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Ammonia absorption process of sodium borohydride for ammonia
storage has been studied by using operando NMR and FT-IR
measurements under various ammonia pressures. As a result, the
characteristic variation of chemical states of both materials due to
the liquefaction, has been clarified.

Ammonia (NH3) is expected as a hydrogen carrier because of its
high gravimetric and volumetric hydrogen density (17.8 wt%, 108
g/L)13. Because of its flammable property, the technical research and
developments are required to utilize NHs; as an energy carrier
practically. For instance, safety devices to decrease the vapor
pressure of liquid NH3 has been investigated for establishing a NHs-
infrastructure® 4 5, Recently, we have focused on the NH3 absorbing
materials to control the NH3 vapor pressure®38, It was observed that
some halides and complex hydrides can absorb large amount of NH;
to form ammine complexes, and the NH3 partial pressure is able to
be lowered down than that of the original vaper pressure, which
depends on the thermodynamic stability of ammine complexes311,
The volumetric hydrogen densities of ammine complexes are high
and almost comparable to that of liquid NHs% 3. Thus, the above NH;
absorbing materials are attractive as hydrogen (or NH;) storage

materials and/or functional materials for establishing the safety
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devices. Among them, sodium borohydride (NaBHs) possess
characteristic features of liquefaction by the NHs3 absorption® 12 with
promising cycle properties.’3 This liquefaction is understood from
the result of the NH; pressure-composition isothermal (PCl)
measurement that the vapor pressure was linearly increased with
the absorbed NHs. This feature is practically useful, for example, in
that the residual amount of NHs in cylinder has to be estimated only
from the pressure and temperature.

In this work, the NHs absorbing process of NaBH, has been
investigated in further details by using operando nuclear magnetic
resonance (NMR) spectroscopy and Fourier transform infrared (FT-
IR) spectroscopy under NH3 atmosphere. These measurements were
performed by using the hand-made apparatus (see Fig. S1). And,
thermodynamic analysis based on solution theory for PCI curve was
performed to discuss and understand the phase variation and the
absorption behaviour of the NaBH4-NH; system.

Operando 1B NMR measurements were performed under NH3
pressure to understand the variation of chemical states during the
NH; absorption of NaBH4, as shown in Figure 1. The signals of solid
NaBH4 and NMR tube are also shown as a reference. The vertical axis
of all the profiles are normalized by the highest intensity of the
observed signals. A weak 11B signal was observed for the NMR tube
because it is made of borosilicate glass. Here, the signal relating to
NMR tube is confirmed in all the measurements (see Fig. S2). It is
observed that a total of 2] mol NH3 could be absorbed in NaBH,4 to
form Na(NH3),BH4 with a plateau at 93 kPa from the result of PCI

measurement (see Fig. S3). The broad signal of solid NaBH, is

appeared around -42.4 ppm. This broadening is caused by the limited
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Figure 1 Operand 1B NMR results for NaBH,4 at the plateau
region with NH3/NaBH4(mol/mol)=(a) 0.3, (b) 0.6, (c) 0.9, (d) 1.4,
(e) 1.7, (f) 2.0, and under (g) 331 kPa, (h) 650 kPa of NHs. The

inset figure is the enlarged profile of (e).

molecular motion in solid state due to interactions such as dipolar
and quadrupole interactions. With the increase in the amount of
absorbed NHs, the signal intensity relating to the solid NaBH, is
decreased with the appearance of a new sharp signal at -40.4 ppm,
which is found to be grown gradually. These phenomena are caused
by the disappearance of the specific interactions of solids, in other
words, the chemical states are averaged by the fast motion of
molecules. The sharp signal is split into 5 peaks, as shown in the inset
of Figure 1, due to the spin-spin interactions in the B-H bonds*. In
the previous reports, the peak splitting in solid state borohydride
could not be observed by solid state 1B NMR measurements at room
temperature even by using magic angle spinning?®. It can be
suggested that the Na(NHs);BHs phase generated in the plateau
region is in liquid state. Namely, solid NaBH,4 and liquid Na(NH3),BH4
coexist at the plateau pressure (see Fig. S3 and Fig. S4). At the higher
pressure than the plateau pressure, the phase is totally changed to
liquid as evidenced from the presence of the sharp signal only.
Moreover, the peaks are slightly shifted to lower magnetic field with
the increase in the NH3 concentration. This phenomenon generally
suggests that the electron density at B atom in the BH4 anion is
decreased. As one of the reasons to explain the above shift, it is
suggested that the polarization of BH bonds is enhanced by the
increase in the distance between the Na cation and the BH4 anion.
Figure 2 shows the FT-IR results of NaBH, under vacuum, 90, and
105 kPa of NH; pressure. Here, NaBH4 doesn’t absorb NHs3 under
vacuum and 90 kPa, whereas liquid Na(NHs),BH4 phase is formed

under 105 kPa of NHs. It is difficult to observe the changes in the
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Figure 2 Operand FT-IR results for NaBH, under vacuum, 90 kPa,
and 105 kPa of NHs.

