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ABSTRACT: Magnesium borohydride (Mg(BH4)2) is a promising
candidate for material-based hydrogen storage due to its high hydrogen
gravimetric/volumetric capacities and potential for dehydrogenation
reversibility. Currently, slow dehydrogenation kinetics and the
formation of intermediate polyboranes deter its application in clean
energy technologies. In this study, a novel approach for modifying the
physicochemical properties of Mg(BH4)2 is described, which involves
the addition of reactive molecules in the vapor phase. This process
enables the investigation of a new class of additive molecules for
material-based hydrogen storage. The effects of four molecules (BBr3,
Al2(CH3)6, TiCl4, and N2H4) with varying degrees of electrophilicity
are examined to infer how the chemical reactivity can be used to tune
the additive−Mg(BH4)2 interaction and optimize the release of
hydrogen at lower temperatures. Control over the amounts of additive
exposure to Mg(BH4)2 is shown to prevent degradation of the bulk γ-Mg(BH4)2 crystal structure and loss of hydrogen capacity.
Trimethylaluminum provides the most encouraging results on Mg(BH4)2, maintaining 97% of the starting theoretical Mg(BH4)2
hydrogen content and demonstrating hydrogen release at 115 °C. These results firmly establish the efficacy of this approach toward
controlling the properties of Mg(BH4)2 and provide a new path forward for additive-based modification of hydrogen storage
materials.
KEYWORDS: magnesium borohydride, hydrogen storage, electrolytes, additives, vapor-phase chemistry, synchrotron radiation

■ INTRODUCTION

Hydrogen has long been considered the quintessential energy
carrier due to its unrivaled energy density and absence of
carbon emissions. As domestic and international leaders alike
begin to adopt new clean energy strategies,1−4 the demand for
“green hydrogen” is expected to increase dramatically over the
next few decades. Although hydrogen possesses desirable
characteristics as an energy carrier, the development of efficient
methods for storage and delivery remains a challenge. Complex
hydrides, and in particular borohydrides, represent one class of
materials that have demonstrated promise as potential solid-
state hydrogen storage media, exhibiting a high gravimetric
hydrogen content and relatively low decomposition enthalpies.
These compounds also have broad application as reducing
agents in synthetic chemistry5 and more recently have been
investigated for their ion conductivities in solid-state batteries.6

Among various hydrogen storage-based applications, magne-
sium borohydride (Mg(BH4)2) is widely regarded as a pre-
eminent candidate storage material due to its 14.9 wt %
theoretical gravimetric H2 capacity, 113 g/L volumetric
capacity, moderate decomposition temperature (∼280 °C),7

and potential for reversibility. On a materials basis, these

physiochemical properties address many of the technical
performance targets established by the U.S. Department of
Energy for onboard hydrogen storage systems in light-duty
vehicles.8 Despite these favorable properties, (Mg(BH4)2)
suffers from extremely poor decomposition kinetics and the
formation of metastable polyborane intermediates and MgB2,
which require high temperatures and pressures for rehydroge-
nation.
The γ-phase of Mg(BH4)2 was originally advertised for its

high internal surface area (∼1150 m2/g) and potential for
hybridized chemical/physical storage capabilities having ∼30%
void space.9 It was theorized that the higher surface-to-volume
ratio would enable faster solid-state proton diffusion to the
surface and improve dehydrogenation kinetics as suggested by
the enhanced rates of proton-deuterium exchange measure-
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ments on γ-Mg(BH4)2.
10 To date, these characteristics have

not proved advantageous as the metastable porous material
displays many of the shortcomings of the α- and β-Mg(BH4)2
polymorphs.11,12

Many of the approaches aimed at mitigating poor
dehydrogenation kinetics and cyclability of Mg(BH4)2 involve
the use of additive compounds and molecules. Previous
investigations have relied largely on mechanochemical and
wet-chemical methods for introducing additives to borohy-
dride compounds. The extreme reactivity of borohydrides (i.e.,
strong reducing capabilities) with a variety of materials makes
the introduction of solvents particularly challenging. Addition-
ally, solution-based processing can introduce undesirable
solvent molecules, which become trapped in the porous
network of γ-Mg(BH4)2. Conversely, it is noteworthy that
solvent-based methods for synthesizing Lewis base complexes
of (Mg(BH4)2) (e.g., Mg(BH4)2·THF (tetrahydrofuran)
adducts) have demonstrated considerable improvements in
kinetics with selectivity toward thermodynamically desirable
intermediates/products, such as B3H8

−.13 The success
demonstrated by this systematic approach for uncovering the
influence of relative strength of Lewis bases on the perform-
ance of Mg(BH4)2 is the inspiration for the approach used in
the current study.
Mechanochemical approaches for modifying the properties

of complex hydrides employ physical grinding or ball-milling in
order to facilitate mixing or induce a reaction between the
additive and hydride. These types of processes can introduce
impurities (e.g., from the bearings/mill), induce complete
amorphization, and initiate undesirable side reactions. Metals
and metal halides are overwhelmingly favored as additives in
mechanochemical-based methods for improvement of hydro-
gen release in borohydrides.14−18 Recent work by Zhang and
co-workers15 examined the influence of metal fluorides MFx
(M = Zn, Ca, and Ti) and reported hydrogen release as low as
50 °C, but with a total H2 capacity less than half the starting
Mg(BH4)2 material. Most recently, Heere et al.19 surveyed the
influence of Nb2O5 and ball-milling on isotopic exchangea
metric used to estimate solid-state proton diffusionand
hydrogen release from γ-Mg(BH4)2. Although Nb2O5 additives
show some improvements, the authors observed a considerable
loss of specific surface area (SSA) and lowering of the
structural phase transformation temperatures upon ball milling.
After annealing the ball-milled sample, only 50% of the original
SSA was recovered, highlighting the damaging structural effects
of mechanical mixing on γ-Mg(BH4)2 and the need to separate
the contributions of milling from the additive. The results
reported by Li et al.18 suggest that ball-milling α-Mg(BH4)2
without additives causes amorphization, but does not cause
loss of hydrogen. However, when milled under identical
conditions in the presence of various additives with a 1:3
weight ratio, up to ∼30% of the native hydrogen capacity is
removed.
Here, we present a new vapor-phase additive approach

