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Abstract 

The complex hydride Mg2FeH6 is investigated as conversion type anode in a solid-state 

all-hydride Li-battery employing LiBH4 as solid-state electrolyte. In the solid-state battery, 

Mg2FeH6 exhibits improvements in the capacity retention and initial Coulombic efficiency of 

>3 and >2.5 times, respectively, compared to the conventional liquid-electrolyte battery. 

Through investigations of the conversion reactions of Mg2FeH6, formation of MgH2 as 

intermediate in the conversion to Mg is discovered the first time. In addition, the effect of 

mixing procedure for the electrode-electrolyte composite on the battery performance is 

discussed.  
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Solid-state batteries; Li-ion battery; conversion anode; hydride anode; hydride electrolyte; 
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1. Introduction 

Interest in solid-state batteries is growing rapidly and a number of potential solid-state 

electrolytes have been reported [1,2]. A suitable solid-state electrolyte may replace flammable 

organic liquid electrolytes, and allow increasing the operation temperature for batteries, which 

can effectively improve the reaction kinetics. This would be highly beneficial for batteries 

including conversion-type electrodes such as metal hydrides, which have been explored as 

anodes in Li-ion batteries [3]. Metal hydrides have high theoretical capacity but suffer from 

slow reaction kinetics and short cycle life in batteries using non-aqueous liquid electrolytes [4]. 

Recently, metal hydrides have been investigated in solid-state batteries using solid electrolytes 

such as LiBH4 and Li2S-P2S5 [5–9]. A solid-state battery made of MgH2-electrode and 

LiBH4-electrolyte exhibits capacity retention of ~ 56 % after 50 cycles at 120 °C using a 

current rate of ~ 0.4C [5], which is a rather high rate and capacity retention for hydride 

conversion anodes. Thus, the combination of metal hydride electrodes and hydride-based solid 

electrolytes like LiBH4 is of particular interest. 

Magnesium iron hydride, Mg2FeH6 has a high volumetric anode capacity of 3995 mAh cm-3, 

and its practical lithium storage capacity has been investigated in using standard liquid 

electrolytes [10,11]. Although Mg2FeH6 can deliver close to the theoretical capacity in the first 

discharge cycle through reaction (1), the reversibility is very poor and the capacity fades 

immediately in the next cycle.  

Mg2FeH6 + 6Li → 2Mg + Fe + 6LiH  (1) 

The equilibrium potential of the above reaction was suggested to be 0.622 V vs. Li based on the 

decomposition enthalpy obtained from differential scanning calorimetry [10]. Since the first 

publication on Mg2FeH6 electrodes, no significant improvements in the performance of the 

material have been reported.  

In this study, we present the improved reversibility of Mg2FeH6 in solid-state all-hydride 
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batteries using LiBH4 as solid electrolyte. The performance of two solid-state batteries 

prepared using different approaches for mixing of the electrode-electrolyte composites are 

compared to that of a standard liquid electrolyte battery. Furthermore, the mechanism for the 

conversion reactions during charge and discharge is investigated through cyclic voltammetry, 

galvanostatic intermittent titration and powder X-ray diffraction.   

 

2. Experimental 

All work was carried out in an argon filled glovebox equipped with circulation purifier 

maintaining oxygen and water levels below 2 ppm.  

2.1 Preparation of electrode composites 

Mg2FeH6 was synthesized by ball milling Mg (Alfa, 325 mesh, 99.8%) and Fe (Aldrich) in a 

molar ratio of 2:1 under p(H2) = 90 bar [12]. A 220 mL high-pressure stainless steel milling vial 

(Evicomagnetics) was used with 10 mm steel balls and a ball-to-powder mass ratio of 30:1. The 

milling was performed using a Fritsch Pulverisette No. 4 at rotation speed of 350 rpm for 12 h 

(20 min milling, 5 min pause and 36 repetitions).  

