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Ammonia borane (AB) has attracted tremendous interest for on-board

hydrogen storage due to its low molecular weight and high gravimetric

hydrogen capacity below a moderate temperature. However, the slow

kinetics, irreversibility, and formation of volatile materials (trace borazine and

ammonia) limit its practical application. In this paper, a new catalytic strategy

involved lithium (Li) catalysis and nanostructure confinement in mesoporous

carbon (CMK-3) for the thermal decomposition of AB is developed. AB loaded

on the 5% Li/CMK-3 framework releases �7wt % of hydrogen at a very low

temperature (around 60 8C) and entirely suppresses borazine and ammonia

emissions that are harmful for proton exchange membrane fuel cells. The

possible mechanism for enhanced hydrogen release via catalyzed thermal

decomposition of AB is discussed.
1. Introduction

On-board hydrogen storage is a major challenge for the
commercialization of fuel cell vehicles.[1] The US Department
of Energy (DOE) has set a target of 6wt % hydrogen capacity at a
range of operational temperatures (�30� 80 8C) with fast
kinetics for hydrogen storage. To meet the DOE target for on-
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board applications, hydrogen storage mate-
rials must have light weight and a high
chemical weight percentage of hydrogen
with a rapid hydrogen release rate below
80 8C, which then enables the utilization of
the waste heat from a proton exchange
membrane (PEM) fuel cell to release
hydrogen from the storage materials.

Ammonia borane (AB), NH3BH3, has
been considered as a promising candidate
material for hydrogen storage due to its
very large stoichiometric hydrogen content
(�19.6wt %), moderate temperatures for
thermal decomposition, the exothermic
nature of decomposition process, as well
as the fact that it is inflammable and
nonexplosive.[2] Recent thermoanalytical
results have shown that AB releases hydrogen with three steps[3]:
H3 ! NH2BH2 þH2 < 120 �C (1)

H2 ! NHBHþH2 > 120 �C (2)

H ! NBþH2 > 500 �C (3)
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Figure 1. The schematic model of AB/CMK-3 and AB/Liþ-CMK-3 nano-

composites (dark gray balls: AB, light gray balls: Li, gray rod: CMK-3

substrate).
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Reactions (1) and (2) stepwise releases 6.5 and 6.9wt % of
hydrogen below 200 8C, with the formation of polyaminobrane
(NH2BH2)x and polyiminoborane (NHBH)x, respectively.
Reaction (3) releases 7.3wt % of hydrogen, but is impractical
for hydrogen storage because of the very high decomposition
temperature (>500 8C). During the thermal decomposition
process, besides hydrogen, highly volatile products, involving
borazine (N3B3H6) and monomeric BH2NH2, are generated
with different heating rates.[4] Currently, the slow dehydrogena-
tion kinetics, irreversibility, and formation of volatile materials
(trace borazine and ammonia) have limited its practical
application.[5] To overcome these barriers, tremendous efforts
have been devoted to developing new strategies to enhance the
hydrogen storage properties of AB in solution and solid state such
as the use of nanoscaffolds,[6,7] metallic catalysts,[8] and ionic
liquids.[9] Another widely adopted approach is to manipulate the
thermodynamics of the compound through substituting one or
two H atoms in the NH3 group by alkali metals or methane
groups, e.g., forming LiNH2BH3,

[10] Ca(NH2BH3)2,
[11]

MeNH2BH3, and Me2NHBH3,
[12] to improve the kinetics of

the hydrogen release. Xiong et al.[13] recently reported the
substitution of H by Li in AB using a ball-milling method,
resulting in the release of hydrogen from LiNH2BH3 at �90 8C.
However, it is difficult to control the release of hydrogen during
the synthesis of such materials by the method of ball-milling
because the collision between the balls/wall and AB tends to
induce decomposition.[13,14]

Simultaneously, recent works have proven that transitional
metals such as Pd, Ir, and Ti complexes can catalyze AB
dehydrogenation.[15,16] Manners and coworkers reported that the
precious metals of Rh, Ir, and Ru catalyze AB dehydrogenation at
room temperature with 0.5mol % loading rate, at the same time
suppressing the release of volatile cyclotriborazane (HN2BH2),
borazine ((HNBH)3), and poly(iminoborane) ((HNBH)n).