derived from atomic layer deposition (ALD) designed to: (1)
lower the temperature of hydrogen release in Mg(BH4)2 by
enabling alternative decomposition routes potentially leading
to milder rehydrogenation conditions, (2) prevent or minimize
degradation of the Mg(BH4)2 crystalline structure during
processing, and (3) expand the arsenal of useful additives
beyond metals/metal halides and common solvents. Enhanced
kinetics are also desirable, but direct comparison with
untreated Mg(BH4)2 is often non-trivial due to alternate

decomposition pathways and non-parallel rate processes. In
this study, structure−function relationships were derived using
a host of experimental characterization techniques. Powder X-
ray diffraction (pXRD), small-angle scattering with simulta-
neous wide-angle X-ray scattering (SAXS-WAXS), diffuse
reflectance infrared spectroscopy (DRIFTS), and Raman
spectroscopy were used to provide information about the
structure and dynamics of crystalline and amorphous species.
Temperature-programmed desorption (TPD) and differential
scanning calorimetry (DSC) measurements were necessary to
characterize the thermodynamics of decomposition processes
and evolution of gaseous products as a function of temper-
ature. Proton-decoupled 11B solid-state magic angle spinning
nuclear magnetic resonance (11B{1H} NMR) was used to
illuminate changes in the local boron structure upon
introduction of the vapor-phase additives. The vapor-phase
additives (vapors from liquids and sublimates from solids)
used in this study were introduced in an ALD chamber. The
relative mole fraction of the additive can be precisely
controlled with the number of pulses and pulse duration. In
addition, infiltration into the γ-phase mesopore network is
possible through changes in the additive molecular size and/or
coordinating ligands. In the current study, we investigated the
reactivity and efficacy of four additives: boron tribromide
(BBr3), trimethylaluminum (TMA) (Al2(CH3)6), titanium
tetrachloride (TiCl4), and hydrazine (N2H4) toward improving
hydrogen storage properties of γ-phase (Mg(BH4)2) using a
vapor-phase method. The range of molecular species (e.g.,
boron trihalide, metal halide, and organoaluminum) and their
inherent electrophilicities (from Lewis acid to base) among
this set of additives presents a unique opportunity to conduct a
systematic examination, whereby exposure and decomposition
reactivities can be explored as a function of electronic
structure. This unique approach should open the door to a
new class of molecular additives and catalysts, which cannot
easily be introduced with conventional mechanochemical- or
solvent-based techniques.

■ EXPERIMENTAL SECTION
Sample Preparation. γ-Phase Mg(BH4)2 was synthesized using a

procedure outlined by Zanella et al.20 In short, dibutylmagnesium was
added dropwise to borane-dimethyl sulfide dissolved in toluene at
room temperature. The resulting precipitate was collected and dried
under vacuum at 60 °C, which yields γ-phase Mg(BH4)2 with only
trace quantities of α-Mg(BH4)2 upon desolvation.

Additive Exposure. Additive exposure was carried out in a
commercial Beneq TFS 200 ALD reactor at temperatures between 30
and 50 °C in order to prevent loss of hydrogen from the Mg(BH4)2
material. A thin layer (∼50 mg, <1 mm thick) of the Mg(BH4)2
powder samples was enveloped into a tight stainless steel mesh and
transferred air-free from a nitrogen glovebox into the ALD deposition
chamber which was evacuated to reach a base pressure of ∼1 mTorr.
Boron tribromide (BBr3) and titanium tetrachloride (TiCl4) were
purchased from Strem Chemicals. TMA and anhydrous hydrazine
(N2H4) were purchased from MilliporeSigma. The anhydrous N2H4
was further dried over CaH2 and subsequently filtered in an inert
atmosphere. In order to maintain a nominally uniform exposure
among the various additives, 100 pulses were performed for each
additive−Mg(BH4)2 combination, with pulses lasting 8 s each. Three
minute nitrogen gas purges were conducted in between pulses. To
accommodate the surface area of the powder substrate, the pulse
duration for each cycle step was extended compared to ALD
processes on flat substrates.

