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ABSTRACT: Metal hydrides continue to vie for attention as materials in multiple technological applications including hydrogen 
storage media, thermal energy storage (TES) materials and hydrogen compressors. These applications depend on the temperature at 
which the materials desorb and reabsorb hydrogen. Magnesium hydride is ideal as a TES, although its practical operating temperature 
is capped at ~450 °C due to material degradation and high operating pressure. Fluorine substitution for hydrogen in magnesium 
hydride has previously been shown to increase the operating temperature of the metal hydride whilst limiting degradation, although 
full characterisation is required before technological application can be ensured. The present study characterises Mg(HxF1−x)2 solid 
solutions (x = 1, 0.95, 0.70, 0.85, 0.50, 0) by inelastic neutron spectroscopy, powder X-ray diffraction and thermal conductivity 
measurements, with the results being verified by density functional theory. For each experiment, a clear trend is observed throughout 
the series of solid-solutions, showing the possibility of tuning the properties of MgH2. As F− substitution increases, the average 
Mg−H(F) bond distance elongates along the axial positions of the Mg−H(F) octahedra. Overall this leads to an increase in Mg−H 
bond strength and thermal stability, improving the viability of Mg−H−F as potential TES materials.  

1. INTRODUCTION 
For the global energy network to convert to a green hydrogen 
economy, four challenges must be met: (i) hydrogen production 
must primarily be from a renewable source; (ii) utilisation must 
be optimised including refuelling station infrastructure and fuel 
cells; (iii) hydrogen distribution must be safe and cost effective; 
and (iv) storage media for the hydrogen must be developed. 
There are a number of ways that hydrogen can be stored, in-
cluding as a gas, cryogenic liquid, or chemically, e.g. within a 
metal hydride or ammonia.1, 2 Metal hydrides, and in particular 
magnesium-based hydrides, have received enormous attention 
over the last 60 years for their potential as hydrogen storage 
materials.3-6 This has largely been due to the relatively high 
abundancy of magnesium metal in the Earth’s crust and its rel-
atively low cost of extraction.5 In addition, magnesium hydride 
has been shown to be highly reversible when used as a hydrogen 
storage material at a modest temperature. The binary hydride 
(MgH2) has a theoretical hydrogen storage capacity of 7.7 wt% 
H2, but due to its relatively high enthalpy of hydrogen desorp-
tion of 74 kJ/mol H2 and entropy of 133 J/K/mol.H2, its opera-
tional temperatures are limited to only 300 °C at 1 bar H2 pres-
sure,7 ensuring that MgH2 will never find technological applica-
tion as a reversible fuel store for vehicular applications, as tem-
peratures of ~85 °C are preferred.8 As such, MgH2 has alterna-
tively been considered as a material for thermal energy storage 
(TES) applications, such as storing heat from the sun to use at 
periods of weak solar irradiation, as a thermal battery. However, 

it cannot operate above ~450 °C due to the tendency for mag-
nesium to agglomerate, thus reducing its long term hydrogen 
storage capacity and also reducing the reaction kinetics.9  
Many studies have been published in which issues with kinetics 
and agglomeration have been addressed by innovative ap-
proaches including nano-sizing, infiltration into porous scaf-
folds, and the incorporation of additives, including TiB2 as a 
particle refinement agent.4, 5, 9, 10 All of these methods have 
proven successful in some regard and combinations of methods 
seem to be ideal. Recently, fluoride substitution for hydrogen in 
the Mg−H system has been reported in which solid–solutions 
are synthesised by ball milling MgH2 and MgF2 in various ratios 
and also studied by density functional theory calculations.10-12 
Fluorine substituted magnesium hydride solid solutions, 
Mg(HxF1−x)2, were deemed to be stabilised compared to pure 
MgH2 and attributed to the positive enthalpy of mixing (ΔHmix 
> 0).11  
The decomposition temperature of Mg(HxF1−x)2 was determined 
via simultaneous differential scanning calorimetry – thermogra-
vimetry (DSC-TGA) and powder X-ray diffraction (XRD) ex-
periments. In addition, the thermodynamics of hydrogen release 
for Mg(H0.85F0.15)2 were determined to be 73.6 kJ/mol.H2 and 
131.2 J/K/mol.H2 close to that of pure MgH2. Interestingly, this 
material was shown to cycle at high temperatures, between 425 
and 480 °C. Despite the determination of these physical prop-
erties, little else is known regarding the fluorine substituted ma-
terials, although a smattering of analysis techniques have been 
used to study the physical properties of pure MgH2 (other than 



