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Zusammenfassung 

Um angesichts der begrenzten Lithiumverfügbarkeit den steigenden Bedarf an Energiespeichern 

für Lithiumionen-Batterien zu decken, ist die Entwicklung ressourcenschonender, lithiumfreier 

Batterien der nächsten Generation unerlässlich. Magnesiumbatterien gelten derzeit aufgrund der 

potentiellen Vorteile der Magnesiummetallanode, wie etwa der hohen volumetrischen Kapazität, 

dem reichlichen Vorkommen und der niedrigeren Kosten von Magnesium, als eine vielver-

sprechende Option. Zur Gewährleistung einer höheren Sicherheit und um einer Passivierung der 

wertvollen Metallanode durch Flüssigelektrolyte vorzubeugen, führt dabei der Weg in Richtung 

Festkörperbatterien. Hierin liegt jedoch eine zentrale Herausforderung in der Ionenleiterentwick-

lung, da die hohe Ladungsdichte der Mg2+-Ionen deren Transport in Festkörpern oft stark hindert. 

Computergestützten Berechnungen zufolge wird insbesondere MgB2Se4-Spinellen (B = Sc, Y, 

Ln) ein hohes Potential als Raumtemperaturionenleiter zugesprochen, weshalb am Beispiel von 

MgSc2Se4 bereits erste elektrochemische Studien durchgeführt wurden. Diese erbrachten 

allerdings weder einen eindeutigen Nachweis für einen makroskopischen Mg2+-Transport, noch 

einen belastbaren Ansatz zur Bestimmung der ionischen Leitfähigkeit des zugleich elektronen-

leitenden Spinels. Darüber hinaus ist auch der Einfluss der Spinellzusammensetzung auf die 

Mg2+-Ionenleitfähigkeit und -Migrationsbarriere noch weitgehend unerforscht. 

Diese Doktorarbeit befasst sich folglich mit der umfangreichen Untersuchung von MgB2Se4-

Spinellen als potentielle Magnesiumionenleiter. Hierzu wurde zunächst MgSc2Se4 als Prototyp in 

verschiedenen Mg2+-Überführungszellen eingesetzt und dabei stellvertretend die Ionenleitfähig-

keit der Spinelle durch reversible und kathodische Magnesiumabscheidung belegt. Um die 

ionischen Transporteigenschaften der gemischtleitenden Spinelle präziser zu charakterisieren, 

wurde ein Zellkonzept entwickelt, das durch ausschließlich ionenleitende Zwischenschichten den 

Elektronentransport blockiert. So ließen sich unter Anwendung von Impedanzspektroskopie hohe 

ionische Raumtemperaturleitfähigkeiten und niedrige Mg2+-Migrationsbarrieren bei allen unter-

suchten MgB2Se4-Spinellen (B = Sc, Y, Er, Tm) identifizieren. Die gute Übereinstimmung 

zwischen den experimentellen und theoretischen Migrationsbarrieren diente dabei als Basis für 

weiterführende Dichtefunktionaltheorie-Berechnungen zur B3+-Ionenabhängigkeit der zugrunde-

liegenden Energiebeiträge. Diese erlaubten die Aufstellung erster Leitlinien zum Erreichen 

niedriger Migrationsbarrieren im MgB2Se4-System, welche später durch die Berücksichtigung der 

Magnesiuminsertionsenergie erweitert wurden. Dadurch war es möglich, MgYb2Se4 unter den 

Spinellen als bisher stärksten Kandidaten für den Einsatz als Magnesiumfestelektrolyt auszu-

machen, was zugleich experimentell durch eine besonders niedrigere Migrationsbarriere und eine 

noch höhere Ionenleitfähigkeit des Spinells von über 10–4 S cm–1 bestätigt werden konnte. 

