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Novel sodium aluminium borohydride containing
the complex anion [Al(BH4,Cl)4]�
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The synthesis of a novel alkali-metal aluminium borohydride NaAl(BH4)xCl4�x

from NaBH4 and AlCl3 using a solid state metathesis reaction is described.

Structure determination was carried out using synchrotron powder diffraction

data and vibrational spectroscopy. An orthorhombic structure (space group

Pmn21) is formed which contains Na+ cations and complex [Al(BH4,Cl)4]�

anions. Due to the high chlorine content (1 # x # 1.43) the hydrogen density of

the borohydride is only between 2.3 and 3.5 wt.% H2 in contrast to the expected

14.6 wt.% for chlorine free NaAl(BH4)4. The decomposition of NaAl(BH4)xCl4�x

is observed in the target range for desorption at about 90 �C by differential

scanning calorimetry (DSC), in situ Raman spectroscopy and synchrotron

powder X-ray diffraction. Thermogravimetric analysis (TG) shows extensive

mass loss indicating the loss of H2 and B2H6 at about 90 �C followed by extensive

weight loss in the form of chloride evaporation.
1 Introduction

Borohydrides are of great research interest in the field of on-board hydrogen
storage due to their high gravimetric and volumetric hydrogen density.1 Many
of these structures appear to be thermally very stable and consequently decom-
pose at very high temperatures (e.g. LiBH4, Mg(BH4)2).2,3 The main focus in the
search for new materials for hydrogen storage is to reduce their dehydrogena-
tion temperature and to implement reversible hydrogen sorption reactions.
The target temperature for desorption ideally matches the operating temperature
of a PEM fuel cell which is between 60 and 120 �C.4 The desorption tempera-
ture of the borohydrides decreases with increasing Pauling electronegativity (cP)
of the corresponding cation.5 Therefore partial substitution of the Na+ cations
(cp ¼ 0.93) with Al3+ cations (cp ¼ 1.61) in NaBH4 may produce weakened
B–H bonds.

There are a few reports on double-cation borohydrides AxMy(BH4)z and the first
theoretical and experimental studies point to an intermediate stability of the
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corresponding single-cation borohydrides.6–8 Recently, LiK(BH4)2,8 LiSc(BH4)4
9

and NaSc(BH4)4
10 were synthesized. For applications in hydrogen storage their

desorption temperatures are still too high with values of 380, 177 and 150 �C, respec-
tively. A series of Zn-based mixed-metal borohydrides showed lower decomposition
temperatures, ranging from 95 to 127 �C.11 However these exhibit much lower
hydrogen density. Al-Li-borohydride decomposes in the target range at about 70
�C, contains about 17.2 wt.% H2 and shows a recently described distinctly novel
structure.12 The synthesis was carried out using mechano-chemical synthesis. This
technique is widely used to prepare borohydrides by a metathesis reaction under
moderate conditions.5,12,13 Another suitable candidate for lowering the dehydroge-
nation temperature is NaBH4 which in turn is even more stable than LiBH4.
NaBH4 is only desorbing at about 500 �C containing 10.8 wt.% H2.14 Therefore
a slightly higher decomposition temperature is expected for Na-Al-borohydride
than the 70 �C of Al3Li4(BH4)13. The existence of [Al(BH4)4]� anions was claimed
in ref. 15 and confirmed in the structure of Al-Li-borohydride.12 DFT calculations
of various double-cation borohydrides by Hummelshøj et al.6 showed that
NaAl(BH4)4 and LiAl(BH4)4 should be stable under ambient conditions. Al-Li-
borohydride was already observed experimentally however it shows the different
chemical formula Al3Li4(BH4)13.

