
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
6/

20
26

 1
2:

17
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
High pressure po
aCEA, DAM, DIF, F-91297 Arpajon, France.
bESRF, The European Synchrotron, 71 Avenu

† Electronic supplementary informa
10.1039/d1ra00816a

Cite this: RSC Adv., 2021, 11, 25274

Received 30th January 2021
Accepted 8th July 2021

DOI: 10.1039/d1ra00816a

rsc.li/rsc-advances

25274 | RSC Adv., 2021, 11, 25274–2
lymorphism of LiBH4 and of
NaBH4†

Adrien Marizy, a Grégory Geneste, a Gaston Garbarinob and Paul Loubeyre*a

The pressure-induced structural changes in LiBH4 and in NaBH4 have been investigated experimentally up

to 290 GPa by coupling Raman spectroscopy, infrared absorption spectroscopy and synchrotron X-ray

diffraction. This data set is also analysed in the light of Density Functional Theory calculations performed

up to 600 GPa. The [BH4]
� unit appears to be remarkably resistant under pressure. NaBH4 remains stable

in the known Pnma g-phase up to 200 GPa and calculations predict a transition to a metallic polymeric

C2/c phase at about 480 GPa. LiBH4 is confirmed to exhibit a richer polymorphism. A new Pnma

orthorhombic phase VI is found to be stable above 60 GPa and there are hints of a possible phase VII

above 160 GPa. DFT calculations predict that two other high pressure LiBH4 phases should appear at

about 290 and 428 GPa. A very slight solubility of H2 inside phases II, III and V of LiBH4 is observed. A

NaBH4(H2)0.5 complex is predicted to be stable above 150 GPa.
Introduction

The unique potential of LiBH4 and NaBH4 for solid hydrogen
storage is widely discussed in the literature, since these
compounds could theoretically meet the 2025 DOE target for
onboard hydrogen storage in terms of gravimetric and volu-
metric hydrogen densities (respectively 18.4 wt% and 122.5 kg
H2 per m

3 for LiBH4 and 10.6 wt% and 113.1 kg H2 per m
3 for

NaBH4). However, the strong covalent bond in the BH4
� units of

borohydrides requires a high decomposition temperature
(>500 �C for NaBH4 (ref. 1) and 380 �C for LiBH4 (ref. 2)) which
hampers their use in practical applications. A lot of chemical
engineering work has already been done with some success,3–10

through catalyst addition or nanotailoring, to try to lower their
decomposition temperature but near-room-temperature
hydrogen desorption/absorption has not been achieved yet.
Therefore, it is of tremendous importance to continue to
explore the possible mechanisms of destabilization of the
boron–hydrogen bonds.

Recently, pressure has emerged as an effective means of
producing new structures and materials, potentially interesting
for hydrogen storage.11–14 Indeed, the application of high pres-
sure (>GPa) signicantly reduces interatomic distances and
thus modies the chemical bonding, the molecular congura-
tion and the crystal structure. More specically, for borohy-
drides, a high pressure study is an effective way of producing
new polymorphs with increased coordination numbers, new
E-mail: paul.loubeyre@cea.fr

e des Martyrs, 38000 Grenoble, France

tion (ESI) available. See DOI:

5283
[BH4]
� anion charges, reduced H–H distances and mono/bi/tri-

dentate congurations. Disclosing such effects should be useful
to strengthen our understanding of the factors governing the
B–H bond stability. Besides, the search for novel materials with
targeted properties using Density Functional Theory (DFT)
calculations has recently made tremendous progress. One way
to evaluate the reliability of such calculations to explore the
conguration space of the borohydrides family is to test them
against the high pressure phase diagrams of selected
compounds, such as LiBH4 and NaBH4. Finally, it has been
demonstrated in many compounds that hydrogen uptake
drastically increases under very high hydrogen pressure. Not
only are interstitial hydrides more lled with hydrogen15 but
new polyhydrides16,17 or hydrogen complexes such as
NH3BH3(H2)1.5 are also created.18,19 Hence, is it possible to
insert more hydrogen into LiBH4 and in NaBH4? Even if the new
dense polymorphs/hydrides found under pressure cannot be
recovered at atmospheric pressure, a chemical substitution
could then be attempted to stabilize them at ambient pressure.