 

thermodynamics and kinetics) including powder neutron and X-
ray diffraction,13 NMR spectroscopy,14, 15 vibrational spectros-
copy16-20 and thermal conductivity.21, 22  
With Mg(H0.85F0.15)2 showing favourable operating tempera-
tures as a thermal energy storage material, additional explora-
tion of the physical properties for Mg(HxF1−x)2 solid solutions 
have herein been undertaken by inelastic neutron spectroscopy, 
powder X-ray diffraction and thermal conductivity measure-
ment. In addition, DFT calculations have been performed to 
corroborate the inelastic neutron spectroscopy and powder X-
ray diffraction results. This has allowed a full comparison on 
the stability of fluorine substitution in magnesium hydride.  
 
2. EXPERIMENTAL SECTION 
2.1. Sample Preparation All manipulations of chemicals were 
undertaken in an argon atmosphere using an Mbraun Unilab 
glovebox to prevent air exposure and to minimise oxygen (O2 < 
1 ppm) and water (H2O < 1 ppm) contamination. Mg(HxF1−x)2 
(x = 1, 0.95, 0.85, 0.70, 0.50, 0) samples were prepared by ball 
milling (BM) various ratios of MgH2 and MgF2 (Sigma-Al-
drich, >99.99 %) at room temperature. MgH2 powder (95 wt% 
purity from Rietveld refinement of X-ray diffraction data) was 
synthesised by annealing Mg powder (Aldrich, >99 %) at 400 
°C under 30 bar hydrogen pressure for 18 hours. The full syn-
thesis description is found in ref 10. BM of MgH2 and MgF2 was 
undertaken at 400 rpm for 40 hours in an Across International 
Planetary Ball Mill (PQ-N04) with a ball-to-powder mass ratio 
of 50:1 using stainless steel vials and balls (6 and 8 mm in di-
ameter) under an Ar atmosphere. After milling, samples were 
annealed under a hydrogen atmosphere of 60 bar at 450 °C for 
a period of 90 hours to form solid solutions.  
2.2. Synchrotron X-ray Characterisations Synchrotron pow-
der X-ray diffraction (SR-XRD) was performed on the Powder 
Diffraction beamline at the Australian Synchrotron in Mel-
bourne, Australia.23 Without exposure to air, the Mg(HxF1−x)2 
powders were loaded into borosilicate or quartz capillaries 
(outer diameter 0.7 mm, wall thickness 0.01 mm) that were 
then, using graphite ferrules, mounted in 1/16” tube fittings con-
nected to a gas manifold. One-dimensional SR-XRD patterns 
(monochromatic X-rays with λ = 1.0003896 or 0.8263076 Å) 
were collected using a Mythen microstrip detector24 with an ex-
posure time of 54 s per pattern. The wavelength and line shape 
parameters were calibrated against an external standard of LaB6 
(NIST SRM660c). The capillaries were continuously oscillated 
through 120° during exposure to improve powder averaging. 
Diffraction patterns were quantitatively analysed using the 
Rietveld refinement method25, 26 with TOPAS software (Bruker-
AXS).27  
2.3. Inelastic Neutron Scattering Characterisations Inelastic 
neutron scattering (INS) data were collected using the Pelican 
cold-neutron time-of-flight spectrometer located at the OPAL 
reactor Lucas Heights, Australia. Samples were mounted in rec-
tangular, flat plate, aluminium sample cans, with the thickness 
optimised for a 10 % scatter, i.e. to minimise multiple scatter-
ing. The sample cans were mounted at 45° to the incident beam 
and placed in a vacuum chamber at room temperature. The in-
strument was aligned for 4.69 Å neutrons and the choppers were 
run in a time focusing configuration at either 100 or 200 Hz. 
The resolution at the elastic line was 135 µeV. An empty can 
was subtracted to determine the background contribution and 
the data was normalised using data collected with a vanadium 
standard that had the same geometry as the sample can. All data 

manipulations were performed using the freely available soft-
ware Lamp.28 Data were collected as S(Q,ω) [i.e. scattering 
cross-section as a function of scattering wavevectors (Q) and 
phonon frequency (ω)], and these were transformed to a gener-
alised density of states using formula (1), where kb is Boltz-
mann’s constant, T is temperature and ℏ is the reduced Planck’s 
constant.29 

