E]]] MATERIALS

pubs.acs.org/cm

High-Pressure Study of Mn(BH,), Reveals a Stable Polymorph with

High Hydrogen Density

Nikolay A. Tumanov, Elsa Roedern, Zblgnlew Lodziana,® Dorrlt B. Nielsen,* Torben R. ]ensen,
Alexandr V. Talyzm, Radovan Cerny, Dmitry Chernyshov, Vladimir Dmitriev,” Taras Palasyuk

and Yaroslav Filinchuk®"

"Institute of Condensed Matter and Nanosciences, Université Catholique de Louvain, Place L. Pasteur 1, 1348 Louvain-la-Neuve,

Belgium

*Center for Materials Crystallography, Interdisciplinary Nanoscience Center (iNANO) and Department of Chemistry, University of

Aarhus, Langelandsgade 140, DK-8000 Aarhus C, Denmark

SINP Polish Academy of Sciences, Department of Structural Research, ul. Radzikowskiego 152, 31-342 Krakdw, Poland
”Department of Physics, Umed University, Linnaeus vig 24, Umea S-90187, Sweden
lLaboratory of Crystallography, DQMP, University of Geneva, quai Ernest-Ansermet 24, 1211 Geneva, Switzerland

#Swiss Norwegian Beamlines at the European Synchrotron Radiation Facility, 71 Avenue des Martyrs, 38000 Grenoble, France
*Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland

© Supporting Information

ABSTRACT: High-pressure behavior of a-Mn(BH,), was
studied up to 29.4 GPa in diamond anvil cells using powder X-
ray diffraction combined with DFT calculations and Raman
spectroscopy, and two new polymorphs were discovered. The
first polymorph, 6-Mn(BH,),, forms near 1 GPa and is
isostructural to the magnesium analogue 5-Mg(BH,),. This
polymorph is stable upon decompression to ambient
conditions and can also be obtained by compression of a-
Mn(BH,), in a large-volume steel press as well as by high-
energy ball milling. It shows a high volumetric density of
hydrogen of 125 g H,/L at ambient conditions. 6-Mn(BH,),
was refined in the space group I4,/acd with the cell parameters

a = 7.85245(6), ¢ = 12.1456(2) A, and V = 748.91(1) A® at ambient conditions; it can also be described in a stable P-4n2
superstructure. Its thermal stability was studied by in situ X-ray powder diffraction and thermal analysis coupled with mass-
spectroscopy. -Mn(BH,), transforms back to a-Mn(BH,), upon heating in the temperature range of 67—109 °C in Ar (1 bar)
or H, (100 bar) atmosphere, and a decomposition is initiated at 130 °C with the release of hydrogen and some diborane.
Mn(BH,), undergoes a second phase transition to ¢’-Mn(BH,), in the pressure range of 8.6—11.8 GPa. &'-phase is not

isostructural to the second high-pressure phase of Mg(BH,),, and its structure was determined in the

2a X c¢ supercell

compared to the §-phase and refined in the space group Fddd with a = 9.205(17), b = 9.321(10), ¢ = 12.638(15) A, and V =
1084(3) A’ at 11.8 GPa. Equations of state were determined for a- and 6-Mn(BH,),.

B INTRODUCTION

Hydrogen economy is one of the prospective trends in the
future of renewable energy, but hydrogen storage is still a
limiting factor. Hydrogen storage technologies currently focus
on the use of compressed gas (700 bar) for cars, but the
gravimetric or volumetric hydrogen storage density is not
optimal. A possible alternative may be chemically bound
hydrogen in lightweight compounds. In this context, metal
borohydrides have been studied intensively in recent years.'*
One of the problems in the practical application of metal
borohydrides as hydrogen storage materials is often a too high
or too low decomposition temperature."”* Schrauzer’ and,
later, Nakamori et al® showed that the stability of metal
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borohydrides correlates with the Pauling electronegativity of
the metal (¥, ), which may be mainly defined by the complex-
forming metal Manganese borohydride with y, = 1.55 is one
of the borohydrides with a moderate temperature of
decomposition (160 °C)”* and could be used as a precursor
for synthesis of bimetallic or trimetallic borohydrides.”'" The
structure and properties of metal borohydrides are usually
studied at ambient conditions, variable temperatures, and gas
pressures up to 200 bar. Applying high hydrostatic pressure to
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the compounds not only adds an additional dimension to the
phase diagram, revealing new high-pressure polymorphs of
metal borohydrides,'' *° but may also allow for the discovery
of new high-pressure phases that are stable upon decom-
pression.'® Such compounds are not only denser than those
known to form at ambient conditions but may also provide new
or improved properties to a system, e.g, regarding stability,
decomposition, melting temperatures, and so forth. For
instance, 5-Mg(BH,),, obtained by compression of a-Mg-
(BH,), or y-Mg(BH,), to ~1 GPa, and the pressure-collapsed
amorphous Mg(BH,),, are more stable in air'®! than the
ambient pressure phases. The present work describes the
synthesis, stability, and properties of new, dense, high-pressure
polymorphs of Mn(BH,),.

