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Abstract 25 

Magnesium borohydride (Mg(BH4)2, abbreviated here MBH) has received tremendous attention as a 26 

promising onboard hydrogen storage medium due to its excellent gravimetric and volumetric hydrogen 27 

storage capacities. While the polymorphs of MBH—alpha (α), beta (β), and gamma (γ)—have distinct 28 

properties, their synthetic homogeneity can be difficult to control, mainly due to their structural 29 

complexity and similar thermodynamic properties. Here, we describe an effective approach for obtaining 30 



2 

pure polymorphic phases of MBH nanomaterials within a reduced graphene oxide support (abbreviated 1 

MBHg) under mild conditions (60–190 °C under mild vacuum, 2 Torr), starting from two distinct samples 2 

initially dried under Ar and vacuum. Specifically, we selectively synthesize the thermodynamically-stable 3 

α phase and metastable β phase from the γ-phase within the temperature range of 150–180 °C. The 4 

relevant underlying phase evolution mechanism is elucidated by theoretical thermodynamics and kinetic 5 

nucleation modeling. The resulting MBHg composites exhibit structural stability, resistance to oxidation, 6 

and partially reversible formation of diverse [BH4]− species during de- and rehydrogenation processes, 7 

rendering them intriguing candidates for further optimization toward hydrogen storage applications. 8 
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Hydrogen is an earth-abundant, clean energy carrier that has the potential to reduce reliance on carbon-14 

based energy sources, such as oil.1-4 Metal borohydrides have attracted substantial interest as hydrogen 15 

storage media, due to their excellent theoretical hydrogen storage capacities and their potential to meet 16 

U.S. Department of Energy (DOE) requirements.5-7 The prototypical example is Mg(BH4)2 (abbreviated17 

MBH), which possesses a high gravimetric hydrogen content (14.9 wt %), high volumetric hydrogen 18 

density (147 kg/m3), and a low enthalpy of formation (40 kJ/mol).8,9 MBH is known to have an unusually 19 

large number of phase polymorphs and high structural complexity, with representative alpha (α), beta (β), 20 

and gamma (γ) phases that crystallize as hexagonal, orthorhombic, and cubic structures, respectively.10 21 

Known as the low-temperature phase, D-MBH can be transformed to the high-temperature E-MBH phase 22 

at ~180 °C. Theoretical studies have predicted that D-MBH has the potential to be a near-ideal hydrogen 23 

storage material within a low temperature and enthalpy range (35–54 kJ/mol H2 at 20–75 °C)11-15. 24 

Likewise, the nanoporous polymorph J-MBH possesses a high surface area (1160 m2/g) and low material 25 

density (ρ = 0.55 g/cm3), which allows it to absorb additional 0.8 H2 molecules to the interior of the γ-26 

MBH to form γ-MBH·0.8H2 with a large hydrogen storage capacity of 17.4 wt %.16,17 Based on 27 

experimental and theoretical studies, dehydrogenation of D- or γ-MBH upon heating generally results in 28 

an irreversible phase transformation to E- or E′- (disordered variant of E) MBH.11-15, 17,18 Establishing an 29 

in-depth understanding of the dehydrogenation and rehydrogenation mechanisms of MBH is crucial to its 30 

further development as a candidate hydrogen storage material and accordingly requires isolation of each 31 

pure-phase polymorph. However, lack of synthetic homogeneity in synthesized MBH samples has been 32 
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one challenge in developing this material to further technological maturity. Additionally, significant 1 

discrepancies exist among the theoretical predictions of phase expression, because the polymorphs have 2 

very similar thermodynamic properties (e.g., enthalpy of formation) and the relevant phases exhibit some 3 

unusually complex crystal structures.19-22 4 

Polymorphs of  MBH can be synthesized by mechanical milling, gas-solid reactions, and solution-based 5 

reactions,10, 23-27 while the most widely used method is ball milling under either high temperature or a high 6 

pressure of H2.11, 28 These harsh preparation conditions, although effective, result in poor phase 7 

controllability. Moreover, these conditions are energy-intensive and susceptible to sample contamination 8 

from traces of the milling media. Alternative routes under relatively mild conditions have been developed 9 

that involve metathesis or Lewis acid-base reactions with ethereal solvents. However, the resulting 10 

products are often contaminated with byproduct salts, unsolvated compounds, and undesired phases.8, 11, 11 
29-31 For example, only the E phase can be readily obtained via the milder solution approach, because12 

desolvation of the as-synthesized MBH/solvent complex typically requires high vacuum (< 10−3 mbar) 13 

and temperatures above the D to E phase transition (> 200 °C). Ultimately, it remains necessary to 14 

develop more mild synthetic strategies capable of yielding desired phase-pure MBH in a controlled 15 

fashion. Even though there are a few of previous examples in the literature which reported synthetic 16 

methods, most provided only one or two phases and  focused on their structural analysis. 6, 16, 32 17 

18 
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Figure 1. a) Schematic illustration of phase evolution in MBH supported by reduced graphene oxide 1 

