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A new complex material system, Mg(NH3)nCl2–nLiBH4 (here n can

be 1, 2 and 6), in which the MgCl2 works as ammonia carrier but

plays a crucial role in promoting the interaction between LiBH4 and

NH3 to release hydrogen at temperature below 100 �C, is reported.
Ammonia may be considered as a potential hydrogen carrier for

hydrogen delivery and for off-board storage, such as at refueling

stations and for stationary power applications. With the consider-

ation of fast kinetic of ammonia absorption and desorption and

feasibility of hydrogen release by catalytic cracking of ammonia,

metal ammine complexes (e.g. Mg(NH3)nCl2, here n can be 1, 2

and 6) have been claimed as a new solid-state way of indirect

hydrogen storage recently.1–4 However, given the catalytic decom-

position of ammonia from Mg(NH3)nCl2, there are still many

significant challenges, including (a) high decomposition temperature

of ammonia; (b) insufficient longevity and reliability of catalysts and

other components; and (c) low hydrogen capacity in the system

resulting from the accessional weight of MgCl2 and catalysts etc.,

which have to be overcome before it is available for on-board

applications.1

Herein, we report a new complex material system,

Mg(NH3)nCl2–n-LiBH4 (here n can be 1, 2 and 6), in which the

NH3 molecules can react with BH4 anion to generate H2 without

further combining with alkali to make NH2 anion close to BH4

anion on a molecular level, for example Li4BH4(NH2)3.5–7 In a series

of experiments, we clearly demonstrated that Mg(NH3)nCl2–

nLiBH4 is efficient to release H2 from both the ligands of NH3 and

the BH4 anion at temperatures as low as 100 �C. In addition,

compared with the pure metal ammine complexes reported by

Sørensen and co-workers, the hydrogen storage capacity is increased

greatly in the Mg(NH3)nCl2–nLiBH4 system due to the introduction

of BH4 anion.2 It is deduced that protic (N–H) and hydridic (B–H)

hydrogen atoms combine into H2, and MgCl2, working as a carrier

of ammonia, fractionally takes part in the reaction.

A range of Mg(NH3)nCl2 (here n can be 1, 2 and 6) have been

investigated as a solid form of hydrogen storage, and reversible

ammonia adsorption and desorption can be described by eqn (1), (2)

and (3).2–4
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Mg(NH3)6Cl2 # Mg(NH3)2Cl2 + 4NH3 (1)

Mg(NH3)2Cl2 # Mg(NH3)Cl2 + NH3 (2)

Mg(NH3)Cl2 # MgCl2 + NH3 (3)

These stable ammine phases were mixed with LiBH4 by ball milling

for 6 min at mole ratios of 1:1, 1:2 and 1:6, respectively. Fig. 1 shows

the TG-MS results for three mixtures, namely Mg(NH3)Cl2–LiBH4

(sample I), Mg(NH3)2Cl2–2LiBH4 (sample II) and Mg(NH3)6Cl2–

6LiBH4 (sample III). The onset dehydrogenation of sample III starts

at around 75 �C. Upon further heating, three major H2 evolution

peaks at 139 �C, 216 �C and 259 �C with a shoulder at 292 �C were

observed, which is comparable with the three-step decomposition of

Mg(NH3)6Cl2 (see Fig. S1 in the ESI‡). At higher temperature, one

strong and broad H2 peak appeared from 320 �C to 517 �C with

a culmination at ca. 478 �C, which results from the decomposition of

excess LiBH4.
8 For sample II, the onset dehydrogenation is about

72 �C with two major H2 peaks at 126 �C (broad) and 246 �C

(Fig. 1(a)). In the case of sample I, only one apparent dehydrogenation

peak at 240 �C was observed. Furthermore, sample II and sample III

exhibited vigorous emission of ammonia in the temperature range of

100–300 �C, while sample I liberated only trace amounts of ammonia

(Fig. 1(b)). The above results indicated that Mg(NH3)nCl2 combined

with LiBH4 results in a significant decrease of the hydrogen release

from both NH3 and LiBH4. In order to estimate the efficiency of NH3

conversion, volumetric measurement of TPD for the three samples

was conducted (see Fig. S2 in the ESI‡). Based on the TG (Fig. 1(c))

and TPD results, the quantitative decomposition capacities of H2 and

NH3 were calculated (see Table S1 in the ESI‡). The calculation results

indicated that sample I, sample II and sample III release 2.9, 5.1 and

10.5 equiv. of H2, accompanied by 0.08, 0.41 and 1.62 equiv. of NH3

emission, respectively. The efficiency of NH3 conversion for sample I,

sample II and sample III is 91.6%, 78.9% and 72.4%, respectively.

Clearly, Mg(NH3)Cl2–LiBH4 showed the highest efficiency, which

could be ascribed to its larger desorption enthalpy of ammonia than

those of Mg(NH3)2Cl2 and Mg(NH3)6Cl2,
2 resulting in suppression of

ammonia release until higher temperatures. Note that by designing

a simple accessorial filter, we can restrain the emission of ammonia

resulting in hydrogen generation with high purity (see Fig. S3 in the

ESI‡). This approach makes the Mg(NH3)nCl2–nLiBH4 system

exhibit prospective engineering applications for on-board hydrogen

sources.