B EXPERIMENTAL SECTION

Materials. a-Mn(BH,),, used in diamond anvil cell experiments,
was synthesized by two procedures. The first is via high-energy ball
milling of LiBH, and MnCl, in stoichiometric amounts, producing
Mn(BH,), with two equivalents of LiCl (sample S1).** The other
method is based on a metathesis reaction of MnCl, and NaBH, in
diethyl ether that yielded NaMn,(BH,),-2Et,O followed by desolva-
tion under vacuum, allowing for a chloride-free sample containing
Mn(2]§H4)2 and only a small amount of NaBH, to be obtained (sample
§2).*
a-Mn(BH,),, used in steel press and high-energy ball milling
experiments, was synthesized from MnCl, (anhydrous, 99.99%) and
LiBH, (95%) by a metathesis reaction in anhydrous diethyl ether
followed by extraction with dimethylsulfide, yielding a solvate that was
desolvated at elevated temperatures (T = 110 °C) under dynamic
vacuum yielding @-Mn(BH,), containing small amounts of LiBH, as
an impurity (sample S3).

To clarify a possible influence of LiCl presence on the properties of
Mn(BH,),, we prepared the last sample by mixing a-Mn(BH,), (S3)
and two equivalents of LiCl. The mixture was milled under argon
atmosphere in an 80 mL tungsten carbide vial with 10 mm diameter
balls using a Fritsch Pulverisette 6 with a ball-to-powder ratio of 1:30
at 300 rpm for 12 X S min with a 2 min pause in between, yielding
sample S4. Table 1 summarizes the origin of samples S1—S4.

Table 1. Samples Used in High-Pressure Experiments on
Mn(BH,),

sample
name reactants/synthetic method products, wt %
S1 MnCl, and LiBH,/ball-milling Mn(BH,), 50%, LiCl
50%
S2 MnCl, and NaBH,/metathesis in Et,0O Mn(BH,), 69%,
NaBH, 31%
S3 MnCl, and LiBH,/metathesis in Et,O, Mn(BH,), 90%, LiBH,
extraction with dimethylsulfide 10%
S4 $3 and LiCl/ball-milling Mn(BH,), 45%, LiCl

50%, LiBH, 5%

Steel Press Synthesis of 5-Mn(BH,),. A sample of 500 mg of a-
Mn(BH,), (S3) was loaded into a hydraulic stainless steel press with a
piston of 10 mm diameter. A pressure of approximately 1.2 GPa was
applied for 3 h; then, the produced pellet was removed from the press
and crushed in a mortar, and the powder was reloaded and pressurized
in a similar way for another 3 h. The mixture of a-Mn(BH,), (S4)
with two equivalents of LiCl, ball milled in argon atmosphere, was
pressurized using the same procedure.

Raman Spectroscopy. Raman spectra were obtained in diamond
anvil cells using a Renishaw 1000 spectrometer with a 633 nm
excitation laser. The pressure was calibrated using the internal ruby
standard.

Thermal Analysis. The samples were studied by combined
thermogravimetry (TG), differential scanning calorimetry (DSC),
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and mass spectrometry (MS) of the evolved gas using a PerkinElmer
STA 6000 apparatus and a Hiden Analytical HPR-20 QMS sampling
system. Samples of approximately 12 mg were placed in an Al crucible
and heated from RT to 500 °C at a heating rate of 5 °C/min in 20
mL/min argon flow. The evolved gas was transported to the MS
through heated tubing and analyzed for H, (m/z = 2) and B,H, (m/z
= 26).

In-House X-ray Powder Diffraction (XPD). Laboratory XPD was
performed using a Rigaku Smart Lab X-ray diffractometer configured
with a Cu X-ray source and a parallel beam multilayer mirror (Cu Ky,
radiation, A = 1.540593 A). Data were collected at RT between 5 and
70° 20 at 3°/min. Air-sensitive samples were mounted in 0.5 mm
borosilicate glass capillaries in a glovebox and sealed by melting.

Synchrotron Radiation ex Situ X-ray Powder Diffraction (SR-
XPD). High resolution SR-XPD data of 5-Mn(BH,),, sample S3,
mounted in a 0.5 mm borosilicate glass capillary, was obtained at
BMI11 at the Diamond Light Source, Didcot, UK, 1 = 0.825770(4) A,
with a multianalyzing crystal (MAC) detector with 5 MAC arms with
45 MAC channels between 0—150° 26. Three data sets with 10 min
collection times were each summed, and the data was rebinned with a
step size of 0.010° 26.

Synchrotron Radiation X-ray Powder Diffraction in Dia-
mond Anvil Cells (DACs). Hydrostatic pressure in the X-ray powder
diffraction experiments was created in a ETH-type** diamond anvil
cell (flat culets with a diameter of 0.5 mm, a stainless steel gasket, a
starting thickness of 0.200 mm preindented to 0.060 mm, and a hole
diameter of 0.25 mm). The pressure was estimated from the shift in
the R;-band of a ruby calibrant (+0.05 GPa).>>* Because Mn(BH,),
may be sensitive to oxygen and moisture, the fine powder of
Mn(BH,), (samples S1 and S2) was loaded into DAC in a glovebox
with a high-purity argon atmosphere. No pressure-transmitting
medium was used, but quasi-hydrostatic conditions were achieved, as
we found from a small broadening of ruby fluorescence lines*>*” and
the splitting of R;-R, lines.”®

High-resolution X-ray powder diffraction experiments were carried
out using a synchrotron radiation source at BM1A station at the Swiss-
Norwegian Beamlines at ESRF (4 = 0.7092 A, a MAR345 2D-image
plate detector for the first series of experiments; A = 0.68239 A, Pilatus
2M hybrid pixel detector for the second series of experiments). The
beam was slit-collimated down to 100—150 gm. Nominal sample-to-
detector distances (200 and 193 mm, respectively), coordinates of
beam center, and detector tilts were calibrated using LaBs (NIST
standard 660b) loaded in the DAC of the same type without applying
pressure. The exposure time was varied between 180 and 1000 s.