Structure and Dynamics Characterization. Synchrotron X-ray
characterization of the additive−borohydride samples was performed
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at the Stanford Synchrotron Radiation Lightsource (SSRL, SLAC).
SAXS-WAXS measurements were conducted at beam line 1−5 (λ =
0.7999 Å). For both sets of measurements, powder samples were
prepared in ø 1 mm (10 μm wall thickness) quartz capillaries inside
an argon glovebox. The capillaries were subsequently loaded into a
capillary heating sample cell described elsewhere.21 The sample cell
was sealed, removed from the glovebox, and connected to a gas-
handling manifold. In situ X-ray scattering measurements were
conducted under dynamic vacuum with a base pressure of 10 mTorr.
Lab-source X-ray diffraction measurements were conducted on a

PANalytical Empyrean diffractometer using incident Cu Kα radiation
(λ = 1.54 Å) in line mode, 1° antiscatter slit, 20 mm divergent height
limiter slit, and 0.25° divergence slit on the incident beam. The hybrid
pixel detector with fixed antiscatter slits was mounted onto the
goniometer with a radius of 240 mm. The XRD samples were
prepared in quartz capillaries with a 1 mm diameter and a 10 μm wall
thickness that were sealed with paraffin wax.
Solid-state MAS 11B NMR measurements were performed on a

Bruker AVANCE III 400 MHz at room temperature using a 4 mm
magic angle spinning double resonance probe. The probe was
operated in the X-BB mode and was spinning at 14 kHz. The 11B
direct polarization experiments were executed with a 5 s delay time
and the 1H−11B cross polarization (CP) experiments with a contact
time of 2000 μs. The NMR probes were tuned to 128.3928 MHz for
11B and 400.2059 MHz for 1H, respectively. The rotors were filled and
sealed with an air-tight cap in an inert atmosphere prior to the
measurement. BF3−OEt2 was used as an external reference.
Solid-state MAS 27Al NMR measurements were performed on an

Agilent VNMRS 500 MHz at ambient temperature using a homebuilt
5 mm double resonance probe with a Vespel housing. The sample was
packed into a 5 mm zirconia cavern style rotor designed for sealing
samples under inert gas or for high-pressure work.22 The pulse
sequence was a Hahn spin echo23 to try and minimize any 27Al
background signal originating from the probe head; however a
difference experiment was still required due to the presence of
aluminum in the ZrO2 rotor as a stabilizing agent. The RF fields
utilized were near 50 kHz for 27Al and 35 kHz for 1H during SPINAL-
6424 decoupling. Recycle delay was 1 s for a total experiment time of
18 h (for each).
DRIFTS measurements were collected on a Nicolet 6700 with a

liquid nitrogen cooled MCT (HgCdTe) detector using a Harrick
Scientific Praying Mantis Diffuse Reflectance Accessory. All samples
were mixed with potassium bromide (dehydrated in a vacuum oven at
200 °C and stored in an inert atmosphere) with the resulting mixture
being a 10 wt % sample. The sample was then loaded into the
DRIFTS chamber in a glovebox and transferred air-free to the Nicolet
6700. The area between the DRIFTS accessory and the detector was
purged with nitrogen gas. For each spectrum collected, neat KBr was
used as a background and 1020 scans were averaged.
Thermal Decomposition Characterization. Using a custom-

built TPD instrument,25 the additive−Mg(BH4)2 materials were
heated from room temperature to 500 °C with a 15 °C/min ramp rate

using a Digi-Sense temperature controller. The rate of temperature
increase was chosen such that the released hydrogen did not alter the
evacuation rate of the system. The gas-phase species released during
heating were analyzed using a Stanford Research Systems Residual
Gas Analyzer (RGA) 100 at a 70 eV ionization energy, scanning m/z
= 1−50 amu at a sampling rate of 2−4 s. A LabVIEW-based GUI was
used to control all experimental parameters. In order to optimize both
the m/z = 2 (H2) signal and instrumental dynamic range, the amount
of sample was varied between 1 and 2 mg. The resulting RGA signal
was normalized to the starting sample mass. Powders were packaged
in Pt foil to facilitate uniform heating and were subsequently sealed in
a quartz tube mounted to the TPD instrument. The quartz tube was
evacuated prior to heating until a pressure of at least 10−8 Torr and no
m/z-signal above background was observed, with special scrutiny on
water, air, and hydrogen. Upon reaching 500 °C, the temperature was
maintained for 1 h to ensure full dehydrogenation was achieved. The
total gravimetric H2 capacity, with an accuracy of ±10%, was
calculated by numerically integrating the signal of m/z = 2 over the
total measurement time. The mass-normalized signal was scaled by
the well-established H2 capacity of TiH2 (4.0 wt % H2). To this end,
reference TiH2 (Alfa Aesar, 99%) TPD measurements were obtained
under conditions identical to the additive−Mg(BH4)2 samples.

DSC measurements were performed on a Q20 TA Instrument
differential scanning calorimeter in a nitrogen atmosphere from 25 to
500 °C with a heating rate of 15 °C/min. The samples were enclosed
in hermetically sealed aluminum (Al) pans prepared in a He glovebox.
Empty reference Al pans were prepared under identical conditions.

■ RESULTS AND DISCUSSION

Boron Tribromide. The first additive investigated among a
series of vapor-phase precursors involved the exposure of 100
pulses of BBr3 to a sample of γ-Mg(BH4)2. Although somewhat
counterintuitive based on electronegativity and steric limi-
tations, Lewis acidity is strongest in BBr3 relative to the
chloride and fluoride boron trihalides.26 A strong reaction
between BBr3 and Mg(BH4)2 occurs during initial additive
exposure as indicated by the substantial structural changes to
the starting γ-phase Mg(BH4)2 material. Structural degradation
was detected using the pXRD and DRIFTS results in Figure
1a,b, before and after 100 pulses of BBr3.
The diffraction pattern from the γ-Mg(BH4)2 sample prior

to additive exposure exhibited reflections exclusively from the
highly crystalline cubic structure.9 All diffraction peaks from
the initial γ-Mg(BH4)2 material were noticeably absent in the
pXRD pattern after 100 pulses of BBr3, which indicated the
initial cubic Mg(BH4)2 crystal structure became highly
disordered or decomposed altogether. Following exposure to
BBr3. A few broad, weak diffraction peaks (shown in the
magnified inset) were observed and are consistent with the

