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Abstract: Nanocrystalline samples of Mg-Fe-H were synthesized by mixing of MgH2 and Fe in
a 2:1 molar ratio by hand grinding (MIX) or by reactive ball milling (RBM) in a high-pressure
vial. Hydrogenation procedures were performed at various temperatures in order to promote the
full conversion to Mg2FeH6. Pure Mg2FeH6 was obtained only for the RBM material cycled at
485 ◦C. This extremely pure Mg2FeH6 sample was investigated as an anode for lithium batteries.
The reversible electrochemical lithium incorporation and de-incorporation reactions were analyzed
in view of thermodynamic evaluations, potentiodynamic cycling with galvanostatic acceleration
(PCGA), and ex situ X-ray Diffraction (XRD) tests. The Mg2FeH6 phase underwent a conversion
reaction; the Mg metal produced in this reaction was alloyed upon further reduction. The back
conversion reaction in a lithium cell was here demonstrated for the first time in a stoichiometric
extremely pure Mg2FeH6 phase: the reversibility of the overall conversion process was only partial
with an overall coulombic yield of 17% under quasi-thermodynamic control. Ex situ XRD analysis
highlighted that the material after a full discharge/charge in a lithium cell was strongly amorphized.
Under galvanostatic cycling at C/20, C/5 and 1 C, the Mg2FeH6 electrodes were able to supply
a reversible capacity with increasing coulombic efficiency and decreasing specific capacity as the
current rate increased.

Keywords: Mg2FeH6; reactive ball milling; high temperature hydrogenation; pressure-composition
isotherms; discharge capacity

1. Introduction

The synthesis of Mg2FeH6 was reported for the first time in 1984 [1]. Since then, this compound
has attracted large attention due to the peculiarities of this ternary system. One of them is the complete
immiscibility of magnesium and iron in the binary phase diagram, surprisingly counterbalanced by the
stability of a mixed ternary hydride [1]. Moreover, Mg2FeH6 displays the highest known volumetric
hydrogen density among hydrides (150 kg·m−3) and a considerable gravimetric capacity (5.4 mass %).
The crystal structure of this compound is typical of a complex hydride [2–5]: hydrogen is located
at the vertex of octahedra centered around Fe, and the [FeH6]4− anions are bound to Mg2+ cations.
The resulting crystalline solid has a cubic symmetry belonging to the F-3m space group [3].

Energies 2018, 11, 1952; doi:10.3390/en11081952 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8853-9710
https://orcid.org/0000-0002-6521-7441
https://orcid.org/0000-0003-4968-1049
https://orcid.org/0000-0003-3875-9517
https://orcid.org/0000-0002-9779-1050
https://orcid.org/0000-0002-4839-7815
http://www.mdpi.com/1996-1073/11/8/1952?type=check_update&version=1
http://dx.doi.org/10.3390/en11081952
http://www.mdpi.com/journal/energies


Energies 2018, 11, 1952 2 of 14

The synthesis of magnesium iron hydride is usually obtained by means of two methods: (1) direct
hydrogenation of Mg and Fe powders at high temperature and pressure; (2) reactive ball milling of
Mg/Fe or MgH2/Fe powders at room temperature, either in an inert or in a hydrogen atmosphere.
In some cases, additional steps consisting of a hot extrusion process [6] or severe plastic deformation
by ECAP (Equal Channel Angular Pressing) [7] were proposed. Quite recently, a solid state ball milling
process followed by an additional wet ball milling process was exploited as a synthetic route [8]:
the obtained samples consisted of a core of Mg2FeH6 (with a diameter of 40–60 nm) encapsulated
within an outer shell of MgH2 (5 nm thick), with superior dehydrogenation properties (~5.0 mass %
H2 released within 50 min at 280 ◦C).

In all cases, the obtained samples seem to be composed of a mixture of MgH2 and Mg2FeH6

in various proportions; usually the concentration of the mixed hydride does not exceed 85 mass %.
Only when the synthesis occurs at high temperature (450–520 ◦C) and pressure (20–120 bar), over a
long time (several days) can one obtain a pure Mg2FeH6 sample [1].

Mg2FeH6 has been proposed in several applications. The most obvious is its use for solid state
hydrogen storage: it was largely investigated by Bogdanovic et al. in samples obtained by direct
hydrogenation of Fe and Mg or MgH2 powders, with the proportion of the starting metals ranging from
1:2 to 1:40 [9]. The temperature dependence of the pressure plateau and the value of the enthalpy of
hydrogenation/dehydrogenation (∆Hhydr = 77.4 kJ/mol) were investigated. More recently, a prototype
of hydrogen storage systems based on the magnesium iron hydride was reported [10].