A structural study in the pressure range up to 30 GPa was
performed by X-ray diffraction using synchrotron radiation (4 =
0.5635 A) at Beamline 01C2 of National Synchrotron Radiation
Research Center (NSRRC), Hsinchu, Taiwan. The fine powder
sample was loaded into DAC (flat culets of 0.5 mm size) in a hole (0.2
mm diameter) drilled in a preindented (0.040 mm thickness) stainless
steel gasket under a high-purity argon atmosphere. Several ruby
spheres were loaded along with the sample and were used for pressure
estimation. No pressure-transmitting medium was used.

Raw powder diffraction data were processed (calibration, masking
of the reflections from diamond and ruby, integration) using the Fit2D
program.”’ Uncertainties of the integrated intensities were calculated
at each 26 point by applying Poisson statistics to the intensity data
considering the geometry of the 2D detector.>”’

Temperature-Variable SR-XPD. A powdered sample of J-
Mn(BH,), produced in the steel press (S3) was mounted in a
sapphire (AL O;) single-crystal tube (0.d., 1.09 mmy; i.d,, 0.79 mm) in
an argon-filled glovebox p(O,, H,0) < 1 ppm and placed in a specially
developed in situ sample cell for investigation of solid—gas reactions.>”
The temperature was controlled with a thermocouple placed in the
sapphire tube in direct contact with the sample. The samples were
heated at a rate of S °C/min between RT and 400 °C in p(Ar) =~ 1 bar
and p(H,) = 100 bar. In situ SR-XPD data were collected at beamline
1711 at the MAX IV laboratories in Lund, Sweden with a MAR165
CCD detector system with X-ray exposure times of 30 s and a selected
wavelength of 4 = 0.9919 A. The raw 2D diffraction data sets were
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transformed to powder patterns using the Fit2D program,
incorporating wavelength calibration using a NIST 660a LaBg
standard, and masking single-crystal diffraction spots from the sapphire
sample holder.” Uncertainties of the integrated intensities were
calculated at each 26 point by applying Poisson statistics to the
intensity data considering the geometry of the detector.®’

Structure Determination. The structure of 5-Mn(BH,), was
initially refined in the P4,nm space group simply by using the
previously reported crystal structure of 5-Mg(BH,), as an initial model
(replacing Mg atom for Mn). However, DFT calculation reveals that
the structure in the P4,nm space group shows five imaginary normal
modes. The simulated annealing was performed for structures in
P4,nm symmetry and pressures of 2, 4, 6, and 8 GPa. This led to a new
structure with the same complexity (Z = 2) but with a significantly
smaller ¢/a ratio. The new structure is stable with respect to atomic
displacements in the pressure range from 3 to 9 GPa. Above this
pressure, a single imaginary mode was present. Imposing the atomic
displacements related to the imaginary mode results in Pnn2 structure
with Z = 2. A continuous phase transition was observed theoretically
between P4,nm and Pnn2 structures around 9.2 GPa. The Pnn2
structure annealed by DFT at ambient pressure results in a new
structure with P-4n2 symmetry. This structure is stable in the pressure
range from O to 1.5 GPa (see Supporting Information). However, a
structure in the same \/ 2a X 2c supercell but with 14,/acd (Z = 8)
symmetry does not have any phonon instabilities between 1 and 10
GPa. At ambient pressure, a soft phonon is present at the point X of
the Brillouin zone (see the Supporting Information). At higher
pressures, we have not found soft modes for this structure below 18
GPa. Above this pressure, 4 soft phonons are present. The P-4n2 and
I4,/acd structures optimized theoretically show c/a ratios similar to
the experimental values found for the subcell.

A comparison of the ground state energies reveals that below 1.5
GPa the P3,12 a-Mn(BH,), structure is preferred; just above 1.5 GPa,
both P-4n2 and I4,/acd have the lowest ground state energy with a
preference for the latter at higher pressures. For pressures higher than
10 GPa, the Fddd structure is the most stable. Although two structures,
Pnn2 and P4,nm, are stable with respect to atomic displacements, they
are energetically unfavorable in any pressure range. One has to keep in
mind that the present calculations inherently contain simplification
related to the magnetic ordering. The more complex antiferromagnetic
order would change the energy of the system; thus, the ground state
energy comparison is only qualitative.

Theoretically determined structures were refined by the Rietveld
method using Fullprof Suite software.”> The positions of the
manganese atoms are nonparametric, and the coordinates of the B
and H atoms were refined using soft constraints on the B—H distances
(1.12 A). Atomic displacement parameters were refined for each type
of atom. A preferred orientation was modeled by applying March—
Dollase approximation for the (001) direction, and an orthorhombic
strain was modeled for the tetragonal lattice. The models for the J-
phase were refined sequentially in a whole pressure range of existence.
Such a combined structural search suggests that the first high-pressure
phase, 5-Mn(BH,),, is isostructural to the high-pressure phase of &-
Mg(BH4)2.18 The stable structures in the P-4n2 and I4,/acd space
groups (4/2a X 2c supercell compared to the initial P4,nm structure)
have similar refinement indicators; thus, none can be ruled out. The
only indication for the preference comes from the dispersion relations
(Supporting Information). At ambient pressure, P-4n2 is stable with
respect to atomic displacements, and above 1.5 GPa, the I4,/acd
structure has no imaginary normal modes.

