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Abstract The thermal decomposition of manganese borohydride Mn(BH4). was studied by means
of synchrotron based X-ray absorption spectroscopy (XAS), X-ray powder diffraction (XRPD)
and theoretical density functional (DFT) modeling aiming to elucidate changes of the local atomic
structure upon hydrogen desorption and to determine possible decomposition reaction products.
XRPD patterns indicate profound structural changes in the material above 120 _C with
subsequent amorphization. DFT simulations predict the collapse of the highly porous framework
structure upon hydrogen desorption and significant reduction of Mn-B and Mn-Mn interatomic
distances by 19% and 41% respectively. These estimations are in a good agreement with the
quantitative analysis of the X-ray absorption spectra above Mn K-edge. Based on XAS we derive
possible decomposition products and reaction path. In particular, the amount of Mn metallic phase
was estimated to be less than 5% after the heating up to 200 _C. Several structural models for the
final state of manganese borohydride in a heating process are constructed by means of energy
minimization in conjunction with evolutionary algorithms.

1. Introduction
Solid state hydrogen storage materials represent a perspective, compact and safe way to store
hydrogen energy [1-5]. High gravimetric and volumetric density of hydrogen, the low
temperature of desorption and cycling ability are the main requirements for the potential
hydrogen-storage materials [6]. The most efficient hydrogen absorbers nowadays are alkali metal
borohydrides. However, the high temperature of desorption (e.g. above 400 °C for LiBH4 [7-13])
and a limited number of charge/discharge cycles makes their use unjustified. Many of
borohydrides yield upon heating stable [B12H12]*~ species that decrease their hydrogen release
potential and prevent their reversibility. This behavior isone of the obstacles for Mg(BHa4)2
rehydrogenation [6,14]. Another one is the amorphization process which accompanies hydrogen
release from the porous structure [15].
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Manganese borohydride o-Mn(BHas)2 is structurally similar to o-Mg(BHas)> - a perspective
material which is considered to be a high-capacity (theoretical hydrogen capacity of 9.53 wt.%)
solidstate hydrogen storage candidate, but so far has not been shown to exhibit reversible
hydrogenation. Mn(BHa)2, among all other transition complex borohydrides, is stable at room
temperature [16]. It can be synthesized by ball-milling of a mixture of the alkali metal
borohydride MBH4 (M = Li, Na for instance) and anhydrous manganese chloride MnCl; [17].
Density functional theory (DFT) calculations suggested that [-4m2 structure is the most
energetically favorable for Mn(BH4)2 [16], however crystallographic characterization revealed a
structure with a trigonal crystal system with a space group of P3:12 [17]. This structure was also
obtained by solvent synthesis with a molar ratio 2:1 and 3:1 of lithium borohydride to manganese
chloride [18,19]. A porous atomic structure of g-Mn(BHa4) isostructural to the magnesium analog
[20] was also found recently, the large pores make them similar to metal-organic framework
structures (MOFs) [19]. Porous channels are located along c crystallographic axis and have a size
up to 6.5 A at a cross section - thus the material is able to absorb gas molecules in addition to
inner hydrogen atoms in the framework structure [20]. At high-pressure dense manganese
borohydride phase is formed which is not stable at ambient conditions. It has a high volumetric
and gravimetric hydrogen content and can be of interest for hydrogen storage as practically pure
hydrogen is desorbed upon heating [21].

DFT is considered to be a versatile and important tool to solve research problems in metal-
hydrogen interactions and establish associated mechanisms [6]. The thermodynamical stability,
structural, electronic, dielectric, and vibrational properties for several metal borohydrides,
M(BH4)n (M = Li, Be, Na, Mg, Ca, K, Cu, Mg, Zn, Sc, Zr, Y, and Hf; n ¥ 1e4) have been widely
investigated [14,22-28]. Theoretical study of the most probable decomposition path of Mn(BHa):
based on DFT calculations of the enthalpy of formation in conjunction with Gibbs energy [16]
suggested the following possible decomposition reactions:

Mn(BHs); — Mn + 2B + 4H, (L.a)
(1.b) Mn(BH4), — MnH> + 2B + 3H» (1.b)
(1.c) Mn(BH4)2 — MnB: + 4H» (1.c)
(1.d) Mn(BHs)> — MnH, + BoHe (1.d)
(1.e) Mn(BH4)2 — Mn + B2Hs + Ha (1.e)

A quantitative analysis of standard-state enthalpy of reaction and Gibbs energy calculations reveal
that decomposition path (1.a) is the most feasible dehydrogenation reaction [16]. However the
absence of Mn metallic reflections in the X-ray powder diffraction (XRPD) patterns obtained for
different molar ratio LiBHs-MnCl> mixture after heating can be explained by forming an
amorphous Mn-B compound, such as amorphous manganese borides MnB, MnB: or Mn3Bs4 [29].
Several possible manganese boride stoichiometries in equation (1.c) were also revealed by
thermal analysis [29]. However, Liu et al. [30] found that samples prepared by ball milling of the
LiBH4 + MnCl, after decomposition form amorphous boron and metallic manganese without any
features in FTIR spectra corresponding to Mn-B vibrations.

Understanding of the decomposition mechanism is important for the practical use of Mn(BHa)2-
based materials and development of reversible hydrogen sorption reaction pathways.
Borohydrides of transition metals unlike borohydrides of alkali metals MBH4 (containing light
elements M = Li, Na etc.) allow measuring X-ray absorption spectra (XAS) without complicated
vacuum conditions. Thus in-situ XRPD can be combined with the local probe of Mn Kedge XAS
spectra. In our work, we address the problem of the Mn(BH4)> decomposition using in-situ XRPD
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and XAS spectroscopy which probes long-range crystalline order and local atomic structure
around Mn atoms, respectively. DFT simulations combined with evolutionary algorithms
provided series of the structures for the Mn-B system after hydrogen decomposition which were
subsequently verified with XAS data and allowed to determine thermal decomposition pathway
for Mn(BH.)2.

2. Methods

2.1. Experimental details

The trigonal a-Mn(BHa4)2 was obtained by wet chemical methods from NaBH4 and MnCl; in ether
solution according to the protocol described in Ref. [17]. XRPD analysis excludes NaCl phase or
solvates and reveals a small amount of residual NaBH4 (see Fig. S1 in Sl).

In-situ XAS and XRPD measurements were performed at Swiss- Norwegian Beamline BM01B of
the European Synchrotron Radiation Facility [31,32], now moved to the BM31 port. The sample
powder was placed inside a glovebox into 1mmglass capillary. The capillary was glued into a
metal sample holder equipped with two one-way valves from the both sides and then transferred
to a pressurized setup at the beamline which provided remote control of the gas content and
pressure inside the capillary. The capillary was oriented horizontally and perpendicularly to the
X-ray beam.

Under each condition, both XAS and XRPD measurements were performed. The beamline allows
a rapid (about 30 s) plug and play switch between X-ray absorption and X-ray diffraction setups
[33,34]. Mn K-edge XAS data were collected in fluorescence mode, using a 13 element silicon
solid-state detector, in the energy range of 6.5-6.7 keVV employing a double-crystal Si(111)
monochromator in the continuous scanning mode. The energy was calibrated with a Mn foil. Self-
absorption correction was made via Athena software package [35]. XRPD patterns were recorded
by the CMOS (complementary metal-oxide-semiconductor) - Dexela 2D detector. Each pattern
was recorded with an acquisition time of 15 s and was followed by a dark scan used for
background subtraction. The A and the sample to detector distance and tilts, were calibrated using
Si and LaBe powder NIST (National Institute of Standards and Technology) standards and kept
fixed in the refinements of the Mn-B-hydrate samples. For XRPD the wavelength of the incident
radiationwas refined to be 0.5132(3) A. XRPD patterns were obtained before measuring each
subsequent X-ray absorption spectrum. The resulting 2D images were integrated using Fit 2D
software [36].