The present work aims to experimentally and numerically
extend the known phase diagrams of NaBH4 and LiBH4 up to
the metallization pressure and to numerically explore the
possibility of including more hydrogen inside NaBH4. Sodium
borohydride was studied at room temperature up to 90 GPa by
X-ray diffraction and Raman spectroscopy with neon or
hydrogen as a pressure medium and up to 200 GPa by infrared
absorption spectroscopy without any pressure medium. LiBH4

was studied at room temperature up to 130 GPa by X-ray
diffraction in a helium pressure medium, by Raman spectros-
copy up to 70 GPa and by IR absorption up to 290 GPa without
any pressure medium. Ab initio calculations were conducted to
complement the experimental investigation. The use of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecular dynamics simulations, in particular, has enabled us
to discover a potential NaBH4(H2)0.5 compound.
Current knowledge on the phase
diagrams of LiBH4 and NaBH4

Many works have already explored the phase diagram of NaBH4

and LiBH4 up to the 50 GPa pressure range. At ambient pressure
and temperature, NaBH4 has a cubic phase (space group Fm�3m)
in which the tetrahedral units [BH4]

� are disordered due to
thermal agitation.20–24 This structure was found to transform via
a disorder–order transition into a tetragonal P�421c structure,
either below 190 K at atmospheric pressure21,25,26 or above 6 GPa
at ambient temperature. A tetragonal to orthorhombic transi-
tion (space group Pnma) is observed at 9 GPa.27–33 This experi-
mental sequence of transitions was not initially predicted by
DFT27 but subsequent numerical studies accurately described
it.34–37 It should be noted that two nearly identical structures
have been proposed experimentally for the tetragonal phase26,38

and that calculations show that the most stable tetragonal
structure is described in the higher symmetry P42/nmc space
group and not in the P�421c space group.39 The last experimental
work published on NaBH4 suggests a monoclinic transition
near 20 GPa due to anomalies in the evolution versus pressure of
the B–H Raman vibrons.32 Nevertheless, previous X-ray studies
up to 30 GPa have not reported any monoclinic phase
apparition.28,30,31

At room temperature and atmospheric pressure, the disor-
dered cubic Fm�3m structure is shared by all other univalent
borohydrides but LiBH4.40 LiBH4 has a richer polymorphism, as
shown as early as 1974 by Pistorius41 and slightly revised and
rened 30 years later.33,42–47 Its phase at ambient conditions
(phase II) is a Pnma orthorhombic structure without disorder48

and with undistorted [BH4]
� tetrahedra.44,49 This phase trans-

forms with slight hydrogen desorption (0.3 wt% (ref. 50)) into
a hexagonal one at 381 K (phase I, space group P63mc).44,48

Under pressure at ambient temperature, at 1 GPa, a new phase
appears. It was rst described in the Ama2 space group by Fil-
inchuk et al.45 and lately better described in the I41/acd space
group46,51 (phase III). This phase was proven to be metastable
down to atmospheric pressure below 200 K.42,52 This phase III
starts to transform into the well-known disordered cubic phase
(phase V, Fm�3m) from 17 GPa at 300 K and at lower pressure if
temperature is raised.43 Nakano et al. identied that this tran-
sition was achieved through an intermediate tetragonal but also
disordered phase V0, between 17 GPa and 30 GPa at room
temperature.46 The authors also pointed out that a signicant
weakening of the recorded XRD signal near 50 GPa probably
portended a new phase transition. Aer this study, Yao & Klug
used DFT calculations to predict two possible monoclinic
candidate phases for phase VI with a C2/m and a C2/c (distorted
NiAs) space group. LiBH4 was also predicted to be metallic in
a new polymeric monoclinic phase VII at 425 GPa.51 Although
the calculations accurately predicted that the tetrahedron
would have an ideal geometry in phase II,53 they also predict
other structures for phases I and II, which are clearly at variance
© 2021 The Author(s). Published by the Royal Society of Chemistry
with the experimental data54–57 or have later been contradicted.58

Besides, several recent DFT studies are not accurate at high
pressure either because they did not take into account the stable
I41/acd structure59,60 or because they did not have enough atoms
in their supercells to nd it.61

It has to be pointed out that historically a PT domain
between phase I and III was assigned to a new phase IV by
Pistorius et al.41 No new phase was found by synchrotron X-ray
diffraction but a mixture of the two phases at the transition.43

Hence, phase IV does not exist but the numeration remained
unchanged. Therefore, in this study, the usual numeration will
be kept.
Methods
Sample preparation