The as-synthesized Mg2FeH6 was mixed with acetylene black (MTI Corporation) and LiBH4 

(Albemarle Rockwood Li) in weight ratio of 3:2:5 either by hand grinding (sample denoted 

MgFe_HG) or ball milling (sample denoted MgFe_BM). Ball milling was carried out at 300 

rpm for 2 h (15 min milling, 2 min pause and 8 repetitions). The ball-to-powder ratio was 

approximately 100:1. For comparison, Mg2FeH6 was also mixed with acetylene black and 

polyvinylidene fluoride (PVDF) binder (MTI Corporation) in weight ratio of 3:1:1 (sample 

denoted MgFe_L) and tested using liquid electrolyte. 

2.2 Electrochemical tests and characterization 

Electrochemical tests were conducted in Swagelok-type battery cells. Approximately 15 mg 

LiBH4 was added to a 7 mm-diameter pellet die and pressed at 0.2 tons using a mini-pellet 
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press (Specac Limited). Then, ~3 mg of electrode composite was added on top of the pressed 

LiBH4 pellet in the die and pressed at 1 ton to obtain a bilayer pellet. Thin Li-foil (<150 μm) of 

5 mm in diameter was used as the counter electrode (see schematic in Figure 2). All the cells 

were placed in an oven at 120 °C and rested for 5 – 10 hours before the measurements started. 

For the conventional batteries, 5 to 10 mg of electrode composite was pressed into Ni foam (8 

mm diameter) at 1 ton. 1 M LiPF6 in 1:1 EC:DMC (99.9%, from Solvionic) as electrolyte and a 

piece of borosilicate glass-fiber (Whatman GF/B) as separator. Li-foil (as above) was used as 

counter electrode.  

Electrochemical characterization was performed using a Bio-Logic MPG2 multichannel 

battery cycler. The solid-state batteries were cycled between 0.3 and 1.0 V vs. Li at a rate of 

C/50, while the conventional batteries were cycled between 0.2 and 1.0 V. The cut-off potential 

is selected to avoid formation of LiMg alloy. As Mg2FeH6 experiences larger overpotential in a 

conventional liquid battery cell, a lower cut-off potential is used for MgFe_L. 

Galvanostatic intermittent titration technique (GITT) was conducted at C/50 with a relaxation 

time of 15 h for every ~ 4 hour of charge/discharge. Cyclic voltammetry (CV) was done with a 

sweep rate of 0.01 mV s-1. 

Powder X-ray diffraction (PXD) was carried out using a Rigaku SmartLab diffractometer (Cu 

Kα1 radiation, λ = 1.5406 Å) with an angular step of 0.5 degree per minute or at the synchrotron 

MAXII in Lund, Sweden at beamline I711 (λ = 0.9938 Å). 

 

3. Results and discussion 

3.1 Characterization of synthesized Mg2FeH6 and electrode composites 

Similar to previous works [12–15], the as-synthesized sample contains of Mg2FeH6 (92 wt%) 

and small amount of unreacted Fe (8 wt%) as determined by Rietveld refinement (Figure 1a). 

Mixing Mg2FeH6 with LiBH4 and conductive carbon either by hand grinding (MgFe_HG) or 
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by ball milling (MgFe_BM) induces no reaction according to PXD (Figure 1b) as only 

Mg2FeH6, Fe and LiBH4 are observed. Heating the mixture to 125 °C for 24 hours under inert 

conditions further confirms that the electrode is stable at the battery operating temperature (120 

°C), as no other phases is observed by PXD, i.e. absence of e.g. Mg suggests that 

decomposition of Mg2FeH6 or a reaction between Mg2FeH6 and LiBH4 does not occur, in good 

agreement to previous studies [16,17]. 

3.2 Mg2FeH6 electrodes in conventional and solid-state batteries 

In the first cycle, MgFe_L delivers a discharge capacity ~1100 mAh g-1 but with a low 

Coulombic efficiency of ~27 % (Figure 2). The capacity of Mg2FeH6 falls below 90 mAh g-1 

after 10 repeated cycles. These results are in accordance with previous reports [10,11]. When 

solid LiBH4 electrolyte is used, the initial Coulombic efficiency of Mg2FeH6 (MgFe_HG) 

increases to 67 %. The retained capacity of MgFe_HG in the 10th cycle is >3 times higher than 

MgFe_L. Compared to hand grinding, preparing the electrode composite by balling milling 

further improves the initial capacity (from 978 to 1254 mAh g-1) and the Coulombic efficiency 

(from 86 to 96 % in the 10th cycle). MgFe_BM also exhibits a smaller overpotential probably 

due to better mixing and thus better contact in the electrode, which is evident from TEM-EDX 

images showing more homogeneous mixing of the components in in the MgFe_BM cathode 

composite (TEM images are not shown).  