Herein, we report on the synthesis and detailed structural, physical and chemical
characterisation of a complex Na-Al-borohydride. The structure was determined
by synchrotron powder diffraction experiments and further structural characterisa-
tion was done by vibrational spectroscopy (Raman and IR). To identify the modes
observed in the Raman and IR spectra, a simulation for the anion [Al(BH4,Cl)4]�

was carried out in different compositions. The compound under study shows
decomposition at moderate temperatures at about �90 �C. However the practical
hydrogen density (2.3–3.5 wt.% H2) is much lower than the theoretical one (14.6
wt.%) because of the very high amount of chlorine in the structure. A quite
high amount of AlCl3 is needed to form high weight fractions of the new phase.
Therefore it contains a lot of chlorine which is incorporated into the structure
instead of (BH4)�.
2 Experimental

2.1 Structural characterisation

AlCl3 (Merck, purity 98 wt.%) and NaBH4 (Sigma-Aldrich, purity 99 wt.%) mixed
in different molar ratios (1 : 1, 1 : 2, 1 : 3 and 1 : 4) were ball milled for 5 h under
argon atmosphere (Fritsch P6, 500 rpm) with a ball to powder ratio of 40 : 1.
Sample preparation and handling was always carried out in an argon filled glove-
box with an oxygen and water content less than 2 ppm. During the milling process,
the pressure and temperature were continuously in situ monitored to follow any
hydrogen evolution processes (Evico Magnetics device).16,17 Transmission X-ray
diffraction measurements were performed in glass capillaries (outer diameter 0.7
mm) on a Stoe Stadi P (Mo Ka1) in Debye–Scherrer geometry in the range of
3� # 2q # 35� with a step size of 0.02� 2q at room temperature. The diffractometer
is equipped with a curved Ge(111) monochromator and a 6�-linear position sensi-
tive detector with a resolution of about 0.06� 2q at full width-half maximum
(FWHM).

Synchrotron radiation in situ powder X-ray diffraction (SR-PXD) data of the
1 : 1 and 1 : 2 powders was collected at the SNBL (Grenoble, France) with
a MAR345 detector and the selected X-ray wavelength of 0.7004 �A. The temper-
ature dependent data between 173 and 227 �C (Oxford Cryostream 700+) has been
measured for the 1 : 1 mixture. The 1 : 3 powder was measured at the SLS (PSI
Villigen, Switzerland, l ¼ 0.7296 �A, Mythen detector) and the temperature depen-
dent data (Stoe capillary furnace) has been measured between 30 and 200 �C. The
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1 : 4 mixture has been measured at the SNBL (l ¼ 0.7296 �A, multi-crystal
analyzer). All samples were filled in a glass capillary with an outer diameter of
0.8 mm. All 2D SR-PXD data were integrated into 1D patterns using the Fit2D
program.18 The SLS data which has simultaneously high angular resolution and
excellent statistics of counts has been used for indexing, structure solution and
final Rietveld refinement. Beside the peaks of NaBH4 and NaCl, strong peaks
belonging to an unknown phase were observed which disappear simultaneously
at �87 �C. The first 20 peaks of the new phase were indexed by using Dicvol0419

in an orthorhombic cell indicating clearly the space group Pmn21 (see Table 2).
The structure has been solved with the direct space method program FOX,20

and refined with the Rietveld method using the TOPAS program.21 The symmetry
of the refined structure has been checked with the routine ADDSYM in the
program PLATON,22 and the space group Pmn21 has been confirmed. The result-
ing structure containing one Na atom (position 2a), one Al atom (position 2a), 2
BH4 groups (position 2a) and one Cl atom (4b) in the asymmetric unit, was refined
by the Rietveld method. The refinement suggests partial substitution of BH4

groups by Cl atoms (see Table 2). The structure was solved and refined with the
BH4 groups as semi-rigid ideal tetrahedra with one common refined B–H distance.
For two boron atoms situated on the mirror plane symmetry the BH4 tetrahedra
were allowed only to translate and to rotate following the mirror plane symmetry.
Four anti-bump distance restraints were needed to stabilize the shape and orienta-
tion of the complex anion [Al(BH4,Cl)4]� in the structure: Al–H 1.7, Al–Cl 2.1,
Al–B 2.2 and Na–H 2.3 �A. The individual displacement parameters for each
atom type have been refined isotropically. The uncertainties of crystallographic
coordinates of hydrogen atoms were not available from the least squares matrix,
and were estimated by the bootstrap method.23 The final refinement suggests
also partial substitution of BH4 groups by Cl atoms (and vice versa) in NaBH4

and NaCl (for substitution rates see Table 1), and traces of NaAlCl4. The agree-
ment factors are: Rwp (not corrected for background) ¼ 4.58%, Rwp (corrected for
background) ¼ 10.76%, c2 ¼ 12.11, RBragg (NaAl(BH4,Cl)4) ¼ 1.75%. The high
value of c2 reflects mainly the extremely high counting statistics of the powder
diffraction data obtained from modern X-ray detectors.

