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Introduction

As the demand for clean and renewable sources of energy
grows, attention has increasingly been focused on using hydro-
gen as an alternative to fossil fuels." However, the application
of hydrogen in on-board transportation systems still confronts
us with some scientific and technical problems, in which the
development of safe and efficient hydrogen-storage materials
is widely regarded as one of the greatest challenges.””
Recently, extensive efforts have been focused on boron-nitro-
gen (B-N)-based hydride materials, primarily due to the light
constitutional boron element and their resulting high hydro-
gen storage capacities.® '* Among them, ammonia borane (AB)
has quickly dominated as one appealing material, especially
because of its satisfactory air stability, relatively low hydrogen-
release temperature (<100 °C) and remarkably high gravimetric
hydrogen capacity (19.6 wt%)."*

However, due to the thermodynamics of AB dehydrogena-
tion, direct hydrogenation of H,-depleted AB is unfeasible.'®™°
Previous efforts have demonstrated that a more feasible
approach would be to perform the regeneration off-board
in a series of reactions that are more thermodynamically
reasonable.”*>* A three-step regeneration strategy of AB based
on the digestion of H,-depleted AB (BNH,) by the formation of
a series of B-X species (i.e. B-O, B-S, B-Cl, B-Br), the
reduction of these compounds with the yielding of Lewis
base borane adducts, and the replacement of these ‘helper
ligands’ with ammonia has been widely accomplished for
the implementation of the regeneration scheme,'® 26728
However, most of the schemed regeneration strategies still
face a grand challenge: non-recyclablability of the reductants
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This paper reports a complete ammonia borane (AB) regeneration process in which BusSnH was utilized
as a reductant for the reductive dechlorination of BCls, and Et,PhN was selected as a ‘helper ligand’ to
generate Et,PhN-BHz, which gives rise to a high yield of AB by a base-exchange reaction at ambient

(e.g. CH3;0OH-LiAlH,, HCI-MgH, or Et;SiH and HBr-Et;SiH
systems) (Table S1t), which has thus far limited their success
as an industrially viable process for H, storage. In general, an
acceptable and complete regeneration scheme must be (1)
appropriate for a variety of spent fuel types, (2) high yielding
and (3) highly energy efficient.>’ Recently, a new regeneration
strategy has been presented by Mertens and Reller, who
applied HCI-AICI;-CS, to digest the H,-depleted AB (polyami-
noborane (BH,NH,),, borazine and crosslinked polyborazy-
lene) with 90% yield of BCl;, which gave rise to 60% overall
yield of AB via H,-NizB-Et;N reduction and the base-exchange
steps.”® The new process is quite attractive due to the optimi-
zation of the reduction step. However, the relatively low yield,
low energy efficient and high-temperature ammoniation reac-
tion do not make the current process appear favorable on an
industrial scale.>" Therefore, the development of new strategies
that are high-yielding and energy-efficient for the recycling of
AB is still an important issue.

Herein we recommend a complete recycling scheme for the
reductive dechlorination of BCl; (Scheme 1), in which BuzSnH

->2H,

NH;BH; Digestion BNH, HCI + AICL

EtzPth and S, NH;
NH; Ammoniation
Et,Ph BCl, NHCI

Reduction
Bu;SnCl and Bu;SnH
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CO, HCOOH
HCOOH Bu;SnCOOH H,

Scheme 1 Hydrogen cycle and regeneration of NHzBHs based on
SnBuzH.
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was employed as a reduction reagent which avoids the for-
mation of thermodynamically stable ClI-M products (no
efficient recycling pathway has been demonstrated to recycle
them), and Et,PhN was selected as a ‘helper ligand’ of boron
intermediates to maximize the overall efficiency of the AB
regeneration process. Our results demonstrated that ammonia-
tion of the generated Et,PhN-BH; gives rise to a high yield of
AB at ambient temperature.

Experimental
Sample preparation

The source materials BCl; (1.0 M in methylene chloride),
CH,Cl, 99.8%, BusSnH 97%, Et;N 99.5%, Et,PhN 99.5%, THF-
dg 99.5% (Sigma-Aldrich, USA) and NH; 99.99% (Alfa Aesar,
China) were obtained commercially. NH; was purified by
passing the gas through a column of soda lime prior to use.
All samples were handled in a N,-filled glove box equipped
with a recirculation system to keep H,O and O, levels below

1 ppm.