Appearance of a new diffraction peak at low angles clearly indicates
another phase transformation at around 9 GPa. We started from the
assumption that the new phase, §'-Mn(BH,),, is a deformation of the
O-phase, so we tested different indexing solutions that would represent
the supercells. The subgroups of P4,nm with doubled ¢ parameter were
tested, and with the systematic absences of reflections taken into
account, the I4,;md group was initially chosen. The P4,nm model of J-
Mn(BH,), transformed the space group I4;md with the \/2a X 2c cell
using PowderCell.** We used this model in the initial Rietveld
refinement of 5'-Mn(BH,),. However, this candidate structure with
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I4,md symmetry is not stable in the pressure range 0—18 GPa with
numerous imaginary normal modes, which inspired our further search
for more suitable structures. To find the symmetry of §'-Mn(BH,),,
we have performed additional simulated annealing searches construct-
ing superstructures with Z = 8 in a primitive cell for all of the
structures considered above. This procedure reveals that the 1/2a X 2¢
supercell leads to two stable symmetries: P2;/c in the 1/2a X 2c
supercell (Z = 8) and Fddd in the 2a X 2c supercell (Z = 16). The final
structure, which is stable and describes the X-ray powder pattern well,
was found in the orthorhombic Fddd space group with all three unit
cell parameters doubled compared to the starting P4,nm model (2a X
2b X 2c).

The model of §'-Mn(BH,), was refined in the Fddd space group.
The Mn atom was placed in the x, 1/8, 1/8 position with one refined
coordinate. The coordinates of BH,™, the thermal factors for each type
of atom, and the preferred orientation in the (001) direction were
refined. The structure of the &’-polymorph was refined sequentially for
all higher pressure points.

DFT Calculations. The calculations were performed within the
density functional theory (DFT) formalism with periodic plane wave
expansion of the electronic wave functions implemented in the Vasp
package.3°'36 Electronic configuration of 3d%s! for Mn, 2522p1 for B,
and Is' for H was represented by projected augmented wave
potentials.>” The gradient corrected (GGA) functional®® was used
for the exchange correlation functional. The DFT within the standard
GGA approximation to the exchange and correlation functional is
known to suffer limitations in describing the physics of magnetic
materials with strongly localized electronic states. This is mostly due to
the spurious, self-interaction of the localized electrons, such as the Mn
d states in Mn(BH,),, where Mn occurs in a +2 oxidation state. In the
present studies, we have applied a DFT+U (GGA+U) approach to
circumvent the self-interaction problem. The concept of the DFT+U
approach is related to addressing the on-site Coulomb interactions in
the localized d or f orbitals with an additional Hubbard-type term in
the Hamiltonian. We have applied the DFT+U method developed by
Anisimov et al.*” In this approach, an effective interaction parameter
U, = U — J (further denoted as U) is introduced. Following reports
for MnO, where Mn has the same oxidation state as in Mn(BH,),, we
have applied U = 4.***" It is well-known that a more advanced
theoretical description appears to be superior with respect to GGA+U
for Mott—Hubbard type insulators;** however, the computational
costs related to these methods would make a search for the ground
state structures intractable. The test calculations without Hubbard
correction for the @-Mn(BH,,), give unrealistic magnetic moments on
Mn, structure, and the very small band gap (<1 eV); therefore, all of
our calculations were performed with the GGA+U method as
described above. To avoid complications with ordering of the
magnetic states on Mn for all calculations, the ferromagnetic order
was assumed. In fact, this simplification does not properly describe the
symmetry that might be related to other magnetic ordering in
Mn(BH,),; however, the X-ray diffraction technique used within the
present study is insensitive to the ordering of the magnetic moments.
The antiferromagnetic order for the P-4n2 phase indeed has the
ground state energy lower by 0.02 eV per formula unit than the
ferromagnetic one, and the volume of the unit cell differs by 0.6%. This
defines the accuracy of the present calculations.

Static structural optimization was performed with the conjugate
gradient method; for each given pressure, internal atomic positions as
well as the lattice parameters were optimized until forces excerpted on
atoms were smaller than 0.001 eV/A. The crystal symmetry was
constrained during this process. Once the structure has converged, the
normal-mode analysis was performed. For simplicity, the normal-mode
frequencies were calculated at the I" point by displacing the symmetry-
inequivalent atoms in all crystallographic directions by +0.01 A. To
check this approach for selected configurations, we have used the
linear response method. The results of both approaches differ up to a
few percent. For the ultimate stability test, the phonon dispersion
relations were determined in the whole Brillouin zone for all candidate
structures. The real space method was applied,”* and the forces
excerpted on atoms were calculated with the linear response method in
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the suitable supercells with 16 or 32 formula units. For the phonon
calculations, various ordering of Mn magnetic moments were taken
into account in separate calculations. In particular at lower pressures,
the antiferromagnetic ordering provides relations without soft
phonons; thus, the antiferromagnetic state is taken into account in
phonon dispersion relations for P-4n2 and I4,/acd. All calculations
related to the vibrational properties were performed within the GGA
+U method.