As expected, from the suggested one-step conversion of Mg2FeH6 (reaction 1), only one 

plateau is observed in the discharge voltage profile (Figure 2). However, two charge plateaus 

are clearly observed for both MgFe_HG and MgFe_BM, revealing that the charge process 

(conversion back to Mg2FeH6) occurs via a different two-step reaction pathway. The first 

charge plateau appears at almost the same potential (~ 0.61 V) for the two samples, while the 

potential of the second plateaus differ slightly between the two samples, i.e. 0.71 V (MgFe_BM) 

and 0.76 V (MgFe_HG). From differential capacity plot of MgFe_HG (not shown), a small 
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plateau at 0.54 V is also observed. The origin of the charge plateaus is discussed in the next 

section. 

3.3 Conversion reaction of Mg2FeH6 in solid-state batteries 

In order to obtain insight into the nature of the conversion reaction(s), GITT and CV 

measurements were performed on the solid-state batteries. Data from GITT of MgFe_BM 

(Figure 3a) shows that the average change in potential during relaxation is larger during 

discharge (0.14 – 0.17 V) than during charge (≤ 0.09 V before reaching 0.8 V vs. Li). The large 

discharge overpotential may be due to formation of highly disordered (amorphous) 

components Mg and Fe according to reaction 1. Even after relaxation, voltage hysteresis 

between the charge and discharge remains. Thus, the hysteresis originates not only from kinetic 

factors but is also influenced by thermodynamics. This means that the free energy of the system 

differs between discharge and charge, and the reaction mechanism for these processes must be 

different [18,19].     

At xLi > 0.5, the equilibrium discharge potentials of MgFe_BM in all relaxations steps range 

from 0.48 to 0.55 V. As the equilibrium potentials are not constant, GITT does not rule out that 

two reaction steps with similar potentials occur during discharge. The conversion of Mg2FeH6 

is proposed to occur at 0.622 V in the literature[10], however using data obtained from van’t 

Hoff plot [20], the reaction potential is calculated to be 0.51 V and fits rather well with the 

experimental values. CV (Figure 3b and c) generally confirms the observations from the GITT 

measurement. In the forward scan (corresponding to discharge), the sharp anodic signal below 

0.4 V is attributed to the main conversion of Mg2FeH6 to Mg, Fe and LiH (reaction 1). However, 

especially for MgFe_HG, an anodic peak is observed at ~ 0.45 V which may originate from 

formation of MgH2 as an intermediate according to reaction (2) (see schematic in Figure 3d).  

Mg2FeH6 + 2Li ⇌ 2MgH2 + Fe + 2LiH  Ecalc = 0.49 V  (2) 

Since the contact between Mg2FeH6 and LiBH4 in MgFe_HG is less intimate than in 
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MgFe_BM (due to the different mixing procedures), transport of Li-ions may be less efficient 

leading to reaction 2 that involves less Li ions than the direct conversion to Mg, Fe and LiH 

(reaction 1). PXD collected after discharge (Figure 1b) confirms formation of MgH2. Thus, 

reaction 2 is occurring either as an initial conversion step or simultaneously with formation of 

Mg according to reaction 1. PXD also confirms full consumption of Mg2FeH6. Neither weakly 

scattering LiH nor expectedly amorphous Mg is observed. 

In the charge cycle (Li-extraction), the equilibrium potential of the first plateau in the GITT 

data is ~ 0.56 V, while that of the second plateau range from 0.62 to 0.65 V. Besides direct 

reformation of Mg2FeH6 from Mg, Fe and LiH, formation of MgH2 from Mg and LiH 

(according to reaction 3) is also highly possible both from a thermodynamic and chemical point 

of view and is likely the origin of the first charge plateau (See schematic Figure 3d). This 

reaction may even be more facile than the full conversion back to Mg2FeH6 as it only involves 

reaction between two components and does not involve diffusion of Fe.  