𝑔𝑔(𝜔𝜔) = ∫ 𝜔𝜔
𝑄𝑄2
𝑆𝑆(𝑄𝑄,𝜔𝜔)(1− 𝑒𝑒

−ℏ𝜔𝜔
𝑘𝑘𝑏𝑏𝑇𝑇) dQ  (1) 

2.4. Thermal Property Characterisation The thermal conduc-
tivity (λTC), thermal diffusivity (k) and the heat capacity per unit 
volume (C) of 5 ratios of F− and H− in Mg(HxF1−x)2 were meas-
ured using a TPS 500S (Hot Disk, Thermtest). Measurements 
were undertaken in an argon atmosphere at a constant ambient 
temperature, measured by a K type thermocouple. 1.5 g of 
Mg(HxF1−x)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) were pressed in a 
die (13 mm diameter) using a manual hydraulic press (370 MPa 
of pressure for 5 minutes). A nickel double-spiral sensor (2 mm 
radius), laminated by electrically insulating Kapton was firmly 
clamped co-centrically between the pellets. 10 measurements 
per sample were conducted, with 15 minutes in between each 
measurement to allow the sample and sensor to cool.  
2.5. First-Principle Calculations Density Functional Theory 
(DFT) based lattice dynamic calculations were performed to 
complement the INS measurements in order to better under-
stand the stability and bonding in Mg(HxF1−x)2 systems. All DFT 
calculations were performed with VASP30 under a generalised 
gradient approximation (GGA) using the Perdew-Burke-Ern-
zerhof (PBE) functionals together with the projector augmented 
wave (PAW) potentials.31, 32 The energy cut-off for planewave 
expansion was set to 500 eV. The minimum-energy configura-
tions for MgH2 and MgF2 were optimised with a dense (15 ×
15 × 15) Monkhorst-Pack K-point mesh. For all subsequent 
phonon calculations, geometry optimisations were relaxed with 
an energy convergence of 10−7 eV and forces less than 10−6 

eV/atom.  
In order to account for the statistically disordered nature of F-
substitution in MgH2, all unique configurations of F-substituted 
MgH2 supercells were sampled for calculating the correspond-
ing thermodynamic stabilities and phonon density of states 
(DOS). Here, Mg(HxF1−x)2 at different concentrations (x = 0.95,  
0.90, 0.85, 0.80, 0.75, 0.70 and 0.50) were simulated, which led 
to a total number of configurations of 34, 33, 30, 27, 26, 2, 2, 
respectively, for each nominated F concentration. Supercells of 
sizes (1 × 1 × 1) [for x = 0.50], (5 × 1 × 1) and (1 × 1 × 5) 
[for all other fluoride concentrations] were used with corre-
sponding Monkhorst-Pack K-point meshes of (6 × 6 × 9), (2 ×
6 × 6) and (6 × 6 × 2), respectively. Because MgH2 adopts an 
orthorhombic lattice, supercell expansions along both the a and 
c axis were considered, as well as several possible unique F− 
positions at a given x and supercell size. Thermodynamic sta-
bilities (formation energies Δ𝐸𝐸𝑓𝑓 ) for the substituted structure 
were modelled according to the following reaction: 

Mg + xH2 + (1−x)F2 → Mg(HxF1−x)2  (2) 

Such that: 

 Δ𝐸𝐸𝑓𝑓 = 𝐸𝐸[𝑀𝑀𝑔𝑔(𝐻𝐻𝑥𝑥𝐹𝐹1−𝑥𝑥)2]− 𝐸𝐸[𝑀𝑀𝑔𝑔] − 𝑥𝑥𝐸𝐸[𝐻𝐻2] −
(1 − 𝑥𝑥)𝐸𝐸[𝐹𝐹2]      (3) 



 

where E is the total energy from DFT calculations that contains 
both the ionic and electronic contributions.  
Phonon DOS were calculated using a finite-displacement 
method as implemented in PHONOPY interfaced with VASP.33 
For Mg(HxF1−x)2 systems simulated with different supercells, 
the corresponding supercells and K-point meshes used in pho-
non calculations are summarised in Table 1. 
The theoretically calculated phonon DOS were subsequently re-
scaled to consider the differences in the inelastic neutron scat-
tering cross sections for different elements, as adopted by 
Bansal et al.,34 where the neutron weighted DOS was calculated 
according to the following formula: 