NaBH4 and LiBH4 samples were obtained from commercial
Sigma-Aldrich powder with a purity of respectively 99% and
95%. Manipulations of the two borohydrides were made inside
a high-purity argon glove box (H2O < 1 ppm). Aer the loading of
the samples inside the Diamond Anvil Cell (DAC), the DAC is
manually closed tightly to avoid any water contamination
outside the glovebox. Diamond anvil culets (300 mm, 150 mm,
100 mm or 40 mm in diameter) were used to cover various
pressure domains. The rhenium gasket was covered with a 1000
Å thick layer of gold to ensure good airtightness prior to any
loading with a pressure transmitting gas under 1400 bars.
When no pressure medium was used (IR absorption measure-
ments and Raman spectroscopy on LiBH4), no gold was used on
the gasket. When the DACs were loaded with gas, neon and
hydrogen were used with a moisture content inferior to 2 ppm
(Air Products Premier Line) for NaBH4 and with helium with
a moisture content inferior to 20 ppb (Air Products BIP Tech-
nology) for LiBH4. Several purges/pumping cycles were done to
dry all the gas loading device before the opening of the DAC for
gas loading, especially for LiBH4 because of its highly hygro-
scopic nature.
Sample characterisations

LiBH4 and NaBH4 are weak X-ray scatterers, which renders their
high pressure structural characterisation in a DAC particularly
challenging. X-ray diffraction measurements on LiBH4 and
NaBH4 were performed at the ID27 beamline of the European
Synchrotron Radiation Facility with a wavelength of 0.3738 Å, an
X-ray beam of around 5 mm and a MAR-CCD detector. An XRD
pattern of LiBH4 at 68 GPa was also collected using a MAR555
detector on ID15b (0.4111 Å) for improved sensitivity. The
pressure was measured using the equation of state of a small
gold piece placed next to the sample for LiBH4 and with the
hydrostatic ruby pressure scale for NaBH4. The X-ray diffraction
patterns were analysed using DIOPTAS62 and the FULLPROF
soware.63 Uncertainties are estimated to be �2% for pressure
and �0.2 Å3 for volume.

Infrared absorption and Raman spectroscopy have been
performed to complement the XRD structural investigation.
First, discontinuities in the frequency shi versus pressure of
RSC Adv., 2021, 11, 25274–25283 | 25275
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the various excitation modes of the BH4 entity reect the vari-
ation of the crystal eld acting on it with high sensitivity.
Therefore, they can reveal subtle structural changes that would
be difficult to extract from XRD, such as a change of orienta-
tional order of the BH4 tetrahedra. Besides, for spectroscopic
studies, the size of the sample is much less problematic than for
XRD and so IR absorption can be used to extend the structural
investigation up to 200 GPa.

Infrared absorption spectroscopy was performed at room
temperature using the synchrotron radiation source at the SMIS
beamline of the French SOLEIL Synchrotron. The IR experi-
mental conguration already described previously64 includes
a horizontal infrared microscope made up of two Schwarzschild
objectives (�15, N.A. 0.5, W.D. ¼ 43 mm) producing a 22 mm
(FWHM) IR spot. Spectra were taken with a 4 cm�1 resolution
with 512 accumulations. The high-frequency edge of the T2g
Raman band of the diamond anvil was used to estimate the
pressure according to Akahama's calibration.65

Confocal Raman spectroscopy was performed using an Alp-
ha300M+ (Witec) spectroscopic system with a continuous Ar–Kr
laser emitting at 488.0 nm. The Stokes Raman signal was
collected in back-scattering geometry by a CCD coupled to
a 600 g mm�1 grating.
Fig. 1 (a) Raman spectra of high pressure Pnma NaBH4 as a function
of pressure (neon as a pressure medium). (b) Corresponding pressure
evolution of the six Raman peaks related to B–H stretching vibrations.
Ab initio calculations

Ab initio calculations have been performed to guide the
discussion of the experimental data with insights at a micro-
scopic level. We have performed DFT calculations using the
Generalized Gradient Approximation in the form proposed by
Perdew, Burke and Ernzerhof (GGA-PBE).66 We have used the
ABINIT code.67 Four kinds of calculations have been performed:
rst, structural optimizations under xed pressure; second,
phonon calculations in the framework of the Density-
Functional Perturbative Theory (DFPT);68,69 third Molecular
Dynamics (MD) runs in the isothermal–isobaric (NPT)
ensemble; fourth constrained Ab Initio Random Structure
Searching (AIRSS).70

The structural optimizations have been done in the Projector
Augmented Wave (PAW) framework, with a plane-wave (PW)
cut-off of 40 Hartrees, and a 6 � 6 � 6 k-point mesh for insu-
lating phases and 12 � 12 � 12 k-point mesh for metallic pha-
ses. All the non-disordered experimental or predicted stable
polymorphs for LiBH4 were also adapted and optimized for
NaBH4 and conversely.