Reaction of BCl; with Bu;SnH in the presence of Et;N

Bu;SnH (2 mL, 2.196 ) and triethylamine (5 mL) were added
to BCl; (2.5 mL, 0.293 g) in an ice-water bath and loaded into a
closed vessel. This mixture was reacted for 12 h at RT or 60 °C
with stirring. The ''B NMR spectra presented that BCl; was
converted into the Et;NBC;,H species, which was the major
product (6 = —4.5 ppm).

A two-step reaction to generate NEt;-BH;

BusSnH (4 mL, 4.392 g) was added dropwise into to BCl;
(5 mL, 0.586 g) at the molar ratio of 3: 1 in the ice-water bath.
The reaction mixture was stirred for 12 h and no BCl; was
detected by "B NMR. The released gas (B,Hs) was bubbled
through a trap filled with Et;N to form Et;N-BHj;, which was
identified by ''B NMR. A schematic diagram of the experiment
is shown in Fig. S1.1

Reaction of BCl; with Bu;SnH in the presence of Et,PhN

BuzSnH (2 mL, 2.196 g) and Et,PhN (5 mL) were added to BCl;
(2.5 mL, 0.293 g) and loaded into a closed vessel. This mixture
was reacted for 12 h at RT or 60 °C with stirring. The ''B NMR
spectra presented only one boron species resonating at
—13.3 ppm, corresponding to BH; units (/gy = 97.656 Hz),
which were confirmed for Et,PhN-BH; by comparison of the
"B NMR spectrum with synthetic Et,PhN-BH;. Et,PhN-BH;
was exposed in a closed vessel to ammonia gas at a pressure of
1 bar for 3 h.

A two-step reaction to generate Et,PhN-BH;

BuzSnH (4 mL, 4.392 g) was added dropwise into to BCl;
(5 mL, 0.586 g) at the molar ratio of 3:1 in the ice-water bath.
The reaction mixture was stirred for 12 h and no BCl; was
detected by "B NMR. The released gas (B,H,) was bubbled
through a trap filled with Et,PhN to form Et,PhN-BHj;, which
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was identified by '"B NMR. A schematic diagram of experiment
is shown in Fig. S1.7 Et,PhN-BH; was exposed in a glass tube
to ammonia gas at a pressure of 1 bar for 3 h. Afterwards, this
mixture was filtered and washed three times with CH,Cl,.
Finally, AB (0.137 g, 89%) [''B NMR (THF-dg): § = —23.5 ppm,
Jsu = 92 Hz] was afforded by removing the CH,Cl, in a vacuum
at room temperature.

Synthesis of Et,PhN-BH;

BH;-THF (2 mL) was added to Et,PhN (2.5 mL) in the ice-water
bath and loaded into a glass tube. This mixture was reacted for
12 h. The "'B NMR spectra demonstrated that BH; THF was
completely converted into the Et,PhN-BH; species.

Materials characterization

Solid-state infrared spectra of the samples (as KBr pellets) were
recorded using a Nicolet Nexus 470 FTIR instrument in the
range of 500-4000 cm™'. During the IR measurement (KBr
pellets), samples were loaded into a closed tube with CaF,
windows. The "B NMR spectra were recorded using a Bruker
Avance III 500 MHz spectrometer, and the **B shifts were refer-
enced to BF;-OEt, (6 = 0 ppm). For all samples the spectra were
measured with and without decoupling. NMR solvents were
used without further purification.

Powder X-ray diffraction measurement

In-house powder X-ray diffraction (XRD, Rigaku D/max 2400)
measurements using CuKoa radiation at 50 kV and 150 mA
were also conducted to confirm the phase composition of the
samples. During the XRD measurements, amorphous polymer
tape was used to cover the surface of the powder to avoid
oxidation.

