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Ammonia borane (AB) is of great interest for storing hydrogen, an important issue in the growing field of
hydrogen technology. The reaction pathways leading to the thermal decomposition of solid-state AB
incorporated in carbon cryogels (CC) have been studied by spectroscopic methods. The time-dependent thermal
decomposition was followed by in situ11B nuclear magnetic resonance (NMR) and showed a significant
increase in hydrogen release kinetics for AB in CC compared to neat AB. Both11B NMR and Fourier transform
infrared spectroscopy show a new reaction product, formed in the thermal decomposition of AB in CC scaffold
(CC-AB) that is assigned to reactions with surface oxygen groups. The results indicate that incorporation of
AB in CC enhances kinetics because of the reactions with residual surface-bound oxygen functional groups.
The formation of new products with surface-O-B bonds is consistent with the greater reaction exothermicity
observed when hydrogen is released from CC-AB materials. Scanning electron microscopy shows different
morphology of AB in CC-AB nanocomposite as compared to neat AB.

Introduction

Hydrogen storage is a key issue in the developing field of
hydrogen technology. Among the chemical hydrides, ammonia
borane (AB), also known as borazane or by formula NH3BH3,
has been of great interest as a hydrogen storage material.1,2 At
ambient temperature and pressure, AB is a stable, white,
crystalline solid which contains 19.6% hydrogen by weight.3

The stages and intermediates of AB dehydrogenation have been
studied, and possible pathways have been reported.4,5 The low-
temperature release of hydrogen from solid AB proceeds through
two sequential steps.6 The first equivalent of hydrogen desorbs
between 100 and 120°C (depending on heating rate)7 to yield
polyaminoborane (BH2NH2)x. The reaction is moderately exo-
thermic (∆H ) -21 kJ/mol).8 Continued heating to 150°C
releases a second equivalent of hydrogen to yield polyiminobo-
rane (BHNH)x and trace quantities of borazine (B3N3H6).9,10

Borazine is highly volatile and will necessitate strategies to
remove this impurity from the hydrogen stream to prevent
poisoning of the fuel cell.

For the practical application of AB as a hydrogen storage
material for a polymer electrolyte membrane (PEM) fuel cell,
the optimum decomposition temperature should be around
85 °C, which is the working temperature of the PEM. Different
methods, including catalysts11 and nanoscale agents,12 have been
used to improve the kinetics of AB dehydrogenation reactions
and lower its decomposition temperature. In nanoscale materials,
shorter diffusion distances can result in faster kinetics. In
addition, changes in surface energies with decreasing particle
size can change the thermodynamic stability of the reactants
and alter the hydrogen release mechanisms.13 Infusing AB in
mesoporous silica significantly improved the dehydrogenation
kinetics and also suppressed borazine formation.12 However,

silica is relatively heavy and has poor thermal conductivity.
Alternatively, a similar porous material, carbon cryogel (CC),
is lighter, has a tunable pore diameter, and can provide a thermal
conduction pathway.14 The CCs are prepared by sol-gel
polycondensation of resorcinol-formaldehyde in aqueous solu-
tion.15 The precursor hydrogels are dried to make aerogels
(supercritically dried), cryogels (freeze-dried), and xerogels
(vacuum or hot-air-dried). Freeze-drying is an alternative to the
expensive supercritical drying method that produces similar
porous structure.16,17The dried gels are then pyrolyzed to make
CCs. We recently reported dehydrogenation for a coherent CC-
AB nanocomposite18 using differential scanning calorimetry
coupled with mass spectroscopy. The porous CC like the
mesoporous silica showed enhanced rates of hydrogen desorp-
tion, up to 9 wt % hydrogen, (1.5 H2 equiv), at temperatures as
low as 90°C as well as suppressed yields of borazine. On the
other hand we observed the opposite for the enthalpy of
hydrogen release; instead of a decrease in the reaction exother-
micity for hydrogen release as observed in the mesoporous silica
(-1 kJ/mol), we observed a significantincreasein the reaction
exothermicity (-120 kJ/mol) for which we had no satisfactory
explanation. Here, we follow up with results from spectroscopic
studies used to gain some insight into the differences between
the porous silica and porous carbon supports. We report new
findings from Fourier transform infrared spectroscopy (FTIR)
and in situ11B nuclear magnetic resonance (NMR) results on
the dehydrogenation pathways of CC-AB. This information
identifies an alternate competing pathway for H2 release from
CC-AB that is consistent with the enhanced kinetics and greater
reaction exothermicity relative to neat AB and AB supported
on mesoporous silica.