DFPT calculations have been performed, at selected pres-
sures, using both the PAW framework (PW cut-off 40 Ha) and
ONCVPSP norm-conserving pseudopotentials (PW cut-off 50
Ha).71 In the latter case, the structures were re-optimized using
ONCVPSP pseudopotentials prior to the DFPT calculation.

The MD runs have been performed on a cell of Pnma NaBH4

with additional hydrogen molecules, to inspect the possibility
of hydrogen insertion in the borohydride, and the structure that
may be formed in such conditions. MD runs in the (NPT)
ensemble have been performed using a 192 atoms supercell of
the disordered cubic phase V of LiBH4 over more than 5000
steps in order to obtain the equation of state at 300 K. For
25276 | RSC Adv., 2021, 11, 25274–25283
checking purpose (NVT) MD runs have been performed using
the averaged volume obtained in (NPT) MD runs, providing the
right pressure with a precision of 0.3 GPa.

AIRSS was used to search for the ground state of phase VI of
LiBH4. The starting cell was given by the experiment. Six
congurations were rst generated with a random distribution
of lithium and boron atoms. Then, four hydrogen atoms were
randomly placed inside a shell around each boron atom. A total
of 34 random congurations with 24 atoms were optimized by
DFT at 68 GPa. This seemed sufficient to identify the crystal
structure of phase VI.

Results and discussion
Pressure-induced structural changes in NaBH4

A previous Raman study of NaBH4 under pressure up to 30 GPa
suggested that a new phase transition to a possible monoclinic
a-LiAlH4 (P21/c)-type phase occurred at 14 GPa.32 To conrm this
hypothesis, the Raman stretching modes of the B–H bonds were
measured up to 60 GPa. The corresponding background-
corrected spectra are represented in Fig. 1 along with the
pressure evolution of the vibrons of the Pnma phase. Six peaks
can be clearly followed up to 30 GPa but the signal becomes
broader as the pressure increased, making the determination of
the peak position less accurate even with the subtraction of the
second-order contribution of the diamond. Nevertheless, the six
peaks, sometimes in the forms of shoulders, have been followed
up to 60 GPa. The evolution of their frequencies is sub-linear as
a function of pressure and no new peak seems to emerge, in
contrast to George et al.'s suggestion.32 It has to be noted that
the broadening of the Raman lines is probably due to non-
hydrostaticity, as the Raman spectra in George et al.'s study
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Enthalpy difference per formula unit as a function of pressure
for various NaBH4 polymorphs. The Pnma NaBH4 structure is taken as
a reference. A solid line indicates a stable polymorph. The black arrows
indicate if the structure was optimized under increasing or decreasing
pressure. The I41/acd structure adapted from phase III of LiBH4 (not

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
6/

20
26

 1
2:

17
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
are broader than ours from 12 GPa on. Hence, from the Raman
measurements alone, it is not possible to conrm the existence
of a phase transition above 20 GPa.

Diffraction on the Pnma phase had been already performed
with silicone uid as a pressure medium up to 30 GPa by Kumar
et al.28 and also by Filinchuk et al.30 who decompressed it down
to 7 GPa. We extended the X-ray diffraction study of NaBH4 up to
70 GPa in neon pressure transmitting medium. Our measure-
ments are in very good agreement with both the already pub-
lished data and with the calculated equation of state of the
Pnma phase, as can be seen in Fig. 2a. A Vinet adjustment of
a combination of the present data and the already published
data gives a bulk modulus of 19.6 GPa with its pressure deriv-
ative of 4.6 and a volume at atmospheric pressure of 56.5 Å3.
Fig. 2b presents a Le Bail renement of the NaBH4 diffraction
pattern in the Pnma phase under hydrogen at 63 GPa.

