
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Dalton
 Transactions

www.rsc.org/dalton

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Significantly Enhanced Dehydrogenation Properties of 

Calcium Borohydride Combined with Urea 

Hailiang Chu,
* a

 Shujun Qiu,
a
 Lin Liu,

b
 Yongjin Zou,

a
 Cuili Xiang,

a
 Huanzhi Zhang,

a
 

Fen Xu,
a
 Lixian Sun,

a
 Huaiying Zhou

a
 and Guotao Wu

 * b 

 

Interaction of [BHx]- and [NHx]-containing species gives rise 

of molecular hydrogen and the establishment of B-N bond. 

Up to now, Metal amides and ammonia are the commonly 

used [NHx] sources. Herein, urea, an organic carbonyl 

diamide, was applied to react with Ca(BH4)2. A new type of 

complex hydrides Ca(BH4)2•4CO(NH2)2 was synthesized with 

releasing of ca. 5.2 wt.% hydrogen below 250 °°°°C. 

The development of hydrogen storage materials with high hydrogen 

content is of significant importance for the implementation of 

hydrogen fuel cell technology. Ca(BH4)2, with a hydrogen capacity 

of 11.4 wt.% and a favorable thermodynamics, has been considered 

as one of the promising hydrogen storage materials.1 Extensive 

investigations have been carried out on this complex hydride in 

recent years. However, Ca(BH4)2 has to be heated to a temperature 

above 350 °C to release hydrogen, which is too high to be in 

practical application. In addition, the dehydrogenation is kinetically 

sluggish even at elevated temperatures.2-3 Recent activities are 

somehow focusing on the thermodynamic and kinetic improvements 

of this compound through the additions of TiO2,
4 disordered 

mesoporous carbon,5 MgF2,
6 transition metal fluorides,7 Ti- or Nb-

containing catalysts8 and nanoscaffolds9 etc.. In 2012, a ternary 

hydrogen storage system, Ca(BH4)2-2LiBH4-2MgH2, was developed 

with superior long-term cycling performance in the temperature 

range of 320 to 370 °C.10 

An earlier work on the interaction of LiNH2-LiH introduced a 

strategy to design possible hydrogen storage candidates, that is, 

facile dehydrogenation can result from the combination of protic H 

(Hδ+) and hydridic H (Hδ-).11-12 Recently, unceasing research efforts 

led to the development of hydrogen storage systems comprising 

metal amides and calcium borohydrides.13-18 Ball milling the 

mixtures of Ca(BH4)2 and LiNH2 with variable LiNH2/Ca(BH4)2 

molar ratios results in different dehydrogenation properties.13-14 For 

example, Ca(BH4)2/4LiNH2 is capable of releasing more than 9 wt% 

of hydrogen in the temperature range of 250-350 °C, which show 

better dehydrogenation performances than pristine Ca(BH4)2.
14 With 

the assistance of nanosized Co catalyst, more than 4.5 and 7 wt.% of 

hydrogen can be released from Ca(BH4)2/4LiNH2 sample at a 

temperature as low as 165 and 178 °C, respectively.15 From 

theoretical calculations, the existence of a new quaternary compound, 

CaBNH6, whose stoichiometry comes from a 1:1 mixture of 

Ca(BH4)2 and Ca(NH2)2, was predicted and its thermodynamically 

preferred decomposition reaction involves the formation of BN with 

a low decomposition enthalpy.16 However, our experimental results 

show that ball milling the mixture of Ca(BH4)2 and 2Ca(NH2)2 gives 

a mixture of solid products with poor crystallinity.17 Ca(BH4)2·nNH3 

complexes can produced hydrogen through the interaction of the 

protic H(N) of NH3 with hydridic H(B) of Ca(BH4)2, and 11.3 wt.% 

of hydrogen could be released from Ca(BH4)2·2NH3 in closed 

reactor in the temperature range of 180 to 500 °C without the 

assistance of any catalysts.19 Combination of Ca(BH4)2·NH3 with 

LiBH4 was employed to advance its dehydrogenation, which showed 

tremendous suppression of ammonia formation and more than 12 

wt.% H2 release below 250 °C with favorable kinetics.20 More than 

10.0 wt.% H2 can be released from Ca(BH4)2/[C(NH2)3][BH4] 

complex below 300 °C due to the combination of protic Hδ+ (NH) 

and hydridic Hδ- (BH) hydrogens in the complex.21 In these cases, 

the strong potential in the combination of protic Hδ+ (NH) and 

hydridic Hδ- (BH) atoms and the establishment of a strong B-N bond 

should be one of the driving forces for the favorable 

dehydrogenation of these B-N-H composites. Although metal amides 

and ammonia have been be used for the modification of Ca(BH4)2, 

further improvements in dehydrogenation temperature, purity of gas 

released, etc. are still required. 