Raman measurements were performed with an Ar+ laser (Innova 305 Coherent)
with a wavelength of l¼ 514 nm. The spectra were recorded by a T-64000 spectrometer
(Horiba) with a spectral resolution of 1 cm�1. The spectrometer was calibrated before
each series of measurements by using the F1g mode of Si at 520.2 cm�1. IR
spectra were obtained at room temperature using a Biorad Excalibur FT-IR
instrument with a nominal resolution of 1 cm�1. Structural optimization of the
[Al(BH4)xCl4�x]� ion and frequency calculation for its IR and Raman spectra
were carried out using TURBOMOLE package. For all the atoms TZVP basis
sets were used and the chosen functional was B3-LYP. The optimization with
the B3-LYP Gaussian functional was not able to calculate the frequencies
because the frequency calculations are not implemented for this functional.
The charge �1 and singlet spin state was assumed.

Composition analysis of the evaporation product of the 1 : 1 powder was carried
out using the EDX detector in a scanning electron microscope (SEM) (Leo 1530
Gemini).
2.2 Thermal characterisation

Thermodynamic characterization was performed by DSC (Seteram, Sensys evo)
and TG (IGA Hiden Isochema) in 1 bar Ar with a constant heating rate of 5 K
min�1. In situ Raman measurements were carried under the same conditions as
mentioned above in a dedicated pressure cell designed for temperature and pres-
sure dependent studies.24 The measurements were carried out in Ar atmosphere
up to 250 �C.
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3 Results and discussion

3.1 Structural characterisation

High-energy ball milling was used for the metathesis reaction between AlCl3 and
NaBH4. During the milling process no pressure increase was observed which indi-
cates that no starting material is evaporated by the milling process and no hydrogen
is desorbed. Structural analysis by transmission XRD (see Fig. 1) shows several
unknown peaks at low angles (*) which point to the formation of a new phase
with rather a large unit cell. These were further analysed using synchrotron radiation
X-ray powder diffraction. In most of the samples solid solutions of Na(BH4,Cl) are
observed as impurities, mostly as two phases, a borohydride rich Na(BH4)xCl1�x

and a chlorine rich NaClx(BH4)1�x phase, showing the limited solubility of
NaBH4 and NaCl. With increasing ratio of NaBH4 the fraction of Na(BH4)xCl1�x

also increases. This is observed with shifted positions in comparison to pure
NaBH4 due to chlorine incorporation. The radius of the chlorine ion is only
1.68 �A in contrast to 2.05 �A for the [BH4]� ion which results in a smaller lattice
parameter for Na(BH4)xCl1�x as shown in Table 1.

The main phase in the 1 : 1 mixture (AlCl3 : NaBH4) is the new alkali-metal
aluminium-borohydride NaAl(BH4)xCl4�x. In the molar ratio 1 : 1 the ternary chlo-
ride NaAlCl4 is formed instead of Na(BH4)xCl1�x. All powders (1 : 1, 1 : 2, 1 : 3 and
1 : 4, AlCl3 : NaBH4) contain the novel alkali-metal aluminium-borohydride
NaAl(BH4)xCl4�x. With increasing amount of NaBH4 its weight fraction is reduced.
Therefore the highest yield of NaAl(BH4)xCl4�x is present in the 1 : 1 mixture,
however this also shows the highest chlorine content. NaAl(BH4)xCl4�x crystallizes
in the orthorhombic space group Pmn21 and contains the tetrahedral complex anion
[Al(BH4)xCl4�x]�. It is formed only in a quite narrow range of compositions with
minimum 25 mol% (x ¼ 1) as observed in the 1 : 1 powder, and with maximum
36 mol% (x ¼ 1.43) of [BH4]� in the 1 : 3 powder. The borohydride ion prefers
two atomic sites with higher local symmetry on the mirror plane (see Fig. 2). The
third atomic site, the general position, is exclusively occupied by Cl� ions. The
refined composition of mixed phases, their lattice dimensions and weight fractions
in the samples at room temperature are given in Table 1.