𝐺𝐺 = ∑ 𝜎𝜎𝑖𝑖
𝑚𝑚𝑖𝑖
𝑔𝑔𝑖𝑖𝑖𝑖 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡�     (4) 

Here 𝜎𝜎𝑖𝑖 is either the coherent and incoherent neutron scattering 
cross-section for the i-th element, 𝑚𝑚𝑖𝑖  is the corresponding 
atomic mass, 𝑔𝑔𝑖𝑖  is the partial phonon density-of-states for the i- 

th element and Ntot is the total number of atoms in the supercell.35 
To effectively compare the phonon DOS across systems with 
different F concentrations, the phonon DOS at any given F con-
centration was averaged across all supercell configurations 
(Nconfig) considered at that concentration according to: 

𝐷𝐷𝐷𝐷𝑆𝑆(𝐸𝐸)���������� = 1
𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑖𝑖𝑓𝑓

∑ 𝐷𝐷𝐷𝐷𝑆𝑆𝑖𝑖(𝐸𝐸)𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑖𝑖𝑓𝑓
𝑖𝑖=1   (5) 

No additional weighting parameter, such as the relative stabili-
ties of different configurations (at a fixed F concentration) was 
used, because the differences in the calculated formation ener-
gies were almost negligible [see the Results section]. 
 
Table 1. Supercells and K-point meshes chosen for finite-dis-
placement phonon calculations in VASP. Also shown is the 𝜞𝜞-
centred K-point grids used for phonon density-of-states integra-
tions. Note that the supercell for phonon simulations were spec-
ified with respect to the supercells for calculating the substitu-
tion formation energies, not the primitive MgH2 unit cell. 

Defect 
supercell 

Phonon 
supercell 

Phonon K-
point meshes 

DOS integra-
tion grid 

1 × 1 × 1 3 × 3 × 3 2 × 2 × 3 20 × 20 × 20 
5 × 1 × 1 1 × 2 × 2 2 × 3 × 3 10 × 10 × 10 
1 × 1 × 5 2 × 2 × 1 3 × 3 × 2 10 × 10 × 10 

3. RESULTS AND DISCUSSION 
3.1 Powder X-ray diffraction MgH2 and MgF2 both exist in 
the aristotypic rutile-type structure in space group P42/mnm. 
The lattice parameters measured after ball milling and anneal-
ing in this study are provided in Tables 2 and S1. These values 
agree with the literature values for MgH2 and MgF2, respec-
tively.36, 37 Despite the larger covalent character exhibited by 
MgH2, the lattice parameters for MgH2 are smaller than that ob-
served for MgF2.12, 38, 39 Along with the fact that MgF2 is signif-
icantly more stable than MgH2, it is expected that Mg−F bonds 
be shorter. In fact, the axial Mg−H bond distances are 
1.935973(6) Å compared to 1.98114(2) Å for the equivalent 
Mg−F bonds. Since F− is highly electronegative, it will also 
form small covalent interactions between neighbouring F−, 
which not only creates further stabilisation, but allows the 
Mg−F bond distance to increase.12 This has been illustrated us-
ing electron density maps derived from theoretical calculations 
and X-ray diffraction measurements.12, 39, 40 In MgF2, electron 
density between the F− atoms is observed, while most of the 
electron density has been withdrawn from the Mg2+ by the F−

. 
In MgH2, some anisotropic charge distribution between the Mg 
and H and H atoms suggesting partial covalency.12  
From Table 2 it can be seen that the greatest difference in lattice 
parameters is experienced in the a-axis of the unit cell with a 
2.3 % decrease from MgF2 to MgH2 compared to 1.0 % in the c 
axis. This manifests into an overall decrease in unit cell volume 
of 5.4 % for MgH2. The anisotropic nature of the lattice param-
eters points to the stability of the octahedral chains that run in 
the direction of the c-axis (Figure 1).36 These chains, with four 
coplanar equatorial Mg−H(F) bonds, are connected via corner-
sharing with four symmetrically equivalent chains, and are 
therefore quite stable. Thus there is only a 1.5 % change in the 
equatorial Mg−H(F) bonds compared to 2.3 % for the axial 
Mg−H(F) bonds.  
Upon ball milling and annealing MgH2 and MgF2 in varying 
ratios (Table 2), Mg(HxF1−x)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) 
was produced. No peak splitting was observed in the diffraction 
patterns, indicating that solid solutions were formed.10 The lat-
tice parameters, and by association, unit cell volume and bond 
distances increase with increasing F− content, with each follow-
ing a quadratic trend. Analysis was undertaken by quantitative 
Rietveld refinement of the SR-XRD data using Topas (illus-
trated in Figure S1 and Table S1).27 Fifteen individual  

Table 2. Structural properties of Mg(HxF1−x)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) materials measured by SR-XRD at room temperature. 
Estimated standard deviations (esd’s) are in parentheses. 