To understand the role of MgCl2 in the hydrogen release of the

Mg(NH3)nCl2–nLiBH4 system, LiBH4 was heated at 300 �C for 3 h

under pure ammonia atmosphere (about 1 bar). The result of 11B

NMR for the product shows scarcely detectable B atoms with

chemical shifts comparable to the B atoms in LiBH4
9 (see Fig. S4 in
This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b916503g
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM019042


Fig. 1 a) Temperature dependence of H2 release; b) temperature

dependence of NH3 release; c) TG results for samples I, II and III.

This journal is ª The Royal Society of Chemistry 2009
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the ESI‡), suggesting that pure NH3 hardly reacts with LiBH4 at

300 �C. It suggests that MgCl2 plays a crucial role in promoting the

hydrogen release in the Mg(NH3)nCl2–nLiBH4 system.

Fig. 2 shows the XRD patterns for sample I heated to different

temperatures. The peaks in the as-prepared sample did not corre-

spond to LiBH4 or Mg(NH3)Cl2 (see Fig. S5 in the ESI‡), suggesting

that a new phase, the reflection of which should be assigned to

a mixture of Mg(NH3)Cl2–LiBH4, appeared. With the increase of the

treatment temperature, the intensity of Mg(NH3)Cl2–LiBH4 peaks

decreased and transformed to MgCl2 completely after 230 �C. It

suggests that the hydrogen release is due to the reaction between

ammonia and LiBH4, and MgCl2 only played the role of ammonia

carrier. The improved dehydrogenation in Mg(NH3)nCl2–nLiBH4

may be due to the formation of Mg–N bonds, which lead to an

increased positive charge of Hd+ in NH3, thus promoting the

combination of BH/HN to produce H2. Additionally, the onset

dehydrogenation temperatures of sample II and sample III are about

100 �C lower than that of sample I. Although it is difficult to explain

this clearly based on the current results, we are inclined to attribute

this kind of discrepancy in temperature sensitivity to the different

BH/HN distances in sample I, sample II and sample III,10 which

differ due to the different numbers of ammonia ligands of

Mg(NH3)nCl2 (n ¼ 1, 2 and 6).

The fact that only MgCl2 was detected in the XRD suggests that

the final solid product for the reaction of ammonia and LiBH4 is an

amorphous structure. Combined with the TG results, the chemical

composition of the amorphous structure is most likely to be

(LiNBH). In order to confirm the possible routes for the hydrogen

release and the possible chemical bond in the amorphous (LiNBH),

the infrared spectra for sample I at RT, 50 �C, 150 �C, 200 �C and

250 �C were investigated (see Table S2 in the ESI‡). The IR spectrum

measured for sample I consists of several absorption bands in the NH

bending, NH stretching, BH bending and BH stretching regions, and

nearly the same positions of absorption peaks as for the substrates

(Mg(NH3)Cl2 and LiBH4) suggests that the ligand NH3 and BH4

anion remain intact within the structure.11–13 There are no absorp-

tions observed in positions expected for bridging B–H–B vibrations,
Fig. 2 XRD patterns of a) sample I, b) sample I after heating to 100 �C,

c) 160 �C, d) 200 �C, e) 230 �C and f) 250 �C. The peaks of MgCl2 are

marked with #.
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Fig. 3 FT-IR spectra (just cut from 1500cm�1 to 1100 cm�1 to better

expose the B–N region) of sample I: a) at room temperature; b) heated to

150 �C and c) heated to 250 �C.

Fig. 4 The 11B NMR of sample I recorded at 7.1T (96.3MHz): (a) at

room temperature; (b) dehydrogenated after heat treatment at 200 �C; (c)

dehydrogenated after heat treatment at 250 �C for 15 min and (d)

dehydrogenated after heat treatment at 280 �C for 3h. Spinning side

bands are marked with *.
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again consistent with the BH4 anion remaining intact.7 Consistent

with the MS signal, there are no distinct differences between the IR

spectra collected for sample I at RT and those after heat treatment at

50 �C and 150 �C. After thermal decomposition at 250 �C, the bands

in all of the NH stretching modes and two of the three NH bending

modes are totally absent, but there are no distinct changes in BH

bands because of no change in the BH stretching and bending

regions. This is accompanied by the presence of three strong peaks

(1457 cm�1,1366 cm�1 and 1354 cm�1) as shown in Fig. 3, which are

anticipated to be BN stretching modes and also agree with the

strengthening of the B–N bond in AB (1382cm�1) and NaNH2BH3

(1448 cm�1 and 1317 cm�1).13 Disappearance of the bands assigned to

NH stretching and bending modes is consistent with both disruption

of the NH bonds due to evolution of H2 and the observed emission of

a small amount of ammonia. No changes in BH bands suggest that

the amorphous product includes B–H bonds, confirming it has the

structure of (LiBNH).