(MBHg). b) Powder X-ray diffraction data of γ (red), α (black), and β (blue) phased of MBHg at room 2 

temperature (λ = 0.499316 Å). c) Structural models of the D, E and J phases of MBH. Green, orange, and 3 

pink spheres represent Mg, B, and H atoms, respectively; [BH4]− groups are depicted as green tetrahedra 4 

and unit cells are defined by solid gray lines. 5 

6 

Here, we utilize crystal phase evolution to generate pure α-, β-, and γ-MBH supported by atomically-7 

thin reduced graphene oxide (rGO) nanomaterials (hereafter, MBHg) under mild conditions (Figure 1). 8 

We also use computational analysis to understand and predict the experimental conditions that yield 9 

selective polymorphic phases of MBH. Using kinetic nucleation models, we elucidate  a plausible 10 

pathway toward the formation of the thermodynamically unfavorable E phase, and experimentally 11 

demonstrate thermodynamically favorable phase evolution from the γ to α phase in a temperature range of 12 

150–180 °C, a result supported by our theoretical analysis. Evaluation of the hydrogen desorption and 13 

absorption performance of the resulting MBHg nanomaterials reveals that rGO acts as a protective barrier 14 

from O2 and/or H2O contamination and also a supporting matrix to provide environmental stability and 15 

nanoscale confinement upon H2 cycling.33 Finally, cycling experiments and calculations reveal that 16 

MBHg follows multiple reaction pathways and shows partially-reversible H2 uptake. 17 

18 
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 1 
Figure 2. a,b) Powder X-ray diffraction patterns and refinement analysis of sample 1 (a) and sample 2 (b) 2 

at room temperature. Blue and red lines represent the observed and calculated diffraction patterns, 3 

respectively. The gray line represents the difference between observed and calculated patterns, and the 4 

pink, orange, and bright green vertical lines indicate calculated Bragg peak positions (λ = 0.499316 Å). 5 

c,d) Temperature-dependent phase expression in magnesium borohydride achieved by increasing the 6 

temperature of sample 1 (c) and sample 2 (d) from 60 to 120, 160, and 190 °C (λ = 1.54056 Å).  7 

 8 

Results and Discussion 9 

The MBHg nanomaterials were synthesized using a modification of a previously reported method for 10 

the synthesis of crystalline MBH in non-coordinating solvent.34  Briefly, a suspension of rGO in toluene 11 

was added to a solution of Mg(C4H9)2 in heptane. This mixture was diluted with toluene and stirred for 30 12 

min before being added to 2 equiv of BH3·S(CH3)2 in toluene. The mixture was stirred overnight under Ar, 13 

which resulted in the formation of a gray precipitate. The solid was subsequently isolated and dried under 14 

vacuum for 3 min (sample 1) or under Ar for 1 d (sample 2, see Methods for full details).  To better probe 15 

the structures and phase distribution present in 1 and 2, we carried out Rietveld refinement analysis using 16 

synchrotron powder X-ray diffraction patterns collected on both samples at room temperature (Figure 17 
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2a,b). Sample 1 crystallizes with the formula Mg(BH4)2‧0.42S(CH3)2 (Supporting Information, Figure S1, 1 

Table S1) and features two Mg2+ environments—one in which the metal ion is tetrahedrally coordinated 2 

by four borohydride groups and one in which Mg2+ is at the center of a trigonal bipyramid formed by four 3 

BH4
– and one S(CH3)2 ligand (Supporting Information, Figure S3). Interestingly, sample 2 was found to 4 

be a multiphase solid consisting of 79.6% Mg(BH4)2‧0.41S(CH3)2, 17% α phase (with average particle 5 

sizes of ~30 nm in diameter, as determined from powder X-ray diffraction data, Supporting Information, 6 

Figure S4), and 3.4% γ phase (see Supporting Information, Figure S2, Table S1). Thus, rapid drying 7 

under vacuum seems to favor the formation of a single phase, while multiple phases can be accessed 8 

under more gradual drying conditions at room temperature. Given the final composition of samples 1 and 9 

2, rapid drying also seems to remove toluene only, while slow drying also promotes evaporation of some 10 

dimethyl sulfide.    11 

To monitor phase evolution with increasing temperature in samples 1 and 2, we heat treated both 12 

samples at 60, 120, 160, and 190 °C under vacuum (2 Torr). Sample 1 begins to directly form the γ phase 13 

below 60 °C, with complete transformation between 60 and 120 °C. Subsequently, the sample begins to 14 

transform to the β or β′ phase above 120 °C (Figure 2c), with complete transformation between 160 and 15 

190 °C. For sample 2, the α phase dominates with increasing temperature and is the exclusive phase 16 

present at 160 °C (Figure 2d). Interestingly, to our knowledge there have been no reports of 17 

transformation from the γ to α phase, although the α phase is predicted to be more thermodynamically 18 

favorable than E phase between 150 and 180 °C, while the γ to β (or E') transition has been widely 19 

observed in many experimental studies.17,18, 20 Ultimately, these results indicate that we are able to 20 

selectively realize both thermodynamically favorable (D phase) and thermodynamically unfavorable (E or 21 

E′ phase) phase evolution in our system. Interestingly, MBH without rGO shows the similar phase 22 

evolution (Supporting Information, Figure S5). 23 
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 1 

Figure 3. a) Free energy curves for relevant polymorphic MBH phases. b) Computed nucleation barriers 2 

for γ → α and γ → E transformations for different values of the interfacial energy (σ) between phases. c) 3 