 Lattice parameter (Å) Mg−H(F) (Å) 
Sample name a c Axial Equatorial 
MgH2 4.51795(1) 

4.516(8)a 
3.02257(1) 
3.020(5)a 

1.935976(6) 
--- 

1.966804(5) 
--- 

Mg(H0.95F0.05)2 4.52458(1) 3.02345(1) 1.946(3) 1.964(2) 
Mg(H0.85F0.15)2 4.54284(1) 3.02982(1) 1.946637(4) 1.974028(4) 
Mg(H0.70F0.30)2 4.56514(4) 3.04023(3) 1.95619(2) 1.98201(1) 
Mg(H0.50F0.50)2 4.59225(3) 3.04441(2) 1.9716(8) 1.9860(5) 
MgF2 4.62337(5) 

4.6249(1)b 
3.05214(5) 
3.0520(1)b 

1.98114(2) 
--- 

1.99700(2) 
--- 

 a Ref 36, b Ref 37     



 

 
Figure 1. Representative views of Mg(HxF1−x)2; (a) Mg–H(F)6 octahedral units viewed along the a-axis and (b)  along the c axis. Mg 
atoms represented as red spheres, H(F) atoms as blue spheres and Mg–H(F)6 octahedra represented with yellow faces.  

 
Figure 2. Phase distribution in Mg(HxF1−x)2 solid solutions determined by SR-XRD as observed at the (110) Bragg peak. T = 27 °C.

Mg(HxF1−x)2 structure phases (11 for MgH0.85F0.15) were refined 
allowing the lattice parameters to refine freely and H/F occu-
pancy was calculated from the lattice parameters assuming Ve-
gards Law.41 The fractional atomic coordinate of H/F in the 4f 
position was fixed at 0.303 as it did not move significantly dur-
ing refinement.  
Table 2 details the weight averaged lattice parameters, while 
Figure 2 illustrates the data by focusing on the (110) Bragg 
peak. The lattice parameters of each phase are detailed in Table 
S1) Phase segregation is apparently minimal for all samples, 
which is in contrast with a recent study on NaHxF1−x (x = 1, 0.95, 
0.85, 0.70, 0.50, 0), where a statistical distribution of phases 
was observed after annealing for 6 days.42 The only sample ex-
hibiting a large dispersion of phases was Mg(H0.70F0.3)2, which 
is most likely due to insufficient annealing during synthesis. 

The tail of the peak tends towards higher d spacing of which is 
indicative of a large spread of phases with increased F−

 content.  
Each of these solid solutions was modelled using DFT in order 
to complement the XRD and INS data. The optimised DFT 
supercells were first analysed to ensure that the unit cell param-
eters and bond distances agreed with the experimental data. Ta-
ble S2 details the unit cell volumes, lattice parameters and bond 
distances for the supercells and compares them to the experi-
mental data. For each of the parameters a similar trend observed 
between the calculated and measured data sets. In addition, each 
of the respective experimental and theoretical data sets agree to 
within 3.1%, of which the largest deviation is for the MgF2 unit 
cell volume. Overall, the significant agreement suggests that the 
calculated DFT data represents a quality model to fit against the 
INS data. 



 