The structural data of NaAl(BH4)xCl4�x refined from the room temperature
powder pattern of the 1 : 3 mixture are given in Table 2. The lattice parameters
are a ¼ 7.90005(39), b ¼ 7.00328(32) and c ¼ 6.48883(26) �A. The occupancy of
Fig. 1 XRD patterns of the 1 : 1 (red), 1 : 2 (blue), 1 : 3 (green) and 1 : 4 (black) molar ratio
powder (AlCl3 : NaBH4).
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Table 1 Refined composition of mixed phases, their lattice dimensions and weight fractions in

the 1 : 1, 1 : 2, 1 : 3 and 1 : 4 mixture (AlCl3:NaBH4) at room temperature

NaAl(BH4)xCl4�x Na(BH4)xCl1�x NaClx(BH4)1�x

NaAlCl4
x V3 wt.% x a wt. % x a wt. % wt. %

1 : 1 1.00(4) 351.1(1) 78(1) — — — 1 5.677(1) 1.0(2) 21(1)

2 : 1 1.40(4) 358.8(1) 69(1) 0.86(3) 6.067(1) 12(1) 0.76(5) 5.7780(8) 19(1) —

3 : 1 1.43(4) 359.00(3) 49.9(4) 0.799(4) 6.0517(1) 45.5(4) 0.86(7) 5.801(2) 3.4(3) 1.2(2)

4 : 1 1.40(4) 358.58(2) 48.5(3) 0.795(5) 6.0597(1) 51.5(3) — — — —

Fig. 2 Unit cell of NaAl(BH4)xCl4�x containing the new complex anions [Al(BH4)xCl4�x]�

with the Na+ counter cations.

View Online
site B1 is 0.82(2) by [BH4]� and 0.18(2) by Cl� and of site B2 it is 0.609(7) by [BH4]�

and 0.391(2) by Cl�. The z-coordinate of Al was fixed to 0.5 during the refinement
(polar space group). The unit cell is shown in Fig. 2 whereas complex anions
[Al(BH4)xCl4�x]� are counteracting with Na+ cations.

The crystal structure of NaAl(BH4)xCl4�x can be compared with that of the alka-
line aluminium chlorides. The latest structural data of NaAlCl4 were published by
Krebs et al.25 A review of different structures of AAlCl4 (A ¼ Li, Na, K, Rb, Cs)
shows that in all structures there is an [AlCl4]� anion with Al–Cl distance within
2.111–2.268 �A.26 The comparison of the coordination of the alkaline metal with
Cl� or [BH4]� and the alkaline metal with aluminium is given in Table 3. It shows
that Na+ changes the coordination in both cases to the one of smaller Li+ when
partly replacing Cl� by [BH4]� in the complex anion [AlCl4]�. It is certainly a size
effect as [Al(BH4,Cl)4]� is bigger than [AlCl4]�. However, the connectivity is
different in LiAlCl4 and in NaAl(BH4)xCl4�x certainly due to the electronic effect,
as the directional bonding of the [BH4]� and Cl� ligands is not the same. Contrary
to Sc based compounds like LiSc(BH4)4,9 NaSc(BH4)4

10 and KSc(BH4)4
27 containing

the complex anion [Sc(BH4)4]�, the complex anion [Al(BH4)4]� is difficult to stabi-
lize, probably because Al3+ is too small compared to Sc3+. The anion can be stabi-
lized by partial substitution of its [BH4]� ligands by smaller Cl�, or by making its
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 151, 231–242 | 235

http://dx.doi.org/10.1039/c0fd00024h


Table 2 Atomic coordinates of NaAl(BH4)xCl4�x, space group Pmn21, a ¼ 7.90005(39), b ¼
7.00328(32), c ¼ 6.48883(26) �A, V ¼ 359.003(28) �A3 at room temperature. Mixture 3 : 1a