Figure 1. pXRD (a) and DRIFT spectra (b) of the γ-Mg(BH4)2 material before (black) and after (red) exposure to 100 pulses of BBr3. The pXRD
inset shows a magnified view of the region consistent with MgBr2 and associated MgBr2 Miller indices. The dashed lines in the DRIFT spectrum
identify the locations of Mg(BH4)2 bending and stretching modes.
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most intense reflections of MgBr2
27 present at 2θ = 30.6 (0 0 2,

1 1 1) 47.7 (2 1 0), 57 (2 1 2, 2 2 1), and 77.9° (3 2 1).
DRIFTS measurements provide additional clarity on the
identity of non-crystalline reaction products and are advanta-
geous for these samples because there is a higher sensitivity
toward surface species, relative to transmission-based techni-
ques. In DRIFTS sampling, both surface and bulk signals are
captured simultaneously. The vibrational modes of Mg(BH4)2
are well characterized and are described in detail else-
where.28−30 The two DRIFT spectra in Figure 1b illustrate a
dramatic reduction of B−H bending (δ) and stretching (ν)
modes, characteristic of Mg(BH4)2, at δ = 1137 (m), 1266 (s)
and ν = 2290 (s), 2418 (m), and 2666 (m) cm−1, upon
exposure of Mg(BH4)2 to BBr3. This abrupt loss of the signal
from Mg(BH4)2 was also observed in the complementary
Raman spectrum (see Figure S1). Unfortunately, the energy
window of the DRIFT spectrometer is too high to observe
lattice modes from MgBr2 and MgB2, which would provide
direct evidence of their formation. However, O−H bending
and stretching modes are identified in the DRIFTS from a
hydrate of MgBr2 at δ = 1600 (s) and a broad band above ν =
3000 (s) cm−1, respectively.31 Absorption bands are also
identified in spectral regimes consistent with vibrational modes
from hydroxide (broad band at ν = 3450 (s) cm−1)27 and other
oxide species, such as magnesium borates.32 Although the
surfaces of the Mg(BH4)2 particles are known to display native
oxides,33 their relative abundance is low enough such that
little-to-no oxide/hydroxide or hydrate signal was observed in
the DRIFTS from γ-Mg(BH4)2 prior to additive exposure.
Following the exposure of BBr3 (and all subsequently studied
additives) to Mg(BH4)2, there were spectral indications of
oxide and hydrate species, which suggest that the “air-free”
sample transfer or chamber used for additive exposure
introduced trace amounts of oxygen and/or water, which are
known to cause rapid hydrolysis or surface oxidation.34 The
formed surface oxides are a potential source of non-volatile
reaction products, which explains their increased relative
contribution in the post-exposure DRIFTS measurements.

11B{1H} SS NMR measurements in Figure 2 lend further
support to the observed reactivity of the borohydride

environment with BBr3. For the BBr3-treated Mg(BH4)2
sample, the BH4

− environment is identified by a peak located
at (400 MHz, BF3OEt2, δ): −40 ppm for Mg(BH4)2. A second,
less-abundant, boron environment is detected by a peak
located at approximately (400 MHz, BF3OEt2, δ): −34 ppm

following exposure to BBr3. A peak with this chemical shift
does not coincide with any of the commonly occurring
polyboranes35 and is potentially a partially brominated
borohydride, where the electronegative bromide anion
deshields the coordinating boron atom directing the
borohydride chemical shift downfield from −40 ppm. The
formation of the fully brominated anion species (e.g., BBr4

−) is
improbable because it is typically stabilized only by large
cations.36 Alternatively, Brown et al.37 observed the formation
of HBBr2S(CH3)2 when BBr3 was reacted with the borane
adduct of dimethyl sulfide, which also cannot be ruled out as
the cause of the peak at −34 ppm because residual dimethyl
sulfide is known to be trapped in the pores of γ-Mg(BH4)2
during synthesis. Smaller peaks located near (400 MHz,
BF3OEt2, δ): 14.5 and 0.9 ppm are also noted and correspond
to borates/boric acid38 and a four-coordinate B−O species,39

respectively, which is consistent with the decomposition of
Mg(BH4)2 and the presence of oxides in the pXRD pattern and
DRIFTS spectra in Figure 1.
TPD measurements on the BBr3−Mg(BH4)2 sample heated

to 500 °C (see Figure S2) indicate that only 0.3 H2 wt %
remains in the sample after exposure of BBr3 providing
evidence that most of the initial hydrogen content is lost
during pulsing. Although BBr3 is also known to react in excess
H2 to produce HBr, there is no evidence of HBr formation
(physisorbed or pore-confined) or corresponding yield of
elemental boron to support this alternate reaction pathway.
Furthermore, because MgBr2 is observed, HBr is not expected
to form in an appreciable quantity. The extreme reactivity of
BBr3 with Mg(BH4)2 during pulsing suggests that it is
unsuitable for use as a molecular additive. However, the
formation of MgBr2 and the absence of hydrogen in the TPD
results clearly demonstrate that hydrogen (or a hydrogen-
bearing species) is rapidly evolved during the gas-phase
reaction with the additive, which is a property that may be
investigated and possibly exploited in subsequent studies.

Trimethylaluminum. TMA is another electrophilic
additive but is a weaker Lewis acid than BBr3. The TPD
results from the 100 pulse TMA-γ-Mg(BH4)2 sample, provided
in Figure 3, indicate that rapid release of hydrogen occurs

Figure 2. 11B{1H} SS-NMR spectra of the γ-Mg(BH4)2 sample before
(black) and after (red) exposure to 100 pulses of BBr3. The inset
provides a magnified view of the unknown boron environment at −34
ppm. The asterisks denote the locations of spinning sidebands.