Urea is an organic compound with the chemical formula 

CO(NH2)2. The molecule has two -NH2 groups joined by a carbonyl 

(C=O) functional group. Urea is a non-toxic low-cost industrial 

product which is widely used as fertilizer. It can be synthesized from 

ammonia and CO2 in large quantities. Urea, which has a gravimetric 

hydrogen content of 6.7 wt.%, is a promising, low cost, and reliable 

chemical hydride for hydrogen storage in transport applications. 
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Despite the benefits of using urea as a hydrogen carrier, there is little 

activity in converting urea to hydrogen.22 

Herein, we demonstrate an effective approach for improving 

dehydrogenation properties of Ca(BH4)2 by interacting it with 

CO(NH2)2. By ball milling of Ca(BH4)2 and CO(NH2)2, a new 

complex with a chemical composition of Ca(BH4)2·4CO(NH2)2 was 

synthesized. Ca(BH4)2·4CO(NH2)2 complex shows substantially 

different dehydrogenation properties with respect to Ca(BH4)2, and 

5.2 wt.% of hydrogen can be released in a stepwise manner starting 

at 100 °C. 

Negligible amount of gaseous product was detected in the sample 

vessel after ball milling the mixtures with varying initial ratios of 

Ca(BH4)2 and CO(NH2)2 at 100 rpm for 2 h. XRD measurement on 

the powdery residue in molar ratio of 1:4 collected at the end of ball 

milling evidenced the disappearance of starting chemicals, i.e., 

Ca(BH4)2 and CO(NH2)2 (Fig. 1 and Fig. S1). A new set of  

diffraction peaks appears, which does not match with any known 

compound that contains elemental lithium, boron, nitrogen, oxygen, 

and hydrogen, and indicates the formation of a new complex of 

Ca(BH4)2·4CO(NH2)2 by solid reaction between Ca(BH4)2 and 

CO(NH2)2 through the reaction.  

Ca(BH4)2 + 4CO(NH2)2 → Ca(BH4)2·4CO(NH2)2    (1) 

Figure 1 

Fig. 1 XRD patterns of (a) CO(NH2)2, (b) Ca(BH4)2·4CO(NH2)2, and 

(c) Ca(BH4)2. 

 

A range of experimental evidence has been obtained to support the 

assignment of the newly synthesized crystalline phase to 

Ca(BH4)2·4CO(NH2)2. But our preliminary study using a 

combination of XRD analysis and first-principles calculations to 

solve its crystal structure is unsuccessful. As a complex containing 

ca. 7.74 wt.% hydrogen, Ca(BH4)2·4CO(NH2)2 is a potential 

candidate for storing hydrogen. Temperature-programmed 

desorption coupled with mass spectroscopy (TPD-MS) profiles of 

Ca(BH4)2·4CO(NH2)2, CO(NH2)2 and Ca(BH4)2 are shown in Fig. 2. 

The onset dehydrogenation temperature for Ca(BH4)2·4CO(NH2)2 

was as low as ca. 100 °C, which is about 160 °C lower than that of 

Ca(BH4)2. Ca(BH4)2·4CO(NH2)2 releases hydrogen in a stepwise 

manner. Two sharp peaks at 125 and 210 °C, which is accompanied 

with a trace of ammonia signal for the second hydrogen evolution 

peak (Fig. 2 (a)). For the self-decomposition of CO(NH2)2, no H2 

signal and only NH3 can be detected in the temperature range of 160 

to 250 °C (Fig. 2 (a)). It is worthy of noting that side products, such 

as diborane, CO, CO2, and HCNO were undetectable in the gaseous 

products of Ca(BH4)2·4CO(NH2)2 in the temperature range of 30-

500 °C. The dehydrogenation property of Ca(BH4)2·4CO(NH2)2 

exhibits remarkable difference from that of Ca(BH4)2, and the 

majority of hydrogen can be evolved at temperatures below 250 °C. 

Chemical bonding between B and N will be resulted after removal of 

hydrogen through the combination of Hδ+(NH2) and Hδ-(BH4). It is, 

therefore, difficult to re-hydrogenate the dehydrogenated products. 

To quantitatively measure hydrogen desorption from 

Ca(BH4)2·4CO(NH2)2, a volumetric release test was performed. As 

shown in Fig. 2 (b), ca. 8 equiv. or 5.2 wt.% of H2 can be released 

after holding the sample at 250 °C for 1 h according to the reaction 

(2). Ca(BH4)2, on the other hand, releases little H2 when holding it at 

the same temperature (Fig. S2). 