Atom Site x y Z Biso/�A2

Na 2a 1/2 0.5387(5) 0.9094(7) 4.0(3)

Al 2a 1/2 0.1916(4) 0.5 4.0(3)

B1 2a 1/2 0.8839(1) 0.5589(1) 2.0(9)

H11 2a 1/2 0.7685(1) 0.4366(1) 2.5(9)

H12 2a 1/2 0.8156(1) 0.7171(1) ¼ Biso(H11)

H13 4b 0.3829(1) 0.9758(1) 0.5409(1) ¼ Biso(H11)

B2 2a 1/2 0.1274(1) 0.1315(1) ¼ Biso(B1)

H21 2a 1/2 0.0461(1) 0.2824(1) ¼ Biso(H11)

H22 2a 1/2 0.2863(1) 0.1640(1) ¼ Biso(H11)

H23 4b 0.3829(1) 0.0886(1) 0.0399(1) ¼ Biso(H11)

Cl3 4b 0.2120(3) 0.6676(4) 0.1220(7) 4.0(1)

a Occupancy of site B1: BH4 0.82(2), Cl 0.18(2). Occupancy of site B2: BH4 0.609(7), Cl 0.391(2).

z-coordinate of Al fixed to 0.5 (polar space group).

Table 3 Coordination of alkaline metal with Cl� or [BH4]� and with aluminium for LiAlCl4,

NaAlCl4 and NaAl(BH4)xCl4�x

LiAlCl4 NaAlCl4 NaAl(BH4)xCl4�x

CN A–Cl, BH4 6 (octahedron) 8 (bicapped trigonal prism) 6 (octahedron)

CN A–Al 4 (tetrahedron) 6 (trigonal prism) 4 (tetrahedron)
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[BH4]� ligands bridging rather than terminal, as in the Li containing compound
Al3Li4(BH4)13.12

The powder patterns of the 1 : 1, 1 : 2 and 1 : 3 mixtures also showed additional
peaks which are not fully understood yet. There is an unknown phase (phase no. 2 in
Fig. 8) and a phase which has been tentatively associated to Al(BH4)xCl3�x (phase
no. 1 in Fig. 8) from the agreement of positions of some peaks with b-Al(BH4)3.28

However, the peaks are too weak for any structural solution. We can only speculate
that it is possible to stabilise solid b-Al(BH4)3 by chlorine incorporation as it is liquid
at room temperature, and it would be decomposed during the milling process since
its decomposition is already occurring at about 50 �C.4 Furthermore the reaction
pathway seems to be different for the 1 : 1 molar ratio than for the other mixtures
where an excess of NaBH4 is used. For mixtures with an excess of NaBH4 reaction
(1) might be occurring. The equal molar ratio 1 : 1 directly forms the ternary chlo-
ride NaAlCl4 as shown in reaction (2).

2mNaBH4 + 2AlCl3 /
NaAl(BH4)xCl4�x + (2m � 1)Na(BH4,Cl) + Al(BH4)xCl3�x (1)

2NaBH4 + 2AlCl3 /
NaAl(BH4)xCl4�x + nNa(BH4,Cl) + nAl(BH4)xCl3�x + (1 � n)NaAlCl4 (2)

For further structural characterisation vibrational spectroscopy was carried out.
The IR (a) and Raman (b) spectra of the different powders are shown in Fig. 3.
In agreement with XRD measurements all powders except that of the 1 : 1 ratio
show extensive modes of NaBH4 (IR: bending 1119 cm�1, stretching 2300 cm�1;
Raman: bending 1285 cm�1, stretching 2345 cm�1).29 The corresponding intensities
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increase with increasing excess of NaBH4 (lower molar ratio of AlCl3 : NaBH4). All
spectra show a mode at 490 cm�1 as observed in Al-Li-borohydride corresponding to
the mode from Al–B.12 Unknown modes in the [BH4]� stretching range correspond
to the vibrations of [Al(BH4)xCl4�x]� present in both the new alkali-metal
aluminium borohydride NaAl(BH4)xCl4�x as well as the chlorine stabilised
aluminium borohydride Al(BH4)xCl3�x (IR: 2160 cm�1, 2444 cm�1, 2503 cm�1;
Raman: 2180 cm�1, 2455 cm�1, 2510 cm�1). This was confirmed by simulations of
the IR (a) and Raman (b) spectra of the anion containing various chlorine contents
(x ¼ 1, 2, 3, 4) which are shown in Fig. 4. It is not possible to determine the exact
chlorine content from the IR and Raman spectra. Nevertheless, the theoretical IR
and Raman spectra for [Al(BH4)2Cl2]� and [Al(BH4)Cl3]� are in good agreement
with the spectra of the 1 : 1 powder where the fraction of the new phase is the highest
(see Fig. 4). We observe a bidendate binding whereas 2160 cm�1 indicates the stretch-
ing mode of the inner hydrogen atoms and at 2444 cm�1 and 2503 cm�1 the stretching
modes of the outer atoms are observed. The Raman spectra show one of the four
fundamental modes of [AlCl4]� at n1 (A1) ¼ 349 cm�1 as found in NaAlCl4.30,31