Figure 3. TPD (top) and DSC (bottom) data from γ-Mg(BH4)2
exposed to 100 pulses of TMA. The hydrogen release events (A−D)
in the TPD are accordingly traced to some of the features in the DSC
via the dotted lines.
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between 95 and 115 °C, which is well below the
decomposition temperature of Mg(BH4)2. The temperature
of this desorption event coincides with the temperature
associated with the release of pore-confined dimethyl sulfide
and suggests that TMA infiltrates the porous γ-phase structure,
which is consistent with behavior observed in prior work.34

Another feature (event C), corresponding to a more
prominent release of hydrogen, was observed between 240
and 260 °C. DSC measurements with identical heating rates
show endothermic features in the vicinity of the hydrogen
release temperatures (events A, C in Figure 3).
Although the total hydrogen content released between room

temperature and 500 °C amounted to less than 20% (2.5 H2 wt
%) of the total γ-Mg(BH4)2 theoretical H2 capacity (∼14.9 H2
wt %), the dramatic reduction of decomposition temperature
and combined rapid release of hydrogen in the crystalline
structural regime shown in Figure 3 stimulated interest in the
reaction mechanism. In order to further understand the
decomposition process and how TMA pore infiltration may
play a role in the material degradation, in situ temperature-
resolved SAXS-WAXS measurements were performed, as
shown in Figure 4a,b. The SAXS signal in Figure 4a indicates
the inherent porosity of the γ-Mg(BH4)2 structure remains
after exposure to TMA as indicated by the Guinier shoulder
near q ∼ 0.15 Å−1, corresponding to a pore size of about 40 Å.
This feature remains in the SAXS pattern throughout the entire
temperature series, which may suggest the TMA facilitates
residual porosity in Mg(BH4)2 during decomposition leading
to structural instability. The corresponding WAXS signal
shows the TMA-exposed material remains predominantly in
the γ-phase, which is not observed in other additive−
Mg(BH4)2 studies. Between 80 and 90 °C (event A in the
TPD/DSC), the material undergoes the well-known structural
phase transformation into ε-phase Mg(BH4)2, which is ∼30 °C
lower than observed for the neat material. The ε- to β-phase
structural transformation is noted between 140 and 160 °C.
Interestingly, reflections from the β-phase, which are typically
not observed at maximum until ∼180 °C, disappear completely
between 160 and 180 °C in concert with an endothermic
feature (event B) in the DSC. The lowering of the β-
Mg(BH4)2 decomposition temperature suggests that the
TMA’s reaction product has a destabilizing effect on the
borohydride crystal structure. A diffraction pattern with only a
few broad peaks persists until ∼225 °C, where MgH2 is
identified as the primary crystalline constituent. By 250 °C,
MgH2 is converted to the Mg metal (event C in TPD/DSC), a

process again occurring at 30 °C lower than in the neat
Mg(BH4)2 material under vacuum.
The considerable signal from crystalline γ-Mg(BH4)2

remaining in the WAXS pattern following exposure of TMA
indicates that the reaction does not propagate into the bulk
structure. From the data presented above, it is reasonable to
assert that the TMA additive and its reaction products are
confined to the surface or pores of Mg(BH4)2.

27Al SS NMR
measurements (shown in Figure S3) indicate only minute
quantities of aluminum remain in the 100-pulse sample (i.e.,
the highest additive concentration) and appear with chemical
shifts in the vicinity of aluminum oxides. TPD from a recent
study34 highlighting the impact of ALD alumina coatings on
decomposition of Mg(BH4)2 shows hydrogen release at
distinctly higher temperatures than the 100-pulse TMA sample
in this work and suggests that the residual alumina species
observed in the 27Al SS NMR are unlikely responsible for the
marked destabilization of Mg(BH4)2. DRIFT spectra displayed
in Figure 5 show a broad increase in absorption between 1000

and 1500 cm−1, which is in the vicinity of sp3 C−H bending
modes signifying the presence of methyl groups following
exposure of TMA. This observation is supported by TPD
results, which also reveal a small amount of CH4 (see Figure
S4) released near 200 °C. The presence of oxides/hydroxides
is also noted in the DRIFTS near 1000 and above 3000 cm−1.
The B−H bending (δ = 1080 (w) cm−1) and stretching (ν =

Figure 4. In situ temperature-resolved SAXS (a) and WAXS (b) measurements on the 100 pulse TMA + γ-Mg(BH4)2 material. Patterns are
manually offset for clarity. The sequential coloring represents the temperature and is identical in both sets of patterns. Events A-C from the TPD/
DSC are labeled on the WAXS y-axis.