 
Figure 3. Phonon density-of-states of Mg(HxF1−x)2 solid solutions determined by (a) INS (intensity is normalised) and (b) DFT-based 
lattice dynamic calculations. For calculated data the contributions from different constituent atoms are weighted by their correspond-
ing inelastic neutron scattering cross-sections. For MgF2, there are no phonon branches beyond 80 meV. Insets show the enlarged 
low-energy part of the phonon density-of-states. (c-d) show the pattern of atomic vibrations for the B1g, Eu and Eg phonon modes for 
MgH2 and MgF2. 
3.2. Inelastic Neutron Spectroscopy The INS spectra, for each 
of the Mg−H−F compositions, were measured to determine the 
similarities in the structural dynamics between the solid solu-
tions and pure components (Figure 3). The spectrum for MgH2 
agrees with previously reported ones.17, 18 There are three low 
intensity vibrations below 40 meV at 20, 25 and 33 (B1g) meV, 
which have been previously ascribed primarily to in-phase vi-
brations of hydrogen atoms with in-phase vibrations of the Mg 
atoms (lattice vibrations).17 The broad mode between 60 − 105 
meV is described as H-related Eu optic modes, which are three-
fold degenerated, and the large widths suggest a large disper-
sion of the optic phonon branches and consequently strong H–
H interactions.17 Above 105 meV, a very broad region is ob-
served that is attributed to the Eg mode, which is a two-fold de-
generate mode that corresponds to the asymmetric bending of 
the H(F)−Mg−H(F) bond (equatorial) in the [001] plane parallel 
to the c-axis.43 A schematic illustration of these three vibrational 
modes for MgH2 and MgF2 is shown in Figures 3(c) and 3(d). 
To complement the INS results, DFT-based lattice dynamics 
were applied to model the generalised phonon density-of-states 
(GDOS). Upon weighting the results with the inelastic neutron 
scattering cross-sections for different elements, Figure 3(b) 
shows an excellent agreement between theoretical GDOS and 
INS spectrum for MgH2. This validates our theoretical calcula-
tions, which allows us to extract useful information for under-
standing the influence of F− doping on the lattice dynamics for 

the systems as probed by the INS experiments. Notice that un-
der harmonic approximations, GDOS for MgH2 shows a small 
non-vanishing GDOSat negative phonon energies, suggesting 
that MgH2 is anharmonic and thus MgH2 is thermally stabilised 
at 300 K. Such a feature is not observed in all F− doped struc-
tures.  
As F− content in the solid solution increases, a number of 
changes to the INS spectra are observed. The vibration at 33 
meV becomes broader and almost vanishes along with the peak 
at 25 meV, while the vibration at 20 meV remains. This can be 
attributed to the fact that the B1g mode for MgF2 is much softer 
than that of MgH2, which occurs at around 9.1 meV, as revealed 
by lattice dynamic calculations. The most intense peak at 75 
meV gradually shifts to higher energy with higher F− content, 
to 83 meV for MgH0.50F0.50, which also agrees well with GDOS 
obtained from lattice dynamic calculations. Atomic vibrations 
within this energy range are typically dominated by the optical 
Eu modes Figure 3(c) arising from the vibrations of H sublat-
tices, an upshift in the energy thus indicates this mode is signif-
icantly stiffened by the addition of fluorine in the system. Such 
a shift in the frequencies of optical phonon reflects the enhance-
ment of ionicity in the Mg(HxF1−x)2 with increasing fluoride 
content, as F− is of larger electronegativity to hydrogen, which 
consequently draws more electrons from Mg compared to H−. 
 



 

 
Figure 4. Formation energies for Mg(HxF1−x)2. Black squares 
correspond to DFT calculated formation energies, red triangles 
correspond to experimentally derived formation energies.7, 10, 44 
 
3.3. Thermodynamics of Mg(HxF1−x)2 DFT modelling enables 
the extraction of more information than just the phonon density-
of-states, with formation energy (ΔHform) of Mg(HxF1−x)2 solid 
solutions being an indicator for material stability. Figure 4 and 
Table S3 illustrate a linear trend with ΔHform becoming more 
negative as the concentration of F− increases in Mg(HxF1−x)2. As 
such, the theoretical ΔHform for MgH2 and MgF2 is −204 and 
−1178 kJ/mol of compound, respectively. This indicates that as 
F− substitution increases so does the thermal stability of the 
compound.  
Experimental thermodynamic data do not mirror this trend. Alt-
hough the experimental and DFT calculated ΔHform for MgF2 
differs by only 4.5% (experimental ΔHform = −1124 kJ/mol of 
compound),44 the DFT value for MgH2 is 175% the magnitude 
of the experimentally determined value of −74.06 ± 0.42  
kJ/mol.7 These two data points do suggest that ΔHform becomes 
more negative with F− content, but the experimental value for 
Mg(H0.85F0..15)2 of −62.6 ± 0.2 kJ/mol does not follow a linear 
trend and actually becomes less negative compared to MgH2. 
The experimental ΔHform for MgH2 and Mg(H0.85F0..15)2 is de-
rived from the enthalpy of hydrogen desorption (ΔHdes) deter-
mined by PCI (Pressure–concentration isotherm) analysis. 
Therefore an assumption must be made in that there is no pres-
sure hysteresis between the absorption and desorption process. 
For these particular materials, hysteresis has been shown not to 
occur and any artefact is likely due to the slow kinetics of the 
reaction process.7, 10 As such these values can be expressed as 
ΔHform. Pressure–concentration isotherm (PCI) analysis is the 
ideal method to determine the thermodynamics associated with 
the reaction of hydrogen release, in which the enthalpic and en-
tropic contributions can be individually identified using a van’t 
Hoff plot.45 Unfortunately, PCI analysis has only been con-
ducted on pure MgH2 (ΔHdes = 74.06 ± 0.42   kJ/mol; ΔSdes = 
133.4 ± 0.7  J/K/mol)7

