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a  b  s  t  r  a  c  t

In  our  previous  report,  about  1 equiv.  H2 can be  evolved  from  a Fe-modified  ammonia  borane  (AB)  sam-
ple  at a temperature  as  low  as  60 ◦C  with  significant  depression  of  induction  period,  sample  foaming  and
toxic  byproducts  [1]. In  this  study,  the  effects  of  catalyst  precursors  and  catalyst  loading  were  investi-
gated  on  the  hydrogen  desorption  profile  and  the  formation  of crystalline  polyaminoborane  (PAB).  The
experimental  results  show  that  loading  2.0 mol.%  FeCl3 to solid-state  AB  gives  the  best  performance  of
eywords:
mmonia borane
ydrogen storage
eterogeneous catalysis
e–B nanoalloy

formation  of  crystalline  PAB.  The  rate  of  hydrogen  evolution  from  the  Fe-modified  AB is  5.8  times  as  that
of neat  AB  at 60 ◦C. X-ray  absorption  spectroscopy  (XAS)  and  quasi  in situ 57Fe  Mössbauer  characteriza-
tions  show  that  Fe–B  nanoalloy,  which  functions  as  catalytic  species  in  the  dehydrogenation,  is  formed
upon  mixing  AB  with  FeCl3.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

össbauer
AS

. Introduction

Onboard hydrogen storage is a key technology of the hydrogen-
ased energy system [2,3]. AB (NH3BH3) with a hydrogen content of
9.6 wt.% has attracted increasing attention as a promising hydro-
en storage material [4,5]. Dehydrogenation of AB is a three-step
rocess, releasing 1 equiv. H2 at each step. In the first two steps,
bout 2 equiv. H2 evolve at temperatures higher than 100 ◦C due
o the relatively high dehydrogenation kinetic barrier [6–8]. Thus,
mproving the rate of dehydrogenation is one of the challenges
n its practical usage. Other drawbacks including toxic byproducts
borazine, NH3, etc.) and sample foaming during H2 desorption are
till pending issues. In the past several years, various approaches
ncluding the uses of supports [9–11], homogeneous catalysis

12–16], ionic liquid [17,18] and chemical alternations [19–26]
ave been investigated widely. However, additional weight from
upport or solvent inevitably scarifies the hydrogen content of the
ystem. In this context, the direct catalytic modification of solid
hase AB is viewed as an attractive mean. Recently, we reported

∗ Corresponding author. Tel.: +86 411 84379905; fax: +86 411 84685940.
E-mail address: pchen@dicp.ac.cn (P. Chen).

920-5861/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.cattod.2011.02.041
nanosized Co-, Ni- [27] and Fe–Based [1] catalysts on the heteroge-
neous catalytic dehydrogenation of AB and achieved approximately
1 equiv. H2 desorption from the catalyst-doped samples at a tem-
perature as low as 60 ◦C with significantly depression of sample
foaming and byproducts (borazine and NH3). Crystalline PAB is
the main solid product. Metal-B alloys were identified as func-
tional species by X-ray atomic pair distribution functions (PDFs).
In this paper, quasi in situ 57Fe Mössbauer and XAS techniques
are employed to identify the changes of Fe chemical environment
in the iron chloride modified AB during dehydrogenation pro-
cess. The precursor effect (i.e. Fe with different chemical valences)
and loading effect on the dehydrogenation profile and formation
of crystalline PAB are also investigated. Kinetic analysis shows a
reduced kinetic barrier (Ea) for releasing H2 from the Fe-modified
AB samples compared with neat one.