For structures with imaginary modes, simulated annealing was
performed to find new stable atomic configurations. This was done by
heating the structure to T = 200—300 K at a rate of 100 K/ps and
cooling it to T = 0 K at a rate of 50 K/ps. No constraints were
imposed on the internal atomic positions; the unit cell parameters
were kept fixed during the annealing process. The Nose—Hoover
thermostat™** was applied for this procedure, and the time step for
integration of equations of motion was 0.6 fs. The symmetry of the
system was analyzed™ after each annealing step. Any new symmetry
was optimized with methods used for the static calculations, and
normal modes were analyzed. Superstructures with various multi-
plications of the unit cell were considered for the simulated annealing
process if appropriate.

The magnetic moment of Mn is 4.60 up for P3,12 structure at 0
GPa, 4.59 ug for P-4n2 at 2 GPa, 4.58 ug for I4,/acd structure at 4
GPa, and 4.56 py for Fddd structure at 10 GPa. All structures are
insulating with the band gap ranging between 3.7 eV in the P3,12
structure at 0 GPa and 2.9 eV for the I4,/acd structure at 8 GPa; see
the electronic density of states in the Supporting Information. In fact,
the band gap also depends on the magnetic ordering of Mn ions;
however, magnetic properties are beyond the scope of the present
report.

B RESULTS AND DISCUSSION

1. Structure of 6-Mn(BH,),. The two identified structural
models for §-Mn(BH,), are different variants of BH,
orientational order that are more stable than the initial guess
P4ynm structure.'® The P-4n2 structure has the same cell,
whereas the I4,/acd structure is built in the \/ 2a X 2¢ supercell.
Even good quality powder diffraction data obtained for o-
Mn(BH,), in the ex situ synchrotron experiment at ambient
conditions do not reveal superstructure peaks nor do they show
better fit for one of the models. The two models differ only by
the orientation of the BH, groups, whereas Mn atoms (these
atoms make the largest contribution to the structure factors)
occupy equivalent nonparametric special positions. Thus, X-ray
powder diffraction and DFT calculations are more consistent
with the P-4n2 structure. However, more arguments on the
choice of the space group will be given in section 3 following
the theory of phase transitions.

The structure of 5-Mn(BH,), consists of two interpenetrated
Mn(BH,), frameworks, being the tetragonally deformed Cu,O
antitype, similar to its analogues J-Mg(BH,),'® and a-
Cd(BH,),.** 6-Mn(BH,), has no voids in the structure and
shows high volumetric density of hydrogen of 125 g H,/L at
ambient conditions. A complex orientational order of BH,~
anions may take place in metal borohydrides at high pressures,
reducing repulsive H---H interactions between the anions. For
example, it was shown that the Ama2 structure of LiBH,
determined from X-ray powder diffraction at high pressures'’
has a higher energy than its I4,/acd substructure in the \/ 2a X
2¢ supercell, predicted theoretically.*” Later, the same I4,/acd
ordering pattern of the BH, groups in the 1/2a X 2¢ supercell
had been proposed for the high-pressure phase of magnesium
borohydride.”” The order of hydrogen atoms is not manifested
in the X-ray powder data; it is especially difficult to see it from
high pressure data, but it can be suggested from energy
calculations, determined directly, or simply confirmed by
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neutron powder diffraction. The high-pressure neutron
diffraction study of Mn(BH,), is out of scope of this work,
especially in view of a possible contribution of magnetic
ordering for Mn?* ions, but we rely on DFT for optimization of
hydrogen atoms positons. Both optimized models give
reasonable structures: no short H—H contacts, usual coordina-
tion of BH,™ groups to Mn via edges, and similar ground state
energies. At ambient pressure, the P-4n2 structure has no soft
modes, whereas at pressures above 1.5 GPa, the I4;/acd
structure is stable with respect to atomic displacements. The
energy difference between them is negligible, especially because
more complicated magnetic order may be present at very low
temperatures (which is beyond the scope of this study). At 0
GPa, the P3,12 structure has the lowest energy, and both
candidate structures for 5-Mn(BH,), are metastable. The cell
parameters of the 5-Mn(BH,), structure at ambient conditions
refined in the space group I4,/acd are a = 7.85245(6), ¢ =
12.1456(2) A, and V = 748.91(1) A°.

2. Structure of §’-Mn(BH,),. The structure of §'-
Mn(BH,), is very similar to the &-polymorph and is also
comprised of two interpenetrated Mn(BH,), frameworks. The
two frameworks in the ¢’-phase are crystallographically
independent and thus are slightly shifted relative to each
other (see Figure 3), giving rise to the superstructure peaks in
the diffraction patterns. The cell parameters of the ¢'-
Mn(BH,), structure at 11.8 GPa refined in the space group
Fddd are a = 9.205(17), b = 9.321(10), ¢ = 12.638(15) A, and V
= 1084(3) A,

The structure of §’-Mn(BH,,), does not explain the observed
powder pattern of the second high-pressure phase of Mg(BH,),
(denoted e-phase in the Supporting Information to ref 18),
thus showing that §'-Mn(BH,), is not isostructural to e-
Mg(BH,),.

3. High-Pressure Behavior of Mn(BH,),. Synchrotron
radiation X-ray powder diffraction shows that the first phase
transition in Mn(BH,), occurs in the range of 0.5-2.0 GPa,
where the initial a-phase and the emerging high-pressure o-
phase coexist. This coexistence is typical for the first order
phase transition and the coexistence range differs slightly in
various experiments.