Infrared absorption spectroscopy was carried out above
60 GPa and three IR bands centred around 3000 cm�1 corre-
sponding to the B–H stretching modes have been followed up to
190 GPa (see ESI, Fig. S1†). Their evolution is linear when the
pressure increases, which tends to show that no new phase
Fig. 2 (a) Experimental and calculated equations of state of Pnma
NaBH4 along with the evolution of the corresponding cell parameters
under pressure (inset). The parameters of the Vinet fits for experi-
mental and calculated data are respectively: K0 ¼ 19.6 & 15.7 GPa; K 0

0

¼ 4.6 & 5.2; V0 ¼ 56.5 & 56.1 Å3. Error bars smaller than or equal to the
symbol size if not shown. (b) Le Bail refinement of the recorded
diffraction pattern at 63 GPa in hydrogen (a ¼ 6.11 Å, b ¼ 3.71 Å, c ¼
4.82 Å).

shown here) was also optimized at low pressure (<10 GPa) and was
found to be very unstable in this pressure range. Structural optimiza-
tion of the structure adapted from C2/c LiBH4 gave rise to a new
structure during pressure increase. This new polymorph was then
optimized under decreasing pressure and turned out to be of poly-
meric and metallic type.

© 2021 The Author(s). Published by the Royal Society of Chemistry
transition nor decomposition occur under very high pressure.
Aer structural optimizations of all the polymorphs tested, the
observed phase II to phase III transition pressure could be
numerically reproduced. The Pnma phase remained stable up to
474 GPa, above which NaBH4 is predicted to metallize in a new
C2/c structure (Fig. 3). This structure appeared during pressure-
Fig. 4 Temperature vs. pressure phase diagram of NaBH4 adapted and
completed from Sundqvist.40 Green writing indicates a phase with
disorder caused by tetrahedral reorientation. Na, B and H atoms are
respectively represented by yellow, green and pink spheres. Beige
background indicates the new high pressure phase diagram proposed
by this work.

RSC Adv., 2021, 11, 25274–25283 | 25277
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increasing optimization of the adapted non-metallic C2/c LiBH4

polymorph found by Yao & Klug.51 This metallic sodium boro-
hydride has a polymeric/layered feature without any more
tetrahedral (see ESI, Fig. S5†). Each boron & hydrogen-
containing layer is made of zigzag chains linked between
them by a Bchain1–H–B–H–Bchain2 link. Each chain is composed
by a pattern which alternates simple B–B bonds and B–2H–B
bonds as in diborane(6) or maybe as in diborane(4) (plus
terminal hydrogen atoms).

The phase diagram of NaBH4 can thus be extended and
a new one is presented in Fig. 4.
Fig. 5 (a) Diffraction pattern of the new phase VI recorded at 68 GPa
without pressure medium along with a simulated powder pattern of
the corresponding Pnma structure (a ¼ 5.67 Å, b ¼ 4.60 Å, c ¼ 3.46 Å).
“g” stands for gasket. The sample was not in a sufficient powder state
to perform Rietveld refinement. (b) d-Spacing evolution in pressure for
each phase of LiBH4. (c) Experimental and calculated equation of state
of LiBH4 up to 130 GPa. Vertical grey lines materialize the pressure
region of the phase diagram given in Fig. 9. All data points here were
taken on LiBH4 under hydrostatic condition in helium which seems to
favour the persistence of the disordered phase V above 60 GPa. The
parameters of the Vinet fit for phase III are: K0¼ 25 GPa; K 0

0 ¼ 3.4; V0¼
48 Å3. For the sake of clarity, pressure error bars are only shown for
data points above 80 GPa (volume error bars smaller than the symbol
size).
Pressure-induced structural changes in LiBH4

X-ray diffraction was performed on LiBH4 embedded in helium
as a hydrostatic pressure medium. As can be seen in Fig. 5, the
transition pressures and measured volumes are in good agree-
ment with Nakano et al.‘s previous study.46 Even the interme-
diate disordered phase V0 appears, while it was hypothesised
that it would appear only in non-hydrostatic conditions. The
volume of the disordered cubic phase V was also calculated by
averaging the volume over the equilibrated isothermal–isobaric
MD trajectories at 300 K and several pressures. This calculated
volume agrees well with the experimental data within the
experimental error. Starting from 45 GPa, the recorded X-ray
signal of the cubic phase V slowly decreases in intensity as
already seen by Nakano et al.46 and new peaks of a phase VI start
to emerge. A rst run with 300 mm culets leads to a mixture of
phase V and VI up to 72 GPa, the highest pressure achieved in
this run. The mixture was conrmed by Raman spectroscopy.
The six new peaks detected at this pressure were not sufficient
to determine a plausible cell for the new phase VI. Therefore, X-
ray diffraction was then performed with a more sensitive
detector (mar555) on the cell that was used for the Raman study
here aer. At 68 GPa, the LiBH4 sample without pressure
medium was found totally transformed into phase VI and an
orthorhombic cell containing four LiBH4 unit formula can be
inferred from the rst eleven reections seen in the image plate
(up to 2q ¼ 16�). The highest angle peaks are broad and weak
but could also be described by this orthorhombic cell. As can be
seen in (Fig. 5a), this cell corresponds to the computed Pnma
phase VI with the same structure as the NaBH4 Pnma phase III.
This structure is calculated to be thermodynamically stable
from 29 GPa in comparison to the I41/acd structure and not the
disordered Fm�3m phase V. Besides, to be sure of the hydrogen
atoms orientation, more than thirty random draws of the atoms
inside the experimental cell followed by structural optimization
gave the NaBH4-like Pnma structure as the most stable cong-
uration. Besides, the apparition of this phase for LiBH4 just
aer the Fm�3m disordered phase V is logical, as the structure is
only a pressure-distorted version of the P42/nmc phase II of
NaBH4 which appears right aer the same disordered Fm�3m
phase I of NaBH4.