The high value of ∆Hhydr makes Mg2FeH6 a suitable material for heat storage at relatively high
temperatures (up to 550 ◦C) [11–13]. Indeed, during the discharge of hydrogen, the material absorbs
heat, while the released H2 can be stored for further use. Conversely, during hydrogen recharging,
the stored heat can be used to generate electricity [10]. This process can be useful to compensate
for fluctuations in the production from renewable energy sources, such as solar power plants [11].
Finally, magnesium iron hydride was proposed as an innovative negative electrode material for lithium
batteries. Following the pioneering work of Oumellal et al. [14] showing the abilities of hydrides to
undergo conversion reaction in lithium cells, the potential use of Mg2FeH6 as a negative electrode
in Li cells was investigated. Zaïdi et al. [15] first demonstrated the ability of the mixed Mg and
Fe hydride to electrochemically incorporate 6 lithium equivalents in a lithium cell (corresponding
to a specific capacity of 1455 mAhg−1) and to fully transform into a mixture of 2Mg + Fe + 6LiH
through a conversion reaction. Moreover, Farina et al. showed that a partial reversibility (e.g., a
coulombic efficiency of approximately 40%) can be obtained in samples produced by reactive ball
milling starting from an overstoichiometric Mg-rich mixture of MgH2 and Fe in a molar proportion
3:1 [16]. Additionally, the overpotentials were reported to be smaller after material activation by the
H2 sorption treatment at 400 ◦C [16].

In this paper, we investigate the electrochemical properties in lithium cells of an extremely pure
Mg2FeH6 sample, obtained from MgH2 and Fe in the stoichiometric ratio 2:1, ball milled in a hydrogen
atmosphere. Our goal is to extend the knowledge of the conversion reaction of the Mg-Fe mixed
hydride in lithium cells going beyond the state-of-the-art, in particular by investigating the lithium
electrochemical extraction reaction (back conversion) and the reversible electrochemical activity of
this phase.

2. Materials and Methods

Mg-Fe-H samples were produced by two different methods: (1) mixing of MgH2 and Fe by
hand grinding in an agate mortar (MIX); (2) by reactive ball milling (RBM) of MgH2 and Fe in a high
pressure vial by Evico Magnetics (Dresden, Germany) connected to a Fritsch Pulverisette P6 mill
(Idar-Oberstein, Germany) under the following conditions: H2 pressure 50 bar, ball to sample ratio
10:1, stainless steel ball diameter 6 mm, rotation speed 350 rpm in reverse mode, total milling time 40 h
divided in cycles of 30 min milling and 5 min rest, temperature of the vial <31 ◦C (measured during
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milling), mass of each batch ~3 g. The samples produced for this study are, therefore, MgH2:Fe 2:1
molar ratio, produced either by mixing (Sample MIX) or by RBM (Sample RBM).

All samples, independent of the synthesis method, were produced starting from MgH2

(hydrogen-storage grade) purchased from Sigma Aldrich (Saint Louis, MO, USA) and an Fe powder
from Alfa Aesar (Haverhill, MI, USA). XRD diffraction patterns indicated that no iron oxides were
present in the pristine Fe powder, at least within the experimental detection limits of this technique [17].

The XRD experiments were carried out in sealed capillary tubes, using a Rigaku X-ray Ultima+
diffractometer (Rigaku, Tokyo, Japan) equipped with a CuKα source and a graphite monocromator
for the diffracted beam. Apart from the initial powders, all the samples investigated by XRD were
previously cycled in a hydrogen atmosphere at various temperatures in order to have maximum
H2 absorption.

Hydrogen sorption experiments were conducted in a custom-made Sieverts apparatus described
elsewhere [18,19]. A mass in the range 0.3−0.5 g was used for these measurements.

The samples morphology was investigated by transmission electron microscopy using an FEI
Tecnai 200 kV cryo-TEM instrument (ThermoFisher Scientific, Waltham, MA, USA). In order to prevent
possible damage due to the interaction of samples with the electron beam, experiments were carried
out at 80 keV in a cryo-condition by cooling the sample holder with liquid nitrogen.