Diese Dissertation ist derzeit die umfangreichste der Autorin bekannte Studie zu Mg2+-ionen-

leitenden Spinellen. Die präsentierten elektrochemischen Strategien ermöglichen es zukünftig die 

partiellen Ionenleitfähigkeiten der MgB2Se4-Spinelle, sowie anderer ionisch-elektronisch-leiten-

der Magnesiumverbindungen, eindeutig nachzuweisen und präzise zu bestimmen. Darüber hinaus 

vertiefen die computergestützten Ergebnisse das Verständnis über den Ionentransport der Spinelle 

und bieten einen fundierten Ausgangspunkt für weitere Untersuchungen am MgB2Se4-System. 
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Abstract 

To meet the growing demand for energy storage systems and the limited lithium availability for 

today’s lithium-ion batteries, it is essential to develop resource-saving, lithium-free next-

generation battery cells. One promising option is the magnesium battery which stands out due to 

the potential advantages of the magnesium metal anode, such as the high magnesium earth 

abundance, low costs, and the high theoretical volumetric energy density. In order to ensure a 

high level of safety and circumvent the drawbacks of passivation/corrosion of the magnesium 

metal anode in liquid cells, solid-state cells are often the concept of choice. However, the high 

charge density of the Mg2+-ion leads to strong Coulomb interactions in the solid host-framework, 

making the development of magnesium-ion-conducting solid electrolytes quite challenging. 

Among considered classes of magnesium ion conductors, MgB2Se4 spinels (B = Sc, Y, Ln) are 

predicted to enable high magnesium ion mobility even at room-temperature. To date, a handful 

of electrochemical studies have been conducted on a single spinel, MgSc2Se4, while unequivocal 

evidence for magnesium ion transport beyond short-range motion as well as an approach to 

accurately determine the ionic conductivity in the mixed-conducting spinels are still missing. 

Apart from that, the nature of the electronic conductivity and the influence of the spinel 

composition on the magnesium ion conductivity and migration barrier are yet not well understood. 

This doctoral thesis focuses on a systematic investigation of MgB2Se4 spinels as potential 

magnesium ion conductors. MgSc2Se4 was used as a pioneer material to study the magnesium ion 

transport by two independent electrochemical methods, namely reversible magnesium plating/ 

stripping cycling and electrochemical deposition of magnesium metal. After proving the Mg2+-

ion transport, a cell concept with electron blocking interlayer-electrodes was developed to tackle 

the challenge of determining the partial ionic conductivity of the mixed-conducting spinel from 

impedance spectroscopy. Thus, a high room-temperature magnesium ion conductivity of 

MgSc2Se4 and, later on, of three further synthesized spinels (MgY2Se4, MgEr2Se4, MgTm2Se4) 

was confirmed. Driven by the good accordance of the experimental and computational 

magnesium ion migration barriers, systematic theoretical periodic density calculations of the 

static and kinetic energy contribution were performed dependent on the B3+-ion. In this context, 

general guidelines for achieving small migration barriers in the MgB2Se4 spinel system could be 

identified, which were later extended by the consideration of the magnesium insertion energy, 

suggesting an outstanding high magnesium ion mobility in MgYb2Se4. This was finally confirmed 

by an experimentally high ionic conductivity exceeding 10–4 S cm–1 and a low migration barrier, 

making the MgYb2Se4 spinel to a strong candidate for a magnesium ion solid electrolyte. 

Overall, this doctoral thesis is the most comprehensive work on magnesium-ion-conducting 

selenide spinels so far. Approaches for accurate electrochemical characterization of spinels with 

mixed ionic-electronic character were developed, which will not only advance the research on 

MgB2Se4 phases but also pave the way for exploring other magnesium-based mixed conductors. 