2. Experimental

2.1. Sample preparation
AB (Sigma–Aldrich, 97.0%), FeCl2 (Sigma–Aldrich 97.0%), FeCl3
(Sigma–Aldrich, 98.0%), and tetrahydrofuran (THF; 99.8% J&K
Chemical) were used without further purification. 2.0, 5.0, 8.0
and 10.0 mol.% FeCl2 or FeCl3 were introduced into solid AB
using “co-precipitation” method developed elsewhere [27]. The

ghts reserved.

dx.doi.org/10.1016/j.cattod.2011.02.041
http://www.sciencedirect.com/science/journal/09205861
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and exact evolution of 1.0 equiv. H2. The kinetic analysis results
shown in Section 3.3. Table 1 present that the specific rate constant
k of FeCl3-doped AB at 60 ◦C is 2.5 times as that of FeCl2-doped
AB, which is consistent with the volumetric release measure-
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atalyst-doped AB samples were preserved below 10 ◦C to avoid
elf-decomposition. All sample handlings were conducted in an
Braun 200 glove box filled with purified argon.

.2. Characterizations

The decomposition of samples was investigated by a homemade
emperature programmed desorption-mass spectrometer (TPD-

S)  combined system with a heating rate of 1 ◦C min−1. Volumetric
elease for quantitative measurements of hydrogen evolution from
amples was carried out on a homemade Sievert type appara-
us. Kissinger approach was adopted to obtain kinetic data, where
eak temperatures at heating rates of 0.5, 1, 2 and 3 ◦C min−1

ere collected on a differential scanning calorimeter (DSC) system
STA449C Netzsch Company). X-ray diffraction (XRD) measure-

ents were conducted on a PANalytical X’pert diffractometer
Cu K�, 40 kV, 40 mA). In order to avoid sample contamination by
ir, the sample holder was covered by a piece of shielding kapton
lm. The gaseous products were introduced into a diluted sul-
huric acid to detect the NH3 concentration from the change of
onductivity of the acid solution. Fourier transform infrared (FTIR)
easurements were performed on a Varian 3100 unit in transmit-

ance mode.
Quasi in situ 57Fe Mössbauer spectra were recorded at room

emperature using a Topologic 500A spectrometer with a propor-
ional counter. 57Co(Rh) moving in a constant acceleration mode
as used as the radioactive source. The Doppler velocity of the spec-

rometer was calibrated with respect to �-Fe foil. Samples were
rotected under Ar atmosphere during Mössbauer measurements.

n the spectral analysis, the component of alloyed state iron was fit-
ed by assuming a distribution in magnetic hyperfine field and the
uadrupole splitting was negligible; the other components were
tted by assuming Lorentzian lineshapes. In this way, Mössbauer
arameters such as the isomer shift (IS), the electric quadrupole
plitting (QS), the full line width at half-maximum (FWHM), the
agnetic hyperfine field (H), and the relative resonance areas of the

ifferent components of the absorption patterns (RI) were deter-
ined.
Room temperature XAS spectra at Fe K-edge were collected in

ransmission mode at BL14W1 beamline of Shanghai Synchrotron
adiation Facility (SSRF). Samples were pressed into a pellet under

 pressure of 1.0 ton and coated with a kapton film bag. Metallic Fe
oil, FeCl2 and FeCl3 were also measured as standard references
nd for energy calibration. Analysis of extended X-ray adsorp-
ion fine structure (EXAFS) data followed the standard procedures
sing WinXAS code [28]. After background removal and normal-

zation, the XAS function in the range 2.0–10.5 ´̊A−1 in k space
as extracted and Fourier transform was carried out with k2

eighting to obtain structural information around the absorbing Fe
toms.

. Results and discussion

.1. Precursor effect

FeCl2 and FeCl3 were used as catalyst precursors and introduced
o AB via the “co-precipitation” method developed elsewhere [27].
ig. 1 shows the TPD curves of the 2.0 mol.% catalysts-doped and
eat AB. Identical to what reported in the literature [7,8], the first
quivalent H2 is released at peak temperature 108 ◦C for neat AB.

hile the FeCl2- and FeCl3-doped AB start to evolve hydrogen at

round 55 ◦C (see Supplementary data) and give broad peaks cen-
ered at 101 and 98 ◦C, respectively. The second desorption peaks
f the catalyst-doped AB samples are broader than that of the neat
B, indicating the formation of different types of PAB in the first
Fig. 1. TPD-MS H2 (bottom) and borazine (top) signals of neat, 2.0 mol.% FeCl2- and
FeCl3-doped AB samples.