The structure of @-Mn(BH,), is characterized by a significant
amount of empty space.”> During the first phase transition, a-
Mn(BH,), collapses, losing 16% of the volume, and rearranges
to 5-Mn(BH,), (see Figure 2). Calculations do not exclude the
possibility that in the narrow pressure range of 0—1.5 GPa a
metastable P-4n2 structure exists.

The second phase transition from J-phase to &’-phase occurs
near 8.5—11.5 GPa in both experiments and results in a few
additional peaks in the diffraction pattern that indicate a
superstructure, apparently emerging from ordered displace-
ments of the two frameworks. The §'-Mn(BH,), phase remains
stable up to at least 172 GPa according to the Raman
spectroscopy data but did not persist after decompression.
High-pressure diffraction experiments performed at NSRRC
show that 6’-Mn(BH,), is stable up to 29.4 GPa, yielding the
cell parameters a = 8.545(7) A, b = 8.832(5) A, and ¢ =
12.966(9) A (see the Supporting Information).

Both &- and ¢’-phases on compression expand along the ¢
axis and shrink in the other two directions (see Figure 2). The
unit cell volumes for a- and &-phases were fitted by the
Murnaghan equation of state
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—1/B;

, P

V(P) = V|1 + B;—
BO

where By is a bulk modulus, B’ is the first pressure derivative of
bulk modulus (fixed at 5.8 for all phases), and Vj, is the molar
volume at zero pressure. Variation of the volume of the
Mn(BH,), formula unit for the a- and S-phases is shown in
Figure 1. The bulk moduli for the a- and &-phases of

"S- P3,12: V, = 114.4(10) A°, B= 13(2) GPa
110 L P3112
%< s 14 /acd: V, = 93.44(18) A°, B=33.8(10) GPa, B =58
= L A
3 100
T 95f l coexist on
Q r compression
é N0
s 85l 14 1/acd deviation from EOS
-
- r f EOS can not be
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[ <
S 75 ["first phase transition L 2 '/
o 70 - (o]
> ol @ ¢ Fddd
N second phase transition o0
60 1 " 1 I 1 " 1 n 1 " 1 I 1 1 1 N 1

0 2 4 6 8 10 12 14 16
Pressure, GPa

Figure 1. Volume of Mn(BH,), formula unit relative to pressure.
Filled symbols show results of the experiment on the LiCl-containing
sample; empty symbols, on the NaBH,-containing sample; black
symbols, a-phase; red symbols, 6-phase; and blue symbols, &'-phase.
Equations of state were calculated using data from the experiment on
the LiCl-containing sample.

Mn(BH,), (13 and 33.8 GPa, respectively) are slightly higher
than for the a- and 5-phases of Mg(BH,), (10.2 and 28.5 GPa,
respectively).

The available powder diffraction data do not reveal a
significant change of volume during the second phase transition
(Figure 1) but show almost a continuous change of the cell
parameters with pressure, as shown in Figure 2. For this phase
transition to be of second order (at different temperatures, for

13.0[
L vV vYv ¢
12,5 v vV
<120 © TRV VWV WY
S11.5L
E | 14 facd Fddd
$110r g 0
81050 Q’Ooc, 0%
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I ° b
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Figure 2. Lattice parameters of high-pressure phases of Mn(BH,),. To
put the values on the same scale, the cell parameter a of the §-phase
was multiplied by \/ 2. Filled symbols show the results for the LiCl-
containing sample; empty symbols, for NaBH,-containing sample; red
symbols, 5-phase; and blue symbols, &’-phase.

example), the symmetry of the § and &' structures should be
linked as group—subgroup of the lowest index. This is possible
if we assume I4,/acd symmetry for the J-phase. Indeed, the
Fddd symmetry in the unit cell 2a X 2a X 2c (referring to the a
and ¢ of the parent P4,nm phase) is the direct subgroup of 14,/
acd with the unit cell \/ 2a X \/ 2a X 2c. Thus, our final choice
of the space group, based on powder diffraction experiments,
DFT calculations, and symmetry analysis suggests I4,/acd
symmetry for the d-phase. The other option, P-4n2, might be
valid too, subject to a neutron diffraction study.

Finally, we suggest the following sequence of phase
transitions for Mn(BH,),: a-Mn(BH,), (P3,12) transforms
to 6-Mn(BH,), (I4,/acd) in the range 0.5—2.0 GPa, which
transforms to &'-Mn(BH,), (Fddd) at approximately 8.5—11.5
GPa. However, in the pressure range from 0 to 1.5 GPa, a
metastable P-4n2 structure may also occur because according to
the calculations it is stable with respect to atomic displace-
ments, whereas the I4,/acd structure has no imaginary normal
modes only above 1.5 GPa.