2.2. Computational details

To simulate Mn K-edge XAS spectra we used finite difference method [37] and full potential
approximation implemented in the FDMNES software [38,39]. Sparse solvers for the finite
difference matrix were used in order to decrease the required computational time [40,41].
Spin-polarized DFT simulations were performed using planewave pseudopotential approach
implemented in the VASP 5.2 package [42-44]. Cell shape, cell volume, and atomic positions
were used as variable parameters in the geometry relaxation procedure. Block Davidson scheme
for SCF cycles calculations was used and conjugate gradients [45] methods of energy
minimization were applied to study the collapse of the initial porous structure upon removing
hydrogen atoms. A kinetic energy cutoff of 450 eV was used for the plane wave basis set. 3 x 3 x
3and 7 x 7 x 7 K-point meshes automatically generated according to Monokhorts-Pack

scheme [46] was implemented for sampling the Brillouin zone for large porous cell and for
collapsed Mn-B system, respectively.



Structure prediction for Mn-B system was performed using USPEX code [47-49] based on an
evolutionary algorithm. Ab-initio free energy obtained by VASP 5.2 calculations was employed
as an evolutionary function. USPEX calculations were performed for the Mn:B system with
stoichiometries 2:1, 1:1, 1:2, and 1:4 with a total number of atoms in the unit cell ranging from 20
to 30 atoms. More than 600 structural models for each of the unit cells were generated and
verified according to their free energy. Each run of the evolutionary algorithm started with the
production of an initial population of 18-20 structures by the random way. At each step of the run,
the structures were fully relaxed. We made local optimization in three subsequent steps for each
structure increasing the precision of input parameters for VASP. The three best structures with the
lowest free energy among current generation are survived for the next generation without any
structural changes. The worst structures were discarded, the others were considered as “parent”
structures for the next generation and treated by different types of variation operators. The
probability for different variations to be applied was set up as 0.55, 0.2, 0.15, 0.1 for heredity,
random, softmutation and permutation respectively thus the most frequently used variation
operators were heredity and atomic position mutation. The convergence was achieved if the same
structural model had the lowest energy for six subsequent generations.

3. Results and discussion

3.1. Amorphization process upon hydrogen release

Fig. 1 shows thermogravimetric analysis (TGA) of the sample powder (part a) and the in-situ
XRPD patterns upon heating (part b). TGA reveal the drastic weight loss of the sample starting
from 140 °C, while changes in XRPD patterns and XAS spectra (not reported for brevity) indicate
phase transition occurring already at 120 °C. The observed mass loss in the temperature range
from 120 °C to 160 °C corresponds to the desorption of all hydrogen atoms from the lattice. The
presence of small amount of sodium borohydride can be revealed by smooth step in TGA starting
from 250 °C and by XRD analysis shown in Figs. S1 and S2 (see SI).
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Fig. 1. (a) TGA analysis for the sample in the temperature range 0-450 °C (b) Selected XRPD patterns obtained in-
situ during heating in vacuum.

The rapid decrease of the XRPD peaks intensities accompanied by the formation of broad
maxima centered at ~7.0° and 14.5° clearly justify an amorphization of the initial material [50].
Combined with drastic weight loss, observed by TGA the amorphous phase can be related to Mn-
B system. Similar behavior of powder diffraction data for pressure-dependent measurements was

described for the related Mg(BHas)2 [20]: stable crystalline cubic y-phase transforms into an
amorphous material which then transforms into the dense tetragonal 5-phase. In the latter case, an
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amorphous borohydride of magnesium is the intermediate phase between two other stable
crystalline g-phase and high-pressure polymorph - &-phase [20]. The pressure-collapsed
amorphous phase of Mg(BHa4)> can be converted back to the porous framework structure after
heating Mg(BHa4)2 [6]. Recently Varin et al. [51] reported a new mechano-chemically synthesized
amorphous manganese borohydride which is able to restore crystalline structure after solvent
filtration and extraction even at low temperature. However, we didn't observe reversible porous
structure formation in XRPD after the sample was cooled down back to room temperature both in
an inert atmosphere and in hydrogen. This can be explained by the destruction of [BH4]~ units
upon hydrogen desorption which support porous phase.