Experimental Methods

Carbon cryogels were derived from resorcinol-formaldehyde
hydrogels16,19 by freeze-drying and pyrolyzing at 1050°C for
4 h in N2.20 The ratio of resorcinol to water was 0.035 g/mL,
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and the molar ratio of resorcinol to formaldehyde was 0.5.
Sodium carbonate was added as a catalyst at room temperature.
The resorcinol to catalyst ratio was held at 200:1. The CCs were
loaded with AB (BH3NH3, Aldrich, tech. 95%) by soaking the
cryogels in a solution of 10 wt % AB in tetrahydrofuran (THF)
(99.9%, Sigma-Aldrich), under argon at room temperature. After
3-5 h, the solvent was removed under vacuum. Sample weight
gain after loading was 40 wt %. The CC-ABs were stored in
liquid nitrogen before further analyses.

The pore structure of the CC samples was analyzed by
nitrogen physisorption (BET technique) at-196 °C. The
multipoint BET and BJH adsorption methods gave a total surface
area of 500 m2/g, a BJH cumulative adsorption surface area of
300 m2/g, a pore volume of 0.70 cm3/g, and a pore diameter
ranging from 2 to 20 nm with a maximum peak at 5 nm. X-ray
photoelectron spectroscopy experiments showed that the carbon
and oxygen contents of CC sample were about 96 wt % and 4
wt %, respectively.

Sample morphology was studied by scanning electron mi-
croscopy (SEM, Joel JSM-5510LV). Fourier transform infrared
spectra were acquired at room temperature using a Nicolet DXB
FTIR spectrometer at a resolution of 4 cm-1. The samples for
the FTIR were prepared by adding 1 mg of crushed cryogel to
200 mg of dry spectroscopic-grade KBr. The powders were
mixed in a mortar and pestle and pressed into a pellet for
analysis. Pellets of 2 mg of CC-AB in 200 mg of KBr were
also tried but were too opaque.

Thermal decomposition was monitored by isothermal in situ
11B NMR at 18.8 T (800 MHz1H frequency). A 4 mm, three-
channel, variable temperature Doty probe and a Varian Unity+
console were used. Bloch decay experiments were run using a
4 µs 90° pulse,∼40 kHz decoupling, and a 10 s pulse delay. A
14 kHz sample spinning was achieved with dry nitrogen gas.
The temperature was calibrated by following the chemical shift
of 207Pb in Pb(NO3)2 as a function of temperature.21 Spectra of
11B were referenced to NaBH4 (-41 ppm).

Results and Discussion

Figure 1 depicts cross-sectional SEM micrographs of cryo-
gels, showing their microstructure before and after loading with
AB and also after heating to 150°C. The porous structure of
CC is shown in Figure 1a. Soaking CC in an AB-THF solution
results in distribution of AB within the interconnected CC
network, which coats the CC scaffold as can be seen in Figure
1b. The AB layer in CC-AB shows a more dense morphology
as compared to the foamlike appearance of neat AB.11 After
the dehydrogenation process, the porous structure of CC is
sustained and fiber-like residue of AB is scattered throughout
the CC (Figure 1c).