Computed ratio of α and E�nucleation barriers for sampled ratios of the corresponding interfacial energies. 4 

d) Computed critical nuclei sizes for the γ → α phase transformation. 5 

To explain the experimental phase evolution observed with varying temperature, we first examined the 6 

relative thermodynamic stabilities of relevant MBH phases. Figure 3a shows the Gibbs free energies of 7 

the relevant  α, E��or E′), and γ phases, which are informed by the available CALPHAD (CALculation of 8 

PHAse Diagrams) thermodynamic database and known phase transition temperatures20 (see Methods for 9 

the detail). Our thermodynamic analysis indicates that the α phase should be most stable within the 10 

considered temperature range (150–180 °C). Thus, the transformation of sample 1 to the E�phase at 11 

elevated temperatures cannot be explained by thermodynamics alone. Instead, we invoke phase nucleation 12 

kinetics to elucidate the observed phase transformations behavior. In particular, we hypothesized that for 13 

sample 1, nucleation of the α phase in the γ phase is penalized compared to E�phase nucleation.  14 

To test this hypothesis, we employed classical phase nucleation theory35 to compute and compare the 15 

nucleation barriers for γ → α and γ → E transformations, using the thermodynamic driving forces 16 

obtained from the free energy calculations in Figure 3a. Note that a key ingredient in the formulation of 17 
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these nucleation barriers is the α/γ or β/γ heterogeneous interfacial energy, which is challenging to 1 

measure directly or accurately compute, due to the lack of detailed information about the interfacial 2 

structures at the atomistic and mesoscopic scales. Instead of direct evaluation, we chose reasonable 3 

estimates of MBH interfacial energies based on the antiphase boundary or stacking fault energy calculated 4 

using DFT (Methods for the calculation details). Note that this approach assumes that all relevant 5 

polymorphic phase boundaries are structurally similar to twin or domain boundaries, which is reasonable 6 

given the similarity of local coordination motifs among the structures. In Figure 3b, we explored the 7 

phase nucleation behavior as a function of temperature by selecting two reasonable values of interfacial 8 

energies (denoted σ) within the relevant temperature range of interest highlighted by the pale orange 9 

region in Figure 3a. These values represent our best estimates of the probable limits of interfacial energies 10 

based on the DFT calculations, assuming either a coherent interface (0.05 J/m2) or a semi-coherent 11 

interface (0.01 J/m2).  12 

Our results indicate two major characteristics for the nucleation barriers: (1) the nucleation barrier for 13 

the γ → E transformation is more sensitive to temperature than its γ → α counterpart—a consequence of 14 

the larger entropy of the E�phase—and (2) both computed nucleation barriers are highly sensitive to the 15 

associated interfacial energies. Importantly, these calculations demonstrate that, depending on the specific 16 

values of the interfacial energies, the E�phase nucleation barrier could be much smaller than the α phase 17 

nucleation barrier within the relevant temperature range of 150–180 °C (for instance, compare the red 18 

solid and blue dashed curves, Figure 3b). This smaller barrier would lead to kinetic preference for the 19 

formation of the E�phase within the γ phase and notably, once the beta phase is formed it stays as 20 

metastable phase within these temperature ranges (Supporting Information, Figure S6), despite the 21 

thermodynamic stability of the α phase observed for sample 1.  22 

Next, we explored the full range (0.01 to 0.05 J/m2) of probable interfacial energy magnitudes to 23 

sample all possible conditions that lead to preferred E�phase nucleation at the thermodynamic conditions 24 

in our study. Figure 3c includes the computed nucleation barrier ratios for the γ → α and γ → E phase 25 

transformations for all sampled interfacial energies, indicating the kinetic preference for phase formation 26 

as a function of temperature. We emphasize that there are a large number of conditions for which we 27 

compute a propensity for E�phase nucleation (∆G*
γα /∆G*

γE�!��) within the temperature range of interest 28 

(150–180 °C) despite the thermodynamic stability of the 𝛼 phase; these conditions are met whenever the 29 

interfacial energy ratio (σγα/σγE) exceeds critical values. Therefore, we hypothesize that the phase 30 

boundaries in 1 satisfy these conditions under the synthesis temperatures used here, leading to E�phase 31 

nucleation. Although we do not know the exact value of σγα/σγE, we emphasize that this claim is 32 
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reasonable given the larger unit cell and higher relative entropy of the E phase compared with the α phase, 1 

which offers more internal degrees of freedom for atomic reconfiguration at the interface with γ.   2 

For sample 2, the pre-existing α phase plays a key role in determining the phase behavior. Since the α 3 

phase is thermodynamically preferred within the explored temperature range, the characterized α phase 4 

growth can be easily explained if the particle size of the pre-existing α phase is larger than the critical 5 

nucleus size of the α phase in the γ phase, as computed from phase nucleation theory. Figure 3d shows the 6 

estimated critical nucleus sizes for our estimates of the two representative limits of relevant interfacial 7 

energies (representing coherent and semi-coherent assumptions). The probable critical nucleus size is < 8 

10 nm, while the experimental volume-weighted average α particle size is ~30 nm (Figure 3d, determined 9 

from analysis of powder X-ray diffraction data) and ~15 nm (Supporting Information, Figure S7, 10 

determined from analysis of TEM data). Therefore, this result indicates that the pre-existing α phase is 11 

well above the critical nucleus size and should grow according to its preferred thermodynamic stability. 12 

