B�H bonding is evi-
denced from the FTIR spectra at 105 8C (Figure S4 in the
Supporting Information). After thermal desorption, a new
IR mode near 1025 cm�1 appears in the FTIR spectra of the
AB-loaded samples. We attribute this to the phonons of
boron atoms trapped in the MOF pores that interact with
the surrounding oxygen atoms.[29,30] XRD, FTIR, and INS
spectra show no change in the MOF modes after thermal
desorption, further assuring that the Mg-MOF-structure is
stable and does not disintegrate with AB-loading. This is
very different than many other MOFs that decompose with
AB loading. In SI, we present results from two such MOFs
(Ni-MOF-74 and HKUST-1). The XRD and TPD measure-
ments shown in Figure S8–S10 in the Supporting Informa-
tion clearly indicate that these MOFs disintegrate with AB-
loading, even before thermal desorption. Hence, the AB-
Mg-MOF system is unique and provides a novel way to gen-
erate clean hydrogen with fast kinetics from AB molecules.
Our first-principles structure optimization and phonon cal-
culations for both an isolated AB molecule and the AB-
MOF system (see Figure S11 in the Supporting Information)
indicates the shortened B�N bond length of approximately
0.03 � compared to the isolated molecule. Consistent with
these results, we also observe that several phonon energies
soften as much as 10 meV, in agreement with the lower de-
composition temperature with confinement. Furthermore, in
addition to the surface interactions, the considerably in-
creased surface area for the infiltrated AB due to limited
nanoconfinement within the pore channels leads to en-

hanced kinetics. To support this, the heavily loaded AB-
MOF system behaves like pristine AB in terms of dehydro-
genation temperature as well as desorption kinetics due to
increased AB–AB interactions and presence of bulk AB.

In summary, we showed that the nanoconfinement of AB
molecules within the one-dimensional pores of Mg-MOF-74
improves the dehydrogenation kinetics significantly at tem-
peratures <100 8C. More importantly, the AB-Mg-MOF-74
system offers clean hydrogen delivery by suppressing the
detrimental by-products of ammonia, borazine and dibor-
ane. Furthermore, due to its high surface area, pore volume
fraction, and low-mass elements, the Mg-MOF system can
accommodate a large mass fraction up to approximately
26 wt. % of nanoconfined AB corresponding to a 1:1 AB/
Mg molar ratio compared to approximately 8 wt. % AB in
the Y-MOF[17] without much compromise in dehydrogena-
tion temperature or kinetics behavior. Our systematic inves-
tigation shows that the dehydrogenation properties of the
AB-Mg-MOF-74 system depend on the level of AB loading,
thus indicating the importance of nanoconfinement and the
significant role that Mg metal centers play. MOFs with
other metals, such as Ni (in Ni-MOF-74) and Cu (in
HKUST-1), disintegrate with AB loading and are not suita-
ble for the nanoconfinement of AB molecules. Due to the
large variety of MOF structures with different pore size/
shape, metal types and coordination, it is quite possible that
there are other MOFs with even better AB-loading capacity
and with enhanced hydrogen release kinetics. One remain-
ing issue is the regeneration of the MOFs after thermal de-
sorption. Our future efforts will focus on solving this prob-
lem.

Experimental Section

Synthesis of Mg-MOF-74 : Mg-MOF-74 was synthesized according to the
reported procedure under solvothermal conditions in a mixture of di-
methyl formamide (DMF)/ethanol/water at 125 8C.[26, 28] To remove oc-
cluded DMF, the product was exchanged with methanol many times for
several days. Then, the final activation of MOF to remove methanol and
water molecules on the open metal sites was done by evacuation at
200 8C for 24 h under dynamic vacuum. The activation of MOF is essen-
tial prior to use of MOF for analysis of the pore structure or activity of
the metal centers, and to remove terminal water molecules.

Synthesis of AB-Mg-MOF-74 : The AB loaded Mg-MOFs were synthe-
sized through a simple solution-blending process. AB (Sigma Aldrich,
97%)[31] was dissolved in anhydrous methanol (0.5 m) at room tempera-
ture in a glove bag. The required amount of activated MOF was then
added to the solution and the mixture was stirred for 30 min at room
temperature. The homogeneous solution was then dried under high
vacuum at for 24 h to remove any methanol trapped in the pores and
stored in a helium filled glove box.[17, 18] Further handling of the samples
for all the characterizations was done in a glove box.

Characterization : The powder XRD patterns were obtained on samples
sealed in a glass capillary in the glove box on a Rigaku D/max-2200PC
X-ray diffractometer with CuKa radiation. INS data were collected on the
BT-4 Filter-Analyzer Neutron Spectrometer (FANS) with the Cu ACHTUNGTRENNUNG(220)
monochromator at 4 K.[32] The N2 sorption BET surface area measure-
ments were performed on a Quantachrome Autosorb-1 at 77 K. The
high-pressure H2 sorption was obtained using a home-built Sievert appa-
ratus.[33] The FTIR spectra were collected at room temperature using the

Figure 5. The inelastic neutron scattering spectra at 4 K of clean Mg-
MOF-74 (bottom), AB-loaded Mg-MOF-74 (1:1 AB/Mg) before (2nd
from bottom) and after (3rd from bottom) H2 thermal desorption at tem-
peratures up to 200 8C, and pristine AB (top).

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 6043 – 60476046

S. Gadipelli, T. Yildirim et al.

www.chemeurj.org


KBr-pellet method on the NEXUS 670 FT-IR spectrometer. The simulta-
neous TG/DSC/MS measurements were carried out on a TA Instruments
Q600 simultaneous DSC/TGA combined with a Pfeiffer thermostar
vacuum quadrupole mass spectrometer at a ramping rate of 2 8C min�1

under N2 atmosphere. The volumetric TPD (with heating rate of
2 8C min�1) and isothermal dehydrogenation kinetics measurements were
performed using a carefully calibrated Sievert apparatus.
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