desorption step, which is similar to the Co- or Ni-based catalytic
dehydrogenation of AB [27]. Because of low loading of catalyst
(2.0 mol.%) and the ramping of temperature, some of the AB in
poor contact of catalyst may  undergo self-decomposition. There-
fore, the solid product of the first step of the TPD treatment may be
comprised of amorphous (from self-decomposition of AB) and crys-
talline (from catalytic dehydrogenation of AB) PAB. Also shown in
Fig. 1, borazine which is a poison product to fuel cell is significantly
suppressed. Isothermal volumetric release measurements on the
doped and neat AB samples (shown in Fig. 2) reveal that little H2
is released from the neat AB at 60 ◦C even holding the tempera-
ture for 40 h, which is probably due to extremely long induction
period [29,30]. Under the same condition, the Fe-doped AB sam-
ples evolve hydrogen immediately upon reaching the temperature
showing clear difference from the diammoniate of diborane (DADB
in short) initiated sigmoidal kinetic behavior of neat AB reported in
the literature [29–31].  By comparison, the FeCl3-doped AB sample
exhibits superior performance than FeCl2, i.e. the higher activity
0 10 20 30 40
Time (h)

Fig. 2. Volumetric release measurements on neat, 2.0 mol.% FeCl2- and FeCl3-doped
AB  at 60 ◦C.
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Table 1
Ea , A and k (at 60 ◦C) calculated from Kissinger equation and Arrhenius equation.

Ea (kJ mol−1) A (min−1) k (min−1)
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Neat AB 124.9 2.64 × 1016 6.75 × 10−4

AB + 2.0%FeCl2 118.9 6.97 × 1015 1.56 × 10−3

AB + 2.0%FeCl3 98.8 1.23 × 1013 3.90 × 10−3

ents. Noting the lower solubility of FeCl2 in THF, FeCl2 cannot
e finely dispersed on AB during “co-precipitation”. 57Fe Möss-
auer characterizations in Section 3.4 show that 67% FeCl2 remains
nchanged in the as-prepared FeCl2-doped AB sample, also indi-
ating poor dispersion of FeCl2 on AB. On the contrary, due to the
ood solubility of FeCl3 in THF, all the FeCl3 can contact with AB
olecules upon mixing AB with FeCl3 during “co-precipitation”,
hich is consistent with Mössbauer spectrum of as-prepared FeCl3-
oped AB sample. The better contacting between FeCl3 and AB,

.e. better dispersion of FeCl3 on AB, is responsible for the higher
ctivity of FeCl3-based catalyst. Further more, NH3 and sample
oaming were also depressed in the post-dehydrogenated AB with
nly 2.0 mol.% Fe loading, which agrees with the previously work
1].

.2. Loading effect

Volumetric release measurements are carried out on AB doped
ith various FeCl2 and FeCl3 loadings at 60 ◦C. Normally, higher

atalyst loading exhibits higher dehydrogenation rate as shown
n Fig. 3. XRD is employed to identify the dehydrogenation prod-
cts from neat AB at 80 ◦C and AB doped with various Fe loadings
t 60 ◦C as shown in Fig. 4. The post-dehydrogenated AB sample
s essentially amorphous in nature with a broad peak around 19◦

Fig. 4a). However, for the Fe-doped AB samples, a strong diffrac-
ion peak at ca. 23.5◦ and several weak peaks at ca. 20.3◦, 30.2◦
nd 40.2◦ can be detected (Fig. 4b). This XRD patterns may  be
ssignable to cyclopentaborazane (CPB (NH2BH2)5) by Böddeker
t al. [32] or Goldberg et al. [12,33], or may  be a more ordered
inear PAB (NH2BH2)n assigned by Staubitz et al. recently [34].
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ig. 3. Volumetric release measurements on FeCl2 and FeCl3-doped AB samples with
arious loadings at 60 ◦C.
Fig. 4. XRD patterns of post dehydrogenated (a) neat AB at 80 ◦C; (b–d): 2.0, 5.0 and
8.0% FeCl3-doped AB at 60 ◦C; and (e–h): 2.0, 5.0, 8.0 and 10.0% FeCl2-doped AB at
60 ◦C. (�, crystalline linear PAB).