Ca(BH4)2 + 4 CO(NH2)2 → 8 H2 + [CaB2C4O4N8H8]   (2) 

Figure 2 (a) 

Figure 2 (b) 

Fig. 2 (a) TPD-MS and of H2 (m/z=2), B2H6 (m/z=26) and NH3 

(m/z=16) of Ca(BH4)2·4CO(NH2)2, CO(NH2)2 and Ca(BH4)2; (b) 

Time dependence of hydrogen desorption from 

Ca(BH4)2·4CO(NH2)2. Sample was heated to 250 °C at a ramping 

rate of 2 °C min-1 and kept at 250 °C for 1 h. 

 

Figure 3 

Fig. 3 11B NMR spectra of (a) Ca(BH4)2·4CO(NH2)2, (b) post-

dehydrogenated and (c) 1H → 11B cross polarization 

Ca(BH4)2·4CO(NH2)2 samples collected at 250 °C, (d) pristine 

Ca(BH4)2. 

 

To further understand the decomposition process for 

Ca(BH4)2·4CO(NH2)2 complex, characterizations on the solid 

products collected at 250 °C were performed. XRD measurement 

shows that the dehydrogenated samples are amorphous in nature (Fig. 

S3). Fig. 3 shows that solid 11B NMR characterization on 

Ca(BH4)2·4CO(NH2)2 complex reveals a single boron signal at δ = -

35.9 ppm which has a slightly upfield shift as compared with that of 

Ca(BH4)2 (δ = -29.8 and 32.7 ppm for α- and β-phase, respectively). 

FT-IR characterization on Ca(BH4)2·4CO(NH2)2 revealed that both 

the B-H stretching band in the region between 2500 cm-1 and 2000 

cm-1 and the BH2 deformation band at 1195 cm-1 and the 

characteristic N-H stretching band in the region between 2600 cm-1 

and 3000 cm-1 and the NH2 bending at 1469 cm-1 were detectable 

(Fig. S4). The post-250 °C dehydrogenated sample contains B 

species with resonances at around -36.8, -3.2, 16.6 and 22.5 ppm, 

respectively (Fig. 3). Although the peak is not obvious, B with a 

chemical shift at around -36.8 ppm should correspond to the residual 

BH4
- species, which agrees with the fact that the B-H and N-H 

stretching bands can still be observed in FT-IR results (Fig. S4). 

Usually, chemical shift ranges from 0 to 40 ppm corresponds to 

tricoordinated BIII atoms, and chemical shift ranges from -40 to 0 

ppm corresponds to tetracoordinated BIV atoms.23-24 The broad 

resonances centered around -3.2 ppm may be assigned to the 

tetravalent BN3 or NBH2 species, respectively,23-24 but the presence 

of BO2 group (chemical shift of 1.3±0.5 ppm) and tetragonal BO4 

group (chemical shift of 0.7 ppm) in the dehydrogenated product 

could not be excluded,25 which needs further characterization. The 
11B MAS NMR spectrum of the sample treated at 250 °C also 

presents a broad lineshape with two overlapping 11B peaks, at 16.6 

and 22.5 ppm, which may be assigned to the trivalent HN-B=N 

species. 1H → 11B cross polarization NMR measurement shows that 

tetravalent borane hydrogen substances (chemical shift of -36.4 

ppm), tetravalent borane nitrogen substances (chemical shift of -2.9 

ppm), and triavalent borane nitrogen substances (chemical shift of 

23.9 ppm) carry hydrogen atoms. According to the 11B NMR and 

FT-IR results, the dehydrogenation mechanism of 

Ca(BH4)2·4CO(NH2)2 complex may be similar to that of other B-N-

H systems, i.e. hydrogen release from Ca(BH4)2·4CO(NH2)2 
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complex may result from the dissociation of both B-H bonds of 

Ca(BH4)2 and N-H bonds of CO(NH2)2 followed by the combination 

of B and N.26-33 The formation of Ca(BH4)2·4CO(NH2)2 complex 

results in close contact between H(B) and H(N), so that the 

combination of B-H and N-H proceeds easily and leads to H2 release 

at much lower temperatures. Furthermore, the combination of B and 

N can remarkably suppress the release of NH3 from 

Ca(BH4)2·4CO(NH2)2 complex and lead to a relatively pure gaseous 

product. 

Conclusions 

In summary, a new Ca(BH4)2·4CO(NH2)2 complex can be formed by 

solid reaction of CO(NH2)2 with Ca(BH4)2 in a molar ratio of 1:4. 

5.2 wt.% of hydrogen can be released from Ca(BH4)2·4CO(NH2)2 

complex at reduced temperatures, which enables this new material a 

promising candidate for hydrogen storage. Interaction of N-H and B-

H in Ca(BH4)2·4CO(NH2)2 complex is the key factor for improving 

the dehydrogenation. Further investigations are needed to understand 

the reaction mechanism and to enhance the dehydrogenation kinetics 

of Ca(BH4)2·4CO(NH2)2 complex. It is worthy of highlighting that 

the present work may open a door in exploring organic-inorganic 

hybrid system for hydrogen storage. 
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