[17] They
indicate that the early transition metallic metallocene complexes
can act as highly active, homogeneous dehydrocoupling catalysts
for Me2HNBH3.

[8] Chen et al. examined Me2HNBH3 dehydro-
genation using [Rh (1,5-cod) m-Cl]2 as a catalyst, and suggested
that the presence of toluene-soluble Ru clusters and small
amounts (<1%) of other rhodium species are functionalized for
enhancing the hydrogen release rate from AB.[12] Heinekey and
coworkers demonstrated significant efficacy of an iridium pincer
complex [(pocop)Ir(H2)] in the improvement of the dehydrogena-
tion kinetics of AB,[18] while theoretical calculations by Paul and
Musgrave[19] indicated the effects of polarity of AB and the
importance of having both hydridic and acid hydrogen atoms in
the same molecule on hydrogen release from AB. Although the
controlled release of hydrogen from AB has been improved by
metallic complex catalysts, the systems reported to date still face
the following challenges: i) the release rate of hydrogen is not fast
enough and the release temperature is higher than 80 8C; ii) the
mechanism of dehydrogenation remains unclear; iii) the release
of NH3 is a problem; iv) it is desirable to replace the organic
solvents, e.g., ether, THF, and diglyme, in catalytic dehydrogena-
tion of AB systems.

It has been reported that materials structured at the nanoscale
may enhance the kinetics or modify the thermodynamics of
phase transitions and chemical reactions due to the effect of
variation of surface energy with decreasing particle size,[20,21]
� 2009 WILEY-VCH Verlag GmbH
introducing defects and vacancies, and shortening diffusion
distance.[22] Confinement of materials within porous frameworks
is hence a potentially viable approach to tune the thermo-
dynamics of such materials for hydrogenation/dehydrogena-
tion.[23,24] Insertion of AB into mesoporous silica or carbon
cryogel has been demonstrated to significantly improve the
kinetics and decrease the temperature for hydrogen release.[6,7]

In this study, AB encapsulated within a mesoporous carbon
(CMK-3) framework is studied in order to explore the potential for
enhancement of hydrogen release by a nano-confinement effect.
The system is further modified with a heterogeneous Li-based
catalyst to accelerate the thermal decomposition of AB and
suppress the volatile emissions, especially ammonia. The
hierarchical structure of the AB/Li-CMK-3 framework is indicated
schematically in Figure 1. The synthesis of the framework was
carried out at room temperature to avoid significant decomposi-
tion of AB. The heterogeneous catalytic system for decomposition
of AB in the solid state additionally avoids the need for volatile
organic solvents. Two notable phenomena associated with this
new AB system are expected: i) a synergetic effect of
nanostructure confinement and Li catalysis that significantly
enhances the dehydrogenation kinetics of AB; ii) the suppression
of volatile products such as borazine and NH3. A plausible
mechanism of hydrogen release from the AB/Li-CMK-3 frame-
work is suggested and discussed.
2. Results and Discussion

2.1. Characterization of AB/CMK-3 and AB/Li-CMK-3

Nanostructures

The ordered mesoporous carbon material used in this work,
CMK-3, is characterized by large surface area, a uniform pore
size, ordered pore structure, an interconnected pore network, and
good thermal and mechanical stabilities.[25] This structure in
principle allows for both high dispersion and high loading of
hydrogen storage compounds and fine control of the compound
clusters within nanochannel pores. The structure of the
synthesized CMK-3 and the characterization by small angle X-
ray diffraction (small angle XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) are
illustrated in Figure S1 (Supporting Information), which features
rod morphology and an ordered pore structure with a uniformed
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 265–271
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Figure 2. The XRD patterns of AB, AB/CMK-3, and AB/Liþ-CMK-3

samples.
pore diameter of 4.5 nm in 2D hexagonal geometry. The surface
area and pore volume are around 1150 and 1.29 cm3 g�1,
respectively.

