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Tremendous efforts have been devoted to the study of hy-
drides for hydrogen storage in the past decade.[1,2] Ammonia
borane (NH3BH3, AB) with a hydrogen content of
19.6 wt% has received significant attention.[3–5] Methods to
improve the kinetics of the step-wise dehydrogenation of
AB are diverse including the uses of mesoporous frame-
works,[6] catalysts,[7–16] and additives.[17] It was reported that
when dissolving AB in organic solvents hydrogen is released
readily in the presence of transition-metal catalysts through
the formation of a M···HBH2NH3 complex (where M = Ir,
Ru, or Ni etc.);[8–10] Lewis or Brønsted acids, on the other
hand, react with AB in solution to form the initiating spe-
cies (BH2NH3)

+ ,[11] which may have a similar function as
[BH2ACHTUNGTRENNUNG(NH3)2]

+BH4
� (DADB) in the dehydrogenation of

solid AB.[17,18] However, comparatively little has been re-

ported on the catalytic dehydrogenation of AB in the solid
form. Other important but less investigated aspects in the
solid-state reaction are the characterizations of functional
catalytic species and products from the step-wise dehydro-
genation. Polyaminoborane (PAB) is commonly used as the
solid component of the first-step dehydrogenation, which is
essentially amorphous and likely composed of linear,
branched or cyclic (NBH4) oligomers and polymers.[3,7,18] On
the other hand, AB decomposition in the presence of an iri-
dium pincer catalyst releases exactly one equivalent of hy-
drogen,[9] and forms an insoluble PAB product that appears
to have no branching and has some characteristics of the
cyclic pentamer reported by Shore.[19] Further investigations
showed that crystalline PAB may be a more ordered linear
oligomer and polymeric species.[20] The chemical form of the
PAB product relates to the reaction details and manifests
the changes in thermodynamics and kinetics of the dehydro-
genation. In this study, we present, for the first time, the de-
velopment of a FeB nanoalloy of 2–5 nm in size for the cata-
lytic dehydrogenation of solid AB. Our experimental results
show that about 1.0 and 1.5 equiv H2 can be released at 60
and 100 8C, respectively. In contrast to dehydrogenation of
neat AB which yields non-crystalline products, the solid-
state catalyzed dehydrogenation of AB yields crystalline
PAB as a major product. Our simulation results indicate
that AB may undergo intramolecular dehydrogenation in
the presence of FeB and form monomeric NH2BH2. The
polymerization of NH2BH2 provides either cyclized or linear
formation of PAB. This is significantly different from the
PAB observed in the thermal decomposition of AB.

FeCl3 of 5.0 mol % was introduced to AB following the
“co-precipitation” method developed recently.[13] Transmis-
sion electron microscopic (TEM) observations show that the
majority of the Fe-containing particles are 2–5 nm in size
(Supporting Information, Figure S1). Temperature-pro-
grammed desorption/mass spectroscopy (TPD/MS) revealed
that the Fe-doped AB sample started to evolve H2 at about
55 8C, significantly lower than that of neat AB (Supporting
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Information, Figure S2). Isothermal volumetric measure-
ments at 60 8C show that little H2 was released from neat
AB upon holding the sample for 30 h (Figure 1). However,

the Fe-doped AB evolved hydrogen immediately at 60 8C,
without an observable induction period, showing a remark-
able difference from the diammoniate of diborane (DADB)
initiated sigmoidal dehydrogenation of solid AB.[17,18] On
heating the Fe-doped sample to 80 and 100 8C, more than
1.2 and 1.5 equiv H2 can be released, which is greater than
that of neat AB at these temperatures.[17] In addition, the
formation of side product borazine was significantly re-
duced, and the NH3 yield is below the detection limit
(10 ppm) in the Fe-doped AB sample (Supporting Informa-
tion). Moreover, in contrast to neat AB, little foaming was
observed upon heating the Fe-doped AB at temperatures up
to 120 8C (Supporting Information, Figure S3). Note that
slower but similar dehydrogenation behavior was observed
from the sample with less FeCl3 doping (i.e., 2 mol %).