4. Influence of LiCl and the Possibility of Anion
Exchange between LiCl and Mn(BH,), at High Pressures.
Hypothetically, an anion exchange can take place, giving rise to
mixed-anion borohydride Mn(BH,),_,Cl.. The existence of
mixed-anion borohydrides has recently been documented,**~*
but to our knowledge no direct anion exchange under high

5-phase
14 /acd

2 GPa

&'-phase
Fddd
14 GPa

Figure 3. Fragments of crystal structures of the ambient pressure a-
Mn(BH,), and high-pressure &- and &'-Mn(BH,),. Manganese cations
are shown as purple spheres, BH,™ groups as green tetrahedra.
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pressure has been reported to date for any metal borohydride.
The presence of CI™ in the structure should change intensities
of powder diffraction peaks compared to the native Mn(BH,),,
but if x is small the difference in the intensities might be hard to
detect, especially in the case of a high-pressure powder
diffraction experiment. However, comparing the results of the
high-pressure experiment on samples containing LiCl and
NaBH, allows us to compare the evolution of the formula
volumes. Because the CI™ anion takes a smaller volume than
BH,", the resulting unit cell volume of Mn(BH,),_,Cl, should
be smaller than that of Mn(BH,),. However, Figure 1 does not
reveal a difference of the unit cell volumes between the Cl-free
and Cl-containing samples, thus showing no evidence for anion
exchange.

We found a significant difference in the pressure ranges for
the second phase transition. For the LiCl-containing sample,
the second phase transition occurs between 10.9 and 11.8 GPa
according to the X-ray powder diffraction data and between
10.1 and 11.8 GPa according to the Raman data, whereas the
NaBH,-containing sample undergoes the second phase
transition at a lower pressure between 8.59 and 9.17 GPa
(see Figures 1 and 2). These differences in the pressure can be
explained by the fact that a large amount of LiCl (50 wt %) or
NaBH, (31 wt %) may serve as pressure-transmitting media
with different properties.

5. High-Pressure Raman Spectroscopy. The presence of
LiCl has no impact on Raman data, as it generates no first order
Raman spectrum due to its cubic structure (space group Fm-
3m), and the second order spectrum is in the range 50—650
cm™'*" beyond the accessible Mn(BH,), spectrum. Conversely,
as discussed above, the Cl™ anion from LiCl could be involved
in anion exchange with the BH,™ group from Mn(BH4)2 and
thus might slightly influence the observed frequencies.”* Results
of the Raman measurements agree well with the X-ray powder
diffraction data: the first spectrum measured at 1.4 GPa differs
from the ambient pressure spectrum of Mn(BH,),, indicating
that the first phase transition has already completed. The
spectrum at 1.4 GPa shows (Figure 4) a splitting of the peak at
2271 em™! (stretching mode of BH,~), which was not observed
at the ambient pressure. The Raman spectrum of the 5-phase
changes continuously from 1.4 to 10.1 GPa and then undergoes

17.1 GPa
15.3 GPa

13.7 GPa

=
AN
o —

9.5 GPa
8.2 GPa
6.4 GPa
5.8 GPa
3.1 GPa
2.4 GPa
1.4 GPa
ambient

1600 1800 2000 2200 2400 2600 2800
Raman shift, cm™

Intensity, arb.units

1000 1200

Figure 4. Raman spectra of Mn(BH,), high-pressure phases (black
lines, 5-polymorph; red lines, &'-polymorph). The background was
subtracted for clarity. The data at ambient pressure are taken from ref
22.
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a discrete change between 10.1 and 11.8 GPa, indicating the
second phase transition. The peak that was observed at 2161
cm™" at ambient pressure (marked with an asterisk in Figure 4)
continuously shifts to higher wavenumbers upon compression
and almost disappears before the second phase transition. The
shape of the strongest peak at 2271 cm™" changes significantly
within the existent range of the 5-phase, most likely due to an
anisotropic compression of the structure resulting in different
values of dv/dP for these bands. It looks like the bending mode
at ~1150 cm™' disappears and appears again during
compression, but it could just be associated with a variation
of the intensity of this weak peak. Once the second phase
transition occurs, the Raman spectrum of the resulting &'
Mn(BH,), changes continuously until 17.1 GPa, which was the
highest pressure reached; these data indicate that the ¢’-phase is
stable up to at least 17.1 GPa.

6. Synthesis of 4-Mn(BH,), in a Large-Volume Steel
Press. The low pressure of formation and the metastability of
5-Mn(BH,), at ambient conditions allow for its preparation in
bulk. -Mn(BH,), was recently observed to form in ball milling
Mn(BH,),-MBH, (M = Li and Na) mixtures.”’ In this work,
we used a large-volume steel press to produce a larger sample of
the 5-phase and to study its thermal behavior. Analysis of the
SR-XPD data obtained at room temperature (the bottom
pattern in Figure 5) revealed 96 wt % of 5-Mn(BH,), and 4 wt

b ==
w@%

20 ,°

Figure S. In situ SR-XPD on 6-Mn(BH,), (S3) heated from RT to
160 °C, 4 = 0.9919 A. Symbols: A, 5-Mn(BH,),; ¢, a-Mn(BH,),.

% of a-Mn(BH,),, ie., almost complete transition. The high
pressure polymorph remains stable at room temperature over at
least several months.

To verify the effect of LiCl, we investigated sample S4
consisting of @-Mn(BH,,), with 50 wt % of LiCl by XPD after
two 3 h long compressions at 1.2 GPa. It also shows an almost
complete phase transition from a-Mn(BH,), to 5-Mn(BH,),
while LiCl remains unchanged (Figure 6). The 6-Mn(BH,),
polymorph in the presence of the chloride is also stable at
ambient conditions. Thus, LiCl does not influence the
formation and stability of 5-Mn(BH,),.