The 50% AB/CMK-3 and 5% Li-doped AB/CMK-3 structures
(AB: C¼ 50:50) were synthesized by an impregnation method.
Because of the nanochannel nature of CMK-3 carbon, the AB
and/or Liþ saturated solutions were infiltrated rapidly into the
internal channels of CMK-3 by a capillary effect. The XRD
patterns in Figure 2 show a typical polycrystalline structure for
pure AB with tetragonal lattice. The characteristic diffraction
peaks of AB became broad with much weaker intensity after
loading into CMK-3 and Li/CMK-3 frameworks, indicating that
AB is highly dispersed on mesoporous CMK-3 at the nanoscale.
The N2 adsorption–desorption isotherms indicate that the surface
area of CMK-3 was significantly reduced from 1 150 to 32.5 m2

g�1 after AB and Li impregnation (see Figure S2 of the
Supporting Information).

The structure of AB/CMK-3 frameworks was further studied
by TEMwith energy dispersive analysis by X-ray (TEM-EDX). The
TEM and EDX element maps in Figure 3 confirm that the C map
(in Fig. 3a) corresponds to the structure of CMK-3. The N and B
maps in Figures 3b and c are observed to coincide very well with
the Cmap, demonstrating the high dispersion of AB in the CMK-
3 framework. The XRD and TEM-EDX results support the
assertion that the AB was encapsulated into the channels of CMK-
3, forming an embedded nanocomposite structure (as shown in
Figure 3. The EDX maps of C, N, and B elements in AB/CMK-3 nanocompo

Adv. Funct. Mater. 2009, 19, 265–271 � 2009 WILEY-VCH Verl
Fig. 1). This nanophase may be anticipated to have modified
surface energy in comparison with bulk AB, as well as defects that
may favor to the cleavage of N–H and B–H bonds. Such features
can clearly promote the easier release of hydrogen and enhanced
dehydrogenation kinetics evidenced below.
2.2. Dehydrogenation

The hydrogen desorption profiles of AB and AB/CMK-3
measured by thermogravimetry combined with mass spectro-
scopy (TG/MS) are shown in Figures 4 and 5. It is evident that the
neat AB starts to decompose at above 100 8Cvia a two-step process
[i.e., reactions (1) and (2)] and the weight loss from the neat AB
sample in Figure 4 reaches around 20wt % below 150 8C with a
heating rate of 1 8C min�1. This is much larger than the
theoretical hydrogen release capacity in AB via reactions (1) and
(2) (13.4wt % in total) due to the formation of volatile products
other than hydrogen gas from AB, as is demonstrated by the MS
characterization (Fig. 5). It is noteworthy that a small amount of
NH3 (m/e¼ 17) was observed as well as borazine (m/e¼ 80);
these gases may poison the catalyst in PEM fuel cells and thus
would have to be prevented in any practical application of AB as a
hydrogen storage material.

Compared with the neat AB, the decomposition of AB/CMK-3
nanostructures occurs below 75 8C with only one-step for the
release of gaseous substances. The weight loss of AB/CMK-3
approaches 27wt % below 150 8C, which is even larger than that
of the neat AB. Figure 5 also demonstrates that AB/CMK-3
releases hydrogen at a lower temperature with a desorption peak
at 95 8C, while the neat AB at two release peaks around 110 and
145 8C. As described previously, AB was confined within the
mesopores of CMK-3, resulting in the reduction of its size
(�4.5 nm). This size reduction of AB leads to a short diffusion
path for emitted hydrogen, which is likely to be one of the main
factors enhancing the dehydrogenation kinetics. Furthermore,
the acid property and functional groups on the surface of CMK-3
are likely to play important roles in the dehydrogenation
kinetics and the decomposition pathways. As reported in our
previous studies,[26] CMK-3 has acid functionality (pH¼ 3.7) with
abundant hydroxyl and carboxyl groups on the surface (see Figure
S3 of the Supporting Information), due to HFwashing during the
synthesis of CMK-3. The hydroxyl (–OH) and carboxyl (COOH)
groups as proton donors can easily interact with the B–H hydridic
site.

ag GmbH & Co. KGaA,
hydrogen in AB to form an interface involving
dihydrogen-like coordinated functionalities
–O–H����H–BH2NH3.