Interestingly, this result implies that the α phase will continue to grow as long as γ/α interface maintains 13 

coherent or semi-coherent behavior, which is a reasonable assumption during evolution for nanoscale 14 

particles.36 As a result, the differences between samples 1 and 2 appear to reflect the competition between 15 

nucleation kinetics and thermodynamics, as determined in part by the existence or lack of key presursor 16 

phases during syntheis. 17 

 18 

 19 
Figure 4. a) TEM images of γ-MBHg and (b) energy dispersive X-ray spectroscopy (EDS) mapping of γ-20 

MBHg for Mg, B, and C, respectively. c) STEM image and (d-f) EDS line mapping for Mg, B, and C of 21 

corresponding to the white line in part (c). Scale bar: 100 nm 22 

 23 
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Transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM), and 1 

powder X-ray diffraction were used to characterize samples of γ, β, and α-MBHg obtained through phase 2 

evolution. The nanoparticle diameter was found to be < 50 nm based on TEM images (Figure 4a, 3 

Supporting Information, S8, and S9), and average crystallite sizes were approximately 30, 31, and 28 nm 4 

for γ, α, and β phases, respectively, as estimated by Scherrer analysis of powder X-ray diffraction patterns. 5 

(Supporting Information, Tables S2, S3, and S4). Elemental analysis and line mapping confirmed that as-6 

synthesized MBHg nanomaterials are composed of Mg, B, and C elements and provided further support 7 

for the characterized nanosized dimension of MBHg (Figure 4, Supporting Information, Figure S8, and 8 

S9).  The amount of rGO in the MBHg is 1.0 – 4.0 wt% overall. 9 

 10 

Figure 5. a) TGA traces of α-MBHg, β-MBHg and γ-MBHg in black, orange and red respectively. b) 11 

Mass spectra of α-MBHg, β-MBHg and γ-MBHg recorded at different temperatures. 12 

 The hydrogen desorption properties of MBHg nanohydrides were tested using thermogravimetric 13 

analysis (TGA), Mass spectrometry, and a Sieverts-type instrument at 390 °C and an initial pressure of 0 14 

bar (Figure 5 and Supporting Information, Figure S10-S13).  TGA analysis of the materials shows that all 15 

three materials have distinct dehydrogenation profiles (Figure 5a). While α-MBHg and β-MBHg show a 16 

one-step weight loss profile (onset at 270 and 250 °C respectively), γ-MBHg has a two-steps 17 

decomposition profile, with onsets of the weight loss at 150 and 270 °C. The mass spectra recorded at 18 

lower temperatures suggest that the major fraction of the released weight is hydrogen. Interestingly, this 19 

weight loss step is located in the same region as the phase transition of γ-MBHg to β-MBHg (Figure 2c). 20 

A total weight loss of 10.0, 8.8 and 10.1 wt% is observed for α-MBHg, β-MBHg and γ-MBHg, 21 

respectively. Notably, 1.3 wt% of the weight loss in γ-MBHg are attributed to the first release step. The 22 

observed weight loss of the MBHg is close to the expected weight loss if only clean H2 is released from 23 

the materials. Additionally, residual gas analysis mass spectrometry was performed on the materials, to 24 

survey the composition of the released gas at different temperatures in range of 60 °C to 400 °C (Figure 25 
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5b and Supporting Information, S10-S12). Noteworthy, the materials release clean hydrogen over the 1 

whole temperature range. Some exceptions include the appearance of masses representing H2O, which we 2 

ascribe to water adsorbed on the walls of the used stainless steel reactor or on the steel tubing which is 3 

exposed to air during the sample mounting. Furthermore, some minor signals might represent slight 4 

decomposition of the materials at elevated temperatures, i.e. the signals at 14-15 and 27 can be attributed 5 

to CHx fragments, CO as well as minor amounts of B2H6. Under the assumption that gas coming off from 6 

MBHg nanohydrides is only hydrogen the hydrogen capacities determined via Sieverts measurements, 7 

from the first desorption were 11.2, 10.3, and 9.9 wt % H for the γ, β, and α phase, respectively 8 

(Supporting Information, Figure S13a). Noteworthy, these values are of similar magnitude with the values 9 

obtained from TGA. Subsequent desorption experiments were performed at 390 °C after rehydrogenation 10 

at 400 °C and 700 bar, constituting cycles 2 and 3. The hydrogen capacity of γ-MBHg decreased to ~3.5 11 

and ~ 1.5 wt % H in the second and third cycles (Supporting Information, Figure S13b), suggesting that a 12 

low amount of H2 is readsorbed after the first dehydrogenation or that residual hydrogen is still present in 13 

the form of amorphous borane or Mg-polyboranes (e.g., MgB12H12), which are known to be stable during 14 

cycling. The α- and β-MBHg phases exhibited similar behavior to γ-MBHg (Supporting Information, 15 

Figure S13c,d). Although we only observe partial reversibility for all three phases over three cycles and 16 

an apparently low capacity for H2 readsorption, further analysis revealed the cycling potential for these 17 

composites (see below).  18 

 19 
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 1 

Figure 6. Experimental characterization of the de- and rehydrogenation products in γ-MBHg; a) Powder 2 

X-ray diffraction patterns, (b) FT-IR spectra, and (c) boron K-edge XAS spectra of (i) as-synthesized 3 