The sharp bands around 400 cm�1 are related to Al–Cl modes in Al(BH4)xCl3�x

and [Al(BH4)xCl4�x]�. The broad peak at about 490 cm�1 can be associated with
the mode of Al–B as also found in Al-Li-borohydride with respect to the pure
Al(BH4)3.12 The vibration at 350 cm�1 increases steadily with higher molar ratio.
This fits very well with the observation of the ternary NaAlCl4 in the 1 : 1 mixture.

Furthermore the peak position of the frequency n3 in Na(BH4,Cl)4 changes with
respect to the chlorine content. In Fig. 5 this peak position in the IR spectra is shown
for various chlorine contents in the different samples. With increasing chlorine
content the frequency is smaller which might be due to the heavier Cl� ion.
3.2 Thermal characterisation

The thermal behaviour of the different mixtures (1 : 1,1 : 2, 1 : 3, 1 : 4 of
AlCl3 : NaBH4) was analysed by differential scanning calorimetry (DSC), thermo-
gravimetry (TG) and in situ techniques of Raman spectroscopy and synchrotron radi-
ation X-ray diffraction. Fig. 6(a) shows the DSC measurements of the four different
mixtures in 1 bar Ar atmosphere. All different molar ratios show two endothermic
peaks superimposed on each other with an onset at about 90 �C. This might be attrib-
uted to the simultaneous decomposition of NaAl(BH4)xCl4�x and Al(BH4)xCl3�x. As
expected from the weight fractions of the new alkali-metal aluminium borohydride the
enthalpy decreases with increasing excess of NaBH4. The 1 : 1 molar ratio
(AlCl3 : NaBH4) powder shows the highest heat of decomposition (67.2 J g�1) due
to the highest fraction of NaAl(BH4)xCl4�x (78.0 wt.%) in the powder. The 1 : 2
and 1 : 3 molar ratio powders show lower values of 51.9 J g�1 (69.0 wt.%) and
Fig. 3 a) IR and b) Raman spectra of the different molar ratios (AlCl3 : NaBH4) in red (1 : 1),
blue (1 : 2), green (1 : 3) and black (1 : 4).
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Fig. 4 Simulated a) IR and b) Raman spectra of [Al(BH4)xCl4�x]� for x ¼ 4 (black), x ¼ 3
(blue), x ¼ 2 (red), x ¼ 1 (green).

Fig. 5 Peak position of n3 in the IR spectrum of Na(BH4)1�xClx vs. refined composition.

Fig. 6 a) DSC measurements of powders in the 1 : 1, 1 : 2, 1 : 3 and 1 : 4 molar ratios
(AlCl3 : NaBH4) in 1 bar Ar up to 300 �C with 5 K min�1 heating rate and b) TG measurements
vs. time of the 1 : 1, 1 : 2 and 1 : 4 molar ratios in 1 bar Ar with 5 K min�1 heating rate (temper-
ature profile plotted with the dashed line).
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46.5 J g�1 (49.9 wt.%), respectively, due to the reduced fraction of NaAl(BH4)xCl4�x.
For the 1 : 4 molar ratio the lowest heat of decomposition is observed (32.2 J g�1),
although it contains nearly the same amount of NaAl(BH4)xCl4�x (48.5 wt.%) as
the 1 : 3 powder (49.9 wt.%). Nevertheless, it was mentioned before that the 1 : 4
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mixture did not show unknown phases as Al(BH4)xCl3�x. Therefore the enthalpy is
much lower than in the 1 : 3 mixture.