peaks corresponding to N-H vibration mode before and after NH3
absorption, because the strong peaks of gaseous NH3 overlapped in
the operando measurements. The several peaks derived from the B-
H bonds of solid NaBH,4 are observed in the wide range from 2100 to
2500 cm ! under vacuum and 90 kPa. These peaks correspond to the
symmetric and asymmetric stretching modes of B-H bonds of solid
NaBH,. In addition, on the basis of structural analysis by neutron
diffraction, it has been reported that NaBD,4 contains two different B-
D bonds with different bond lengths?6. The observed broad peak is
formed by the B-H bonds with the various chemical states. On the
other hand, the single peak related to B-H stretching is appeared at
2246 cm! for the sample under 105 kPa of NHs, suggesting that the
B-H bonds in the solid phase of NaBH,4 are averaged by liquefaction.
These results are consistent with the results of B NMR.
Furthermore, the absorption peaks are shifted to low frequency after
the NH3 absorption. Here, it is known that, in alkali borohydrides and
amides, the FT-IR peaks derived from B-H bonds or N-H bonds shift
to low frequency with the decrease in the ionization energy of alkali
metal species!” 18, Therefore, it can be considered that the peak shift
in the NaBH4-NH3 system is caused by the decrease in ionization
energy of Na cation due to the coordination of NHs to Na cation. As
another possibility, the peak may also shift by the interaction
between positively charged hydrogen in NaBH, and the negatively
charged hydrogen in NHs, which is called dihydrogen bond?®®. Actually,
NaBH4-2H,0 is known to have a dihydrogen bond formed between H
in NaBH,4 and H in H,0 according to the analysis of crystal structure
and infrared spectroscopy?°.

Operando H NMR measurements under various NHs pressure
were carried out to investigate the chemical state of NH; and NaBH,
solution, and the results are shown in Figure 3. The profile of pure

liquid NH3 without NaBHjy is also shown as reference. The H signals

from the sample tube and solid NaBH, are hardly observed in Figs.
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Figure 3 Operand 'H NMR results for NaBH, at the plateau region
with NHs/NaBH4(mol/mol)=(a) 1.1, (b) 1.7, (c) 2.0, and under (d)
267 kPa, (e) 499 kPa, (f) 650 kPa of NHs. The inset figures are the

enlarged profile of (f) and pure liquid NHa.

3(a) - 3(f) because these materials are solid and the interactions such
as dipolar and quadrupole interactions are large. A series of 4 signals
with high intensity and 7 signals with low intensity are observed in
the range from -0.2 to 0.3 ppm, as shown in the inset of Figure 3(f).
Actually, NaBH, is dissociated to Na cation and BH,4 anion, and all the
IH nuclei in the BH4 anion are equivalent in the liquid state. Here, the
nuclear spins of 1B and 1°B are 3/2, 1/2, -1/2,-3/2and 3,2, 1,0, -1,
-2, -3, respectively, and the natural abundance ratio of them is 80:20.
Therefore, signals originated in the *H nuclei in NaBH,4 splitinto 4 and
7 peaks corresponding to the spins of 11B and 19B, respectively. The
difference in the intensities is caused by the abundance ratio. The H
NMR signals corresponding to NaBH,; were observed under the NH3
atmosphere, suggesting that NaBH, is liquefied. The large signal
around 1 — 1.5 ppm is assigned to liquid state NHs3. The shoulder
peaks are thought to be originated from the different states of NHs,
i.e. strongly and weakly coordinated NH3 to NaBH,, although the

details of origin are not understood completely yet. The shoulder

peak actually disappeared with the increase in the NH; concentration.