3.2. DFT modeling of the structure collapse upon hydrogen release

As a first approximation to the dehydration process, we have performed lattice relaxation for the
initial Mn(BH4)2 porous structure [17] and hydrogen deficient structures where hydrogen atoms
were randomly removed. In order to find the global minimum, both cell parameters and atomic
positions were allowed to relax and conjugate gradient algorithm [45] was employed to optimize
atomic positions for the structure without hydrogen. Fig. 2 shows the equilibrium volume for the
unit cell with 100% occupancy (Mn(BHa). further referred as VASP#1) of hydrogen positions,
50% (Mn(BH2). further referred as VASP#2) and 0% occupancy (Mn(BHo). further referred as
VASP#3).

Table 1 summarizes the calculated structural parameters for the fully hydrated and dehydrated
structures compared to the experimental XRPD values for the initial structure. The mean values
for interatomic distances reported in Table 1 were calculated by averaging over all nine non-
equivalent Mn positions in the unit cell. The standard deviation for the nearest Mn-B and Mn-Mn
distances are reported together with their mean values and provide an estimation of the disorder in
the local coordination of Mn. Calculated structural parameters for the initial fully hydrated
structure are in a good agreement with experimental data [17]. The difference between
experimental and calculated Mn-B distances and unit cell volume is 1.2% and 2.2%
correspondingly. A significant decrease of the average Mn-Mn distance by 43% (from 4.77 A to
2.72 A) after dehydrogenation is explained by the degradation of the porous structure upon
removal of hydrogen atoms. This process is accompanied by cell volume reduction from 998.8 A3
to 216.9 A3, Average Mn-B distance in collapsed Mn(BHo): structure is contracted by 10% (from
2.41 A to 2.17 A) and is comparable with results obtained by Severa et., al. [52] for the Mn-B
distance in isolated [Mn(BHa)4]?" clusters.
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Fig. 2. Volume optimization for the initial Mn(BHa), unit cell (VASP#1), and hydrogen deficient unit cells of
Mn(BH2)2 and Mn(BH0)2 (VASP#2 and VASP#3 correspondingly). Insets show the relaxed unit cells with Mn
atoms as violet spheres, boron atoms as deep blue spheres and hydrogens - as light blue. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



Results of the DFT simulations are further supported by means of X-ray absorption spectroscopy
analysis. This method is sensitive to the local atomic structure and electronic configuration of
absorbing atoms [53-56]. It is thus, in general, an appropriate technique to study materials without
long-range atomic order [57- 59] and amorphous phase of dehydrated Mn(BHa4). in the present
case. Upper curves in Fig. 3 show changes in Mn K-edge XANES upon heating. Major changes in
the peak intensities and their energy positions occur at 120 °C and no changes were observed up
to the 180 °C - the highest temperature used in the experiment. Semiempirical Natoli's rule
[60,61] applied to the initial and final experimental spectra suggests the decrease of interatomic
distances in the nearest coordination spheres of Mn atoms upon heating in agreement with the
values reported in Table 1 for 100% and 0% of hydrogen content. Theoretical spectra presented in
Fig. 3 (bottom curves) were obtained by averaging over all nonequivalent Mn atoms in the
Mn(BHa4)2 unit cell before and after hydrogen desorption. Calculated Mn K-edge XAS spectra for
the initial (VASP#1) and collapsed Mn(BH4)> framework without hydrogen (VASP#3) are in a
good agreement with experimental data. This fact verifies the structural models obtained in DFT
calculations.