Electrochemical galvanostatic cycling tests were performed by means of a MACCOR 4000 Battery
tester (Maccor, Tulsa, OK, USA). Pelletized electrodes were realized with composite mixtures of the
active material hand ground with the typical additives: Timcal Super P carbon electron conductor and
Kynar 20810 PVdF binder (Arkema, Colombes, France) in a 5:3.2 ratio. Powders were spread on a
copper disk (10 mm in diameter) inside a Specac® (Orpington, UK) die set and pelletized by using
a hydraulic press (10 tons). The resulting pellet was strongly coated onto the copper. The typical
mass loading of the electrodes ranged between 1.0–2.5 mg·cm−2. The electrode preparation procedure
was carried out in an Ar-filled glove box. Electrochemical cells were assembled facing the Mg2FeH6

electrode with metallic lithium foil (Chemetall, Frankfurt, Germany), with two Whatmann separators
in between and soaked by a 1 M LiPF6 solution in ethylene carbonate and dimethylcarbonate 1:1 w/w
mixture (Merck Selectipur, Darmstadt, Germany). Cycling tests were performed at various current rates
(1 C = 1455 mA/g; 1 Li eq = 242.5 mAhg−1) in the 0.01–2.5 V voltage range. For potentiodynamic cycling
with galvanostatic acceleration (PCGA) tests, three electrode electrochemical cells were assembled
by facing the working electrode to a lithium metal foil counter through a Whatman borosilicate fiber
separator (Sigma Aldrich, Saint Louis, MO, USA) swollen with the electrolyte. The lithium reference
electrode was placed perpendicularly to the assembly, soaked by an electrolyte excess. In order
to collect potential profiles negligibly affected by overpotentials, thus under quasi-thermodynamic
control, PCGA tests were carried out by means of a Biologic VSP potentiostat (Bio-Logic Science
Instruments, Seyqssinet-Pariset, France), in the potential range of 2.5–0.01 V, with 10 mV steps
and a cutoff current equal to C/20, calculated as the current to deliver in 20 h the full theoretical
conversion capacity.

Ex situ XRD experiments were performed by recuperating electrode materials from the
electrochemical cells following our standard procedure outlined in ref. [16]. Samples were sealed
in capillary tubes and XRD patterns were recorded, using a Rigaku X-ray Ultima+ diffractometer
equipped with a CuKα source and a graphite monocromator for the diffracted beam.

All handling of the samples was performed in a glove-box by Jacomex (O2 and H2O levels lower
than 0.1 pm) (Jacomex, Dagneux, France), both for electrochemical tests and for Sieverts measurements.
Thanks to these experimental conditions, the samples here investigated were never exposed to air.
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3. Results and Discussion

3.1. Phase Formation under H2

The first aim of the present study was to measure the concentration of MgH2 and Mg2FeH6 in
the samples produced either by mixing or by reactive ball milling, and subsequently hydrogenated
at different temperatures. Therefore, we performed pressure-composition measurements at various
temperatures between 340 and 485 ◦C (see Figure 1). The investigated pressure spanned the range
0.1–100 bar. For sample MIX, the dehydrogenation isotherms were measured at all temperatures.
By contrast, for the sample RBM, the dehydrogenation isotherms were collected at each temperature,
while the absorption isotherms were obtained only at 340 and 400 ◦C, due to the extremely slow
kinetics of the absorption process under near-equilibrium conditions.

For sample MIX, one observes that at all temperatures the isotherms are composed of two pressure
plateaus, labeled as A and B in Figure 1. Plateau A is centered at a higher pressure and its width
shrinks as temperature increases. The absolute pressure value of plateau A is compatible with that of
MgH2 [16]. On the contrary, Plateau B, centered at lower pressure, expands as T increases; the absolute
value of the pressure of plateau B is compatible with that measured for Mg2FeH6 [9,16]. One can
observe that increasing T, the total amount of hydrogen stored in the sample increases, starting from
~3.8 wt % at 340 ◦C and reaching ~4.9 wt % at 485 ◦C.

A similar behavior is found for Sample RBM; however, in this case, at the highest temperature
(485 ◦C), plateau A practically disappears and only plateau B persists. Moreover, the total amount of
hydrogen stored in Sample RBM at 485 ◦C is ~5.4 wt %, as expected for pure Mg2FeH6.
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Figure 1. Pressure-composition isotherms of Sample RBM and Sample MIX at various temperatures. 
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Figure 1. Pressure-composition isotherms of Sample RBM and Sample MIX at various temperatures.