Moreover, the computational studies in this work provide a deeper understanding of the 

magnesium ion transport in the chalcogenide spinels and could therefore serve as a starting point 

for further studies on the MgB2Se4 system. 
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1 Introduction 

Today, global warming, driven primarily by the accumulation of greenhouse gases in the earth’s 

atmosphere, has become one of the most important environmental issues on our planet. The Paris 

Climate Agreement of 2015 therefore calls for restricting the rise in global temperature to 1.5 °C 

by 2050 relative to the pre-industrial level.⁠

1 According to estimates, this corresponds to a 

remaining CO2 budget of 500 Gt, which cannot be met if the current annual record high of 37 Gt 

set in 2023 is maintained.⁠

2,3 

A key element in reducing CO2 emission is the transport sector, which contributes a fifth of the 

total.⁠

4 Here, the change from a traditional combustion engine to a battery electric vehicle (BEV) 

is the cleaner, more sustainable option. For this comprehensive electrification of vehicles as well 

as for the storage of renewable energy from sources such as wind and photovoltaics, energy 

storage systems are required. ⁠

5 

Since their commercialization in 1991, lithium-ion batteries (LIBs) dominate the market in energy 

storage technologies for portable electrical devices and BEVs.⁠

6,7 However, to extend the present 

driving range of BEVs and to make them more affordable, the research community is targeting a 

specific energy density of more than 400 Wh kg–1 and costs of 100 USD per kWh. ⁠

8,9 Due to the 

fact that the theoretical energy density of LIBs (~300 Wh kg–1) is insufficient for this goal, efforts 

on additional Li-based batteries like Li-S batteries are underway, while the dwindling amount of 

lithium resources from salt lakes and mines is a cause of concern.⁠

9,10 It is therefore essential to 

develop next-generation battery systems based on low-cost and earth-abundant materials. 

A promising option for post-lithium energy storage system are multivalent (MV) ion batteries that 

utilize charge carriers such as Mg2+, Ca2+, and Zn2+, resulting in potentially high volumetric 

energy densities.11 Among them, Mg-based batteries have attracted the most research interest in 

the years 1985 to 2015, accounting for about 80% of the publications on MV-ion batteries, mainly 

attributed to the excellent characteristics of the Mg metal anode (MMA).12 These include the 

magnesium’s much lower standard potential (–2.37 V vs. standard hydrogen electrode (SHE)) 

compared to the Zn metal (–0.76 V vs. SHE) and its high theoretical volumetric capacity of 

3833 mAh cm–3, almost double the amount of Ca and Li and three times as much as for Na metal.13 

Moreover, magnesium is with a content of 2.9% (103 times higher than that of lithium) highly 

abundant in the earth’s crust and also suspected to have a low tendency for dendrite formation 

during electrodeposition.13,14 

Despite these advantages related to the Mg metal anode, the development of competitive 

rechargeable magnesium batteries (RMBs) is still hindered by the availability of suitable Mg-ion 

electrolytes, as analogues from LIBs cannot be simply transferred. That is because conventional 

liquid electrolyte (LE) analogues from LIBs either form a Mg2+ impermeable passivation layer on 

the Mg metal anode or have a practical limit on their anodic stability, resulting in irreversible 

electrodeposition of Mg.15,16 To overcome these shortcomings, efforts have been made on the 

investigation of novel electrolytes based on Grignard reagents or fluorinated magnesium 

alkoxyborates, which in turn are highly flammable due to their ether-based solvents.17–19 For these 
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reasons, to ensure higher levels of safety and to circumvent the drawbacks of passivation/ 

corrosion as well as the limited low electrochemical stability, solid electrolyte (SE) concepts are 

pursued.20 Nevertheless, the development of Mg-ion SEs with sufficient room-temperature ionic 

conductivity (σion ≈ 10–4-10–3 S cm) is quite challenging, as the high charge density of the 

Mg2+-ion results in strong Coulomb interactions in the solid state, associated with a typically 

sluggish ion mobility.18,21 The most Mg-ion SE classes adapted from Li and Na monovalent ion 

SEs, such as NASICON-type oxides (Mg0.5Zr2(PO4)3 and modifications), thiophosphates (MgS-

P2S5-MgI2), and halides (MgAl2Cl8–yBry), cannot exceed a conductivity of σion = 3·10–5 S cm–1 at 

ambient conditions.22–28 An exception of them are the both magnesium borohydride derivates 