X-ray diffraction (XRD) characterization shows that the
post-dehydrogenated neat AB sample is essentially amor-
phous with a broad band centered at d of about 4.7 �, while
for the Fe-doped AB sample, a sharp diffraction peak at
about 3.78 � and weak peaks at 4.37, 2.86 and 2.19 � are
present (Supporting Information, Figure S4). These peaks
matched very well with the diffractions of crystalline cyclo-
pentaborazane (NH2BH2)5, CPB,[19,21] but may be a more or-
dered linear PAB.[20] Fourier transform infrared (FTIR)
spectroscopy of the post-dehydrogenated Fe-doped AB ex-
hibits a similar pattern to crystalline PAB.[19–21] Further evi-
dence from the X-ray atomic pair distribution functions
(PDFs)[22] characterizations shows that the post-dehydrogen-
ated Fe-doped AB sample has essentially similar patterns in
both high and low-r regions as that of the PAB sample syn-
thesized by the Ir-catalyzed decomposition of AB in
THF;[9,20] unlike PAB generated from thermal decomposi-
tion of solid AB, both PAB products, the one generated
from Ir catalysis in solution, PABIr, and the one generated
from FeB catalysis in the solid state, PABFeB, show nice
structural ordering in the detection range (4.0 nm). The
PDFs determined B�N bond length of 1.56 � is slightly

shorter than the calculated value,[23] 1.60 �, and is within the
experimental error of the B�N bond length in cyclotribora-
zene, 1.57 �.[24] To our knowledge this is the first report on
the formation of crystalline PAB through solid-state dehy-
drogenation of AB.

The selective growth of crystalline PABFeB reflects the cat-
alyst-controlled dehydrogenation. 57Fe Mçssbauer spectros-
copy investigations on the chemical state and local environ-
ment of Fe show that FeCl3 was reduced by AB upon
mixing (Supporting Information, Figure S6). A Fe species
having an isomer shift of 0.19 mm s�1, which is different
from metallic Fe but similar to alloy of Fe and B, was
formed.[25] X-ray absorption spectroscopy (XAS) characteri-
zation shows that Fe in the alloy is in the reduced state and
exhibits poor long distance ordering (see Supporting Infor-
mation, Figure S7). We also noticed that after removing the
crystalline PABIr signal from the post-dehydrogenated
sample, the PDFs pattern in the low-r regions (below 10 �)
resembles to that of the calculated pattern from the FeB
structural model (Figure 2, III). A rapid decrease of the
PDF peak height with increasing r (most of the signal fades
out at 10 �) reflects the absence of long-range structural
order of FeB. PDFs peaks at about 2.10 and 2.57 � are due
to Fe–B and Fe–Fe pairs in FeB.

The characterization shown above strongly indicates the
formation of FeB nanoalloy which may function as a catalyst
in the dehydrogenation of solid AB. Analysis of the PABFeB

by solid-state 11B NMR analysis was inconclusive due to the
presence of the paramagnetic iron species. From the Mçss-
bauer isomer shift which mainly reflects the variation of
electron density we can deduce that Fe in the FeB alloy has
less electron density compare with metallic iron (0 mm s�1)

Figure 1. Volumetric release measurements on neat (~) and 5.0 mol %
Fe-doped (&) AB samples at different temperatures.

Figure 2. i) Low- and ii) high-r regions of the post-dehydrogenated Fe-
doped AB (PABFeB), post-dehydrogenated Ir-catalyzed AB (PABIr) and
PAB from the thermal decomposition of AB; iii) the patterns of the cal-
culated FeB and the post-dehydrogenated Fe-doped AB after removing
PABIr signal (PABFeB–PABIr).
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since DR/R <0 for 57Fe. Our simulation results on the
Bader charges borne by Fe and B in FeB and Fe2B also sug-
gest that Fe is essentially in a reduced state but has certain
positive charges (Supporting Information, Table S3). The
partially positively charged Fe is likely to establish an inter-
action with the hydridic H in AB.