The X-ray study was completed by a second run in helium
with a much smaller sample and a 100 mm culet, three peaks
could be followed up to 130 GPa and have allowed us to extend
the PV equation of state of LiBH4 at room temperature. At
25278 | RSC Adv., 2021, 11, 25274–25283
74 GPa, the volume drops between phase V and the new phase
VI is around 3%.

Typical Raman spectra without pressure medium are pre-
sented in Fig. 6. A striking quasi disappearance of the low
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Raman spectra of LiBH4 at selected pressures and 300 K (no
pressure medium). Each different colour corresponds to a LiBH4

phase. Black: Pnma – phase II; green: I41/acd – phase III; light-blue:
disordered tetragonal I4/mmm – phase V0; blue: disordered cubic
Fm3�m – phase V; violet: mixture between phase V and VI; red:
orthorhombic Pnma – phase VI.

Fig. 7 Infrared frequencies versus pressure for LiBH4 without any
pressure medium (only a few absorption bands could be followed).
The Y axis of the data in red background is on the left (corresponding
to a single run with 300 mm culets) and the Y axis of the data in green
background is on the right (corresponding to two runs with 40 mm
culets). The two bands followed with the 40 mm culets were saturated
with the 300 mm culets. No pressure medium was used. Band no. 4
added (it was missing but presented in Fig. S3†).

Fig. 8 Enthalpy difference per formula unit as a function of pressure
for various LiBH4 polymorphs. The new Pnma phase VI is taken as
a reference. The black arrows indicate if the structure was optimized
under increasing or decreasing pressure. Structural optimization of the
LiBH4 phase I and of the structure adapted from P4�21c NaBH4 gave
rise to a new structure during pressure increase. These two new
polymorphs were then optimized under decreasing pressure but none
of them was found to be stable inside any pressure range.
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frequency modes is recorded from 20 GPa on, when LiBH4

transforms from an ordered tetragonal I41/acd phase III to two
disordered phases: a tetragonal and then a cubic phase (phases
V0 and V). As the pressure increases, new low frequency vibrons
start to appear at 45 GPa and are well dened near 55 GPa.
Nevertheless, at this pressure, the Raman stretching modes in
the 2500 cm�1 region indicate that a fraction of the cubic phase
remains, as three peaks are distinguishable whereas from
64 GPa on, only two peaks are distinguishable. Hence Raman
spectra clearly indicate a reordering of the [BH4]

� tetrahedron
leading to the new high pressure phase VI of LiBH4.

The infrared absorption study presented in Fig. 7 conrms
the appearance of this new phase as well and has allowed us to
extend the study LiBH4 under higher pressure. As can be seen,
the transition between phase III and phase V0/V is clearly indi-
cated by the disappearance of the denoted s3 absorption band
and a clear slope change in the evolution of the denoted s2

(corresponding to a bending mode72) starting from 17 GPa.
Other slope changes for s2 occur: (1) near 25 GPa, indicating the
complete transformation of the disordered tetragonal phase V0

into the disordered phase V, (2) near 45 GPa, corresponding to
the coexistence zone between phase V and VI and (3) above
60 GPa, interpreted as the corresponding starting pressure at
which only phase VI is present.