From the width of the plateaus at the various temperatures, knowing that the maximum hydrogen
capacity of MgH2 and Mg2FeH6 is 7.6 and 5.4 wt %, respectively, one can easily calculate the amount
of each phase in the sample (see Table 1). As nicely detectable in Figure 1, in Sample MIX the
amount of MgH2 decreases from 43% at 340 ◦C to 11% at 485 ◦C, while the concentration of Mg2FeH6
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increases from 46% at 340 ◦C to 83% at 485 ◦C. Similar figures are obtained for Sample RBM; however,
in the case of the sample produced by the reactive ball milling method, at 485 ◦C one obtains an
amount of Mg2FeH6 > 97%, i.e., the sample cycled at this temperature is practically a pure sample of
magnesium-iron hydride. For the sample MIX, we could not obtain a sample of pure magnesium-iron
hydride, even after cycling at the highest temperature (485 ◦C). Possibly the reduction of the size of the
iron particles induced by the ball milling allows a more intimate mixing of Mg and Fe, which should
diffuse at a much lower distance in order to give rise to Mg2FeH6 upon hydrogenation.

It can be noted in Table 1 that, no matter how the synthesis is carried out, part of the material
remains unreacted, since the total amount of the MgH2 and Mg2FeH6 phases does not reach the
100% of the total sample, apart for sample RBM cycled at 485 ◦C. Moreover, the amount of hydrogen
stored in the compounds is slightly higher in sample MIX than in Sample RBM for T ≤ 460 ◦C.
The observation of a mixture of MgH2 and Mg2FeH6 for samples obtained by hydrogen cycling
or reactive ball milling of MgH2 (or Mg) and Fe is not new, as it is a well established property of
this system. Indeed, Bogdanovic et al. [9] reported p-c isotherms for compounds synthesized with
2:1 or 4:1 Mg:Fe molar ratios; both of them exhibited two pressure plateaus corresponding to the
hydrogenation/dehydrogenation of Mg2FeH6 and MgH2. However, to the best of our knowledge,
systematic investigations of the thermal evolution of the concentration of the two hydrides are
extremely rare. In the case of a non-stoichiometric mixture obtained by reactive ball milling of
MgH2 and Fe in a molar ratio 3:1, we previously reported such information [16], obtained again
from pressure-composition isotherms. Also, in the non-stoichiometric mixture, the amount for
magnesium-iron hydride increases as temperature increases: the sample was reported to be composed
of ~30% MgH2 and ~44% Mg2FeH6 at 335 ◦C, and of ~24% MgH2 and ~54% Mg2FeH6 at the maximum
investigated temperature of 390 ◦C [16]. More recently [20], Witek et al. reported that sintering
samples obtained from MgH2 and Fe under stoichiometric concentration at 500 ◦C yielded the ternary
hydride with a yield higher than 90%, independent of the milling conditions. Aselli et al. reported
the relative quantities and crystallite size of phases identified in ball milled samples as calculated by
Rietveld refinement [21]. Also, in the present case, XRD patterns for the RBM and MIX cycled at 485 ◦C
(Figure 2) confirmed that they were almost completely constituted by the ternary hydride with minor
residual metal iron.

Table 1. Composition of samples (at %) cycled at various temperatures, calculated from the pressure
composition isotherms reported in Figure 1.

Sample
Name

Composition at
335 ◦C

Composition at
385 ◦C

Composition at
450 ◦C

Composition at
485 ◦C

MgH2 Mg2FeH6 MgH2 Mg2FeH6 MgH2 Mg2FeH6 MgH2 Mg2FeH6

RBM 30% 46% 25% 59% 8% 70% <3% >97%
MIX 43% 41% 22% 63% 24% 67% 11% 83%

Both the MIX and the RBM materials after sorption at 485 ◦C are constituted by a mixture of
two well crystallized phases, i.e., Mg2FeH6 and metallic Fe. This evidence is in good agreement
with the residual amount of MgH2 highlighted in the pressure composition isotherms for both the
MIX and RBM materials. The diffraction lines of the MgH2 phase are absent, possibly due to a
strong amorphization or nanometrization. Tentative Rietveld refinements, performed considering the
presence of the Mg2FeH6 and metallic Fe phases only, allow us to estimate the relative amounts of the
constituent phases in each material (MIX at 485 ◦C: at % (Mg2FeH6) = 95 ± 1% at %(Fe) = 5 ± 1% wRp
= 0.075; RBM at 485 ◦C: at % (Mg2FeH6) = 97 ± 1% at % (Fe) = 3 ± 1% wRp = 0.064). These estimates
matches those calculated from the pressure composition isotherms reported in Table 1.
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Figure 2. XRD patterns of the RBM and MIX samples before hydrogen sorption and after H2 sorption
at 485 ◦C.

