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Abstract—Manganese borohydride Mn(BH,), powder is heated in a hydrogen atmosphere in vacuum. The
long-range order in the structure is monitored in situ by means of X-ray absorption spectroscopy and X-ray
diffraction; short-range order, via Mg K-edge X-ray absorption near-edge structure spectroscopy. Above
120°C, the X-ray diffraction pattern disappears and an irreversible phase transition occurs, accompanied by
sample amorphization and profuse hydrogen desorption. In the hydrogen atmosphere, the phase transition
occurs at a temperature of ~110°C. The standard scheme of borohydride decomposition suggests hydrogen
desorption and the formation of metallic manganese and boron. However, a theoretical analysis of X-ray
absorption spectra shows that the most likely products of Mn(BH,), decomposition are manganese borides.
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INTRODUCTION

Solid-state materials for hydrogen storage, e.g.,
metal borohydrides, are of great interest to researchers
[1]. The most efficient hydrogen absorbers are alkali
metal borohydrides; however, high temperatures of
desorption (above 400°C for LiBH, [2, 3]) and limited
numbers of working cycles complicate their use [4]. An
alternative is transition metal compounds, particularly
magnesium borohydride Mg(BH,), and isostructural
manganese borohydride Mn(BH,),, for which
(according to data from thermogravimetric testing)
hydrogen desorption exceeds 8 mass % in the temper-
ature range of 100—200°C [5, 6]. The structures of
these compounds [7] are trigonal crystal systems
(sp. gr. P3,12) and are similar in porosity to metalor-
ganic frameworks (MOFs). The Mg(BH,), structure
contains pores that can absorb not only hydrogen and
nitrogen but also small molecules like dichlo-
romethane CH,Cl, [8]. In addition, X-ray spectros-
copy data indicate an intermediate amorphous phase
in the pressure range 0.5—2 GPa. The amorphous
phase then transforms into two mutually penetrating
frameworks. Amorphization of the Mg(BH,), y phase
upon variation in pressure is another similarity
between this material and MOFs and zeolites, in
which a rigid porous structure collapses under pressure
or upon heating and transforms into an amorphous
solid.

The similarities between manganese Mn(BH,),
and magnesium Mg(BH,), borohydride structures
were also noted in [9], which was devoted to spectro-
scopic investigations of manganese borohydride

Mn(BH,),. The similarities were established through a
comparative analysis of Raman and IR spectra. When
manganese borohydride Mn(BH,), is heated, hydro-
gen is desorbed and the system loses its long-range
order. The local structure of the reaction products can
only be investigated using such localized techniques as
X-ray absorption spectroscopy. The Raman and Fou-
rier transform IR spectroscopy analysis of the final
products of decomposition in [10] revealed the forma-
tion of amorphous boron and virtually no peaks corre-
sponding to Mn—B oscillations.

In a manganese borohydride sample heated to
200°C, bonds are observed that can be attributed to
oscillations in the Mn;0, compound at 943 and
1039 cm™' and oscillations corresponding to the
amorphous B—B boron phase at frequencies of 1245
and 1331 cm™". In [10], in-situ measurements of X-ray
diffraction (XRD) spectra were made. However, the
obtained diffraction patterns contained no peaks of
the metallic manganese phase. It is possible that Mn
was contained in the reaction products in the form of
either nanoparticles or an amorphous phase. An alter-
native version was the possible formation of amor-
phous manganese borides; however, neither Raman
nor IR spectra showed any traces of Mn—B oscilla-
tions [10], due likely to the sample coming into con-
tact with oxygen and the formation of oxides.

In this work, we investigate the local atomic struc-
ture of manganese in borohydride at different heating
temperatures. Each sample was placed in an air-tight
capillary filled with hydrogen or evacuated to a resid-
ual pressure of less than 1 mbar. Combining XRD and
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Fig. 1. Schematic of the experimental setup for simulta-
neous detection of X-ray diffraction and absorption spec-
tra. Denotations are explained in the text.