Higher pressure IR absorption study up to 290 GPa was also
conducted with a 40 mm DAC by following the two main
stretching bands which were saturated in the experiment with
the 300 mm culet. A slight slope jump and a slope change are
detected at 160 GPa which could be a very rst indicator of
© 2021 The Author(s). Published by the Royal Society of Chemistry
a new phase transition to a potential phase VII (see Fig. S2 and
S3 in ESI† for IR spectra). Should it be conrmed by XRD, this
phase VII would probably not be one of the phases predicted by
Yao & Klug, i.e. monoclinic C2/m or C2/c insulating phases, as
they are computed to be unstable with respect to the new phase
VI at this pressure (Fig. 8). One can hypothesize a slight
monoclinic distortion of phase VI. At higher pressure, the
insulating C2/c structure proposed by Yao & Klug51 is calculated
RSC Adv., 2021, 11, 25274–25283 | 25279
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Fig. 9 Temperature vs. pressure phase diagram of LiBH4 adapted and
completed from past studies33,40,43,46,47,51 (dotted lines: red – Pistorius;41

black – Dmitriev et al.;43 blue – Sundqvist et al.;33 green – Yamawaki
et al.47). Green writing indicates a phase with disorder caused by
tetrahedral reorientation. Red writing indicates a phase with disorder
caused by tetrahedral rotation along one of its axes. Pressure range for
the coexistence of phase V and VI is given for non-hydrostatic
conditions; for helium pressure transmitting medium, this zone starts
at 60 GPa and probably terminates near 80 GPa. Note that phase V0 is
considered as metastable46 and that there is unconfirmed theoretical
debate for structure of phase I.73,74 Li, B and H atoms are respectively
represented by light green, dark green and pink spheres. Phase VIII and
IX are the phases from Yao & Klug for which the transition pressures
were recalculated. Beige background indicates the new high pressure
phase diagram proposed by this work.

Fig. 10 Enthalpy difference between NaBH4 + 0.5H2 and
NaBH4(H2)0.5 as a function of pressure. NC: Norm-Conserving
method. PAW: Projector Augmented Wave method. View along the c
axis of (a) the NaBH4 Pnma structure and (b) the NaBH4(H2)0.5 P21/c
structure. View along the b axis of (c) the NaBH4 Pnma structure and
(d) the NaBH4(H2)0.5 P21/c structure.
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to become thermodynamically favourable near 290 GPa. Then,
LiBH4 is expected to metallize at 428 GPa by transforming into
the polymeric C2/m structure predicted by Yao & Klug.51 This
metallic phase, unlike the metallic phase of NaBH4, does not
contain B–2H–B bonds but simple B–H–B or B–B bonds.

The phase diagram of LiBH4 can thus be extended and a new
one is presented in Fig. 9.

Hydrogen impurities in LiBH4

Infrared transmission measurements on lithium borohydride
reveal the presence of a small absorption band near 4550 cm�1

in phase II. Its frequency is greater than the frequency of pure
H2 and corresponds to the stretching vibration of few H2

molecules trapped inside the LiBH4 crystal lattice. As far as we
know, this slight amount of hydrogen inside LiBH4 was never
reported before; maybe because this trapped H2 is hardly
detected by Raman spectroscopy (IR absorption measurements
can be much more sensitive than Raman spectroscopy to detect
a hydrogen vibron). Incidentally, it should be noted that the
LiBH4 commercial batch was new and the glove box free of O2/
H2O at a level inferior to 1 ppm and no water contamination was
detected by IR absorption, which probably rules out a hypo-
thetical hydrolysis reaction. Hence, the presence of H2 is
thought to be due to impurities trapped in the LiBH4 structure
during synthesis. Such impurities do not change the crystal
structure of LiBH4 and probably only marginally change its
volume, measured by XRD. Indeed, the experimental structures
25280 | RSC Adv., 2021, 11, 25274–25283
and volumes agree fairly well with the earlier literature studies
and the DFT-calculated ones (Fig. 5).

This H2 vibron has been followed during pressure increase
(band denoted s7 in Fig. 7). The intensity of the band increases
during the transition from phase II to III (see ESI, Fig. S9†). This
can be due to a higher polarisation of the H2 molecule in phase
III or a slight decomposition during the phase change, even if
such decomposition is more a temperature effect (as in the
phase II to the high-temperature phase I transition at ambient
pressure50) than a pressure effect. A frequency jump near 20 GPa
is correlated with the phase III to phase V0/V transformation,
and the breaks in slope at higher pressure are correlated to the
coexistence of phases V and VI dened above. Hence, this small
amount of H2 in the LiBH4 lattice turned to be a good probe of
the structural transformation under pressure. During the
phase V to VI transition, the H2 signal broadens and tends to
vanish, indicating a low signal or a possible diffusion of the
hydrogen into the gasket.
Hydrogen complexes with NaBH4