β-Mg(BH4)2·CH3NH2 and Mg(BH4)2·1.5NH3-60wt%TiO2, which exhibit room-temperature ionic 

conductivities slightly above 10–4 S cm–1.29,30 However, their generally low electrochemical 

stability (≤1.3 V vs. Mg2+/Mg) makes pairing with potential cathodes difficult.31 

A groundbreaking discovery regarding Mg-ion SEs was made in the computational study by 

Canepa et al., which predicted low theoretical migration barriers [Ea(th) = 0.36-0.53 eV] in 

MgB2X4 (B = Sc, Y, In; X = S, Se) chalcogenide spinels.32 Consistent with that theory, Canepa et 

al. demonstrated by 25Mg nuclear magnetic resonance (NMR) experiments a low Mg-ion 

migration barrier of Ea = 370 ± 90 meV, referred to short-range motion, for their synthesized 

MgSc2Se4.32 For the long-range motion, important for the performance of a solid electrolyte, 

electrochemical impedance spectroscopy (EIS) on a Ta|MgSc2Se4|Ta cell was performed. 

However, the electrochemical estimated room-temperature ionic conductivity (σion ≈ 10–4 S cm–1) 

is yet not sufficiently evidenced as the way of evaluation is not considered reliable. There is a 

limited resolution in the high-frequency region of the impedance spectra, that does not allow 

satisfactory fitting and accurate determination of the ionic conductivity according to the used 

Jamnik and Maier model for mixed ionic-electronic conductors (MIECs).32–34 Therefore, it is 

crucial to find new strategies to verify and determine the ionic conductivity reliably, even if the 

electron-conducting character of MgSc2Se4 makes this quiet challenging. 

Apart from that, the high electronic conductivity of MgSc2Se4 is also of concern as it is 4·10–4 

times of the estimated ionic conductivity and hence significantly higher than for current alkali 

SEs (10–8-10–6).18,32 This drastically reduces the efficiency of a battery by self-discharge.35 Thus, 

attempts have been made to minimize the electronic conductivity, which is attributed to 

manipulatable causes, including point defects neutralized by electrons or the presence of electron-

conducting secondary phases.36 Wang et al. focused on the reduction of point defects by 

compositional tuning, while Kundu et al. used an electric field-assisted synthesis route to increase 

the phase purity.37–39 However, only the latter method demonstrated a reduced, but still high, 

electronic fraction of 5·10–6 when assuming that their ionic conductivity determined similar to 

Canepa et al. is true.39 

Although electron conduction remains an unsolved issue, there has recently been a surge in 

computational studies aimed at improving the understanding of Mg2+ migration in spinels. For 

example, the Groß group studied the influence of different A-cations (including Mg2+) on the 

migration barrier of ASc2Se4 and ASc2S4 compounds as well as the electrochemical stability of 
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Mg sulfide spinels.40,41 Moreover, the Mg2+ migration and structural stabilities of several 

MgLn2X4 (Ln = lanthanide; X = S, Se) spinels were investigated by Koettgen et al.42 In this work, 

the authors revealed that a balance between a stable spinel phase (with respect to competing 

MgLn2X4-type phases) and a low theoretical migration barrier Ea(th) is primarily given for 

selenide spinels with an ionic radius rLn of the lanthanides ranging from Lu to Er 

[rLu-Er = 0.861-0.890 Å; Ea(th)Lu-Er = 0.369-0.358 eV]. Therefore, this selection of Ln-based 

spinels is considered as quite attractive for the investigation as Mg-ion SEs, especially due to the 

smaller migration barriers compared to their pioneer MgSc2Se4 [Ea(th) = 0.375 eV].32 

To the best of the author’s knowledge, this dissertation presents the most comprehensive study 

on MgB2Se4 (B = Sc, Y, Ln) spinels as potential candidates for Mg-ion SEs. Several magnesium 

selenide spinels are synthesized and structurally characterized by techniques such as X-ray 

diffraction (XRD) and NMR spectroscopy as well as novel cell concepts for a reliable and 

accurate electrochemical investigation are developed. Paired with detailed density functional 

theory (DFT) calculations on the MgB2Se4 system conducted by a collaboration partner, this work 

provides a better understanding for the Mg-ion migration in this class of magnesium compounds. 