 and Mg(H0.85F0..15)2 (ΔHdes = 62.6 ± 0.2 
kJ/mol ; ΔSdes = 111.5 ± 0.2   J/K/mol).10 Although at first 
glance, the magnitude of ΔHdes and ΔSdes are both observed to 
decrease with increasing F− content, which seems to be coun-
terintuitive when claiming the system is becoming stabilised. 
However, the magnitude of ΔSdes decreases to a larger extent 
than the magnitude of ΔHdes, resulting in ΔGdes becoming less-
negative as F− content increased, implying that decomposition 
will occur at higher temperatures when under the same back 

pressure of H2. In short, ΔSdes has a larger impact on the temper-
ature of decomposition than ΔHdes.  
The difference between the DFT and experimentally deter-
mined enthalpy of formation may be attributed to the reaction 
pathways employed when determining ΔHform. DFT calcula-
tions assume direct formation from the elements, whereas the 
measured values are determined based on the reversible reac-
tion displayed in equation (2). The endothermic ΔHdes deter-
mined by PCI experiments includes the formation of pure MgF2 
of which is an exothermic reaction. Therefore, the exothermic 
formation of additional Mg−F bonds reduces the overall meas-
ured ΔHdes. During the formation of Mg(HxF1−x)2 from MgF2 + 
Mg the endothermic contribution encountered during the break-
ing of Mg−F bonds therefore decreases the ΔHform compared to 
that expected if formed from the elements. As a result, ΔHform 
determined by DFT calculations would be more negative than 
those determined experimentally.   
The increased thermal stability with increasing F− content has 
been demonstrated using DSC-TGA and as such the tempera-
ture of decomposition is a better measure of thermal stability 
than using ΔHform calculated using DFT alone. In this study, ΔH-
form was calculated at 0 K and therefore it is impossible to esti-
mate the temperature of decomposition using these calculations, 
although it does provide a good qualitative estimate of stability. 
ΔSform must be calculated in order to determine the temperature 
of formation/decomposition. The enthalpy and entropy deter-
mined by PCI analysis the temperature of formation under 1 bar 
H2 to be 282 and 288 °C for MgH2 and MgH0.85F0.15, respec-
tively (ΔG = ΔH – TΔS, where ΔG = 0). 
3.4. Thermal Transport Properties of Mg(HxF1−x)2 If these 
Mg(HxF1−x)2 compounds are to be implemented as thermal en-
ergy storage materials, the thermal properties must be deter-
mined. The thermal transport properties of the Mg(HxF1−x)2 
compounds are presented in Table 3. A non-linear relationship 
exists between the thermal transport properties and amount of 
H/F present (Figure 5). The data collected for MgF2 of 0.676(6) 
W/m.K is lower than that measured in the literature of 11.6 
W/m.K.46 The measurement of thermal transport properties are 
highly susceptible towards sample preparation and measure-
ment conditions, in this study the samples were measured as a 
pelletised powder (370 MPa), while a pre-melted MgF2 pellet 
was used previously leading to an increased λTC. The results pro-
vided here are all self-consistent and comparable due to the 
identical sample preparation.  
The thermal conductivity of MgH2 was measured in this study 
as 2.08(3) W/m.K, where k = 1.53(7) mm2/s and C = 1.37(8) 
MJ/m³∙K. λTC measured in this study is therefore reasonably 
close with literature values of 0.40 – 1.21 W/m.K.21, 47, 48 The 
literature values were obtained from samples measured as a pel-
let pressed at a pressure of 100 MPa with a λTC = 0.70 W/m∙K 
being determined,21 while additional cold rolling enabled a 
measurement of 1.21 W/m.K.48 The variation in results is there-
fore attributed to the effect of sample preparation conditions. 
Thermal properties are enhanced by phonon interactions,49 
hence smaller particle size, increased pressure and pre-melting 
enhance thermal transport properties. The sample measure-
ments in this study were conducted under identical conditions 
under an Ar atmosphere. Thermal conductivity and diffusivity 
decrease with increasing F− content, and is at a minima for 
MgH0.5F0.5, before a slight increase is observed for MgF2. The 
heat capacity per unit volume of these materials appears to vary 
between 1.17(4) and 1.58(3) MJ/m³∙K with a specific trend not 