From the pressure-composition isotherms reported in Figure 1, the dehydrogenation enthalpy,
∆Hdehydr, and entropy, ∆Sdehydr, of Mg2FeH6 can be obtained, by means of the well known van’t
Hoff equation, by plotting the logarithm of the plateau pressure as a function of the inverse of the
temperature; the slope of the graph provides ∆Hdehydr, while the intercept gives ∆Sdehydr. From the
present data, one obtains ∆Hdehydr = 77 ± 2 kJ/mol or 76.0 ± 0.6 kJ/mol for Sample MIX and Sample
RBM, respectively. These values are in agreement within the estimated accuracies and compare
well with that reported by Bogdanovic et al. (77.4 kJ/mol) [9]. Moreover, for the first time we
obtained a value of the dehydrogenation entropy for Mg2FeH6: ∆Sdehydr = 131 ± 1 kJ/(mol·K) or
133 ± 2 kJ/(mol·K) for Sample MIX and Sample RBM, respectively. These values are comparable
with those usually obtained for metal hydrides, which range between ~68 J/(mol·K) of LiH,
133.4 ± 0.7 J/(mol·K) of MgH2 and 157 J/(mol·K) of SrH2 [22].

The morphologies of the two series of samples, i.e., RBM and MIX, before and after the hydrogen
sorption were also investigated by TEM and are shown in Figure 3. The two materials, MIX and
RBM, before hydrogen sorption show a very different morphology. The MIX sample is constituted
by large round-shaped dense particles, likely metallic iron, mixed with irregular less dense particles,
constituted by lighter elements possibly due to MgH2 aggregates. On the other hand, the RBM sample
shows composite aggregates constituted by a light matrix that incorporates small, dark dense particles.
The evolution of the morphology of both samples after hydrogen sorption is similar. In fact both the
MIX and the RBM samples after hydrogen sorption at 450 ◦C and at 485 ◦C are constituted of smooth
particles with irregular shapes and a homogeneous contrast, thus indicating the strong interaction
between the two original constituents observed in the XRD patterns and highlighted by the pristine
morphology. As expected, the size of these irregular smooth particles increases at 485 ◦C compared
to 450 ◦C for both the RBM and the MIX materials. Between the two series of materials, apparently
the only main difference in the morphology after hydrogen sorption is a slightly larger particle size
observed in the MIX samples compared to the RBM ones.
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Overall, the synthesis of very pure Mg2FeH6 phases starting from a stoichiometric mixture of
the reagents necessitates a ball milling stage. This finding is expected, but the extent of the residual
amount of unreacted Fe/MgH2 in the MIX sample is remarkable and worth noting. In fact our data
highlight that the synthesis to a Mg2FeH6 phase with unreacted Fe/MgH2 impurities <5% requires a
mechanochemical activation of the starting reagents under 50 bar of hydrogen, despite the subsequent
drastic treatment at 485 ◦C under 100 bar of hydrogen gas.

3.2. Electrochemical Characterization

Mg2FeH6 was investigated as a negative electrode for lithium ion cells. According to the full
conversion reaction mechanism studied in [15], the Mg2FeH6 phase can supply a theoretical specific
capacity of 1455 mAhg−1 through the reaction Mg2FeH6 + 6Li+ + 6e−→ 2Mg + Fe + 6LiH. Besides this
preliminary analysis by Zaïdi et al. [15], to the best of our knowledge, the multiple redox processes of
pure Mg2FeH6 in lithium cells were never investigated in detail and in particular, the analysis of the
back-conversion reaction has never been attempted.

The electrochemical incorporation/de-incorporation of lithium in the Mg2FeH6 phase under
quasi-thermodynamic conditions was investigated, in the present work, by PCGA as shown in Figure 4
for the RBM sample cycled in the Sieverts apparatus at 485 ◦C.
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Figure 4. Differential capacity plot obtained in the PCGA test performed on the Mg2FeH6 material
(RBM sample after H2 sorption at 485 ◦C) (composite electrode: AM:SP:Binder = 5:3:2). In the
inset, the corresponding lithium loading/extraction curves are shown. Labels (A) to (G) identify
the occurrence of electroactive processes.