20{ A, ' ' '
1.6 0
” —e—Exp.20 C
of & somsi |
= 1.2 —io— HExp:. 180 "€
Q
=
= (.84 i
g —Theory Mn(BH,),
Z 0.4 — Theory Mn(BH,)),
0.0

6540 6560 6580 6600 6620 6640
Energy, eV
Fig. 3. Experimental (top) Mn K-edge XANES spectra for the initial and final stages of the hydrogen desorption
compared to the computed ones (bottom) for the Mn(BH.), framework with different content of hydrogen.

Table 1. The result of geometry optimization for Mn borohydride structure with different hydrogen content. VASP#1
is the relaxed structure of initial Mn(BH4)2 cell, VASP#2 is the relaxed structure of the cell with 50% vacant
hydrogen sites and VASP#3 is a relaxed cell without hydrogen Mn(BHo).. Both mean values and corresponding
standard deviation for the nearest Mn-B and Mn-Mn distances are reported.

Hydrogen content, % Average Mn-B distance (A) Average Mn-Mn distance (A) Volume of the unit cell (A%) Average Mn coordination number Ref.

Exp. Mn(BHa), 100 244 + 0,02 4.80 + 001 10218 4.00 [17]

VASP#1 100 241 £001 477 £ 001 1028.0 4.00 This work
VASP#2 50 228 +0.09 3.88 + 024 47538 4.66 This work
VASP#3 0 217 £0.05 272 +0.18 2163 9.33 This work

Formation of Mn metallic phase as a possible decomposition product was reported in works
[16,30]. Thermal analysis [29] revealed that manganese boride can exist in a number of other
forms: Mn2B, MnsB4, MnB, and MnBg4. In accordance with XRPD and differential scanning
calorimetry (DSC) analysis, a formation of amorphous Mn and B was shown as a result of
Mn(BH4)2 thermal decomposition after 250 °C [62]. In the work of Varin et al. [51], a formation
of amorphous Mn metallic phase is also suggested as a decomposition product of
mechanochemically synthesized amorphous Mn(BHs).. However, the experimental XAS
spectrum for the compound after heating is different from the metallic Mn (see Fig. S3 in SI).We
have performed linear combination analysis using experimental metallic Mn spectrum and
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theoretical spectra for Mn(BHo). and Mn-B systems discussed in Section 3.3 as references. Fitting
results indicate that concentration of metallic Mn phase in the manganese borohydride after
hydrogen desorption does not exceed 5%.

3.3. Structure prediction of the final Mn-B phase

XANES Mn K-edge spectra for various crystalline manganese borides Mn2B, Mn3B4, MnB,
MnB: and MnB4 as a possible candidate for the final state of the material were calculated and
shown in Fig. 4c (see also Table S2 in Sl for details on the boride structures, all structures were
obtained from the Inorganic Crystallography Database (ICSD)). Analyzing the radial distribution
functions (RDF) for the Mn local atomic structure (Fig. 4a,b) we found that shape of the XAS
spectrum is rather affected by the Mn-B and Mn-Mn distances than by the stoichiometry of the
compounds. Though MnB2 and Mn(BHa4)2 have the same Mn:B ratio the calculated spectrum for
MnB: does not reproduce experimental curve for Mn(BHa4) after heating due to the differences in
Mn-B and Mn-Mn distances. In contrast, simulated spectra for Mn2B, MnB, and MnBy are in a
better agreement with experimental data. The interatomic Mn-B and Mn-Mn distances in these
borides are in the range 2.17-2.21 A and 2.46-2.95 A respectively that are close to 2.17 + 0.05
and 2.72 £ 0.18 for the relaxed Mn(BHo)2 VASP#3 structure. More details about the atomic order
in these structures are evident from the RDF analysis, presented in panels 4a and 4b. ICSD
database contains two polymorphic structures for MnB2. We show in Fig. 4 only one spectrum
which fits better the experimental curve. The Mn-B and Mn-Mn distances in the crystalline MnB:
are larger than expected in the collapsed Mn(BH4)> framework upon hydrogen release (compare
blue and gray RDF curves in Fig. 4 a,b). Therefore peak B in the theoretical spectrum for MnB.
(blue curve in Fig. 4c) is shifted to the lower energy relative to the experimental spectrum that is
in agreement with Natoli's rule [60,61].