7. Thermal Behavior of §-Mn(BH,),. In situ synchrotron
X-ray powder diffraction was used to investigate the thermal
behavior of 5-Mn(BH,), (S3) upon heating (Figure S). A
significant anisotropic thermal expansion is observed for o-
Mn(BH,),: the sequential Rietveld refinement showed that the
unit cell expands along the a axis while the ¢ axis contracts (see
Figure 7), which is similar to the behavior seen for the lighter 6-
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Figure 6. XPD data of Mn(BH,), (S3) and Mn(BH,), with 50 wt %
of LiCl (S4) before and after two 3 h periods at ~1.2 GPa with Cu
Ka;.
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Figure 7. Temperature evolution of the unit cell parameters of 6-
Mn(BH,), and of the weight fractions of the two polymorphs from the
sequential Rietveld refinement on the in situ SR-XPD data. To put the
values on the same scale, we multiplied the cell parameter a of the &-
phase by \/ 2.

Mg(BH,),."® Upon heating, 5-Mn(BH,), tends to reach the
ideal cubic symmetry of the Cu,O prototype actually observed
for f-Cd(BH,)," but it does not reach it below the
decomposition temperature of Mn(BH,),. Smaller ionic radius
of Mn compared to Cd presumably leads to stronger repulsion
between the borohydride anions, and thus, the structure is
stabilized in the lower tetragonal symmetry.

The intensities of diffraction peaks from 5-Mn(BH,), begin
to decrease at T = 67 °C and completely disappear at T = 109
°C, whereas the intensities of a-Mn(BH,), simultaneously
increase. The weight fractions of both polymorphs extracted
from the sequential Rietveld refinement are plotted as a
function of temperature in Figure 7. At T = 124 °C, the
diffraction peaks from a-Mn(BH,), start to decrease and
disappear at T = 146 °C. The same sample was also
decomposed under 100 bar of H,. The diffraction peaks’
intensities of 5-Mn(BH,), begin to decrease at T = 68 °C and
disappear at T = 100 °C, whereas the intensity of a-Mn(BH,),
increases in the same temperature range. At T = 118 °C, the
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peaks from a-Mn(BH,), start to decrease and disappear at T =
135 °C.

The thermal analysis of 5-Mn(BH,), (S3) by combined
TGA-DSC-MS reveals (Figure 8) a broad endothermic DSC

10 | DSC
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Figure 8. Thermal analysis of 5-Mn(BH,), (S3) heated from RT to
300 °C at S °C/min, combining differential scanning calorimetry with
a zoom-in on the first endothermic peak (top), thermogravimetry
(middle), and mass spectrometry (bottom).

diffraction peaks between 67 and 89 °C, with the weighted
center at 79 °C, which is attributed to the polymorphic
transition from - to @-Mn(BH,),. No mass loss or gas release
is detected by TGA or MS in this temperature region. Another
endothermic event is observed at 105 °C, which is related to
the polymorphic transformation from the orthorhombic to the
hexagonal LiBH, present as an impurity in the sample.”**> At
130 °C, the sample begins to decompose and releases a mixture
of hydrogen and diborane gas, resulting in a mass loss of 16.3
wt % between 130 and 200 °C. This decomposition behavior is
in agreement with a previous report for a—Mn(BH4)2.7 A
photographic study reveals the decomposition of a-Mn(BH,),
without melting for slow heating rates similar to those used
here, but very rapid heating, e.g, at ~10 °C/s (using a heat
gun) clearly allows for a molten phase prior to the
decomposition.® Sample S4 was also investigated and shows
the same thermal behavior although with a reduced mass loss
(8.9 wt % between 130 and 200 °C) and gas release and less
pronounced DSC peaks due to the presence of inert LiCl in the
sample (data not shown).

Thus, we conclude that the J-phase is not providing a gain in
hydrogen storage temperatures, as the decomposition occurs
via an intermediate formation of the ambient pressure a-phase.
The polymorphic transition from - to a-Mn(BH,), and the
decomposition of @-Mn(BH,), under 1 bar of argon and under
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100 bar of H, back-pressure proceed similarly. However, o-
Mn(BH,), provides one of the highest volumetric densities of
hydrogen of 125 g H,/L at ambient conditions.

B CONCLUSIONS

X-ray powder diffraction and Raman spectroscopy experiments
on a-Mn(BH,), in DACs reveal two phase transitions under
pressure. The crystal structure of the new polymorphs was
determined with the aid of ab initio calculations. The first
transition to 6-Mn(BH,), (I4,/acd or P-4n2 space group
symmetry) occurs near 1 GPa similar to its Mg analogue,
closing the empty voids in the a-phase structure. The second
transition from 6-Mn(BH,), to &'-Mn(BH,), (Fddd space
group, different from the one in the Mg-based system) occurs
in the pressure range of 8.6—11.8 GPa. During the second
phase transition, the two interpenetrated frameworks are
shifted relative to each other, resulting in additional super-
structural peaks in the diffraction pattern of the &’-phase. The
O-phase remains stable under decompression to ambient
conditions, at least for a few months. It can also be obtained
by ball milling or a compression of @-Mn(BH,), in a large-
volume press. Heating in argon (1 bar) or hydrogen (100 bar)
atmosphere leads to a gradual transformation of 5-Mn(BH,),
back to a-Mn(BH,), in the temperature range 67—109 °C, the
latter in turn starts to decompose at 130 °C with the release of
mostly hydrogen. Despite 5-Mn(BH,), not providing an
advantage in hydrogen desorption temperature, it yields a
high volumetric density of hydrogen of 125 g H,/L under
ambient conditions.
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