The publication 1 of this dissertation, titled “To be or not to be – Is MgSc2Se4 a Mg-Ion Solid 

Electrolyte?”, addresses the question of whether Mg-ion transport really occurs in MgSc2Se4.43 

Therefore, electrochemical magnesium plating experiments were performed, to provide the first 

unequivocal evidence for Mg-ion conduction in MgSc2Se4 beyond short-range motion. Moreover, 

a transference cell, including purely Mg2+-conducting interlayer-electrodes, is presented. This 

special cell design effectively suppresses electron transport, allowing accurate determination of 

the partial ionic conductivity and thus the Mg2+ migration barrier of the mixed-conducting 

MgSc2Se4 spinel. 

In publication 2 of this dissertation, titled “MgB2Se4 Spinels (B = Sc, Y, Er, Tm) as Potential Mg-

Ion Solid Electrolytes – Partial Ionic Conductivity and the Ion Migration Barrier”, a combined 

experimental and computational study on magnesium selenide spinels is presented.44 Three new 

MgB2Se4 (B = Y, Er, Tm) spinels were synthesized and investigated electrochemically according 

to the previous work (publication 1). Compared to MgSc2Se4, these compounds (MgY2Se4 

excepted) showed a higher ionic conductivity as well as lower Mg2+ migration barriers, which 

were found to be in excellent agreement with the values derived from the DFT calculations in this 

study. Moreover, the detailed computational investigation on the MgB2Se4 system provides a 

deeper understanding of how the variation of B3+-cations influences the static and kinetic 

contributions to the overall migration barrier. 

The publication 3 of this dissertation, titled “High Room-Temperature Magnesium Ion 

Conductivity in Spinel-Type MgYb2Se4 Solid Electrolyte”, deals with the investigation of 

MgYb2Se4 and two further multicationic/multianionic spinel compounds.45 Among them, 

MgYb2Se4 exhibits a very high room-temperature ionic conductivity exceeding 10–4 S cm–1 and a 

low Mg2+ migration barrier (Ea = 364 meV), which is attributed to its lower magnesium insertion 

energy determined by DFT calculations. Furthermore, the lower electronic transference number 

(tel = 7·10–6) compared to the previous studied compounds, coupled with the spinel’s generally 
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high electrochemical stability window, makes MgYb2Se4 a highly attractive candidate as a Mg-

ion SE. 

Collectively, this dissertation represents a major milestone in the investigation of magnesium 

selenide spinels as Mg-ion conductors. For the first time, Mg2+-ion conduction beyond short-range 

was unequivocally evidenced as well as high ionic conductivities of the MgB2Se4 spinels could 

be precisely determined by a specially developed cell concept. These findings not only increase 

the attractiveness of the spinel compounds in terms of Mg-ion SEs but also open the door for 

exploring other magnesium-based mixed ionic-electronic conductors. Furthermore, the 

computational studies in this work expand the understanding of the magnesium ion transport in 

the MgB2Se4 system and guide to find spinels with low experimental Mg2+ migration barriers, as 

demonstrated in the case of MgYb2Se4. 
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2 Fundamentals 

This chapter provides a summary of the fundamental knowledge from the research on inorganic 

key materials for magnesium-based solid-state batteries, with a main focus on SEs. Besides a 

general overview on the challenges and recent progress on anode, cathode, and solid electrolyte 

materials, special attention is given to the ionic transport in SEs as well as the structural effect on 

multivalent ion conduction. Moreover, the determination of the partial conductivities of mixed 

ionic-electronic conductors (MIECs) is considered, which is not that trivial for magnesium-based 

materials due to a lack of suitable and compatible electrodes. 

