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orption properties of MgCl2-added
ammonia borane compared to MgF2-added
systems—the unexpected role of MgCl2 interacting
with [NH3] units†

Xiaoli Ding, Jingjing Feng, Tianlai Xia, Xiaomin Yuan,* Dongming Liu, Yongtao Li *
and Qingan Zhang

An uncommon dehydrogenation mechanism for metal chloride-added ammonia borane (NH3BH3, AB)

systems revealed that MgCl2 interacts with the [NH3] units in AB, analogous to the amine complex of

Mg(NH3)xCl2, thus not only resulting in a remarkable decrease in the hydrogen desorption temperature

but also effectively suppressing undesirable volatile by-products, particularly ammonia gas.
Using hydrogen as an energy carrier is severely fettered by the
key fact that there is still no safe and effective method available
for storing hydrogen.1,2 To overcome this, signicant effort has
been focused on the possibility of using hydrides and their
complexes as a solid form of hydrogen storage.3–7 Among them,
chemical hydrides, particularly ammonia borane (NH3BH3, AB),
have been considered as promising hydrogen storage candi-
dates due to its intrinsic high capacity of 19.6 wt%.8,9 More
importantly, solid state AB can decompose below 100 �C and
can be regenerated via reacting with hydrazine in liquid
ammonia at a rather slow rate.10–12 Unfortunately, abundant
volatile impurities such as ammonia (NH3), diborane (B2H6) or
borazine (N3B3H6) are released along with H2,13 which not only
decreases the yield of H2 but also poisons the noble metal
catalysts and Naon membrane used in fuel cells.14,15 Thus,
substantial effort has been devoted to suppressing undesirable
volatile products to improve the yield of H2 and further promote
its practical use as a hydrogen supply to fuel cells.

One effective approach to improve hydrogen release from AB
is the chemical modication of its electron donor–acceptor
complex structure by adding chloride salts. In an early study,
Heldebrant et al.16 reported that the introduction of NH4Cl to AB
forms an intermediate [(NH3)2BH2]

+Cl�, which results in the
rapid release of hydrogen below 90 �C. Later, Chen et al.17 found
that approximately 5.8 wt% hydrogen is evolved from CoCl2-
doped AB at a temperature as low as 59 �C due to the catalytic
effect of partially reduced Co active species. In a subsequent
report, Jagirdar et al.18 proposed that by milling AB with CuCl2 we
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can achieve facile desorption at about 60 �C through an inter-
mediate [NH4]

+[BCl4]
� phase without borazine emission.

Following these observations, our recent study showed that the
incorporation of alkaline earth metal chlorides into AB can
further decrease the desorption temperature to be as low as 50 �C
and suppress the formation of undesirable volatile by-products.19

However, a rival determination of how the modication of alkali-
earth metal chlorides into AB decomposition occurs is lacking
and the underlying mechanism is not well understood. More
recently, Nakagawa et al.20 further found that the Mn+ of MCln
with high electronegativity (cp) acts as a Lewis acid and initiates
the AB dehydrocoupling reaction by inducing changes in the
electronic state of N. Different from all of the above studies, using
a comparative mechanism study among pristine, MgCl2- and
MgF2-added AB systems, we obtained results presented here that
reveal a new dehydrogenation mechanism. In the mechanism,
the MgCl2 unexpectedly interacts with the [NH3] units in AB,
analogous to the amine complex ofMg(NH3)xCl2, which results in
lowering the thermodynamic threshold as well as concomitantly
inhibiting undesirable volatile by-products.

The synchronous MS and TG proles in Fig. 1 show the
hydrogen desorption properties of the pristine AB and ball-
milled MgX2 (X ¼ F, Cl)/AB (molar ratio, 1 : 2) samples. For
the detected MS spectrum of H2 (Fig. 1a), two consecutive peaks
at �110 and �154 �C were observed for the pristine AB, being
consistent with the reported values.21 Similar peaks somewhat
downshied were also determined in the MgF2/2AB sample.
Compared to them, an evident shi to a lower temperature was
obtained in H2-MS spectrum for the MgCl2/2AB sample,
whereby the release of hydrogen started at approximately 40 �C,
with the rst peak appearing at approximately 60 �C (similar to
the decomposition of a SrH2 + AB mixture22) and was completed
below 130 �C (see Fig. S1 (ESI†) for partial enlarged details).
More excitingly, considerable amounts of volatile by-products
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) The MS profiles of m/z ¼ 2 (hydrogen, H2), 17 (ammonia,
NH3), 27 (diborane, B2H6) and 80 (borazine, c-(NHBH)3) for pristine AB
(black dashed line), MgF2/2AB (green dot-dashed line) and MgCl2/2AB
(red solid line), and (b) their synchronous TG curves; the ramping rate
was 5 �C min�1. The inserts are the optical photographs of these
samples after heating in an argon flow. The sample loading was
approximately 2.5 mg. The scale bar is 5 mm.