X-ray absorption spectroscopy allows us to draw con-
clusions on the scheme of sample product decomposi-
tion, which is important for future use of the substance
as a solid material for hydrogen storage.

EXPERIMENTAL

Our experiments were conducted on the BMOIb
Swiss—Norwegian experimental station at the Euro-
pean Synchrotron Radiation Center (Grenoble,
France). Figure 1 shows a schematic of the experi-
mental station. The investigated material is placed in a
capillary 1 mm in diameter, in which the temperature
and gas pressure are controlled by heater 2 and gas dis-
tributing system 3 and 4. The monochromatic X-ray
radiation passes from channel 5 downstream of the
Si(111) monochromator. The radiation intensity prior
to interacting with the sample is measured by ioniza-
tion chamber 6.

Semiconductor detector 7 measures the X-ray flu-
orescence intensity for each value of the energy com-
ing to the sample. It should be noted that in this work,
we obtained for the first time Mn K-edge X-ray
absorption near edge structure (XANES) spectra of
Mn(BH,),. In measuring the X-ray absorption spectra,
the incident radiation energy was changed continu-
ously in the range of 6500—6700 eV, in recording dif-
fraction patterns, the wavelength of the incident radi-
ation was fixed at 0.51323 A. The diffraction patterns
were recorded immediately before measuring each
spectrum using a 2D detector. The resulting 2D dif-
fraction patterns were integrated using the Fit2D soft-
ware package [11].

Theoretical X-ray absorption spectra were obtained
in the one-electron approximation using Fermi’s
golden rule. The X-ray absorption cross section
obeyed this rule, so the dipole matrix element for the
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transition to the continuous spectral states can be writ-
ten as

o(E) ~ [y le-rlw ) -S(E - E, - Ey),
where y, and E|, are the wave function and energy of
the core electron; y,and Eare the wave function and
energy of the finite unoccupied states; and ¢ is the
photon polarization. The wave functions of unoccu-
pied electron levels were calculated by the finite differ-
ence method [12] in a sphere with a radius of 7 A
around the absorbing atom. Calculations for the
XANES spectra using the original FDMnes code
based on the Gaussian technique require much time,
especially for low-symmetry systems. The calculations
center on solving a large system of linear equations.
Nonzero elements of the system are concentrated near
the main diagonal. We established that 95% of the
matrix elements were zero and used diagonalization
methods that were more suitable for dispersed matri-
ces. Diagonalization using the UMFPACK nonsym-
metrical-pattern multifrontal method [12, 13] or a
MUMPS multifrontal parallel solver for dispersed
matrices [ 14, 15] can accelerate calculations by factors
of 5-20, depending on the input parameters, parallel-
ization options, and computational power. The latter
technique is preferred for parallelization on multi-
core processors, since it requires less random-access
memory.

RESULTS AND DISCUSSION

Our samples were synthesized in a high-energy ball
grinder and an argon atmosphere. NaBH, (purity,
95%; Fluka) and waterless MnCl, (purity, 99.999%;
Sigma Aldrich) were manually mixed in molar ratios
of 2:1and 3: 1 in an agate mortar and then ground in
the course of high-energy mechanosynthesis. A steel
cylinder with three steel balls 15, 12, and 10 mm in
diameter was used. The rate of rotation was set at
600 min~—!. The ratio between the ball mass and the
ground powder mass was 25 : 1. To avoid heating the
system and thus powder agglomeration on the cylin-
der’s surface, grinding was interrupted with breaks
lasting 5 min. The interruptions were repeated every
10 min. The reaction equation was

2NaBH, + MnCl, — NaCl + Mn(BH,)..

Samples for spectral investigations were prepared
in an inert argon atmosphere. Each powder sample
was carefully poured in a glass capillary I mm in diam-
eter with a wall thickness of only 10 um. A constant
hydrogen pressure of 10 bar was maintained in each
experiment. Our low-temperature Raman spectra
coincided with the spectra recorded on the freshly
synthesized material [11].