Furthermore, at least for the 1 : 1 molar ratio powder an additional endothermic
peak at about 150 �C was expected since the melting of the ternary chloride NaAlCl4
occurs at this temperature.25 This is actually not observed in any of the DSC
measurements which could be explained by incongruent melting of this phase.
Due to the high volatility of AlCl3, an equimolar melt is seldom possible. Therefore
solid NaAlCl4 melts incongruently with a composition deficient in AlCl3.32

Fig. 6(b) shows the thermogravimetric (TG) measurements of the 1 : 1 and 1 : 4
powders up to 500 �C. The 1 : 2 powder was only measured up to 150 �C due to
the strong evaporation starting at about 150 �C. This contaminates the thermo-
couple of the device and should be avoided if possible. The strong evaporation
was also observed by in situ Raman spectroscopy in the 1 : 2, 1 : 3 and 1 : 4 powders.
The 1 : 1 powder shows only a weak evaporation around this temperature but an
even stronger one between 250 and 400 �C. The weight loss above 150 �C is most
probably due to the evaporation of AlCl3 and Na. All powders show an extensive
mass loss at about 90 �C where the decomposition of NaAl(BH4)xCl4�x and
Al(BH4)xCl3�x was observed by DSC analysis. Assuming that all [BH4]� groups
of NaAl(BH4)xCl4�x are lost after decomposition in the form of H2 and B2H6, in
the 1 : 2 molar ratio powder a weight loss of about 8.8 wt.% is expected and we
do observe 9.4 wt.%. Therefore Na or some chlorine species has already started to
evaporate. The 1 : 4 powder shows experimentally an even higher weight loss of
about 11.2 wt.% which also points to the loss of Na and chlorine species. Surpris-
ingly, a two step weight loss behaviour is observed for the 1 : 1 molar ratio powder.
The yield of NaAl(BH4)xCl4�x is the highest with 78 wt.%. However, in the 1 : 1
powder the chlorine content is higher (x ¼ 1.00, 75 mol%) than in the 1 : 2 (x ¼
1.40, 65 mol%) powder and therefore the mass loss around 90 �C should be higher
in the 1 : 2 powder as observed. The loss based on H2 and B2H6 is theoretically 6.7
wt.% and we observe 5.5 wt.%. The total mass loss after the 2nd step is about 18.5
wt.% and can be associated with the strong evaporation losing Na and AlCl3. The
evaporation of Na, Al and Cl in this 1 : 1 molar ratio was confirmed by SEM-
EDX measurements. In Table 4 the theoretically expected weight loss during decom-
position of NaAl(BH4)xCl4�x is shown for the different mixtures when losing only
[BH4]� groups. The observed weight loss is always higher than the theoretical one
due to the volatility of Al(BH4)xCl3�x and the evaporation of Na and chlorine
species.

In situ spectroscopic analysis should give more information about the decompo-
sition pathway of the compound. In situ Raman analysis of the 1 : 1 (a) and the
1 : 3 powder (b) is shown in Fig. 7. Both spectra at room temperature show the
pattern of the new alkali-metal aluminium borohydride decomposing above 70 �C
which is in good agreement with DSC measurements where the decomposition
was observed at about 90 �C. During decomposition the mode at 380 cm�1 firstly
increases, which means the increase of the Al–Cl mode, and then disappears in
Table 4 Theoretical weight loss for the 1 : 1, 1 : 2, 1 : 3 and 1 : 4 mixtures assuming only the

loss of (BH4)� from NaAl(BH4)xCl4�x

Mixture

Chlorine

content

Molar mass

NaAl(BH4)xCl4�x/

g mol�1

Wt.% of

NaAl(BH4)xCl4�x

Weight loss by loss of

[BH4]�/wt.%

1 : 1 x ¼ 1.00 171.2 78.0 6.7

1 : 2 x ¼ 1.40 162.9 69.0 8.8

1 : 3 x ¼ 1.43 162.2 49.9 6.5

1 : 4 x ¼ 1.40 162.9 48.5 6.2
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Fig. 7 Temperature dependent in situ Raman measurements of a) the 1 : 1 and b) the 1 : 3
powder in Ar atmosphere from room temperature (RT) up to 250 and 170 �C, respectively.