Five different consecutive electroactive processes can be observed under reduction (labeled from A to
E in Figure 4) and two upon oxidation (F and G). Besides process (A) that is likely due to the decomposition
of the electrolyte and the solid electrolyte interphase formation [23], processes (B), (C) and (E) show a
stable potential plateau. On the contrary, reactions (D), (F) and (G) show potential slopes. This evidence
may suggest the occurrence of a complex lithium incorporation/de-incorporation mechanism.

In order to shed light on this multistep process, a summary of the possible conversion/alloying
reactions in the Mg-Fe-H system is presented in Table 2. The reaction thermodynamics (i.e., ∆rG◦298K,
Gibbs energy of reaction at 298 K) of processes (1) to (6) have been calculated starting from the
Gibbs energy of formations of Mg2FeH6 [24], MgH2 [25], LiH [26], LixMg(hcp) and LiyMg(bcc) [27]
available in the literature (in the case of Mg2FeH6, the literature data were also averaged with our
data discussed above). The corresponding Nernst redox potential was derived by the equation
∆E◦ = −n × F × ∆rG◦298K, where n is the total number of exchanged electrons and F is the Faraday
constant. It is important to recall that, as LixMg(hcp) and LiyMg(bcc) are two solid solutions,
their thermodynamic formation properties vary with the lithium stoichiometry and, therefore,
the Nernst Redox potentials of the alloying reactions (4) and (6) decrease with the increase of the
lithium content.
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Table 2. Thermodynamic analysis of the conversion reactions of the Fe-H-Mg phases.

Electrochemical Reaction Mechanism Nernst Redox Potential
V vs. Li

Ther. Loading
Curve Shape

Theor. Li Loading per
Mole of Reagent

(1) Mg2FeH6 + 2Li+ + 2e− → 2MgH2 + Fe0 + 2LiH
Multi-phases
conversions

0.533 Plateau 2

(2) Mg2FeH6 + 6Li+ + 6e− → 2Mg(hcp)0 + Fe0 + 6LiH 0.527 Plateau 6

(3) MgH2 + 2Li+ + 2e− → Mg(hcp)0 + 2LiH 0.524 Plateau 2

(4) Mg(hcp)0 + xLi+ + xe− → LixMg(hcp)
x < 0.15

Single-phase alloying
0.242 (x = 10−4)
0.125 (x = 0.01)
0.063 (x = 0.15)

Slope 0.15

(5) Li0.15Mg(hcp) + 0.2Li+ + 0.2e− → Li0.35Mg(bcc) Two-phase alloying 0.052 Plateau 0.2

(6) Li0.35 Mg(bcc) + yLi+ + ye− → Li0.35+y Mg(bcc) Single-phase alloying
0.040 (x = 10−4)
0.037 (x = 0.01)
0.008 (x = 0.10)

Slope y
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From the thermodynamic point of view, the electrochemical lithium incorporation reaction
starting from Mg2FeH6 should follow the reaction sequence (1)-(3)-(4)-(5)-(6). This sequence implies
the incorporation of (2 + 2 × (2 + 0.15 + 0.2 + y) = 6.7 + 2y) lithium equivalents per mole of Mg2FeH6.
It is interesting that the direct occurrence of reaction (2) is thermodynamically unfavorable.

In Table 3, a tentative matching between the experimental results obtained in the PCGA test and
the thermodynamic evaluations summarized in Table 2 is presented.

Table 3. Composition of samples cycled at various temperatures, calculated from the pressure
composition isotherms reported in Figure 1.

Range
(See Figure 4)

Mean Electrode
Potential V vs. Li

Lithium Loading
Curve Shape

Experimental Li
Equivalents Exchanged

per Mg2FeH6 Unit

Tentative Identification
of the Electrochemical

Reaction

(A) 0.901 Slope 0.88 Solid electrolyte
interphase formation

(B) 0.295 Plateau 0.41 (1)
(C) 0.199 Plateau 3.29 (2) or (1) + (3)
(D) 0.161 Slope 0.93

See discussion(E) 0.020 Pseudo-Plateau 1.28
(F) 0.070 Slope 0.63 (4), (5), (6)
(G) 0.0629 Slope 0.36 (1), (2), (3)

As already mentioned, the electrochemical process in the (A) range (see Figure 4) is likely due
to the SEI-formation in agreement with the literature [23] also for the MgH2 hydride [28]. The two
following electroactive processes occur through one short (B) and one extended (C) potential plateau,
both compatible with the occurrence of reactions (1) or (2) with moderate overvoltages (0.2–0.3 V) [29].