)
e

a)  ivaspsar | b)

—
Normalized p-X

RDF, arb. units
RDF, arb. units

2 3 4 2 -+ 6550 6600 6650
Mn-B dist., A Mn-Mn dist., A Energy (eV)

Fig. 4. Radial distribution functions for Mn-B (a) and Mn-Mn (b) distances and corresponding Mn K-edge XAS for
crystalline manganese borides (c). Data for the relaxed hydrogen free structure of Mn(BHo). (VASP#3) was added for
comparison.

An alternative approach to constructing the structure for the amorphous Mn-B phase is based on
evolutionary algorithm search [47-49,63]. No significant sublimation process of volatile
hydrogen-boron compounds was observed during heating of manganese borohydride (see TGA
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and mass spectroscopy data: the only negligible amount of B-containing borohydride, for
example, diborane BoHe were observed by Varin et al. [62]). Also, metallic Mn was excluded by
means of XAS analysis described above. Therefore the Mn:B ratio was chosen according to the
stoichiometry of the initial material Mn(BHa)2 i.e. 1:2. An amorphous phase could be the best
candidate and thus we perform a search using extended unit cells with up to 30 atoms to simulate
disorder effects.

Five structural models with the lowest value of the free energy were selected and described in
Table 2 (see also Fig. S4 in Sl). The density of the generated structures varies in the range 5.54
g/cm® - 5.79 g/cm®. This value is larger than 5.29 g/cm3 for relaxed Mn(BHo)2 (VASP#3
structure) obtained by removal of all hydrogen atoms from crystallographic manganese
borohydride. The enthalpies per volume (density of enthalpy) calculated for all structural models
are similar and vary from —0.74 to —0.80 eV/A3. For the experimental crystalline manganese
borides, we obtained lower densities of enthalpy except for MnBs. The enthalpy density
calculated for MnB4 was —0.84 eV/A3 which is significantly larger compared to other crystalline
borides and models considered in this work. The enthalpy density increases along with Mn:B ratio
decrease.

Table 2 shows structural parameters, densities and enthalpies per volume for structural models
obtained by evolutionary algorithm search compared to the collapsed Mn(BHo). framework.
Since several Mn and B nonequivalent positions can exist in the unit cell we report mean values
for the interatomic distances and corresponding standard deviations to provide an estimation of
the disorder in the local coordination of Mn. Mn-B and Mn-Mn interatomic distances for the
generated structures span in the range 2.17-2.20 A and 2.71-2.78 A respectively. These values
are close to the Mn(BHo)2 VASP#3 structure and correlate with the distances in crystalline
borides Mn;B, MnB and MnBs. The calculated Mn K-edge XAS and radial distribution functions
for structural models obtained by the evolutionary algorithm are presented in Fig. 5. Disorder in
the structures is related to the broadening of the maxima in the RDF functions: single sharp peaks
correspond to the ordered phase.

Table 2. Averaged interatomic distances, densities and enthalpies for the MnB; models with lowest energies obtained
by the evolutionary algorithm search.
Models Stoichiometry Mn-B Distance (A) Mn-Mn Distance (A) Density (g/em?®) Hydrogen content, % Enthalpy per volume (eV/A%) Methods

VASP#3 MngBg 217 +0.05 272 +0.18 5.290 0 0.7323 DFT + conjugate gradients + MD
USP#1 MngBg 219 + 0.05 2,74 + 0.05 5.545 0 0.7472 DFT + evolutionary algorithm
USP#2 MngB1g 2.18 + 0.04 2,71 + 0.05 5.553 0 0.7437 DFT + evolutionary algorithm
USP#3 MngBg 2.20 £ 0.05 2,72 £ 0.05 5.545 0 0.7472 DFT + evolutionary algorithm
USP#4 MngBg 2.18 + 0.07 2,78 + 0.05 5.798 0 0.7988 DFT + evolutionary algorithm
USP#5 MngBg 217 £ 005 2,57 + 0.01 5.757 0 0.7711 DFT + evolutionary algorithm