[27,28] Such interactions
can significantly influence the structure,
reactivity, and selectivity in the solution and
the solid state of AB. The formation of
surface–O–H����H–BH2NH3 can also be
inferred from XRD results in which the peaks
of AB on CMK-3 are shifted compared with
those of AB (Fig. 2). When heating these
materials, the hydrogen is released through
the interaction between Lewis acidic and basic
sites and form surface–O–BH2NH3 groups. A
simplified mechanism of AB decomposition
Weinheim 267
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Figure 4. Hydrogen release from neat AB, AB/CMK-3, and AB/Li-CMK-3

measured by TG.

Figure 5. The MS results of AB, AB/CMK-3, and AB/Liþ-CMK-3.
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on CMK-3 is suggested in Figure 6, in which the B–H hydridic
hydrogen in AB as the electron donor can associate with the
surface-OH groups in CMK-3 to form surface–O–H����
H–BH2NH3 structures, thereby destabilizing the network of
� 2009 WILEY-VCH Verlag GmbH
AB. This can explain collectively: i) the enhancement of
dehydrogenation, ii) a large amount of NH3 release, and iii)
borazine suppression when heating AB inside CMK-3. The
phenomenon of hydrogen and ammonia release (caused
apparently by the weak B–N interaction and was confirmed by
the MS results in Fig. 5) influenced by the decomposition
temperature was also noted by Custelcean et al.[28] in NaCNBH3

and NaBH4 with triethanolamine complex and by Epstein and
coworkers[29] in organorhenium complex.

To further understand this mechanism, we investigated the
thermodynamics of AB and AB/CMK-3 samples by differential
scanning calorimetry (DSC) and the surface properties of AB/
CMK-3 by X-ray photoelectron spectroscopy (XPS). Figure 7
shows the B 2 s XPS results of AB/CMK-3 before and after the
decomposition. The peaks �188.2 and �192.0 eV in the XPS
patterns are attributed to B–H and B–O bonds, respectively. The
formation of B–O bonds suggest the interaction of AB and CMK-3
(B is from AB and O is from OH on the surface of CMK-3). When
& Co. KGaA, Weinheim
heating to 150 8C with a heating rate of 1 8C
min�1, the significant reduction of N content
confirms the ammonia release during the AB/
CMK-3 thermal decomposition. After the
thermal decomposition, the intensity of B–O
peaks is increased and no change of B content
are observed, indicating boron immobilization
on the carbon surface.

DSC results of AB and AB/CMK-3 in
Figure 8 also illustrate that the decomposition
reaction enthalpy from AB/CMK-3
(DH¼�2.1 kJ mol�1) is significantly less than
that from the neat AB (DH¼�19.6 kJ mol�1),[6]

indicating that the acid catalysis of hydroxyl and
carboxyl groups leads to a change in the
thermodynamics of thermal decomposition.
This may be the reason that the AB inside
CMK-3 can release hydrogen in one-step at a
significantly lower temperature. Although bor-
azine was suppressed by AB/CMK-3, in good
agreement with the literature, as noted above a
large amount of ammonia was detected from
the AB decomposition in AB/CMK-3 (Fig. 5),
which has not previously been reported. This is
clearly detrimental and needs to be prevented
for the target applications.

2.3. Catalytic Effect of Li Catalyst

To prevent ammonia release from AB/CMK-3,
Liþwas doped at the interface of AB and CMK-3
and then the thermal decomposition of AB/Li-
CMK-3 was performed. The dehydrogenation
properties of AB/Li-CMK-3 are also shown in
Figures 4 and 5. The first notable phenomenon
observed from the AB/Li-CMK-3 is that onlyH2
gas was detected when heating up to 150 8C, which is indicative of
complete suppression of ammonia and borazine release fromAB.
This suggests that the Liþ plays an important role in nitrogen
immobilization during the thermal decomposition. This is very
Adv. Funct. Mater. 2009, 19, 265–271
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Figure 6. The mechanism of hydrogen release of AB/CMK-3 nanocomposite.