(black), (ii) dehydrogenated (red), (iii) rehydrogenated (blue) MBHg; d) Boron K-edge spectra were 4 

modified by subtracting boron oxide (B2O3) from original spectra (c) to enhance the signals of BmHn 5 

species. d) Simulated boron K-edge XAS spectra of expected dehydrogenated (Theory 1) and 6 

rehydrogenated (Theory 2) products. e) Mg K-edge XAS spectra of as-synthesized (black), 7 

dehydrogenated (red) MBHg, compared with reference MgO sample. Simulated Mg K-edge XAS spectra 8 

of expected dehydrogenated products (middle and bottom panels). 9 

The dehydrogenation/rehydrogenation pathway in MBHg was further studied via powder X-ray 10 

diffraction, Fourier transform infrared (FT-IR) spectroscopy, X-ray absorption spectroscopy (XAS), and 11 

TEM. Powder X-ray diffraction data revealed that all phases of MBHg undergo similar transformations 12 

after hydrogen release and uptake and that magnesium and magnesium hydride are the only crystalline 13 

products of dehydrogenation and rehydrogenation, respectively (Figures 6a and Supporting Information, 14 



13 
 

Figure S14). While these data provide considerable information on the crystalline phases present, 1 

understanding the nature of amorphous products is also crucial, and thus we turned to spectroscopic 2 

techniques to better characterize potential amorphous products. The IR spectrum of as-synthesized γ-3 

MBHg (black curve, Figure 6b) features sharp stretching and bending modes of BH4
− at 2275 and 1252 4 

cm−1, respectively.10 The intensities of these bands decrease following dehydrogenation, and a new broad 5 

peak grows in at ~2330 cm−1, which may belong to newly formed borane compounds (red curve, Figure 6 

6b). Upon rehydrogenation, the sharp BH4
− peaks at 2275 and 1252 cm−1 appear again (blue curve, Figure 7 

6b), suggesting that borohydride formation is partially reversible. Similar results were also observed in 8 

the IR spectra of α- and β-MBHg (Supporting Information, Figure S15). As shown in the inset to Figure 9 

6b, the as-synthesized and rehydrogenated γ-MBHg samples also exhibit similar gray colors, while 10 

dehydrogenated γ-MBHg is a brown color indicative of [BmHn]x– containing compounds. Most prior 11 

reports have suggested that decomposition of MBH may occur through a polymerization process 12 

involving various [BmHn]x– monomers, mainly B12H12
2−;37 however, these studies are inconclusive due to 13 

the lack of known spectra of the proposed compounds.   14 

To further understand the de- and rehydrogenation pathway in MBHg, we also simulated XAS spectra 15 

and collected corresponding experimental data (see Figure 6c,d for γ-MBHg). First principles calculations 16 

were used to simulate spectra for MgB10H10, Mg3(B3H6)2, MgB2H6, MgB2, MgB12H12, Mg(BH4)2, and 17 

Mg(B3H8)2 (Figure 6d, lower two panels) to aid in the interpretation of major experimental features in the 18 

XAS spectra that possibly correspond to amorphous borane and/or Mg-polyborane compounds. The 19 

dominant boron K-edge spectroscopic signature at ~194 eV is primarily attributed to boron oxide 20 

formation, while the low energy feature around 192 eV is ascribed to BH4
−, based on the simulated 21 

spectra for bulk γ-Mg(BH4)2. The experimental boron K-edge total fluorescence yield spectrum of 22 

dehydrogenated γ-MBHg is significantly broadened around 190 eV, indicating various [BmHn]x– species, 23 

including MgB10H10, MgB12H12, MgB2, and Mg3(B3H6)2 (c.f. the simulated spectra in the middle panel of 24 

Figure 6d). These data support that dehydrogenation leads to a B:H ratio close to or smaller than 1:1. 25 

Once rehydrogenated, the sample may form Mg(BH4)2, Mg(B3H8)2, and MgB2H6 (bottom panel, Figure 26 

6d); indeed, Mg3(B3H6)2 is theorized to be a metastable intermediate which can be rehydrogenated back to 27 

Mg(BH4)2.38 Although the signals of [BmHn]x– species are almost indistinguishable due to their chemical 28 

similarity, the combined computational and experimental analysis implies that our synthesized γ-MBHg 29 

follows multiple reaction pathways in both the dehydrogenation and rehydrogenation processes.  30 

XAS measurements were also performed at the Mg K-edge to further investigate the chemical changes 31 

induced during the dehydrogenation (Figure 6e). X-ray absorption spectra for as-synthesized and 32 

dehyrogenated samples of γ-MBHg revealed a shift to lower energies upon dehydrogenation (~1306 33 

versus ~1302 eV), as well as an increase in the intensity of the edge over the energy range 1302–1307 eV. 34 
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The spectral features generated upon dehydrogenation include contributions from MgB10H10, MgB12H12, 1 

Mg3(B3H6)2, MgB2, and Mg, consistent with the results of the boron K-edge measurements. Finally, we 2 

note that the TEM images (Figure 7a) show well-preserved nanostructures and the absence of 3 

agglomeration after de- and rehydrogenation. Importantly, the as-synthesized γ-MBHg composite also 4 

shows better oxidative stability compared to pure γ-MBH, which might lead to larger amount of H2 5 

release in the rGO-supported system as less hydrogen would be consumed through oxidation33 (see Figure 6 