Numerical analysis of the discrepancy between experimental and theoretical XANES simulations
shows that structures USP#2 and USP#3 are the best candidates for the decomposition reaction
products. However, the enthalpies of these structures (see Table 2) are higher than for USP#4 and
USP#5 which fit the experimental spectrum worse. We attribute this fact to the existing energy
barrier for Mn-B system to be overcome before the transition in the densest structure with the
lowest enthalpy. The temperature in our experiment did not exceed 200 °C and thus was too low
to overcome this barrier. This is also a reason why stable crystalline phase MnB; failed to
reproduce Mn K-edge spectrum for the Mn(BHoa)2 after heating (see Fig. 4).
Other possible stoichiometries of manganese borides were also considered in evolutionary
algorithm search. We calculated unit cell parameters and atomic coordinates for the MnB4, MnB,
and Mn2B which are shown in SI. Using X-ray absorption spectroscopy as a verification tool (see
Fig. S5) we can conclude that best candidates for the final amorphous manganese boride system
9



have two maxima in Mn-B RDF functions located around 2.2 A and 3.6 A while peaks in Mn-Mn
RDF shift along with boron fraction in the composition.

arb. units

RDF, arb. units
Normalized p-X

RDF,

. ] Mn K-edge]|
2 3 4 2 3 4 6520 6560 6600 6640 6680
Mn-B dist., A Mn-Mn dist., A Energy (eV)

Fig. 5. Radial distribution functions for Mn-B (a) and Mn-Mn (b) distances and corresponding Mn K-edge XAS (c)
for structural models predicted by means of an evolutionary algorithm.

4. Conclusions

X-ray powder diffraction in conjunction with thermogravimetric analysis reveals amorphization
process which is accompanied by abundant hydrogen release when the temperature of the
Mn(BHa4)2 exceeds 120 °C. The mass loss mainly corresponds to the release of all hydrogen atoms
from the framework structure. Significant changes in the local atomic structure at the same
temperature range were observed by means of X-ray absorption spectroscopy above Mn K-edge.
Density functional theory calculations predict the collapse of the Mn(BH4). framework upon
hydrogen release. Structural parameters of the amorphous collapsed phase were estimated from
guantitative analysis of XAS spectra using structures generated by means of evolutionary
algorithms. The predicted average Mn-B and Mn-Mn distances in manganese borides, 2.17 + 0.05
A and 2.72 + 0.18 correspondingly, are in a good agreement with those predicted by Natoli's rule
[60,61] applied to experimental XANES spectra. The averaged coordination number of for the
first B shell around Mn for the most favorable models is estimated as 9. The radial distribution
functions for the structures that fit experimental spectrum have broad peaks that evidences
amorphous character of the Mn(BHo). down to the atomic-scale level.

Based on the experimental and computational results we propose that thermal decomposition of
Mn(BHa4)2 implies a formation of dense amorphous manganese borides while the concentration of
Mn metallic phase is estimated below 5%.

Available spectroscopic data is less sensitive to the deviations in the Mn:B stoichiometry than to
the variation of the Mn local coordination. Considering MnB> as the most probable reaction
product we show that stable crystalline manganese diboride phase with the lowest enthalpy does
not fit experimental XAS spectrum of the Mn(BHa4). after hydrogen release. We explain this by
nonequilibrium MnB: phase formed in the experiment which requires a certain energy barrier to
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be overcome before the transition to a global minimum, while the temperature in our experiment
did not exceed 200 °C and thus was not high enough.

Details on crystal structure, enthalpies per volume, XRD analysis, metallic Mn K-edge XANES
and Mn-Mn and Mn-B RDF for the most stable structural models predicted with stoichiometry
Mn:B equal 2:1, 1:1 and 1:4 (PDF). CIF files for the structural models discussed in the paper with
stoichiometry Mn:B = 2:1, 1:1, 1:2 and 1:4 (ZIP archive).
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