Figure 2 shows the diffraction pattern of a synthe-
sized sample. The structure of the material was
resolved via XRD analysis. The final product contains
Mn(BH,), and about 5% of NaBH,.
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Fig. 2. Experimental diffraction pattern of Mn(BHy),
powder (solid curve) and calculated peak positions and
intensities for the structure from the crystallographic data-
base.

Since the Mn K-edge XANES spectra were
recorded in the fluorescence mode, self-absorption
effects are clearly visible. The experimental spectra
were therefore corrected using the Ifeffit Athena soft-
ware package [16]. Figure 3 shows the experimental
absorption spectrum of manganese borohydride and
the theoretical spectrum calculated for the structure
obtained by XRD in [7]. It can be seen that the theo-
retical and experimental spectra are in good agree-
ment, allowing us to use this technique to analyze the
phases in a sample after decomposition upon heating.

Thermogravimetric analysis showed that the phase
transition was accompanied by a stepwise change in
sample mass. The gas mass spectroscopy data indicate
the desorption of hydrogen as the main gas product of
the reaction with maximum intensity in the tempera-
ture range of 130—150°C. In addition, desorption was
accompanied by a negligible release of diborane B,H.
Although analysis of the partial gas pressure diagrams
enables us to determine the qualitative and quantita-
tive composition of the gas reaction products precisely
and approximately, determining the composition of
solid reaction products is in our case complicated by
the amorphization of the material, which broadens the
diffraction peaks.

The aim of this investigation was to determine the
qualitative composition of the products of decomposi-
tion induced by sample heating by analyzing the
immediate environment of the Mn atom in the man-
ganese borohydride Mn(BH,), lattice.

Upon heating, the sample changed color from light
yellow to black. The spectral variations above 110°C
were irreversible (after reaching 200°C, the tempera-
ture was reduced to 30°C and the spectra were
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Fig. 3. Experimental Mn K-edge XANES spectrum of
Mn(BHy), at room temperature and the calculated spec-
trum of the structure from the crystallographic database.

recorded repeatedly). Above 110°C, it was impossible
to detect Raman spectra because of the strong radia-
tion absorption in the sample.

Figure 4 shows XRD patterns at different heating
temperatures. The sharpest high-intensity peaks of the
Mn(BH,), crystal phase disappeared at t = 130°C.
According to the data from thermogravimetric and
partial gas pressure analysis, the intensity of hydrogen
desorption was maximal in the same temperature
range. Upon heating, the initial material thus under-
went a phase transition accompanied by amorphiza-
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Fig. 4. Experimental XRD spectra obtained in vacuum at
different sample temperatures.
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Fig. 5. Experimental Mn K-edge XANES spectra of
Mn(BH,), and metallic manganese phase Mn,, ;. Manga-
nese borohydride Mn(BH,), under the initial conditions
(lower curve) and after heating (middle curve), and metal-
lic manganese phase Mnp,,; under normal conditions
(upper curve).

tion of the sample and hydrogen desorption. The sharp
low-intensity peaks in the XRD spectra at = 130°C
and 7 = 140°C and angles of 6.5°, 7°, and 9.5° can be
explained by the negligible (~5 %) amount of sodium
borohydride Na(BH,), that went unreacted during
mechanosynthesis.

Figure 5 shows experimental Mn K-edge XANES
spectra of manganese borohydride Mn(BH,), before
heating (lower curve) and after heating at 120°C (mid-
dle curve), and those of metallic manganese Mn,,,
(upper curve). In the manganese borohydride spectra,
we can clearly see the variations in the energy position
of the main maximum and second absorption peak
upon sample heating. The Natoli rule [20] was used to
establish the correlation between the variation in the
energy localization of the spectral features and the
change in the interatomic distances in the first coordi-
nation sphere of the absorbing atom. According to the
Natoli rule, the ratio between the squared interatomic
distances in the first coordination sphere of two com-
pounds with similar symmetry is inversely propor-
tional to the corresponding peaks in X-ray absorption
spectra. Having measured the distance between the
main maximum and the next one in the Mn(BH,),
spectra at temperatures of 30 and 120°C in Fig. 5, we
may thus conclude that the Mn—B distances in the
first coordination sphere of manganese shrank. The
averaged estimated reduction in the Mn—B distances
upon sample heating was 0.39 A, relative to the initial
value of 2.43 A.