2.1 Challenges and Recent Progress on Inorganic Key Materials for Magnesium-

Based Solid-State Batteries 

Although solid-state batteries (SSBs) with higher energy density and safety compared to liquid 

cells have gained prominence in research, the development process of Mg-based SSBs is still 

accompanied by many challenges.46 These challenges and the recent progress toward obtaining 

suitable electrode materials with acceptable kinetics as well as electrolytes compatible with both 

cathode and anode are summarized below. 

2.1.1 Anodes 

Rechargeable magnesium batteries (RMBs) are considered the post-lithium battery technology 

with most potential for commercial applications, not least due to the excellent characteristics of 

the magnesium metal anode (MMA).46 These include the high volumetric energy density 

(3833 mAh cm–3) and the low standard potential (–2.37 V vs. SHE) of the magnesium metal, as 

well as the high abundance of Mg resources in the earth’s crust, which directly reduces the 

production cost of a battery. Moreover, unlike alkali metals, Mg metal exhibits a low reactivity 

in the atmosphere and tends to form a smooth and uniform deposition layer during the charging 

process, allowing the use as a metallic Mg anode. The homogenous Mg deposition behavior 

avoids in principle the formation of dendrites, as reported for several tested electrolyte solutions, 

although individual cases prove that the electrodeposition of Mg metal is not totally free of 

dendrite formation.47–50 

Solid electrolytes are believed to prevent or delay the formation of metal dendrites by their high 

mechanical strength and high ionic transference number, crucial for the direct use of the MMA in 

SSBs.51,52 However, the development of a functional and efficient Mg SSB faces a major 

challenge based on the low ductility of the Mg metal.53 The high Young’s modulus of Mg 

(44 GPa) compared to lithium (4.9 GPa) and sodium (10 GPa) not only leads to a poor physical 

contact between the SE and the MMA in a practical SSB, but also to a reduced “true” energy 

density.53,54 This is because most Mg foils used as anodes in research are too thick (usually 

>100 µm) in relation to the given capacities of the cathodes, which results in a lower specific 

capacity and thus lower energy density of the battery.55 Apart from that, further drawbacks such 

as fast capacity fading, uneven heat generation and distribution, and battery packaging issues are 



2 Fundamentals 

 

 

6 

associated with the use of surplus Mg foils. It is therefore very important to manufacture MMAs 

with an adequate thickness (<100 µm), which is already possible through processes such as melt-

spinning, rapid solidification, and hot-rolling.56–58 However, those processes are not suitable for 

practical applications due to issues of easy oxidation, low efficiency, and the difficulty to control 

accuracy.55 

Another aspect to be considered in SSBs concerns the rarely studied interface reactions of Mg-

ion solid electrolytes with the MMA.53 The nature of the metal|electrolyte interface is crucial for 

the functionality of a SSB. When considering the contact between a MMA and a Mg-ion SE, four 

different types of interface/interphase formation analogues to Li SSBs are conceivable (Figure 

1),59 although not all of them have been proven in case of Mg SSBs so far.60–62 

 

Figure 1: Four conceivable types of interface formation between the MMA and a Mg-ion SE. a) 

A thermodynamically stable interface, b) a growing, mixed-conducting interphase (MCI), c) a 

solid electrolyte interphase (SEI) with self-limiting growth, and d) an electron-conducting inter-

phase with self-limiting growth. Mex+ refers to a metal cation of the SE involved in the interphase 

formation by reacting with Mg2+ and electrons from the MMA. The interphase growth is indicated 

by solid arrow lines. The transport of Mg2+ and electrons is represented by dashed arrows. Panels 

a-c) modified from publication Wenzel et al.59, Copyright 2015, with permission from Elsevier. 