7b and Supporting Information, Figure S16-S17). In addition, the sharp peak seen in the MgO spectrum 7 

(gray) at 1309 eV is not distinctly observed in the dehydrogenated sample (Figure 6e, low panel). To 8 

confirm the degree of oxidation we have examined the B K-edge XAS spectra of MBH with rGO and 9 

without rGO and compared the areas corresponding to BH4 and B2O3 (Supporting Information, Figure 10 

S18). The fitting areas in of the peak corresponding to BH4 at ~192 eV in MBH with rGO (0.073824) are 11 

larger than that of the BH4 peak in MBH without rGO (0.057521). Additionally, the spectra related to 12 

B2O3 at ~194 eV have the opposite fitting areas in MBH with rGO (0.22993) and without rGO (0.4227). 13 

 We expect this atomically-thin rGO layer will play a critical role contributing to the favorable 14 

reversibility of metal borohydride de- and rehydrogenation reactions.  15 

 16 
Figure 7. a) TEM images of (i) as-synthesized (black), (ii) dehydrogenated (red), (iii) rehydrogenated 17 

(blue) γ-MBHg. b) Air-exposed time-dependent powder X-ray diffractions spectra of γ-MBH with (left) 18 

and without (right) rGO.  19 

Conclusion 20 
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In conclusion, we have demonstrated that the γ, β, and α phases of MBH can be selectively produced 1 

within reduced graphene oxide supports under mild conditions by carefully controlling the synthesis 2 

conditions. Experimental and theoretical analyses of the phase transformation mechanisms revealed that 3 

the γ-α phase mixture (sample 2) is transformed into the thermodynamically stable α phase with 4 

increasing temperature. In contrast, the phase behavior of the as-synthesized pure γ phase (sample 1) is 5 

governed by the preferred nucleation kinetics of the metastable β phase above 150 °C, possibly as a result 6 

of the energy penalty of directly nucleating the α phase in the γ phase. Our MBHg composites also exhibit 7 

potential cyclability, although the amount of recharged hydrogen is limited. Investigation of de- and 8 

rehydrogenated MBHg samples revealed evidence for corresponding chemical pathways, important 9 

microstructural features, as well as improved structural stability and oxidation resistivity, suggesting the 10 

potential reversibility and promising cycling performances of phase-controlled complex metal 11 

borohydrides supported by rGO.  12 

Methods 13 

Synthesis of Mg(BH4)2/rGO. All chemicals were stored in an Ar glove box when not in use. All 14 

processes were carried out in an Ar glovebox except for centrifugation. Reduced graphene oxide (rGO) 15 

was purchased from ACS materials and used without further purification, and 1 M Mg(C4H9)2 in heptane 16 

and 2M BH3·S(CH3)2 were purchased from Sigma Aldrich. First, rGO (4 mg) was dispersed in anhydrous 17 

toluene (8 mL) under Ar and sonicated for 40 min. The rGO solution was added to 10 mL of 1 M 18 

Mg(C4H9)2 in heptane, which was then diluted with 16 mL of anhydrous toluene. The reaction mixture 19 

was allowed to stir for 30 min. The resulting rGO/Mg(C4H9)2 solution was added to 20 mmol of 20 

BH3·S(CH3)2 in varying amounts of anhydrous toluene, resulting in the formation of a gray precipitate. 21 

The solution was allowed to stir under Ar overnight. After the reaction, the solution was centrifuged 22 

(6,000 rpm, 20 min), and the supernatant was decanted to remove excess toluene and precursors. The 23 

white precipitate was washed 3 times with anhydrous toluene and subsequently dried either under vacuum 24 

at 4 Torr for 3 min, or under Ar for 1 day, producing sample 1 and sample 2, respectively. The prepared 25 

samples were then heated between of 60 and 200 °C under vacuum at 2 Torr for 7 hours.  26 

Characterization. Fourier transform infrared (FTIR) spectra were obtained with an Agilent Cary-630 27 

spectrometer, with an attenuated total reflectance module containing a diamond crystal, located inside an 28 

argon glovebox to prevent exposure to air. PXRD patterns were acquired with a Bruker AXS D8 Discover 29 

GADDS X-Ray Diffractometer, using Cu and Co Kα radiation. High-resolution synchrotron X-ray 30 

powder diffraction data were subsequently collected at beamline 12.2.2 at the Advanced Light Source 31 

(ALS), Lawrence Berkeley National Laboratory. Samples were loaded into 1.0 mm glass capillaries 32 

inside a glovebox under an Ar atmosphere and sealed with clay. Analysis of powder X-ray diffraction 33 
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patterns was performed using TOPAS-Academic v4.1. Indexing of the powder X-ray diffraction patterns 1 

of samples Mg(BH4)2‧xS(CH3)2 indicated unit cells consistent with that previous reports. Hydrogen 2 

desorption measurement was performed using a HyEnergy PCT Pro-2000. The high-pressure 3 

hydrogenation experiments were performed in a custom pressure system with an Aminco compressor and 4 

a vessel made from Hi-Pressure 316 stainless steel components. Samples were loaded into holders with 5 

frits on one end that fit inside the vessel so that up to four could be loaded at a time. Thermogravimetric 6 