Fig. 5 shows the FTIR measurement on the post-dehydrogenated
2.0% FeCl3-doped AB sample which is similar to both of the crys-
talline CPB [32,33] and ordered linear PAB [34]. Due to the existence
of iron species in the post-dehydrogenated sample, the low fre-
quency region of FTIR spectrum arises several new peaks. Here, we
give a general name, crystalline PAB, to the ordered products from
Fe–Based catalytic dehydrogenation of AB. It is worth noting that
crystalline PAB can also be obtained through Co- and Ni-based cat-
alytic dehydrogenation of AB. For FeCl3-doped AB samples, 2.0%
catalyst loading produces the highest crystallinity of PAB in the
post-dehydrogenated samples as shown in Fig. 4. However, the
post-dehydrogenated 5.0% FeCl2-doped AB sample exhibits a better
crystallinity than 2.0, 8.0 and 10.0% loadings in FeCl2-doped sam-
ples. It can be concluded that, to obtain a better crystallinity, the

crystal growth rate of PAB should match well with the monomer
(NH2NH2) formation rate, i.e. dehydrogenation rate of AB. Neither
too fast nor too slow dehydrogenation rate of AB is suitable for the
growth of crystalline PAB.
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Fig. 5. FTIR spectrum of post-dehydrogenated 2.0% FeCl3-doped AB at 60 ◦C.



72 T. He et al. / Catalysis Today 170 (2011) 69– 75

60 90 120 150 180

D
SC

 (m
W

/m
g)

a

Exo

0.5 oC min-1

3 oC min-1

b

c

o

F
F

a
r
n
t
s
c
s
t
p

F
(

b

In
te

ns
ity

 (a
.u

.)

Fe2+
c

alloy

alloy

h

alloy

i

j
alloy

Velocity (mm s-1)

k

d

alloy

e allo y

f alloy

g alloy

Fe2+

a

Fig. 8. Quasi in situ 57Fe Mössbauer spectra of (a) FeCl2, (b) FeCl2 distilled from THF,
(c)  FeCl3, and (d–g) 5.0% FeCl3-doped AB samples dehydrogenated 0, 0.2, 0.6 and
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ig. 6. DSC profiles of dehydrogenation of neat (a), 2.0% FeCl2-doped (b) and 2.0%
eCl3-doped (c) AB samples at heating rates of 0.5, 1, 2, 3 ◦C min−1, respectively.

Nuclear magnetic resonance (NMR) is a good method to char-
cterize the degree of polymerization of PAB. However, Fe or Fe
elated species in the dehydrogenated sample became a paramag-
etic material. The presence of the paramagnetic iron species in
he sample made solid NMR  characterization interpretation inclu-
ive, which discouraged our attempt in using NMR  to see the 11B

hemical environment. Also, the trials on liquid NMR  using solvent
uch as DMSO, H2O and hydrazine are unsuccessful probably due to
he difficulty of removing nanosized catalyst (or maybe some solid
roduct) from the liquid phase.
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1000/T  (K-1)

 neat  AB
 2% Fe Cl2
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Y=-1 5.022X+28. 196

Y=-14 .298X +26.91 3

ig. 7. Kissinger plots of the neat (�), 2.0% FeCl2-doped (�) and 2.0% FeCl3-doped
�)  AB samples at different heating rates.
1.2  equiv. H2 at 80 ◦C; (h–k) 5.0% FeCl2-doped AB samples dehydrogenated 0, 0.2,
0.6  and 1.2 equiv. H2 at 80 ◦C.