When it is considered in the same way as spin coupling in BH bonds,
the 1H signal related to NH; should be split into 3 peaks because the
nuclear spins of 14N is 1, 0, -1. Actually, the peak is split to 3 peaks for
the pure liquid NH3 as shown in the inset of Figure 3. However, the
peak splitting is not found in the NaBH4;-NHs3 system. Ogg et al.
reported the similar phenomena in the NaNH,-NH3 system 2122, They
added NaNH; into liquid NH3 and carried out 'H NMR measurements.
In that case, the number of peaks of TH NMR signal is 1 due to the
influence of NaNH,. With respect to the chemical shift in 'H NMR, the

signals of NHs and NaBH, are shifted to higher magnetic field with
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the increase in the absorbed NHjs, although only the ratio of solid
NaBH, and liquid Na(NHs),BH, is changed under the plateau pressure.
It indicates that the local environment of H atoms is slightly changed
possibly because solid NaBH, affects liquid Na(NH3),BH4, however,
the detail is not understood yet. At the higher pressure than the
plateau pressure, the signals of NH3 and NaBH, are also shifted, and
the similar phenomenon was confirmed in the case of ethanol-
chloroform system. Ethanol can be written by the chemical formula
of CH3CH,OH, and it was known that the hydrogen bonds are formed
between OH groups. When chloroform, which is written by CHCI; and
known as nonpolar solvent, was gradually added to ethanol, the
signal of the OH groups shifted to the higher magnetic field because
the hydrogen bonds between ethanol molecules are disturbed by
chloroform23, From this perspective, the hydrogen bonds between
NHs; molecules in the NaBHs-NHs system are considered as the
reason for environmental change of NH; because it is reported that
NHs molecules also form hydrogen bonds2*. The peak shift of NaBH,
to higher magnetic field with the increase in the NH3 concentration
corresponds to the increase of the electron density of H in BH4 anion.
Here, the electron density of B in BH, anion is decreased as discussed
above. Namely, the electron density of H in BH4 anion is increased to
keep the electrical balance. This peak shift is possibly occurred by the
polarization of the BH bonds and longer distance between the Na
cation and BH,4 anion due to the increase in the NH3 concentration.
The PCl curve is analyzed in terms of ideal and regular solutions.
Here, the PCI measurement was performed at O °C to analyze up to
the higher NHs pressure than the plateau pressure (see Fig. S5). In
the ideal solution, the heat generated by mixing the two materials in
liquid state, i.e. liquid Na(NHs);BH; and liquid NH3; in NaBH4-NH3
system, is negligible. On the other hand, in the regular solution, the
heat generated due to the mixing should be considered. The relative
pressure P normalized by the plateau pressure, in the case of ideal
and regular solution of degree of ionization a=0 or 1 for NaBH,, is

expressed as follows?5,

ideal: P =X (a=0), ()
= Xnma/(2-Xnws) (a=1), (3)
regular: P =exp(AH/RT+InXyk3) (a=0), (4)
= exp(AH/RT+In(Xnua/(2-Xnhs)) (o= 1). (5)

T is the reaction temperature, AH is enthalpy change by mixing, R is
the gas constant. Xyus is the molar fraction defined as the amount of
NH; divided by the total amount of Na(NHs);BH4 in a mixture. The

Xnn3-P curves for NaBH4-NHs system of ideal and regular solution are
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Figure 4 NH3 absorption curve of NaBH4 and results of analyses
by assuming ideal and regular solution at 0 °C. The heat of mixing

is -6 and -15 kJ/mol for regular solution of a=0 and 1.

shown in Figure 4. The experimental data are matched with the curve
of the regular solution (a=1) in the region from Xyu3=0.0to 0.7 in the
case of AH=-6 kl/mol. On the other hand, the curve at high NH;
concentration region from Xynu3=0.9 to 1.0 are well consistent with
that of the ideal solution (@=0). From the above, the regular solution
(a=1) is changed to the ideal solution (a=0) with the increase in Xyus.

In conclusion, the NH3 absorption properties have been analysed
and discussed based on the results obtained by using operando
spectroscopic analyses under NH; atmosphere. It is clarified from the
operando 1B, ™H NMR, and FT-IR that Na(NH3)xBH4, formed by the
NHj; absorption of NaBH, is in liquid state in all the region of the NH3
concentration. For NaBH,4, it is suggested that the polarization
between BH bonds increases with the increase in the NH3
concentration. In fact, 2B NMR signals and H NMR signals,
originated in NaBH, are shifted to the opposite direction. For NHs,
weakness of hydrogen bonds between NH3; molecules in NaBHs-NH;
system is found different from pure liquid NHs. Through the analysis
based on solution theory for the Na(NH3)xBHj, it is suggested that
liquid solution is changed from the regular solution (a=1) to the ideal
solution (a=0) with the increase in the molar ratio of NHs.
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