Analysis was measured using a Mettler-Toledo TGA/DSC 1 STARe. 2-5mg of samples were filled inside 7 

a glovebox in a pre-weighted aluminum crucible. The samples were heated with a ramp of 5 K min-1 8 

under an argon flow of 20 ccm min-1. Gas Analysis was done on a custom-built set-up, equipped with a 9 

turbo molecular pump (Agilent V70D, 75000 rpm) and a Stanford Research Systems CIS 200 closed ion 10 

source mass spectrometer with a sample range from 1-200 atomic mass units. Soft X-ray absorption 11 

spectroscopy measurements at Boron and Magnesium K-edges were carried out at beamlines 7.3.1 and 12 

8.0.1.1 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. The energy 13 

resolutions for the Boron and Magnesium K-edges were set to 0.1 and 1 eV, respectively. All XAS 14 

spectra were normalized to incident photon flux and energy calibrated to known reference samples. 15 

Samples were prepared in Ar-glovebox (<0.1 ppm H2O and O2) and transferred to experimental XAS 16 

chamber with UHV compatible transfer kit without exposing to air at any time. XAS spectra were 17 

recorded simultaneously with the experimental chamber pressure >1×10−9 Torr.  18 

Details of the phase nucleation modeling for Mg(BH4)2 polymorphic phases 19 

Derivation of Gibbs free energies for the D, E, and J� polymorphs. For Gibbs free energies of relevant 20 

polymorphic phases, we relied on the existing CALPHAD (CALculation of PHAse Diagrams) 21 

databases.39 In particular, we used the free energy functions (𝐺𝛼 and 𝐺𝛾 in 𝐽/𝑚𝑜𝑙) in the database for the 22 

D and J phases given as the following 39: 23 

 24 

𝐺𝛼 = 𝐺(ℎ𝑐𝑝 − 𝑀𝑔) − 222624.9 + 158.46145 ∙ 𝑇 − 35.22138 ∙ 𝑇 ∙ ln(𝑇) − 0.035975 ∙ 𝑇2, 25 

𝐺𝛾 = 𝐺𝛼 + 3900, 26 

 27 

where 𝐺(ℎ𝑐𝑝 − 𝑀𝑔) is the Gibbs free energy of pure hcp-Mg with respect to the enthalpy (𝐻𝑆𝐸𝑅) at 28 

298.15 K and 1b ar as Standard Element Reference (SER)40 and T is the temperature. However, for the E 29 

phase, we calibrated the free energy function in a way that all three free energy curves well reproduce the 30 

characterized phase transition temperatures (i.e., 𝑇𝛾→𝛽~150℃ and 𝑇𝛼→𝛽~184℃ for 𝛾 → 𝛽  and 𝛼 → 𝛽 31 

phase transitions, respectively). The calibrated function 𝐺𝛽 for the E phase is given as:  32 

 33 
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𝐺𝛽 = 𝑘0 ∙ 𝐺𝛼 + 𝑘1 ∙ (12954.437 − 26.4266 ∙ 𝑇), 1 

 2 

where 𝑘0  and 𝑘1  are calibration factors which are identified to be 1.012 and 3.83, respectively, to 3 

reproduce the transition temperatures as shown in Figure 3a of the main text. Note that the original free 4 

energy functions in the database by Pinatel et al.39 do not reproduce the relevant phase transition 5 

temperatures to our experimental observations. Therefore, our calibrated free energy functions may allow 6 

us to construct the kinetic phase nucleation model (see below) incorporating appropriate thermodynamic 7 

driving forces, which can explain the phase transformation behavior observed in our experiments.    8 

 9 

DFT calculation for estimating the polymorphic phase boundary energy. We have estimated the energy 10 

of polymorphic phase boundaries using density functional theory (DFT) calculations.  Explicit modeling 11 

of the phase boundaries between Mg(BH4)2 polymorphs is extremely challenging due to the inherent 12 

structural complexity the polymorphs and the phase boundaries arising from lattice mismatch, lattice 13 

misorientation, as well as the local orientations and arrangements of BH4
− anions. However, the energy 14 

variation of 𝛼, 𝛽, and 𝛾-Mg(BH4)2 polymorphs (~0.16 eV) is much smaller than is cohesive energy (~1.37 15 

eV)—a condensation driving force from an isolated molecule to bulk crystalline41, implying that the local 16 

clustering and covalent bonds between Mg-BH4 is more significant for stabilizing the Mg(BH4)2 phase 17 

than the long-range order. Moreover, at the phase boundary where the symmetry is broken, the Mg2+ and 18 

BH4
− units may rearrange and reorient to stabilize the phase boundary. Thus, it is reasonable to assume 19 

that the Mg(BH4)2 polymorphic phase boundaries are coherent and the energies of the 𝛼/𝛽, 𝛼/𝛾, and 𝛽/𝛾 20 

boundaries are comparable. To this end, we approximated the Mg(BH4)2 polymorphic phase boundary 21 

energies to the antiphase boundary (APB) in the 𝛽′-Mg(BH4)2 phase. The 𝛽′ phase is a disordered 𝛽 22 

phase, and J.-H. Her et al. reported the origin of disorder in the 𝛽′ phase as the antiphase boundary in the 23 

a-axis direction.42 The local arrangements and site symmetries of Mg2+ and BH4
− units in the 𝛽′ phase are 24 

similar to those in the 𝛽 phase, and hence the energy difference between 𝛽 and 𝛽′ phases dominantly 25 

arises from the antiphase boundary. We computed the energy of 𝛽 and 𝛽′ phases using the generalized 26 

gradient approximation (GGA) functional developed by Perdew, Burke, and Ernzerhof (PBE)43 and 27 

projected augmented wave (PAW) approach44 as built in the Vienna Ab Initio Simulation Package 28 