3.3. Kinetic analysis

To gain the insight of the enhanced kinetics, the reaction kinetic
parameters (activation energy Ea and the pre-exponential factor A)
are determined using the Kissinger equation [35–37],  namely:

ln

(
ˇ

T2
p

)
= ln

(
AR

Ea

)
− Ea

RTp
(1)

Here Tp is the temperature at which the maximum reaction rate
peaks, A is the pre-exponential factor,  ̌ is the heating rate, Ea is
the activation energy and R is the gas constant. The temperature
of maximum reaction rate at different heating rates is determined
by DSC technique (shown in Fig. 6). The dependence of ln(ˇ/T2

p )
vs. 1/Tp is plotted in Fig. 7. The activation energy Ea and the pre-

exponential factor A are calculated from the slope (−Ea/R) and the
intercept (ln(AR/Ea)) of the fitted line, respectively. Once Ea and A
are known, the specific rate constant k at a given temperature can
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Table 2
57Fe Mössbauer parameters of 5.0 mol.% FeCl2 and FeCl3-doped AB samples dehydrogenated 0, 0.2, 0.6 and 1.2 equiv. H2 at 80 ◦C. For comparison, parameters of pristine FeCl2,
FeCl3 and FeCl2 distilled from THF are also listed.

Composition Oxidation
state of Fe

ISa

(mm  s−1)
QSb

(mm  s−1)
Average
magnetic
field (T)

Spectral
area (%)c

FWHMd

(mm s−1)

FeCl2 in Ar (a) Fe2+ 1.09 0.76 – 100 0.28
FeCl2 from THF (b) Fe2+ 1.09 0.77 – 73 0.28

Fe2+ 1.08 2.35 – 27 0.62
FeCl3 in Ar (c) Fe3+ 0.42 – – 100 0.30
AB  + 5%FeCl3 (d) Fe2+ 1.08 1.50 – 84 0.40

Alloy 0.20 – 26.3 16 0.30
AB  + 5%FeCl3 − 0.2H2 (e) Alloy 0.19 – 20.5 100 0.28
AB  + 5%FeCl3 − 0.6H2 (f) Alloy 0.19 – 16.1 100 0.21
AB  + 5%FeCl3 − 1.2H2 (g) Alloy 0.20 – 15.2 100 0.22
AB  + 5%FeCl2 (h) Fe2+ 1.09 0.77 – 35 0.25

Fe2+ 1.13 2.22 – 32 0.37
Fe2+ 1.08 1.43 – 10 0.29
Alloy 0.19 – 27.4 23 0.20

AB  + 5%FeCl2 − 0.2H2 (i) Alloy 0.19 – 17.3 100 0.29
AB  + 5%FeCl2 − 0.6H2 (j) Alloy 0.18 – 17.8 100 0.24
AB  + 5%FeCl2 − 1.2H2 (k) Alloy 0.18 – 17.5 100 0.29
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a IS, isomer shift, relative to �-Fe at room temperature.
b QS, electric quadrupole splitting.
c Relative resonance areas of the different components of the absorption pattern
d Full line width at half maximum: uncertainty is ±5% of the reported values.

e determined by the Arrhenius equation:

 = A exp
(−Ea

RT

)
(2)

Table 1 presents Ea, A and k (at 60 ◦C) for each sample. As men-
ioned above, the rate constant k at 60 ◦C of FeCl3-doped AB is larger
han FeCl2-doped and pristine AB which agrees with the order of
ydrogen releasing rate determined in volumetric release measure-
ents. The Ea of the first dehydrogenation step of FeCl3-doped AB

s reduced to 98.8 kJ mol−1, and the rate constant k of 2.0% FeCl3-
oped AB system is 5.8 times as that of the neat AB at 60 ◦C.