Figure 7. The B 1s XPS results of AB/CMK-3 nanocomposite before A) and

after B) thermal decomposition.

Figure 8. The DSC results of neat AB and AB/CMK-3 nanocmoposite.

Adv. Funct. Mater. 2009, 19, 265–271 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
important for AB thermal decomposition
because NH3 released from AB leads to a
decrease of the hydrogen capacity of AB,
reducing the capacity for reloading hydrogen
and additionally poisoning the PEM fuel cell.
More interestingly, hydrogen release of AB/Li-
CMK-3 initially occurred at very low tempera-
ture around 55 8C with a broad peak at 90 8C
(compared with AB/CMK-3 that started the
decomposition at 75 8C with the desorption
peak at 95 8C), indicating that the catalytic effect of the Li-based
catalyst combined with the confinement of CMK-3 results in a
further significant acceleration of dehydrogenation kinetics of AB
within the Li-CMK-3 framework. It is apparent from Figures 4
and 5 that 11wt % of hydrogen is released from AB/Li-CMK-3
when heating up to 150 8C, which is close to the theoretical
hydrogen capacity of AB at a temperature below 150 8C.
Therefore, the above results suggest that a synergistic interaction
between catalyst and nanostructure can provide a very effective
strategy to significantly accelerate the dehydrogenation kinetics
and suppress the emission of ammonia from AB.

It is very important for the practical applications of AB to
understand the mechanism of the thermal decomposition of AB
within the Li-doped mesoporous CMK-3 framework. Ichikawa
et al. investigated the mechanism of hydrogen desorption in a
Li–N–H system and indicated that the NH3 emission can be
suppressed by a reaction with LiH during dehydrogenation.[30]

This strategy was further confirmed to be effective in ball milled
LiH and AB.[13,31] In this study, we doped Liþ between the
interface of AB and carbon by the pyrolysis of a LiNO3 precursor.
Consequently, Liþ should be in the form of surface-O-Li on the
surface of CMK-3 with the positive charge as reported in the
literature.[32] Because of the electron donor property of NH3,
the positive surface-O-Li functionality may interact with NH3 in
the surface–O–H����H–BH2NH3 complex to form structures like
surface–O–H����H–BH2NH3����Li-O-surface. Structures of this
type would further weaken B–H and N–H bonds, offering an
explanation for the accelerated hydrogen release from Li-doped
AB/CMK-3. Although we have been unable to observe Li–N
compounds by XRD, it is noteworthy that XPS results show no
change of N content after the thermal decomposition until 300 8C.
Therefore, in AB/Li-CMK-3, it appears that the main mechanistic
function of Liþ is to interact with and thereby fix NH3 groups in
AB, which prevents the release of ammonia during the AB
decomposition. Liþ is also functionalized to enhance the
hydrogen release rate due to the formation of N–Li–O complexes.
It is also suggested the combination of Liþ and NH3 during the
decomposition of AB within Li-CMK-3 framework, based on the
fact that the AB/Li-CMK-3 can release only 11wt % hydrogen
which is less than the theoretical capacity of �13wt % of
hydrogen (Fig. 4).

To gain further insight into the hydrogen release of AB/Li-
CMK-3, we investigated the dehydrogenation properties of AB/Li-
CMK-3 nanostructures in isothermal models at different
temperatures; the results of which are plotted in Figure 9. The
AB within Li-CMK-3 framework can release �7wt % hydrogen at
a very low temperature of 60 8C. The dehydrogenation rate is
similar to that reported by Xiong et al.[13] but the operating
temperature here is significantly lower. The activation energy for
Weinheim 269
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Figure 9. The gravimetrically measured H2 release from AB/Liþ-CMK-3

nanocomposite.
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the hydrogen release of this AB/Li-CMK-3 is determined to be
�98� 5 kJ mol�1 (derived from Figure S4 of Supporting
Information), which is remarkably lower than that of the neat
AB (184� 5 kJ mol�1),[6] thus providing direct evidence for the
possibility of modifying the thermodynamics of the AB
decomposition within the Li-CMK-3 frameworks. It should be
noted that the amount of the released hydrogen from the overall
AB/Li-CMK-3 composite material is �3.5wt % (due to the 50:50
ratio of AB and carbon). However, it is anticipated that this value
can be significantly improved by optimization of the structure and
pore volume of CMK-3[33] and the AB loading ratio.