Fig. 8 T-ramp from the SR-PXD of a) the 1 : 1 mixture from 20 to 125 �C (l ¼ 0.7004 �A) and
of b) the 1 : 3 mixture from 62 to 125 �C (l ¼ 0.7296 �A). Symbols: * NaAl(BH4)xCl4�x,
- NaClx(BH4)1�x, + Na(BH4)xCl1�x, 1 – possibly Al(BH4)xCl3�x, 2 – unknown phase, 3 –
NaAlCl4.

View Online
both powders due to evaporation. In the 1 : 1 molar ratio only the mode correspond-
ing to NaAlCl4

31 at 350 cm�1 is present at 250 �C and no traces of Na(BH4)xCl1�x

can be observed. In the 1 : 3 molar ratio the modes corresponding to Na(BH4)xCl1�x

can be observed at 2370 cm�1 and a tiny mode at 380 cm�1 can be observed which
refers to NaAlCl4.

For comparison in Fig. 8 the in situ synchrotron analysis of the 1 : 1 (a) and the
1 : 3 mixture (b) is shown. In both measurements decomposition of
NaAl(BH4)xCl4�x can be observed since the corresponding peaks (*) are disappear-
ing while heating at around 90 �C. The SR-PXD pattern of the phase formed after
decomposition in the 1 : 1 mixture cannot be explained by this data. Nevertheless in
the 1 : 3 mixture NaAlCl4 is clearly formed after decomposition. The exact reaction
pathway during composition is hard to assume due to strongly reactive species and
very volatile materials.

4 Conclusion

A novel alkali-metal aluminium borohydride was synthesised by metathesis reaction
of AlCl3 and NaBH4 carried out by ball milling in Ar atmosphere. The structure of
the new phase was determined from SR-PXD measurements. NaAl(BH4)xCl4�x

forms an orthorhombic structure containing (Al(BH4)xCl4�x)� anions and Na+

counter cations. The new phase only forms in the quite narrow range of composition
between x ¼ 1 (25 mol% [BH4]�) and x ¼ 1.43 (36 mol% [BH4]�). The high chlorine
240 | Faraday Discuss., 2011, 151, 231–242 This journal is ª The Royal Society of Chemistry 2011
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content reduces the H2 density extensively from theoretically 14.6 wt.% for
NaAl(BH4)4 down to the range between 2.4 wt.% H2 (x ¼ 1) and 3.5 wt.% H2 (x
¼ 1.43) for the observed NaAl(BH4)xCl4�x. The [Al(BH4)xCl4�x]� anion in the struc-
ture was confirmed by IR and Raman simulation which was done for different
compositions (x ¼ 1, 2, 3, 4). In situ Raman spectroscopy and in situ synchrotron
data revealed more insight into the decomposition pathway of the compound and
confirmed the decomposition at around 90 �C as observed by DSC and TG. An
extensive weight loss was observed during decomposition which is due to the loss
of not only H2 but also B2H6, chlorine and other reactive species. The weight frac-
tion of the alkali-metal aluminium borohydride is highest in the 1 : 1 molar ratio
mixture, however the chlorine content is also the highest in this mixture. It appears
that the compound can only be stable with incorporated chlorine in contrast to the
theoretically predicted stability of pure NaAl(BH4)4. Nevertheless, the stability of
the chloridic sodium aluminium borohydride is slightly higher (�90 �C) than the
one observed for Al-Li-borohydride (�70 �C), as expected. Its stability is higher
than that for pure Al(BH4)3 due to the Cl� substitution and the addition of Na+

cations. Due to the extensive loss of chlorine species and the highly reactive decom-
position products it is not possible to recharge the powders. Therefore an attempt
for pure preparation of chlorine free NaAl(BH4)4 will be made although it is likely
to be unstable.
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