The 11B NMR spectra for sample I at room temperature and after

heat treatment at 200 �C, 250 �C and 280 �C are shown in Fig. 4. For

the as-prepared sample, only a sharp line at�40.912 ppm is assigned

to the boron nucleus in the tetrahedral BH4
� units in LiBH4.

9,14 After

heat treatment at 200 �C, two new weak peaks are observed at

�1.915 ppm and 18.064 ppm (Fig. 4). The appearance of those two

weak peaks suggests that the chemical environment of fractional

B atom shifts to lower field compared to the tetrahedral BH4
�

because of the formation of HBN2 and BN3.
15 In addition, a chemical

shift, which is assigned to BH4
�, is observed at �40.149 ppm. After

desorption at 250 �C, one very weak peak at �18.655 ppm, which

may be assigned to BNH3 or BNH2, is observed along with the

increase of the HBN2 and BN3 peaks (observed at 21.612 ppm and

�1.647 ppm). Upon further heating at 280 �C for 3h, the peaks

corresponding to HBN2 and BN3 increased along with the peak of

BH4 diminishing. However, the chemical shift, corresponding to

BH4
�, is always present (observed at �41.283 ppm), which is similar

to the product of the decomposed LiAB and NaAB again (see Fig. S6

in the ESI‡) Therefore, we surmise that the dehydrogenation
7828 | J. Mater. Chem., 2009, 19, 7826–7829
mechanism of sample I is in some way the exact counterpart of LiAB

or NaAB. Regardless of the detailed reaction pathway, according to

the final products detected by XRD, FT-IR and 11B NMR, and three

molar equiv. of H2 released (see Table S1 in the ESI‡), we suggest that

reaction (4) is responsible for the emission of H2 mainly at 240 �C,

which also shows the predominant reaction occurring during the

thermal decomposition of sample I:
Mg(NH3)Cl2 + LiBH4 / MgCl2 + (LiNBH) + 3H2 (4)

Eqn (4) explains the presence of the MgCl2 phase detected by

XRD, and also support the presence of three IR peaks (1457 cm�1,

1366 cm�1 and 1354 cm�1), as shown in Fig. 2, which are anticipated

to be BN stretching modes. The observed HBN2 and BN3 in 11B

NMR spectra are consistent with the B atom environment in a bor-

azine-like or poly-borazine-like compound: (LiBNH), which was

reported by Xiong et al. recently.16 However, reaction (4) does not

explain the B site of BH4 observed in 11B NMR spectra (note that

nearly the same B site can be found in the decomposition of our home

made lithium amidoborane). We suggest that the present of BH4
� is

correlated with the emission of fractional NH3 from sample I which

results in the surplus of BH4 anion. MS signals of pure Mg(NH3)Cl2
show a weak peak corresponding to NH3 release at around 227 �C

(see Fig. S7 in the ESI‡), consistent with the main emission of NH3 in

sample I detected at around 227 �C (Fig. 1b). The thermodynamic

similarity in NH3 release reveals that the mechanism of ammonia

emission in sample I is nearly the same as that for pure Mg(NH3)Cl2.

Furthermore, the calculated weight loss of reaction (4) is about 4.5%,

which is about 0.7% lower than the TG result (note that NH3 is much

heavier than H2), which also can be explained by the emission of

a small amount of ammonia in sample I. The emission of NH3 of

sample I is likely due to incomplete contact of the particles in the solid

state or fractional Mg(NH3)xCl2 (here x > 1) which may contaminate

our home made Mg (NH3)Cl2, and the ligand NH3 fails to take part

in chemical reaction (4) with stoichiometric LiBH4.
This journal is ª The Royal Society of Chemistry 2009
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It is worth noting that a similar performance can be achieved by

mixing Mg(NH3)Cl2 with other borohydrides, such as NaBH4,

Mg(BH4)2 and Ca(BH4)2. As an example, the result of NaBH4–

Mg(NH3)Cl2 was examined (see Fig.S8 in the ESI‡). The MS signal

of NaBH4–Mg(NH3)Cl2 showed one major H2 peak at around

235 �C, which is consistent with the dehydrogenation temperature of

LiBH4–Mg(NH3)Cl2. It can be expected that Mn+(BH4)
�

n (regardless

of which kind of metal cation the M stands for), borohydrides are

always effective species in suppressing the emission of ammonia from

Mg(NH3)nCl2.

In summary, we have demonstrated a new multicompound

hydrogen storage system of Mg(NH3)nCl2–nLiBH4, in which MgCl2
plays the role of ammonia carrier and the hydrogen in the ligand NH3

is released by combining with BH4 anion at temperatures below

100 �C. These results indicated that, compared with catalytic cracking

of ammonia, keeping ammonia in the form of Mg(NH3)nCl2 and

releasing the hydrogen from the ligand NH3 through reacting with

additives at lower temperatures may be one more efficient approach

towards an ammonia-mediated hydrogen economy.
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