Although we hope that the nano-confinement will modify the
thermodynamics of the system that will benefit the reversibility of
AB; however, no reversible phenomenon has been observed by
current study. It should be noted that the confinement did change
the thermodynamics of the AB decomposition, evidenced by the
one-step reaction for hydrogen release in AB/CMK-3 system instead
of the original two-step reactions of neat AB. This implies that the
hypothesis should be re-explored in the future studies under
different testing conditions, e.g., very high hydrogen pressure.
3. Conclusions

AB, within a Li-CMK-3 framework can release up to �7wt %
hydrogen at a temperature as low as 60 8C, which would enable
the release of hydrogen to be driven by the waste heat of PEM fuel
cells. We have demonstrated that synergistic effects of nanos-
tructure confinement and catalysis in the Li-CMK-3 system
significantly accelerate the dehydrogenation kinetics of the AB
loaded system and suppress the release of undesirable volatile
products. The discovery of catalytic effect of noncovalently bound
Li—as distinct from substituting H in the NH3 group—on
hydrogen release in AB appears very promising and implies a new
mechanism that can be exploited for enhanced performance of
AB materials in hydrogen storage.
� 2009 WILEY-VCH Verlag GmbH
4. Experimental

CMK-3 Synthesis: CMK-3 was prepared following the method reported
by Ryoo et al.[34] using ordered mesoporous silica (SBA-15) as template.
Successive two-step impregnation procedure and high temperature
calcination at 900 8C under N2 atmosphere were employed. The silica
template was removed by 10% HF solution at room temperature and the
carbon sample was washed with distilled water before drying in air at room
temperature for 24 h.

AB/CMK-3 Synthesis: AB (500mg) was dissolved in 15mL CH3OH and
500mg CMK-3 was added to the solution with stirring. The solvent were
removed under vacuum to obtain the solid AB/CMK-3 nanocomposite.

AB/Li-CMK-3 Synthesis: LiNO3 (490mg) and 950mg CMK-3 were
added to 30mL CH3CH2OH with stirring for 2 h, and the mixture was dried
at 50 8C in the oven. The dried sample was calcined at 750 8C under Ar flow
gas to obtain 5% Li/CMK-3.

Characterization: The morphology and microstructure of the synthesize
samples were characterized by XRD, N2 absorption–desorption isotherms,
TEM, and SEM. The thermoanalysis and decomposition process were
determined by TG/MS. The XRD patterns of the samples were performed
on a Rigaku MIniflex diffractometer with Co Ka radiation at a scanning rate
of 2 8 min�1 in the 2u range from 10 to 80 8. The BET surface areas and
textural structure were measured using an automated adsorption analyzer
(Autosorb-1C, Quantachrome, USA). TEMobservation was conducted on a
F20 microscope with an accelerating voltage 200 kV. The TEM samples
were prepared by dipping ultrasonically dispersed the samples in ethanol
on holey carbon grids. The SEM photomicrograph of the samples was
taken in a JEOL 6300 microscope with Pt coating. The gaseous
compositions from AB decomposition were determined by a coupled
TG/MS technique. All thermal analyses were measured from room
temperature to 300 8C at a heating rate of 1 8C min�1 under Ar gas flow.
The XPS measurements were conducted using a PHI-560 ESCA system
(PerkinElmer). All spectra were acquired at a basic pressure 2� 10�7 torr
with Mg Ka excitation at 15 kV and recorded in the DE¼ constant mode, at
pass energies of 50 and 100 eV.
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