Mg + 2LiH ⇌ MgH2 + 2Li Ecalc = 0.51 V  (3) 

As expected, the reverse CV scan also reveals several cathodic peaks, i.e. both MgFe_BM and 

MgFe_HG show peaks at ~ 0.66 and ~ 0.77 V, while for MgFe_HG an additional peak is 

observed at 0.58 V. In MgFe_HG, the larger inhomogeneity and large variation in particle sizes 

may lead to significant differences in the reaction pathway, e.g. reformation of MgH2 from Mg 

may occur to a larger extent and could contribute to the peak at 0.58 V. It is difficult to make 

reasonable assignments of these conversion reactions based on the calculated potentials. In the 

second CV-cycle, an additional anodic peak appears at 0.42 V, which may be related to the 

conversion of MgH2 formed in the previous cycle. In the 5th cycle, the magnitudes of the 

signals decrease illustrating the reduced reversibility of the system. Especially the 

irreversibility of the reaction taking place at 0.77 V appears to contribute to the capacity loss. 

Moreover, there is a shift in the peak potentials. After repeated cycles, growth of particles may 
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result in more compact contact between phases and therefore reduce the overpotential. 

PXD after recharge proves the successful reformation of Mg2FeH6 (Figure 1b). The data also 

suggests that some MgH2 is present in the charged sample - a further indication of reaction (3) 

occurring during charge. Unfortunately, strong preferred orientation prevents reliable 

extraction of quantitative information from the PXD data. The details of individual reaction 

steps related to the electrochemical behavior wait further investigation by e.g. operando PXD 

as well as characterization of the amorphous components.   

Conclusion 

Solid-state batteries of Mg2FeH6 conversion type anode and LiBH4 electrolyte exhibit more 

than three times higher capacity retention than the conventional counterpart employing 

standard liquid electrolyte. Also the initial columbic efficiency is found to increase by a factor 

of ~2.5. Electrochemical analysis clearly showed that the charge process, i.e. conversion of Mg, 

Fe and LiH to Mg2FeH6 occurs in two consecutive steps. Interestingly, both CV and GITT also 

indicate that discharge involves two reaction steps. Using PXD, presence of MgH2 was 

confirmed both in the discharged and charged sample, and we suggest a mechanism for the 

conversion reaction involving formation of MgH2 both during discharge and charge.  
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Figure Captions: 

 

Figure 1. (a) Rietveld refinement of PXD data of as-prepared Mg2FeH6 (λ = 0.9938 Å, MAX II 

beamline I711, Sweden), Rwp = 6.27 %, χ2 = 0.650. (b) PXD data of as-prepared Mg2FeH6 

electrode composites (ball milled, BM and hand ground, HG), MgFe_BM annealed at 125 °C 

for 24 hours, MgFe_BM after the first discharge and after the first recharge Symbols: # 

Mg2FeH6, + Fe, * LiBH4, ◆ MgH2 and ● Cell (Bragg-Brentano geometry, λ = 1.5406 Å). 

 

Figure 2. (a) Capacity-potential profiles for the first discharge-charge cycle and (b) capacities 

versus cycle number of Mg2FeH6 in conventional batteries (MgFe_L) at room temperature and 

solid-state batteries (MgFe_HG and MgFe_BM) at 120 °C. A current rate of C/50 was used for 

all cells.  

 

Figure 3. (a) GITT data of MgFe_BM collected with a relaxation time of 15 h (current rate: 

C/50), inset: relaxation profiles of selected steps, CV data of (b) MgFe_HG and (c) MgFe_BM 

at 120 °C with a scan rate of 0.01 mV s-1. 
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 Greatly improved reversibility of Mg2FeH6 in solid-state batteries 

 Second electrochemical conversion pathway of Mg2FeH6 at high temperature 

 Effect of ball milling on the electrochemical performance of electrode  
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