From a quantitative point of view, starting from an almost pure Mg2FeH6 material (moles of MgH2

< 3% estimated from the Sievert measurements, see above), the short plateau (B), possibly attributed to
reaction (1), leads to a mixture of ~80% Mg2FeH6 and ~20% MgH2. The lithium loading curve further
evolves with a limited slope, likely due to increasing overvoltages affecting reaction (1), and then
stabilizes in a prolonged potential plateau (C) possibly attributed to reaction (2), or the simultaneous
occurrence of reactions (1) and (3). By neglecting the lithium loaded in region (A), at the end of plateau
(C) the incorporated lithium equivalents are 3.7 per Mg2FeH6 formula unit, to be compared to the
6 equivalents theoretically achievable. Apparently, the conversion reaction is incomplete and only 62%
of the starting reagent is electrochemically reduced at the end of these two plateaus.

Going beyond the (B) and (C) plateaus, the lithium loading curve follows a slope (D) and a
pseudo-plateau (E), down to the 10 mV potential cutoff. These additional processes show potential
profiles similar to the alloying reactions into the Mg lattices (hcp or bcc) already demonstrated by
us at the end of the conversion reaction of MgH2 in lithium cells [28]. Our thermodynamic analysis
suggests the occurrence of a sequence of three reactions: (4) the mono-phasic lithium loading into the
hcp lattice of metallic Mg; (5) the bi-phasic transformation from Li0.15Mn(hcp) to Li0.35Mg(bcc) and (6)
the mono-phasic lithium incorporation into the bcc lattice of the Mg-Li solid solution. However,
the amount of lithium electrochemically incorporated in region (D) and (E) (i.e., 0.93 and 1.28
equivalents per Mg2FeH6 unit) exceeds that expected by the occurrence of reactions (4) and (5)
(i.e., 0.19 and 0.25 equivalents per Mg2FeH6 unit assuming a 62% yield for the conversion reaction,
see above). Owing to this, and considering the incompleteness of the conversion reaction at higher
potentials, our interpretation is that at potentials < 0.2 V vs. Li, complex reactions occur simultaneously,
likely including conversions (1-2-3) with increasing overvoltages and lithium alloying (4-5-6) in
the Mg lattice. We would like to stress that the alloying reaction is unfortunately only postulated
since the electrochemical data do not allow a straightforward identification of the underlying solid
state reactivity. Toward this aim, in-operando spectroscopic studies would be useful to confirm this
phenomenon; at present this approach is beyond our experimental capabilities.
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Turning to the charge processes, it is possible to identify two well separated regions (F) and (G).
Based on thermodynamic considerations, these processes can be attributed to the de-alloying reactions
from the lithiated Mg lattices and the back conversions.

Overall, the lithium de-incorporation reactions under quasi-thermodynamic control have poor
yields compared to the conversion/alloying observed upon discharge, being the coulombic efficiency
approximately 0.17, excluding the lithium loading in the region (A) due to the SEI formation.

Ex situ XRD was carried out on an electrode after a full discharge and re-charge cycle in order
to verify which hydride is experimentally formed upon recharge, i.e., Mg2FeH6 or MgH2. Figure 5
compares the patterns of the cycled electrode to the pristine electrode. Despite the fact that the
copper support signal dominates the pattern after 1 cycle, only very small diffraction peaks due to
metallic iron particles and the pristine Mg2FeH6 phase are present. Apparently, no diffraction peaks
related to MgH2 or Mg can be highlighted. This evidence suggests that upon reduction/oxidation
the material undergoes severe nanometrization, and that no crystalline hydrides are formed either
after reduction or oxidation. It is interesting to underline the absence of peaks due to the metallic iron
after 1 discharge/charge cycle. This effect can be a clue to the possible occurrence of a back conversion
upon oxidation to amorphous Mg2FeH6.

The irreversible amorphization of the Mg2FeH6 electrode upon reduction/oxidation is in contrast
to similar XRD analyses performed by us on NaAlH4 and MgH2 where the pristine hydride lattice
re-crystallizes after a full discharge/charge process [28,30].
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compared to the pristine material and references.