(VASP).45 The calculated energy difference between 𝛽 and 𝛽′ phases is 0.677 eV per unitcell containing 29 

two antiphase boundaries, while the antiphase boundary area is 215 Å2. The resulting antiphase boundary 30 

energy of 1.6 meV/Å2, corresponding to 25.3 mJ/m2. This energy was used to approximate the ranges of 31 

interfacial energies, 𝜎𝛼𝛾 and 𝜎𝛽𝛾,  for our nucleation kinetic modeling presented in Figure 3. 32 

 33 
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Calculation of nucleation barriers and critical nuclei size. The properties of a critical nucleus (including 1 

size and activation energy barrier for nucleation) were calculated as a function of temperature for the 𝛽 2 

phase during 𝛾 → 𝛽  transition and the 𝛼  phase during 𝛾 → 𝛼  transition using the classical nucleation 3 

theory (CNT). Taking 𝛾 → 𝛼 transition as an example, the radius of a spherical critical nucleus of the 𝛼 4 

phase, 𝑟𝛾𝛼
∗ , is given by: 5 

𝑟𝛾𝛼
∗ =

2𝜎𝛾𝛼

∆𝐺𝑚
𝛾𝛼 

where 𝜎𝛾𝛼 is the 𝛼 𝛾⁄  interface energy and ∆𝐺𝑚
𝛾𝛼 the chemical driving force for nucleation. The activation 6 

energy barrier for nucleation is given by: 7 

∆𝐺𝛾𝛼
∗ =

16𝜋𝜎𝛾𝛼
3

3(∆𝐺𝑚
𝛾𝛼)2 

For the 𝛾 → 𝛽 transition, the critical nucleus radius 𝑟𝛾𝛼
∗  and the activation energy barrier for nucleation 8 

∆𝐺𝛾𝛽
∗  are calculated in the same way. Both ∆𝐺𝑚

𝛾𝛼 and ∆𝐺𝑚
𝛾𝛽 as a function of temperature are informed by 9 

the CALPHAD-derived free energies as explained above. The interfacial energies 𝜎𝛾𝛼  and 𝜎𝛾𝛽  are 10 

estimated based on the computed antiphase boundary (or stacking fault) energy above, 25 − 40 mJ m2⁄ . 11 

Accordingly, for each temperature, both  𝜎𝛾𝛼  and 𝜎𝛾𝛽  are varied within 10 − 50 mJ m2⁄ . The 12 

corresponding activation energy barriers are calculated and compared to evaluate the propensity of 13 

relevant phase transformations at each temperature. 14 

X-ray absorption spectroscopy simulations 15 

The X-ray absorption near edge structures for B K-edge were simulated using the Vienna Ab-Initio 16 

Simulation Package (VASP).46-49 A plane-wave cutoff of 600 eV was used and the k-point sampling was 17 

chosen for each material such that the density of k-points was > 64000 per Å3. Perdew–Burke–Ernzerhof 18 

(PBE) type generalized gradient approximation was used to approximate the exchange-correlation energy 19 

in DFT.50 PAW pseudopotentials chosen from the VASP library were used for all ground state atoms and 20 

a modified pseudopotential containing a core-hole at the 1s level was used for the excited atom.51 The 21 

calculated dipole transition amplitude from the initial to the final state was further convoluted using a 22 

Gaussian function with a width of 0.2 eV to obtain a continuous smooth spectrum. We selected the crystal 23 

structures of all intermediates from those published in the literature.52-56 To account for thermal 24 

fluctuations of the structures at room temperature, ab initio molecular dynamic simulations (AIMD) were 25 

performed at 298.15 K with a 0.5 fs time step. Over 1000 uncorrelated B environments were chosen in 26 

time and space from the AIMD trajectory to compute an ensemble averaged X-ray absorption spectrum, 27 
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as shown in Figure 6d of the main text. The calculated B K-edge spectra were properly internally aligned 1 

according to the alignment scheme as introduced in Ref. 57 To compare with the experiment, a constant 2 

shift as referencing to γ-Mg(BH4)2 was applied to all computed B K-edge spectra.   3 

 4 

The Mg K-edge XAS spectra were computed using the Quantum ESPRESSO source code package with 5 

the Shirley reduced basis set for efficient k-point sampling.58,59 Ultrasoft pseudopotentials were used for 6 

all atoms, expect for the excited atom, where a modified pseudopotential with a core hole was used.60 The 7 

final state was approximated within the excited core-hole approach as discussed in Ref.61. The PBE-8 

GGA approximation was used to compute the exchange-correlation functional in DFT and sufficient k-9 

point sampling was used in all calculations to ensure numerical convergence. The spectra presented in 10 

Figure 6e of the main text are based on single static structures optimized using DFT and each computed 11 

spectrum was further convoluted by a Gaussian broadening of 0.5 eV. The Mg K-edge XAS data for Mg 12 

metal and MgO are reproduced from Ref.62. 13 

 14 

Associated Content 15 
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