To study the decomposition pathways leading to hydrogen
release from CC-AB, in situ 11B NMR at 18.8 T was
performed. Figure 2 shows the11B NMR spectra of AB and
CC-AB taken at room temperature (left) and taken after heating
at 85°C (right). Upon heating to 85°C, no change was observed
for neat AB (-23.6 ppm) until 35 min. As the transition began,
a small side peak was visible at-22.1 ppm, which was
attributed to a new phase AB.9,22This peak gradually increased,
and at the same time, the reaction byproducts (BH2 peaks at
-12 ppm and BH4 peaks at-38 ppm) are evident. The 50 min
time slice is shown in Figure 2b (top).

The major peak observed in the CC-AB before heating has
a resonance with a chemical shift of-22.9 ppm, intermediate
between new phase AB and neat AB, and may be consistent
with the interpretation that the resonance in CC-AB is new

phase (for AB scaffolded into mesoporous silica, a chemical
shift of -22.6 ppm was observed for new phase AB23). The
BH2 and BH4 peaks (at-12 and-38 ppm) that appear after
35 min in the thermal reaction of neat AB are observed in CC-
AB at room temperature. The presence of decomposition
products indicates that dehydrogenation is occurring during the
incorporation of AB into the CC matrix at room temperature.

Similar product peaks at shorter reaction times are observed
for dehydrogenation of CC-AB at higher temperature. Figure
3 compares the in situ11B NMR spectra for CC-AB before
heating, after heating to 85°C for 10 min, and after heating at
150 °C for 10 min. At 150°C, the starting material (-22.6
ppm) is completely consumed in less than 10 min.

Figure 1. SEM of (a) CC, (b) CC-AB, and (c) thermally reacted
CC-AB (heated to 150°C at 5°C/min).
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In all of the spectra for CC-AB in Figures 2 and 3, two
broad peaks centered at+16 and+28 ppm were present. The
peak at+28 ppm was attributed to polyborazylene-like species
and indicated more than 1 equiv of H2 loss from AB.24

Observation of polyborazylene in CC-AB may indicate that
borazine polymerizes in cryogel cavities faster than it can escape
to the gas phase, which would explain the suppression of
borazine formation during the CC-AB thermal reaction. The
borazine suppression was reported earlier in our mass spectros-
copy experiments for hydrogen release of the CC-AB nano-
composites.18 The peak centered at+16 ppm is a new
observation in AB decomposition. The peak at+16 ppm was
not observed in the neat decomposition of AB or of AB in
mesoporous silica. Organic borates are observed in this region
of the 11B NMR spectrum, and this resonance is tentatively
assigned as the product produced between the reaction of a
surface hydroxyl with the borane decomposition products
(surface-O-BX2). The oxygen content of the CC determined
by X-ray photoelectron spectroscopy (see Experimental Meth-
ods) is sufficient to support this alternative reaction pathway.
Furthermore, the formation of thermodynamically stable B-O
bonds in the decomposition of AB in CC is consistent with the
excess heat release we previously reported for either neat AB
or AB on the SBA-15 mesoporous silica supports. Formation
of B-O bonds in the AB decomposition of AB in CC is further

supported by the apparent bending and breathing modes of B-O
bonds in the IR spectra observed between 700 and 1400 cm-1

(vide infra).
The FTIR spectrum was used to follow the changes in the

functional groups present on the surfaces of CC and CC-AB
before and after dehydrogenation. The CC samples are highly
absorbing, and high-resolution spectra were difficult to obtain.
However, the qualitative results compare and support the results
obtained from the in situ NMR experiments. The FTIR spectrum
for bulk AB and CC-AB, before and after dehydrogenation
(heated to 150°C at 5°C/min in an inert atmosphere), are shown
in Figure 4. The corresponding wavenumber range and mode
for AB obtained from published data8 are shown on the
spectrum. The peaks related to CC are also present but not
labeled in the CC-AB spectra. These peaks include the 3424
cm-1 related to surface-bound primary OH groups and 1488
cm-1 attributed to CdC.25 Most of the AB peaks in Figure 4a
are also present in the CC-AB spectrum. The CC-AB peaks
are not as broad as the AB peaks. The narrower peaks may be
due to the reduction in the distribution of vibration for AB
infused in the CC matrix. However, Figure 4b shows that after
the thermal reaction, the CC-AB product spectrum is signifi-
cantly different from the solid-state AB product spectrum. These
differences strongly suggest different decomposition pathways
for dehydrogenation of AB and CC-AB. The low-frequency

Figure 2. 11B NMR of neat AB (top) and CC-AB (bottom). (a) Before heating. (b) After heating CC-AB for 10 min at 85°C and AB for 50 min
at 85°C. No reaction of AB at 10 min; data not shown.