Results and discussion

Employing the appropriate reductants is critical for obtaining
the optimal chemical yield and energy efficiency of the re-
cycling of these reducing agents, and thus the overall energy
efficiency of the AB regeneration cycle.”" Thus, the reductants
must not only be competent for the digested products, but
also have a realizable, relatively low energy recycling pathway.>'
By systematic screening experiments, we employed BuzSnH as
a reducing reagent, which has been extensively employed in
organic reactions.**?® In the pre-existing reports, BuzSnH
could completely convert BCl; into gaseous diborane at
ambient temperature and the formed Cl-Sn product is easily
recycled through an efficient pathway.>”*® Recently, Gordon
et al. have demonstrated that polyborazylene, one form of
spent AB fuel, can be regenerated efficiently by the stepwise
addition of appropriate digesting- (C¢H4(SH),) and reducing-
agents (Bu;SnH)."® Therefore, Bu;SnH, as a commercially avail-
able reagent, would be a good starting point.

Given that diborane is easy to coordinate with Lewis bases,
our initial reductive dechlorination of BCl; using Buz;SnH was
carried out in Et;N solution at room temperature. As shown in

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 B NMR (THF-dg) spectra of the products of BCls after reduction
using BuzSnH in the presence of EtzN at RT and 60 °C, respectively.
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Fig. 2 B NMR (THF-dg) spectra of (a) BClz in CH,Cl,, and the products
(b) after reduction using BuszSnH, and (c) EtsN coordinated with the
released B,He.

Fig. 1, the "'B NMR spectra demonstrated that BCl; was con-
verted into Et;NBCl,H.>® However, the unreacted Et;NBCl; (6 =
9.7 ppm) was still retained as determined by ''B NMR. After
elevating the temperature to 60 °C, Et;NBCl; disappeared com-
pletely (Fig. 1) and a yield of more than 95% Et;NBCl,H was
obtained, while only a small amount of Et;NBCIH, was
observed, which agrees well with the results that active MgH,
and Et;SiH reduced BCl; in the presence of Et;N, respect-
ively.>® This suggests that the reductive dechlorination of BCl,
in the presence of Et;N may be unfavorable for the reduction
reaction.

To improve the reduction efficiency, we employed a two-
step reaction to generate Et;N-BH; (Fig. S11). In a typical experi-
ment, a solution of BuzSnH (2 mL) in 5 mL CH,Cl, was added
into BCl; (2.5 mL) with stirring at ambient temperature. After
24 h, no BCl; (5 = 9.9 ppm) was observed as detected by "'B
NMR (Fig. 2b). The released gas was bubbled through the
Et;N-solution with the formation of Et;N-BH; (6 = —14.4 ppm,
Jeu = 98.877 Hz) (Fig. 2¢).”> An advantage of the two-step
process is that it is achieved at ambient temperature with the
formation of a high yield of Et;N-BH; (95%). However, the
high ammoniation reaction temperature (for the conversion of
Et;N-BH; into NH3BH; at 80 °C) was inadvisable to the overall
efficiency of an AB regeneration process.”® Consequently, it

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) 'B NMR (THF-dg) spectra of the products of Et,PhN co-
ordinated with B,He and then ammoniation; (b) X-ray diffraction pat-
terns of the neat AB and the regenerated AB, respectively.
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Fig. 4 B NMR (THF-dg) spectra of the synthetic Et,PhN-BHz and the
reaction products between BCl; and BuzSnH in the presence of Et,PhN.

could be expected that a base of medium strength, e.g. Et,PhN,
could be suitable.”

We then replaced Et;N with Et,PhN as the ‘helper ligand’,
and the reaction was carried out at room temperature in a
two-step reaction. As shown in Fig. 3a, the "B NMR spectra
presented only one boron species resonating at —13.3 ppm,
corresponding to the BHj units (Jgy = 97.656 Hz). By com-
parison of the "B NMR spectrum with the synthesized
Et,PhN-BH;, the formation of the desired product,
Et,PhN-BH;, was confirmed (Fig. 4). Indeed, exposing
Et,PhN-BH; to dry ammonia gas at a pressure of 1 bar at 0 °C
for 3 h resulted in quantitative conversion to the BH;-contain-
ing species. ''B NMR spectroscopic investigation of the white
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Fig. 5 FTIR spectra of neat AB and the regenerated products,
respectively.

solid after removal of the remaining Et,PhN by filtering and
washing with CH,Cl, revealed the quantitative conversion to
AB with a yield of >95% (Fig. 3a). XRD and FTIR analyses on
the formed AB by this method afforded identical results to
those performed on an authentic sample of AB (Fig. 3b and 5).