 

being observed. In fact, the values for the F− containing materi-
als may be considered as being almost equivalent within error. 
Overall, the λTC for these F-substituted materials are highly 
comparable to other metal hydride materials. For instance λTC = 
0.96 W/m∙K for NaBH4,50 and 0.06 – 4.5 W/m∙K  for NaAlH4  
Table 3. Thermal Transport Properties of Mg(HxF1−x)2 meas-
ured at room temperature under Ar atmosphere. λTC is thermal 
conductivity (W/m.K), k is thermal diffusivity (mm2/s), and C 
is the heat capacity per unit volume (MJ/m3.K). 

 
λTC       

[W/m∙K] 
K 

[mm2/s] 
C 

[MJ/m³∙K] 
MgH2 2.08(3) 1.53(7) 1.37(8) 

MgH0.95F0.05  1.297(6) 0.98(4) 1.32(5) 

MgH0.85F0.15 0.717(3) 0.49(1) 1.46(3) 

MgH0.70F0.30 0.584(2) 0.42(1) 1.39(3) 

MgH0.50F0.50 0.481(3) 0.41(2) 1.17(4) 

MgF2 0.676(6) 0.43(1) 1.58(3) 

Figure 5. Thermal transport properties of Mg(HxF1−x)2. Thermal 
conductivity (black square), thermal diffusivity (blue triangle) and 
volumetric heat capacity (red circle) measured at RT under Ar at-
mosphere.  

depending on conditions.51, 52 It was determined that an opti-
mal value of ~5 W/m.K for a hydrogenated sample of 
LaNi4.9Al0.3 allows for optimal hydrogen absorption kinetics, 
while a larger value only has a minor incremental influence.53 
Therefore, to gain technological application, it may be benefi-
cial to enhance λTC by the addition a material such as exfoliated 
natural graphite.9, 21 
 
4. CONCLUSIONS 
This study has detailed a thorough characterisation of fluorine 
substituted magnesium hydride (Mg(HxF1−x)2 where x = 1, 0.95, 
0.85, 0.70, 0.50, 0), a class of materials that have potential ap-
plication as hydrogen storage or thermal energy storage materi-
als. The physical properties of these solid solutions have been 
studied by powder X-ray diffraction, inelastic neutron spectros-
copy, and thermal conductivity. In addition, these measure-
ments have been verified by density functional theory calcula-
tions.  
Using these techniques, a number of trends have been identified 
that can be correlated to the random substitution of F− into the 

crystal lattice. The tetragonal unit cell volume expands in a 
quadratic trend by 5.4 % from MgH2 to MgF2. This expansion 
is isotropic in nature with a 2.3 % expansion in the a-axis com-
pared to c-axis. This is mirrored with a preferred extension of 
the axial Mg−H(F) bond distances over the equatorial bond dis-
tances. Overall, the addition of F− increases the average 
Mg−H(F) bond strength, which increases the thermal stability 
of the material, making fluorine rich Mg−H−F compounds effi-
cient thermal energy storage materials. Despite the reduction in 
hydrogen-storage capacity, the increased thermal stability will 
permit hydrogen cycling at higher temperatures and therefore 
greater efficiency for thermal energy storage.  
Inelastic neutron diffraction data has been collected for the first 
time for fluorine substituted magnesium hydride. Along with 
the simulated GDOS data from density functional theory calcu-
lations, these materials have exhibited a trend in vibrational fre-
quencies and intensities from MgH2 towards MgF2 that is in line 
with the expansion in lattice parameters and bond distances.  
The thermal transport properties, including thermal conductiv-
ity, diffusivity and heat capacity, for the range of Mg(HxF1−x)2 
samples was also determined. This was the first time that MgH2 
and MgF2 have been measured under the same conditions which 
has allowed a direct comparison with the fluorine substituted 
analogues.  
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