Figure 3. 11B NMR of CC-AB before heating (bottom), after heating to 85°C for 10 min (middle), and after heating to 150°C for 10 min (top).
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region between 500 and 1500 cm-1 and the B-H stretching
between 2200 and 2400 cm-1 show the greatest changes in the
CC-AB and neat AB decomposition products. The three bands
at 700, 783, and 930 cm-1 in addition to the bands centered
near 1400 cm-1 are in the region diagnostic of B-O and OBO
stretching and bending frequencies.26 Also, a notable decrease
in signal intensity in the B-H stretching region in the CC-
AB products is present that would be consistent with the reaction
of AB to form alkyl borates in competition with conventional
hydrogen loss polyborazylene products observed in the neat AB
decomposition.

The results clearly show that dehydrogenation occurs when
AB is incorporated in the CC matrix at room temperature and
proceeds faster at elevated temperatures when compared to neat
AB. The contributing factors to the observed increase in rate,
or destabilization of AB, could include the following:

(1) Hydroxyl groups on the surface of CC resulting in the
catalysis of the thermolysis of AB.

(2) Defect sites in the CC mesoporous scaffold, possibly in
combination with the hydroxyl groups, initiating the reaction
at lower temperature.

(3) Limited diffusion of AB provided by the CC mesoporous
structure increasing the frequency of interactions, effectively
accelerating the dehydrogenation process.

(4) Surface interaction destabilizing the hydrogen-bonding
network of neat AB, resulting in a lower barrier to hydrogen
release.

The CC support offers enhanced rates of hydrogen release
from AB at lower temperatures as observed for the mesoporous
silica supports. However, using a lighter carbon support has
obvious advantages compared to the heavier silica support. Both
materials, CC and SBA-15, contain surface oxygen function-

alities, and in both cases surface hydroxyl groups may enhance
the kinetics of hydrogen release from AB. One significant
difference appears to be a reaction channel available in the CC
that leads to products containing B-O bonds resulting in
substantially more heat release concurrent with the hydrogen
desorption. This was a surprise as formation of B-O bonds
between AB and the mesoporous silica, which has a higher
density of hydroxyl groups, was not observed.12 A competing
reaction with trace quantities of THF cannot be eliminated. In
the IR spectra, THF was not visible, but it is used as the solvent
to dissolve and introduce AB into the porous CC. Note, AB
does not react thermally with THF in the absence of the CC, so
a special reaction channel would need to exist for AB to react
with THF that is catalyzed by the presence of CC. Approaches
to reduce the surface oxygen content are expected to enhance
the stability of AB in carbon supports. Future work includes
efforts to control the decomposition of AB at room temperature.
Further studies are planned to examine the pore size effects on
the kinetics of hydrogen release from CC and aerogel supports.

Conclusions

Using in situ11B NMR and FTIR experiments to investigate
the dehydrogenation of CC-AB nanocomposites, we saw a
lower temperature hydrogen release and a new product for CC-
AB relative to AB. The new product suggested a new mecha-
nism, namely, the destabilization of AB due to the formation
of surface-O-B bonds. Increasing the temperature from 85 to
150°C did not change the reaction pathways but increased the
rate of the dehydrogenation process in the CC-AB nanocom-
posite. The suppression of borazine, the toxic byproduct in the
thermal reaction of neat AB, is also confirmed, providing a
promising alternative with fuel cell compatibility.

Figure 4. FTIR results for (a) CC-AB and (b) thermally reacted CC-AB (heated to150°C).
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