Fig. 2 (a) The XRD patterns and (b) Raman spectra recorded for the
post-milled AB, MgCl2/2AB and MgF2/2AB samples without heating.
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including NH3, B2H6 and N3B3H6 were obtained for both the
pristine AB and MgF2/2AB samples, while not detectable or
negligible volatile by-products were observed for the MgCl2/2AB
sample. These remarkable suppressions of volatile by-products
were further demonstrated by the reduced weight loss detected
by TG analysis. As shown in Fig. 1b, the weight loss of �64 wt%
for pristine AB was in two steps and was observed at around 108
and 155 �C, along with the severe expansion that pushed up the
lid of the crucible (see photograph in Fig. 1b). This should be
attributed to the decomposition of AB into polymeric amino-
boranes ((NH2BH2)n, PAB) and polymeric iminoboranes
((NHBH)n, PIB) solid residues.15,23 Similarly, the MgF2/2AB
sample also exhibited a two-step decomposition with an ina-
ted feature. Its weight loss of�34 wt% was comparable with the
weight loss from AB in the mixture (�32 wt%). These obtained
weight loss results were far larger than the expected H-content
of 13 wt% in AB, further demonstrating the emission of unde-
sirable volatile by-products, as shown in Fig. 1a. In contrast, the
MgCl2/2AB did not exhibit any detectable foaming (see
This journal is © The Royal Society of Chemistry 2017
photograph in Fig. 1b), only with a weight loss of 12 wt%, which
was close to the theoretical hydrogen capacity of AB (�13 wt%).
These tremendous contrasts presented by both the TG analysis
and optical photographs strongly suggest the suppression of
volatile by-products via their distinct decomposition routes.

To reveal the intrinsic reason for the superior desorption
properties of MgCl2/2AB compared to MgF2/2AB and pristine AB,
the structural features of the samples during the milling and
heating processes were examined carefully. First, the milled
samples were examined by XRD and Raman scattering spec-
troscopy. It was found that all the peaks can be indexed by the
starting phases of AB, MgCl2 and MgF2 (see Fig. 2a) without new
peaks being detected, indicating that the solid-state reaction
between AB andMgX2 did not occur upon the initial milling step.
However, the chemical bonding states of these samples exhibited
different results. As shown in Fig. 2b, all the vibrational modes of
the typical B–H stretches at �2281 and 2380 cm�1, and the N–H
stretches at �3251 and 3318 cm�1 for the MgX2/2AB samples
became signicantly broader and weaker relative to those modes
for the pristine and post-milled AB (see Fig. S2 (ESI†)), suggesting
the reduced bonding stability.24 More interestingly, an evident
upeld shi for the B–H stretches and a downeld shi for the
N–H stretches were observed for MgCl2/2AB compared with the
shis observed for the pristine AB andMgF2/2AB samples, which
strongly indicates that the chemical modication was started
during the solid phase ball-milling step upon adding MgCl2. The
changed bonding structure caused by MgCl2 but not MgF2 may
alter the reaction pathway of AB, thus leading to favourable
thermal decomposition behaviour, as shown in Fig. 1.

Second, the MgX2/2AB samples aer heating at 130 �C were
further analysed by XRD and solid-state NMR techniques to
determine the difference in their phase and bonding states. As
shown in Fig. 3a, only MgF2 peaks were observed in the MgF2-
doped samples aer heating, indicating the single AB decom-
position and its resulting products with an amorphous nature.
RSC Adv., 2017, 7, 36684–36687 | 36685
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Fig. 3 (a) The XRD patterns and (b) 11B NMR spectra for the MgF2/2AB
and MgCl2/2AB samples after heating at 130 �C. The spinning side-
bands are marked with asterisks (*).

Fig. 4 The temperature-dependent Raman spectra recorded for the
thermal decomposition of (a) pristine AB, (b) MgF2/2AB and (c) MgCl2/
2AB upon heating from room temperature to 250 �C.