As a final point, it is important to recall the possible extra capacity supplied at low potential by
the reversible formation/decomposition of a polymer/gel-like film promoted by the highly reactive
metallic nanograins formed during conversion [31]. Laruelle et al. evaluated the reversible capacity
provided by this reversible parasitic reactivity occurring in parallel with the electrochemical CoO/Co
conversion reaction [31]. On this basis evaluation, although highly speculative, we may estimate in the
case of the Mg2FeH6 phase a possible contribution due to the electrolyte degradation at low potential
as high as 8% of the first discharge capacity. Sample RBM cycled in the Sieverts apparatus at 485 ◦C
was also electrochemically tested in lithium cells under galvanostatic conditions and at various current
rates to evaluate the reversibility and cycling ability of this material. Results are shown in Figure 6.
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Figure 6. (A) Voltage profile of Mg2FeH6 (RBM sample after H2 sorption at 485 ◦C) obtained upon
discharge and following re-charge in a lithium cell (in the (a-inset) the voltage hysteresis vs. the C-rate
is shown) (B) specific capacity measured upon cycling at various current rates (RBM sample after H2

sorption at 485 ◦C); in the (b-inset) the trend of the coulombic efficiencies are shown).

Generally speaking, the RBM sample, which is constituted by almost pure Mg2FeH6 is
able to allow a partially reversible lithium incorporation/deincorporation in the first cycle
and fading capacities upon cycling. The measured performance is in line with our previous
observation of (3MgH2 + Fe) composites [16] but, as far as we know, this is the first ever reported
evidence of a prolonged reversible galvanostatic cycling of an almost pure Mg2FeH6 material.
In reference [30] we estimated the capacity possibly provided by the SuperP additive upon cycling in
NaAlH4/superP/PVdF electrodes (5:3:2 ratio). Similar evaluations applied to the present Mg2FeH6

case would suggest a maximum contribution of the SuperP additive smaller than 5% of the overall
capacity in the first discharge and not larger than 15% at cycle 10.

Turning to the experimental rate performance, the first discharge capacity, as well as the overall
performance, decreases at increasing current rate due to the larger overpotentials, whereas the
coulombic efficiencies increase. In particular, it is interesting to observe the quite large hysteresis
between discharge/charge mean working voltages that exceeds 400 mV for all current rates. Among
hydrides, these voltage hysteresis are remarkably large, in particular with respect to the small values
measured by us for the conversion reaction of MgH2 [28,29].

4. Conclusions

In this paper, we investigated the electrochemical properties in lithium cells of an extremely pure
Mg2FeH6 sample. Nanocrystalline samples of Mg-Fe-H were synthesized by mixing of MgH2 and Fe
in a 2:1 molar ratio by hand grinding (MIX) or by reactive ball milling (RBM) in a high-pressure vial.
Hydrogenation procedures were performed at various temperatures in order to promote the conversion
to Mg2FeH6. XRD and Sieverts analyses suggest that pure Mg2FeH6 is obtained only for the RBM
material cycled in hydrogen at 485 ◦C. This material was investigated as an anode for lithium batteries.
The reversible electrochemical lithium incorporation and de-incorporation reactions were studied by
PCGA and ex situ XRD tests. Thermodynamic evaluations were discussed in view of the experimental
results. The Mg2FeH6 phase underwent a conversion reaction, and the produced Mg metal particles
could be alloyed upon further reduction. The electrochemical reversibility of the conversion process
in lithium cells was demonstrated here for the first time in the literature on stoichiometric Mg2FeH6

samples. However, even under quasi-thermodynamic control, the back oxidation was only partial
with an overall coulombic yield of 17%. The material after a full discharge/charge in a lithium cell
was strongly amorphized. The RBM material cycled in hydrogen at 485 ◦C in galvanostatic cycling at
C/20, C/5 and 1 C was able to supply a reversible capacity exceeding in all cases 400 mAhg−1 in the
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first cycle. The coulombic efficiencies and the specific capacities upon cycling followed the expected
opposite trend while increasing the current rate.

Overall, our findings extend the previous observation concerning the Mg2FeH6 conversion
mechanism in lithium cells reported by Zaidi et al. [15] by demonstrating the partial reversibility of
the conversion reaction and the apparent irreversible amorphization of the electrode constituent after
one full discharge/charge cycle.
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