Figure 5. Comparison of the DRIFT spectra between 100 pulse TMA
+ γ-Mg(BH4)2 (red) and γ-Mg(BH4)2 (black). The dashed lines in
the DRIFT spectrum identify the locations of Mg(BH4)2 bending and
stretching modes.
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2150, 2236, 2300 (s) cm−1) modes of Mg(BH4)2 appear to be
minimally influenced by TMA exposure, confirming the
integrity of the remaining BH4

− species shown previously in
the WAXS. Unfortunately, the related Raman spectrum for the
TMA-exposed Mg(BH4)2 exhibited a strong fluorescence
signal (see Figure S5), which made the data unusable.
However, the corresponding 11B{1H} SS-NMR spectrum
(Figure S6) exhibits only contributions from BH4

− (−40
ppm), B(OH)4

‑ (2 ppm), and borates (14 ppm). The absence
of additional boron environments indicates that the decrease in
decomposition temperature is also unrelated to boron-
containing species. With no evidence of active aluminum or
boron species, the destabilizing component must result from a
reaction, where BH4

− and CH3 groups are left intact. We
suggest that an exchange reaction between Mg(BH4)2 and
TMA occurs forming MgBH4CH3 or Mg(CH3)2, which would
be difficult to isolate and characterize with structural or
dynamics techniques due to the disordered or polymeric
natures of such species. It is assumed that these species are
converted to nanostructured MgH2 (in the presence of excess
H2) above 200 °C, where CH4 is observed in the TPD. This
type of behavior has also been observed for Grignard reagents,
such as CH3MgBr.40 To the best of our knowledge, this is the
first report that describes the use of an Al-based additive to
destabilize Mg(BH4)2. The remarkable findings outlined above
warrant additional investigations of Al-based additives for
further improving the destabilization of Mg(BH4)2.
The hydrogen release properties of the TMA-exposed

Mg(BH4)2 sample were also explored as a function of additive
pulse number in an attempt to exploit the lowering of the
decomposition temperature while maintaining a high hydrogen
capacity. TPD measurements comparing the performance of γ-
Mg(BH4)2 to that with 10 and 100 pulses of TMA are shown
in Figure 6. For the neat sample of γ-Mg(BH4)2, the first

prominent peak corresponding to the evolution of hydrogen is
not observed until ∼350 °C. Exposure to 100 pulses of TMA
enhances the hydrogen released at ∼115 °C and lowers the
primary release to 250 °C (100 °C lower than the neat
material), but reduces the total hydrogen content to only 2.5
H2 wt % (only 17% of the theoretical value for Mg(BH4)2).
Remarkably, when the number of pulses is reduced from 100
to 10, the primary hydrogen release event is still observed at
250 °C, but the total hydrogen capacity was increased to
14.47%, which is 97% of the theoretical value. As a result, a
reduction in the number of TMA pulses results in the ability to

prevent loss of native hydrogen content while retaining the low
temperature of hydrogen release, which is a property unique to
this vapor-phase approach.

Titanium Tetrachloride. Titanium-containing compounds
have been extensively investigated as additives because of their
demonstrated success in a variety of catalytic reactions.41 As a
transition metal, titanium exhibits three known oxidation
states, which can accommodate charge balance, changes in the
coordination number, and formation of metastable intermedi-
ates in a number of chemical environments encountered
during decomposition reactions. Prior work15,17 has indicated
that titanium-based additives facilitate reasonable improve-
ments in the decomposition of complex hydrides (e.g., lowered
decomposition temperatures and faster hydrogen release),
though with a limited understanding of the mechanism.
Titanium tetrachloride is an interesting additive because its
effect on Mg(BH4)2 had yet to be explored and it is a strong
Lewis acid that can undergo exothermic reactions with bases to
yield TiCly-Xz adducts.

36 In this investigation, 100 pulses of
TiCl4 were introduced to a sample of γ-Mg(BH4)2. Structural
modifications to the starting material upon exposure to TiCl4
are shown in Figure 7a,b. The pXRD pattern indicates that the
bulk γ-phase structure is marginally influenced by the TiCl4
additive. However, new broad, amorphous contributions
identified in the pXRD are observed across three different q-
ranges shown in the inset of Figure 7a. Additionally, β-phase
Mg(BH4)2 was identified in the additive mixture, which
provides supporting evidence for an exothermic reaction
accompanied by sample heating. The DRIFT spectra presented
in Figure 7b show the preservation of peaks related to
Mg(BH4)2 vibrational modes, described previously, following
exposure of TiCl4. As was the case for the BBr3-exposed
sample, hydrate modes from a metal halide hydrate are
observed near ν = 1600 (w) and above ν = 3000 (m) cm−1.42

However, in contrast to the BBr3 exposure, MgCl2 appears to
be limited to the surface regions of Mg(BH4)2 because the γ-
phase reflections and BH4

− vibrational modes are visible in the
pXRD pattern and DRIFTS/Raman spectra (Figures 7b and
S7), respectively. TPD results provided in Figure 8 indicate
that the release of hydrogen follows a mechanism similar to
neat γ-Mg(BH4)2 (e.g., three primary hydrogen release events),
decreasing the decomposition temperature by about 50 °C,
though with a total H2 wt % of only 5.7%. A comparison can be
made with the results from Newhouse et al.,14 which
demonstrated that 5 mol % TiF3 + ScCl3 ball-milled with α-
Mg(BH4)2 yields an increased amount of H2 released near
300 °C, seemingly from a MgH2 thermal decomposition
product destabilized by polyborane intermediates formed at
low temperatures. It was previously conjectured that the
substitution of halides into a borohydride lattice can
potentially reduce the binding energy between the metal and
the BH4

− group.43 However, the addition of halides with Van
der Waal radius less than that of the borohydride (e.g., Cl−,
Br−) to Mg(BH4)2 have shown only modest reductions of
decomposition temperatures (ΔT < 30 °C) over the neat
Mg(BH4)2 sample. The exposure of TiCl4 to Mg(BH4)2
appears to have a more pronounced effect on lowering the
decomposition temperature in comparison to these similar
additive mixtures with hydrogen release first observed near 150
°C and the first prominent release event below 300 °C.
Currently, there is no available literature on the reaction

between Mg(BH4)2 and TiCl4. However, when reacted with
excess LiBH4, TiCl4 reportedly produces Ti(BH4)3,