Inspired by the above results, we performed the reaction of
Bu;SnH and BCl; in the presence of Et,PhN at room tempera-
ture and 60 °C, respectively. Both reactions were converted
into species that mainly contained Et,PhN-BH; (Fig. 6).
However, the replacement of Et,PhN by ammonia leads to a
small amount of AB (5%), which could be due to the fact that
some by-products have influence the base-exchange reaction.
This indicates that the two-step reaction is favourable for
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Fig. 6 'B NMR (THF-dg) spectra of the products of BCls after reduction
using BusSnH in the presence of Et,PhN at RT and 60 °C, respectively
(a), and then ammoniation at ambient temperature (b).

756 | Dalton Trans., 2015, 44, 753-757

View Article Online

Dalton Transactions

improving the overall efficiency of an AB regeneration process
in terms of the enhanced AB yield and the modified reaction
conditions. The regeneration reaction of BCl; can be specu-
lated as eqn (1)-(3):

6Bu3;SnH + 2BCI3 — B,Hg + 6BU3SHC1 (1)

Recycling of the reductants is crucial for an efficient regen-
eration scheme. Recently, a report from Gordon et al has
achieved the recycling of the by-product Bu;SnCl via multistep
reactions as shown in Scheme 1.>” In a typical reaction,
Bu;SnCl can be converted into Buz;SnCOOH via reaction with
formic acid in the presence of Et;N. In the thermolysis
process, Bu;SnCOOH was decomposed to release CO, and
form BusSnH in 60% isolated yield, in which BusSnH can re-
enter the AB regeneration process.”® In addition, Et,PhN was
able to be recycled with 90% isolated yield by dynamic vacuum
for the removal of CH,CIl, at 0 °C. Thus, we have successfully
achieved a complete regeneration cycle for AB as illustrated
in Scheme 1. Using the energetic efficiency developed by

eqn (4),”

Efficiency =
(equiv. H, stored)(57.8)
(equiv. H, used)(57.8) + > (AHendo) — (% heat recovery) > (—AHendo)

(4)

our regeneration process is estimated to be 43% efficient with
regard to the energy input required, which is a little higher
than the estimated 38% efficiency in recovering AB using the
HCI-H,/Ni;B strategy (Table 1 and Table S1-S6, see the ESIT
for complete equations).*> To test the overall procedure,
including all separation steps, we obtained an overall yield of
89% isolated AB on the first attempt, which is higher than
most of the previously reported regeneration systems (e.g. the
HCI-H, system, 60% isolated yield; CH;OH-LiAlH,~NH,Cl
system, 81% isolated yield; and CgHgS,-BuzSnH system, 67%

isolated yield)."%**3°

Table 1 Research status of all the reported regeneration schemes

Efficiency

Regeneration Complete (20% heat Yield
scheme recycling recovery) (%) (%)
CH,OH-LiAlH,-NH,CI No 50 81
CoHeS,-BusSnH-Bu,SnH, No 65 67
HCI-MgH, or Et;SiH No — —
HBr-Et;SiH No — 84
CeHeS,-Bus;SnH Yes 55 —
N,H,-NH, Yes — 95
HCI-H,/Ni;B Yes 38 60
HCI-BuzSnH Yes 43 89

This journal is © The Royal Society of Chemistry 2015
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Conclusions

In summary, we have successfully developed a complete regen-
eration cycle for AB based on Bu;SnH as a reductant for the
reductive dechlorination of BCl;, and Et,PhN as a ‘helper
ligand’ to generate Et,PhN-BHj;, resulting in a high yield of AB
by base-exchange reaction at ambient temperature. Using this
methodology, an overall yield of 89% isolated AB was achieved,
which is higher than most of the previously reported regener-
ation systems. All of the by-products in the regeneration
scheme are feasible to be converted into main reactants
without generating any new undesired products. As one of the
most potentially viable chemical hydrogen storage materials,
our results on the chemical regeneration of AB provide new
insights into B-N hydrogen storage materials moving toward
their practical application.
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