As we have seen, NaBH4 stays in its orthorhombic Pnma phase
under high pressure which is not very interesting from
a hydrogen storage perspective. Several NPT MD runs have been
performed to try to nd new stable NaBH4(H2)x complexes with
high hydrogen content. The additional hydrogen was initially
inserted inside the void in the NaBH4 Pnma structure at 50 GPa.
Several stoichiometries have been tested with x ¼ 1/2, 1, 3/2, 2.
The total number of atoms in the cell was 28. On the four
stoichiometries tested, only the one with x ¼ 1/2 lead to
a structure compatible with a possible insertion. The resulting
structure, shown in Fig. 10, was then optimized and could be
described in the P21/c space group (see ESI† for the Wyckoff
© 2021 The Author(s). Published by the Royal Society of Chemistry
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positions). The lattice of the orthorhombic Pnma structure was
distorted into a monoclinic one due to hydrogen insertion
without any major reorganisation of the atoms. In this struc-
ture, H forms a bridge between the edges of two distinct tetra-
hedral. By comparing the enthalpies of pure NaBH4 + 0.5H2 and
NaBH4(H2)0.5 as a function of pressure, we found that this new
complex becomes stable above 153 GPa. For the reference phase
of H2, we have used the C2/c-32 phase17 for phase I and the C2/c-
24 phase which is the accepted candidate phase for the phase III
of dense hydrogen.75 Phonon band structures of NaBH4 and
NaBH4(H2)0.5 at 206 GPa can be found in ESI (Fig. S7 and S8†).
Note that a slight dynamical instability is observed in the case of
NaBH4(H2)0.5, close to the gamma point, proving that a slightly
more stable structure may exist (however, its direct simulation
would require the building of a supercell 10 times larger, which
is currently beyond our numerical possibilities). The new
compound remains an insulator and the stretching vibration
frequency of the inserted H2 molecules is higher than that of
pure hydrogen by 650 cm�1 at 200 GPa (H2 at 3750 cm�1 at 75 K
and 200 GPa (ref. 76)). Experimentally, this higher vibration
frequency should easily be detected thanks to Raman or IR
spectroscopy. The volume is also slightly increased by 8% at
200 GPa (+1.57 Å3) compared to Pnma NaBH4. We have per-
formed preliminary experiments on NaBH4 loaded with H2 in
a DAC, and no such hints of H2 insertion have been detected up
to 88 GPa during the room temperature pressure increase,
which is in agreement with the calculations.

Conclusion

The phase diagrams of both lithium and sodium borohydrides
have been experimentally extended in pressure above 100 GPa
and up to the metallization of these compounds by ab initio
calculations. Their extended phase diagrams in the multi-Mbar
range are shown in Fig. 9 and 4, respectively. The polymorphism
of LiBH4 is richer than the one of NaBH4. Indeed, LiBH4 is
transformed under pressure into ve specic polymorphs at
least. Previously, only the disordered Fm�3m cubic phase was
known to be shared between the two compounds, but in the
present study, we have found a shared high pressure Pnma
structure. As suggested by the IR absorption data, this phase
might undergo a monoclinic distortion under pressure for
LiBH4 but not for NaBH4.

Moreover, the reliability of highly converged GGA-PBE
calculations has been demonstrated in this study, both by
a good replication of the phase diagram of the two borohydrides
but also by a successful ab initio search for the structure of
phase VI of LiBH4. Hence, machine learning/AIRSS search and
design should be useful to discover new borohydrides or, more
generally, new ternary hydrides for better solid hydrogen
storage.

With the prediction of the stability of a new NaBH4(H2)0.5
hydride under pressure, the question of the possibility of
inserting more hydrogen inside alkaline borohydrides which do
not have a very open metal–organic framework is raised.
Moreover, the detection of trapped H2 inside the polymorphs of
LiBH4 under pressure calls for new numerical and experimental
© 2021 The Author(s). Published by the Royal Society of Chemistry
searches for LiBH4(H2)x complexes with high hydrogen content,
as what was done for NaBH4, especially in phase VI which is
shared between the two compounds.
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Matter Mater. Phys., 2010, 81, 1–9.

25 D. G. Allis and B. S. Hudson, Chem. Phys. Lett., 2004, 385,
166–172.
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2005, 405, 73–78.
56 P. Vajeeston, P. Ravindran, A. Kjekshus and H. Fjellvåg, J.
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