44 which is

Figure 6. TPD data showing hydrogen release (m/z = 2) as a function
of temperature and TMA pulses for γ-Mg(BH4)2 (black), 10 pulses
TMA + γ-Mg(BH4)2 (red), and 100 pulses TMA + γ-Mg(BH4)2
(blue).
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unstable at room temperature and decomposes rapidly to TiB2
(or other TixBy species). In contrast, the reaction between
Al(BH4)3 and TiCl4 yields TiCl(BH4)2 and AlCl2BH4 with
simultaneous formation of B2H6 and H2. The absence of TiB2
(or any other titanium−boron environments) in the Raman
spectrum or 11B NMR from the TiCl4-exposed material (see
Figures S7 and S8, respectively) suggests that Ti(BH4)3 is not
produced, effectively ruling out the former route. A more
plausible reaction mechanism for TiCl4-exposed Mg(BH4)2 is
one analogous to that of Al(BH4)3, where a distribution of
substituted products are formed. Recognizing evidence of
MgCl2 in the DRIFTS, the predicted reaction should involve
the exchange of at least two chlorides between Mg(BH4)2 and
TiCl4, which suggests both MgClBH4 (i.e., the partially
substituted species) and MgCl2 are conceivable products.
The corresponding TiCl4−x(BH4)x species are seemingly
volatile because there is little evidence of a titanium-containing
species in the DRIFTS or 11B NMR. In a similar “co-additive”
system with 100 alternating pulses of TiCl4 and N2H4,
transmission electron microscopy with energy dispersive X-
ray spectroscopy provided supporting evidence that chlorine
(3.9%) was concentrated near the particle surface and the
titanium content (0.6%) was minimal.45 As a result, it is
suspected that lowering of the onset temperature for hydrogen

release from TiCl4-exposed Mg(BH4) is related to reduced
crystallite sizes as the proposed reaction removes surface atoms
and the presence of surface-restricted MgClBH4 or MgCl2
species, which facilitate the decomposition of Mg(BH4)2.

Hydrazine. Hydrazine presents another opportunity for
enhancing the decomposition properties of Mg(BH4)2, distinct
from those described previously. Of all the additives discussed,
hydrazine is the only molecule that is nucleophilic. The
primary incentive for using a nucleophile was that the electron-
abundant environment of the additive would decrease
reactivity during exposure, allowing for a greater number of
pulses (and hence more additive molecules) with simultaneous
preservation of the native hydrogen content in Mg(BH4)2.
Another benefit of hydrazine relative to the other additives is
the introduction of mixed hydridic/protonic hydrogen species.
Previous examinations of a hydrazine-borohydride system
involved the interaction of α-phase Mg(BH4)2 with hydrazine
vapor in a closed container.46 After reacting with hydrazine
overnight, the mixture was ball-milled, generating (Mg(BH4)2)
hydrazinate adducts. The authors suggested as much as 12.5 wt
% H2 is released from a 3Mg(BH4)2−4N2H4 species at 240 °C.
In contrast, TPD from our 100-pulse sample reveals only 4.8
wt % H2 is released below 500 °C as depicted in Figure 9. The

Figure 7. pXRD (a) and DRIFT spectra (b) of the γ-Mg(BH4)2 material before (black) and after (red) exposure to 100 pulses of TiCl4. The
asterisk in the XRD data denotes the location of the 022 reflection (i.e., the most prominent diffraction peak) of β-Mg(BH4)2. The dashed lines in
the DRIFT spectrum specify the locations of Mg(BH4)2 bending and stretching modes.

Figure 8. TPD (top) and DSC (bottom) data from γ-Mg(BH4)2
exposed to 100 pulses of TiCl4. The hydrogen release events (A−E)
in the TPD are accordingly traced to features in the DSC via the
dotted lines. The TPD signal from neat γ-Mg(BH4)2 is shown by the
dashed trace.

Figure 9. TPD (top) and DSC (bottom) data from γ-Mg(BH4)2
exposed to 100 pulses of N2H4. The hydrogen release events (A−E)
in the TPD are accordingly traced to features in the DSC via the
dotted lines. The TPD signal from neat γ-Mg(BH4)2 is shown by the
dashed trace.
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shape of the TPD signal for H2 between room temperature and
500 °C is similar, but not identical to the results obtained by
He et al., which may indicate that only a fraction of the
product may convert to an Mg(BH4)2-nN2H4 adduct. It is also
worth noting that differing experimental conditions may
influence the preferred product of hydrazine reacted with
Mg(BH4)2 (e.g., closed cell and long equilibration times of He
et al. promoting the hydrazine adduct).
Interestingly, a subtle peak in the 11B NMR (Figure 10) is

observed near (400 MHz, BF3OEt2, δ): −22 ppm consistent

with boron in a BH3N environment.47,48 Hydrazine with water
contamination promotes the formation of hydrazine hydrate.
In the hydrazinate crystal structure reported by He et al.,
hydrazine molecules are located at sites between Mg2+ and
BH4

−. It is anticipated that water bound to hydrazine (if not
completely dehydrated) would cause rapid hydrolysis of the
borohydride anion, resulting in the formation of hydrazine
borane (or bis-borane), H2, and Mg−OH species. A side
reaction leading to hydrazine borane or a similar molecule
would explain the presence of BH3N species in the 11B
NMR,49 low-temperature release of H2 in the TPD (see Figure
9),50−52 as well as the loss of hydrogen capacity during N2H4
exposure. Although this sample has not been ball-milled (as
was the case for He et al.), pXRD measurements indicate that
γ-Mg(BH4)2 is the only crystalline product, with a broad
amorphous band visible at 2θ = 27° (see Figure 11a), which
may indicate a weakly ordered or highly disordered structure.