.4. Quasi in situ 57Fe Mössbauer investigations

Mössbauer technique is an effective way to identify the cata-
yst components in terms of active phase or active sites [38,39],
specially on the amorphous materials, i.e. the short-range order
nd long-range disorder in structure [40–42].  Since the amorphous
tate of Fe species in our samples, quasi in situ 57Fe Mössbauer
pectroscopy were employed to identify the changes of chemical
tate and local environment of Fe during dehydrogenation pro-
ess as shown in Fig. 8. The 5.0% Fe–Based catalyst loading sample
as characterized by 57Fe Mössbauer technique in order to shorten

ignal accumulation time. 1.2 equiv. H2 can be released from 5.0%
e–Based catalyst loading AB at 80 ◦C in 40 h. For a comparison,
ristine FeCl2 (Fig. 8a) and FeCl3 (Fig. 8c) were also characterized by
7Fe Mössbauer spectroscopy. Corresponding evaluated 57Fe Möss-
auer parameters are exhibited in Table 2. The IS values of FeCl2 and
eCl3 are 1.09 and 0.42 mm s−1, respectively, which are consistent
ith Ref. [43]. Spectrum of Fig. 8b is FeCl2 distilled from a mixture of

eCl2 and THF. We  can see that, besides pristine FeCl2, there is a new
errous quadrupole doublet which is reasonably attributed to FeCl2
dducted with THF like FeCl2 adducted with H2O in the literature
43,44]. The Mössbauer spectrum for the as-prepared FeCl3-doped
B sample mainly contains one ferrous quadrupole doublet and one
lloyed iron with a distribution in hyperfine magnetic field (Fig. 8d),
howing the reduction of Fe3+ to Fe2+ and alloyed state by AB upon

ixing FeCl3 and AB at ambient temperature. However, for the as-

repared FeCl2-doped AB, the spectrum is consisted of three ferrous
uadrupole doublets and an alloyed component with a distribution

n hyperfine magnetic field (Fig. 8h), showing that partial reaction
f FeCl2 with AB upon mixing them at ambient temperature. The
alloyed component in FeCl3 and FeCl2-doped AB keeps unchanged
and functions as active center during the catalytic dehydrogenation
of AB which will be discussed below. The IS at 1.09 and 1.13 mm  s−1

with electric quadrupole splitting (QS) at 0.77 and 2.22 mm s−1

should belong to pristine FeCl2 (Fig. 8a) and FeCl2 adducted with
THF as mentioned above in Fig. 8b, respectively. These two species
(account 67%) do not have interaction with AB, indicting worse
dispersion of FeCl2 on AB, which is consistent with lower cat-
alytic activity of FeCl2 than that of FeCl3 as mentioned above. The
residue Fe2+ species with IS at 1.08 mm  s−1 and QS at 1.43 mm s−1

is similar with Fe2+ in the as-prepared FeCl3-doped AB, showing
the formation of same species between AB and FeCl2 or FeCl3 at
ambient temperature. As illustrated in Section 3.2,  2.0 mol.% FeCl3
loading exhibited the best crystallinity of PAB. However, the dis-
persion of FeCl2 on AB is worse than that of FeCl3, indicating that
more FeCl2 are needed to perform a similar catalytic activity and
crystallinity of PAB. Thus, for FeCl2-doped AB sample, 5.0 mol.%
loading gave the best performance in the formation of crystalline
PAB. In our previously report, FeB nanoalloys were identified as
functional species in the post-dehydrogenated Fe–Based catalyst
loading AB sample [1].  However, changes of Fe chemical state dur-
ing the dehydrogenation process were not studied in details. Thus,
to gain insight into the dehydrogenation process, samples at dif-
ferent dehydrogenated stages are collected for quasi in situ 57Fe
Mössbauer characterization. As shown in Fig. 8e–g and i–k, when
the FeCl3- and FeCl2-doped AB samples are heated to 80 ◦C and
released 0.2, 0.6 and 1.2 equiv. H2, respectively, identical patterns
with an average isomer shift around 0.19 mm s−1 relative to �-iron
were observed, which is similar to the isomer shift (0.19 mm s−1) of
Fe44Co19B37 and Fe62B38 amorphous alloys reported by van Won-
terghem et al. [40] We  can conclude that all the Fe2+ species is
reduced to Fe–B alloy upon heating the samples to higher temper-
ature in which the Fe–B alloy keeps unchanged and functions as
catalyst in the following dehydrogenation process.