Scheme 1 The proposed route for the dehydrogenation of AB acti-
vated by MgCl2.
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Different from it, only some unknown phases that did not match
both the initial AB and MgCl2 were obtained in the MgCl2-doped
sample aer heating, strongly suggesting the MgCl2 was involved
in the desorption of AB but not for the MgF2-doped sample.
Furthermore, except for the similar tridentate 11B NMR spectra
that are possibly related to the single or two overlapping quad-
rupolar resonances of BN3, BN2H or even a mixture of both, an
additional peak at approximately �35 ppm was obtained for the
MgCl2-doped sample aer heating, which can be most likely
assigned to the unknown phase, as shown in Fig. 3a, i.e., the
complex of MgCl2 with AB aer heating at 130 �C.25,26

Third, we further employed in situ Raman spectroscopy to
examine the entire process of thermal decomposition. Fig. 4
exhibits the in situ Raman spectra for pristine AB and MgX2/2AB
during the heating process from room temperature to 250 �C. For
the pristine AB sample, the symmetric stretching bands of the B–
N, B–H and N–H bonds were gradually weakened at temperatures
over 100 �C and completely disappeared at about 125 �C, which
corresponded to the rst emission of volatile by-products (Fig. 1a).
The second emission of volatile by-products between 125 �C and
200 �C became illegible because of their initial remarkable relative
intensity. Moreover, MgF2/2AB exhibited a similar curve except for
two perpetual peaks at approximately 1250 and 3100 cm�1, which
were most probably due to the uorescent effect of MgF2. This
explains why they showed similar thermal decomposition
behavior (Fig. 1). In contrast, the B–N, N–H and B–H stretching
bands weakened at around 40 �C for the MgCl2/2AB sample and
were in good agreement with the TG/MS results shown in Fig. 1.
The intensity of these bands rapidly decreased and the bands
further disappeared as the temperature increased to 130 �C. More
remarkably, with the disappearance of the B–N, N–H and B–H
bands, two fresh bands emerged at 505 cm�1 and 916 cm�1,
which could not be identied as any known B-, N- and Mg-
36686 | RSC Adv., 2017, 7, 36684–36687
containing compounds.27–29 With increasing temperature, the
intensity of these fresh bands was observed to increase slightly.
Combining the TG/MS (Fig. 1) and XRD/NMR (Fig. 2 and 3)
results, the resulting product could be preliminarily deduced to be
This journal is © The Royal Society of Chemistry 2017
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a Mg–N–B–Cl–H complex. In this regard, a complete overview by
employing componential determination/theoretical calculations
is currently underway in our laboratory. More interestingly, upon
further heating to 600 �C (see Fig. S3 (ESI†)), theMgCl2 peaks were
recovered in the XRD pattern. This strongly suggests that an
uncommon mechanism for the MgCl2 was involved in the AB
decomposition. This mechanism was different from the existing
desorption mechanism of the other metal chloride doped AB,
such as catalytic effect of the in situ formed nano-metals in CuCl2,
CoCl2 and NiCl2 doped AB systems,17,18 as well as B–H bonds
activated by partially substituting the H of the [BH3] group with Cl
anions for the NH4Cl added AB system.16

In terms of the abovementioned properties and structural
analyses, it is reasonable to deduce that in the MgCl2/AB system,
MgCl2 rst interacted with the [NH3] units of the AB molecule due
to the strong electron donor–acceptor coupling observed under the
milling effect, as shown in Scheme 1. This interaction is similar to
the ligand effect of MgCl2 with NH3 in the amine complex of
Mg(NH3)xCl2,30 which not only results in suppressing NH3 release
(Fig. 1a), but also changes the bonding state of N–H and B–H
(Fig. 2b). Along with heating, the routine combination of H+/H�

will release H2 gas. Moreover, the electronegative Cl� is able to
coordinate with the electropositive B atom via its lone electronic
pairs, thus resulting in the occurrence of those unknown inter-
mediates as conrmed by the XRD and Raman patterns (Fig. 3 and
4). When heated to 600 �C (Fig. S3 (ESI†)), these intermediates
further decompose into conventional amorphous B–N polymer-
ides and unexpected MgCl2 crystals. This magical disappearance/
reappearance of MgCl2 strongly conrms that an unusual
desorption mechanism exists in the MgCl2-doped AB system, i.e.,
the initial ligand interaction of MgCl2 and NH3BH3 only disturbs
the B–N, B–H and N–H bonding, but does not combine with them
to form any stable compounds, thus leading to its superior prop-
erties compared to the pristine and MgF2-doped AB samples.

In summary, it has been demonstrated that the hydrogen
from AB is released at a temperature as low as 40 �C, and the
release of undesirable volatile gases (especially for NH3) is
remarkably suppressed upon the addition of the MgCl2. These
improvements are attributed to the MgCl2 unexpectedly inter-
acting with the [NH3] units in AB, analogous to the amine
complex of Mg(NH3)xCl2. These results not only deepen the
understanding of the desorption mechanism of metal chloride–
AB systems, but also provides further insight into the promo-
tion of hydrogen release from metal amidoborane and related
borohydride amine complexes.
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