Gas-phase calculations were conducted (see Supporting
Information) to gain preliminary insights to the interaction
between FeB and AB. It should be noted that such molecu-
lar-level calculations only preliminary show the interaction
of AB or aminoborane with FeB and the likely pathway of
AB activation on FeB. The real path of solid-state reaction
may be significantly different. As illustrated in Figure 3, AB
and FeB form a stable complex I, with a BH···Fe bond
length of 1.809 �. The B�H and N�H bond lengths increase
from 1.208 and 1.017 to 1.260 and 1.030 �, respectively,
showing the activation of both bonds through this interac-
tion. Recent theoretical investigations indicate that concert-
ed release of hydrogen from AB[10, 26,27] or amine bor-
anes[28,29] in molecular catalysis systems will lead to the for-
mation of aminoborane. Similar dehydrogenation may take
place in the AB/FeB system. Two transition states (TS1 and
TS2) with kinetic barriers of 7.3 and 14.9 kcal mol�1, respec-
tively, were identified. Compared with neat AB, the pres-
ence of FeB significantly reduces the kinetic barrier for the
intramolecular dehydrogenation of AB. In comparison with
TS2, the electrostatic interaction between the positively
charged Fe and the hydridic H in AB further stabilizes the
transition state and makes TS1 (where one of the H of BH3

moves towards Fe and forms a Fe�H bond) more prefera-
ble. After the concerted dehydrogenation, NH2BH2 is prone
to form a complex (II) with FeB through BH···Fe coordina-
tion (Figure 3).

In a recent computational study, Rousseau et al. argued
that a strong interaction between the BH and a Rh cluster
catalyzed the decomposition of BH3NHACHTUNGTRENNUNG(CH3)2.

[30] NH2BH2

formed from the continuous catalytic dehydrogenation of

AB will polymerise into dimer, trimer, etc., in a chain
growth manner. The polymerization may follow the Ziegler–
Natta mechanism[31] in the presence of FeB or the gas-phase
polymerization proposed by Zimmerman et al.[32] As there is
a coordination between aminoborane and FeB indicated by
the simulation results (Figure 3), we would propose a Zie-
gler–Natta-like polymerization in the present case. It is also
worthy of noting that the highly linear and stereochemical
pure polymer can be produced through the Ziegler–Natta
polymerization due to the selective coordination of mono-
mer to catalyst, which is significantly different from the less
selective ion initiated (such as DADB) polymerization.

Although further investigations are needed, the growth of
crystalline PAB through the proposed intramolecular dehy-
drogenation-chain growth mechanism should strongly
depend on the composition/geometry of the catalyst and the
match of the rates of crystal growth and dehydrogenation.

In summary, approximately 1.0 and 1.5 equiv H2 was
evolved from the FeB nanoalloy catalyzed AB at 60 and
100 8C, respectively, with depression of borazine and NH3.
Crystalline linear polyaminoborane was formed upon dehy-
drogenation, the growth of which may follow the dehydro-
genation-chain growth mechanism.

Experimental Section

AB (Sigma–Aldrich, 97.0 %), FeCl3 (Sigma–Aldrich, 98.0 %), and THF
(99.8 % J&K Chemical) were used without further purification. The prep-
aration of AB doped with 5.0 mol % FeCl3 followed the “co-precipita-
tion” method described elsewhere.[13] Noted that FeCl3 is a precursor of
the catalytic species, other Fe compounds such as FeCl2 also work well.
The catalyst loadings of 2, 5, 8 and 10% have been investigated. The
5%-doped system gave better performance in terms of H2 capacity and
reaction rate. All sample handlings were conducted in an MBraun 200
glove box filled with purified argon. XRD studies were carried out on a
PANalytical X’pert diffractometer. A homemade TPD/MS system was
employed to identify the gaseous products during sample decomposition.
Homemade volumetric release apparatus was used to quantify the hydro-
gen released from samples. The gaseous products were introduced into a
diluted sulphuric acid to detect the NH3 concentration from the change
of conductivity of the acid solution. Morphologies of samples were ob-
served on a transmission electron microscope (FEI Tecnai G2). FTIR
measurements were performed on a Varian 3100 unit in transmittance
mode. The 57Fe Mçssbauer spectra were recorded using a Topologic
500 A spectrometer and a proportional counter at room temperature.
57Co(Rh) moving in a constant acceleration mode was used as radioactive
source. Samples were protected by Ar during the Mçssbauer measure-
ments. Room temperature XAFS spectra were collected at BL14W1
beamline of Shanghai Synchrotron Radiation Facility. The X-ray RA-
PDF experiment[33] was conducted at the 11-ID-B beamline at the Ad-
vanced Photon Source at Argonne National Laboratory. An incident X-
ray energy of 58.26 keV (l= 0.2128 �) was used. X-ray PDFs Raw data
were processed using PDFgetX2 program.[34] For structural modelling the
program PDFgui[35] was used.
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