3.5. XAS investigation
More information regarding the chemical state and local struc-
tures of Fe in the post-dehydrogenated FeCl2- and FeCl3-doped
AB samples is obtained from the XAS analysis. Fe foil, FeCl2 and
FeCl3 are also used as reference samples. As shown in Fig. 9, the
Fe K-edge X-ray absorption near edge structure (XANES) spectra of
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Structural parameters from EXAFS on Fe K edge of post-dehydrogenated 5% FeCl2-
doped AB. The values in parentheses show the estimated errors.
ig. 9. Fe K-edge XANES spectra of metallic Fe, FeCl2, FeCl3 and post-
ehydrogenated 5.0 mol.% FeCl2- or FeCl3-doped AB samples.

he post-dehydrogenated FeCl2- and FeCl3-doped AB samples are
uch similar with each other which resemble that of metallic Fe,

ndicating a zero valence of Fe in post-dehydrogenated samples.
owever, the Fourier transformed (Fig. 10)  pattern of the post-
ehydrogenated Fe-doped AB is different from that of the Fe foil.
ince ferric or ferrous salts are easy to be reduced by BH4

− and
lloy with B to form amorphous Fe–B alloys in solution [40,42],
eCl2 in the sample may  be reduced and alloy with B in AB during
ample preparation and dehydrogenation treatment, which is con-
rmed by previous report [1] and Mössbauer characterization as
entioned above. The post-dehydrogenated sample shows a much

roadened peak with the absence of high-order coordination peaks
ndicating an amorphous state of Fe species consistent with XRD
esults. The broadened peak attributes to the overlap of Fe–B and
e–Fe coordination at the first and the second shells [45]. Because
f the small X-ray scattering power for B, the Fe–B coordination
eak is weak and overlapped with Fe–Fe. Quantitative informa-
ion of local structural parameters was obtained by fitting of the
rst peak in real space using the phase shift and backscattering
mplitude extracted from theoretical FeB compound. The single
cattering paths of Fe–B and Fe–Fe were included in the fitting; the

nelastic factor was fixed to 0.9. A reasonable fit of the first peak
ives a Fe–B and Fe–Fe bond length of 2.12 and 2.50 Å, respectively.
able 3 presents the structure parameters of post-dehydrogenated
.0% FeCl2-doped AB sample. The distances of Fe–B and Fe–Fe in
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0.00

0.02

0.04

FT
(k

2
) (

a.
u.

)

R(Å)

 Fe  foi l
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ig. 10. Fourier transform of Fe K-edge EXAFS of Fe foil and post-dehydrogenated
.0% FeCl2-doped AB sample, the latter was fitted with Fe–B and Fe–Fe coordination.
hase shifts were not corrected.

[

[

[

[
[

[

[

[

Sample Pair N R (Å) �2 (Å2)

5%
FeCl2–AB

Fe–B 2.0(0.2) 2.12(0.01) 0.001(0.0002)
Fe–Fe 2.8(0.3) 2.50(0.02) 0.011(0.002)

the first and second shells are close to the FeB from PDFs [1] and
supports the formation of FeB alloy (1.73–2.16 Å) [40,41]. Here, we
can conclude most likely that Fe forms solid solution alloy with B as
reported. Since the formation of ordered PAB, the polymerization
may  follow the Ziegler–Natta mechanism [46–48] accompanied
with dehydrogenation in which Fe–B alloy functions as active
center.

4. Conclusions

Approximately 1 equiv. H2 can be released from 2.0 mol.% FeCl2-
and FeCl3-doped AB at a temperature as low as 60 ◦C with signif-
icantly depression of induction period, sample foaming and toxic
byproducts (borazine and NH3). FeCl3-modifyed AB exhibited supe-
rior performance than FeCl2-modified sample. Crystalline PAB is
formed from the dehydrogenation of Fe-doped AB, in which Fe–B
alloy is identified as the functional species during the catalytic
dehydrogenation.
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