The DRIFT spectrum, observed in Figure 11b, shows a
reduction in the borohydride absorption bands after exposure
to N2H4, but an increase in absorption near ρ/δ = 1000−1500
(s) and ν = 3260 (m) cm−1, corresponding to N−H rocking/
bending and stretching modes, consistent with hydrazine
borane.52 Spectral features indicative of hydrazine borane are
also observed in the related Raman spectrum (see Figure S9).
Also notable is the increase in O−H stretching from hydroxide
and/or water as well as a new O−H bend around δ = 1600 (w)
cm−1. The absorption band present near ν = 3600 (m) cm−1 is
consistent with the location of a hydroxyl stretching mode53

but has also been observed in the reported infrared spectrum
from hydrazine bis-borane.54 Although these species are only
present at low concentrations and likely confined to the surface
of Mg(BH4)2, vapor-phase addition of hydrated N2H4 to
Mg(BH4)2 opens up new opportunities to synthesize mixed
protonic-hydridic hydrazine borane-coated borohydrides.

■ CONCLUSIONS
The introduction of additives to Mg(BH4)2 by precisely
controlled pulses of reactive vapor-phase molecules represents
an innovative approach for modifying the properties of
complex hydrides, circumventing the need for mechanochem-
ical mixing and wet-chemical techniques, which have a negative
effect on the crystallinity and porosity of materials such as γ-
Mg(BH4)2. It is not unexpected that most of the vapor-phase
additives used in this study are considerably more reactive than
their solid-phase analogues, especially considering their
electrophilic character. A compilation of the hydrogen content
for each additive−Mg(BH4)2 combination is shown below in
Table 1. It was shown that for reactions leading to volatile

Figure 10. 11B{1H} SS-NMR spectra of the γ-Mg(BH4)2 sample
before (black) and after (red) exposure to 100 pulses of N2H4. The
inset provides a magnified view of the BH3N environment at −22
ppm. The asterisks denote the locations of spinning sidebands.

Figure 11. pXRD (a) and DRIFT spectra (b) of the γ-Mg(BH4)2 material before (black) and after (red) exposure to 100 pulses of N2H4. The inset
in the pXRD pattern shows a magnified view of the amorphous contribution. The dashed lines in the DRIFT spectrum identify the locations of
Mg(BH4)2 bending and stretching modes.

Table 1. Summary of Total Hydrogen Released below 250
and 500 °C for the Various Additive−Mg(BH4)2
Combinations

material
H2 wt %

released <250 °C
H2 wt %

released <500 °C

γ-Mg(BH4)2 0.37 14
γ-Mg(BH4)2 + 100 pulses BBr3 0.06 0.28
γ-Mg(BH4)2 + 10 pulses TMA 1.5 14
γ-Mg(BH4)2 + 100 pulses TMA 1.1 2.5
γ-Mg(BH4)2 + 100 pulses TiCl4 0.41 5.7
γ-Mg(BH4)2 + 100 pulses N2H4 1.5 4.8
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reaction products, which desorb and lead to non-self-
terminating behavior, reducing the number of pulses prevents
the loss of native hydrogen while retaining the “destabilizing”
influence of the additive. This effect was demonstrated by
lowering the number of pulses from 100 to 10 in the TMA-
Mg(BH4)2 system. The 10-fold decrease in the amount of
TMA pulses leads to a 100 °C reduction (relative to the neat γ-
Mg(BH4)2 sample) in the first prominent release of hydrogen
and a total hydrogen capacity of 14 H2 wt %, which is greater
than 97% the theoretical gravimetric capacity of Mg(BH4)2. It
is also worth noting that both the 10 pulse TMA-Mg(BH4)2
and 100 pulse N2H4−Mg(BH4)2 samples released four times as
much hydrogen below 250 °C than from the neat Mg(BH4)2
material. The identity of the boron species in these two
mixtures at 250 °C will be emphasized in a follow-up study in
an attempt to demonstrate reaction reversibility (i.e.,
rehydrogenation) for the high-performing additive−Mg(BH4)2
materials.
A comparison of performance between the vapor-phase

TMA additive and other leading methods used for
destabilization of Mg(BH4)2 is provided in Table 2. The
TMA-exposed Mg(BH4)2 sample exhibits hydrogen release
properties, which rival or exceed other methods available in the
literature on the basis of onset temperature for hydrogen
release, a shift in temperature of maximum hydrogen release,
and total hydrogen wt % from Mg(BH4)2 released below 500
°C.
Using this alternative approach to destabilization of complex

hydrides, a series of molecular additives with a range of
electronic properties were systematically investigated in order
to examine the influence of central atom nucleophilicity/
electrophilicity on temperature-limited H2 release from
Mg(BH4)2. The order of initial exposure reactivity observed
for the additives used in this study was BBr3 > TMA > N2H4 >
TiCl4 as indicated by the residual hydrogen wt % upon
complete dehydrogenation at 500 °C. TMA exhibits the most
promising results with release of H2 as low as 90 °C and the
majority of H2 content released in a step 100 °C lower than
observed for unmodified Mg(BH4)2. The N2H4-exposed
sample also yielded unexpected results by generating surface-
limited ammonia borane and/or hydrazine borane/bis-borane
on γ-Mg(BH4)2, with both pathways possible depending on
the extent of N2H4 hydration. Our hope is that this
unconventional approach can lead to a new class of mixed
hydridic-protonic composite materials.
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