In [5, 10, 17], where possible paths of Mn(BH,),
decomposition were simulated, the metallic manga-
nese phase and diborane B,H; were mentioned among
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Fig. 6. Experimental Mn K-edge XANES spectra of
Mn(BHy), after heating and the theoretically calculated
spectra of manganese borides.

the reaction products, along with boron B and molec-
ular hydrogen H,. Diborane is a highly volatile and
chemically active element. However, it was reported
that the intensity of diborane release was lower than
that of hydrogen desorption by a factor of 600 [5].

Mn(BH,), — Mn + 2B + 4H,, (1a)
Mn(BH,), —> Mn + B + H, + B,H,, (1b)
Mn(BH,), — MnH, + 2B + 3H,, (Ic)
Mn(BH,), — MnB, + 4H,, (1d)
Mn(BH,), — MnH, + B,H,, (le)
Mn(BH,), — Mn + B,H, + H,. (1f)

The possible paths of decomposition were obtained
through calculations using the density functional the-
ory (DFT). In [18], the first reaction was considered to
be the one most likely. According to the results from
our analysis of the Mn K-edge XANES spectra, how-
ever, we may conclude that the spectrum of metallic
manganese unsatisfactorily describes the experiment
with Mn(BH,), after heating. We suggest the presence
of other manganese-bearing compounds as the final
products of the decomposition reaction. Since there is
alack of literature data, we theoretically calculated the
Mn K-edge XANES spectra of different manganese
borides. The structures of these compounds are avail-
able in the ICSD crystallographic database
(nos. 42529, 44446, 614742, 44445, and 653726).
Analysis of the obtained curves showed that the exper-
imental curve for manganese borohydride after heat-
ing was described best by manganese borides Mn,B,
MnB, and MnB,. The absorption spectra of these
compounds are presented in Fig. 6. The spectra of
MnB, and Mn;B, are inconsistent with the experi-
ment, so we may exclude the possibility of these
borides forming.
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To describe satisfactorily the experimental spec-
trum of Mn(BH,),, we investigated superpositions of
the spectra of the metallic Mn phase and the above-
mentioned manganese borides. The weight coeffi-
cients were fit using the Fitit software package [19]
with respect to the self-consistent energy localization
of the absorption edge. The fitting of all three borides
Mn,B, MnB, and MnB, in combination with metallic
manganese Mn,,, yielded identical residual coeffi-
cients, i.e., the parameter characterized by the integral
of the absolute value of the difference between the
compared spectra in a specified energy range. Hence,
the formation of one of the borides Mn,B, MnB, and
MnB, as a reaction product in combination with the
metallic phase Mn,,., appears probable. In addition,
the results from the XANES spectra fitting clearly
show that the maximum estimated concentration of
the manganese metallic phase is no more than 35%.

CONCLUSIONS

Families of XRD patterns and Mn K-edge XANES
spectra were experimentally obtained at different sam-
ple temperatures. In the same temperature range of
120 to 140°C, both the XRD and Mn K-edge XANES
spectra changed dramatically The considerable
broadening of the peaks in the diffraction patterns
along with the thermogravimetric analysis data show
that a phase transition occured in the abovementioned
temperature range and was accompanied by profuse
hydrogen desorption, leading to the degradation of the
initial material and, as a result, irreversibility of the
reaction. Theoretical simulations of the Mn K-edge
XANES spectra of different manganese borides and
subsequent fitting with regard to the formation of the
metallic manganese phase show that the most likely
intermediate products of decomposition are metal
manganese and amorphous borides Mn,B, MnB, and
MnB,. The estimated metallic manganese concentra-
tion was no more than 35%.
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