If the SE is thermodynamically stable in contact with the MMA (Figure 1a), no interfacial 

degradation reactions occur and a sharp 2D interface is formed.59 This basically enables stable 

cell operation. In the case that the SE is thermodynamically unstable in contact with the MMA 

(Figure 1b-d), both materials form a 3D interphase by chemical reactions. Depending on the 

transport properties of the formed interphase, three reported types can be distinguished:59,63 A 

mixed-conducting interphase (MCI) with sufficient ionic and electronic conductivity that steadily 

grows “into” the SE, resulting sooner or later in a failure of the battery (Figure 1b). Secondly, an 

ionically conducting interphase in which the electronic conductivity is low enough to self-limit 

the growth of the interphase to a thin layer (Figure 1c). This layer is then named as stable solid 

electrolyte interphase (SEI) and can influence the performance of a battery depending on its ion-

conducting properties. And lastly, an interlayer in which the electronic conductivity surpasses the 

ionic conductivity (Figure 1d). In this case, the growth of the interphase is self-limiting, analogues 

to the SEI, but due to low ionic conductivity.63 Obviously, this latter case is the worst because the 

final interphase will not be Mg-ion conductive, similar to the passivation layer formed on the Mg 

metal electrode with the most common liquid electrolytes (LEs).13 Therefore, to prevent such 

undesired chemical reactions between MMA and electrolyte, research on modified and alternative 
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anodes is already underway, however, primarily studied in the field of liquid cells. These types 

of anodes are classified as i) modified Mg metal anodes, ii) low-potential insertion-type materials, 

and iii) alloy-based conversion-type materials. 

i) Modified Mg Metal Anodes 

Among the alternatives to the plain Mg metal foil electrode, modified Mg metal anodes are the 

ones that retain a Mg metal anode. A possible strategy here is to change the form or texture of the 

Mg metal. For instance, it is proposed to replace the Mg metal foil with ultra-small Mg 

nanoparticles pretreated with a Ti(TFSI)2Cl2 titanium complex.64–66 This novel type of anode not 

only has an adjustable thickness but also significantly decreases the binding affinity between Mg 

and O and thus ensures an effective removal of the Mg oxide layer. Other options include coatings 

and artificial membranes on the surface of the MMA. Li et al. reported a magnesium fluoride 

(MgF2) layer that enables the transport of Mg-ions and was formed by the controlled reaction of 

hydrofluoric acid with the Mg metal surface.67 Moreover, a Mg2+ conductive artificial polymer 

interphase based on Mg powder, carbon black, polyacrylonitrile, and Mg(CF3SO3)2 was presented 

by Son et al.68 This interlayer has been shown to effectively prevent the electrochemical reduction 

of the used electrolyte. Nevertheless, it is worth to mention that these approaches also bring 

drawbacks such as the handling of easily oxidizing Mg nanoparticles or a reduced capacity of the 

electrode due to additives. 

ii) Low-Potential Insertion-Type Materials 

Inspired by the already commercialized graphite anode for LIBs, alternative insertion-type anodes 

at low potentials have been largely studied to circumvent interfacial issues.55 To name a few, 

Li4Ti5O12 (LTO) in nanoparticle size (7-8 nm) was found to achieve a high reversible capacity of 

175 mAh g–1 (corresponding to 1.5 Mg atoms per formula unit) and a superior cycling 

performance over 500 cycles, benefiting from its zero-strain spinel framework structure.10,69 

Moreover, Na2Ti6O13 nanowires exhibit a good structural stability during Mg-ion insertion/ 

extraction process, although its capacity (discharge: 165.8 mAh g–1, charge: 147.7 mAh g–1) 

cannot compete with that of LTO.70 Li3VO4/carbon hollow spheres, instead, still delivered a much 

higher specific capacity of ~195 mAh g–1 after 15 cycles, attributed to enhanced Mg2+ insertion 

kinetics and a shortened Mg2+ diffusion path by the high surface area of the mesoporous 

structure.10,71 These anodes are in general known to be compatible with Mg-salt electrolytes in 

polar aprotic solvents, but are accompanied by challenges including low Mg insertion/extraction 

kinetics, high volume changes, and low specific capacities.55,66 

iii) Alloy-Based Conversion-Type Materials 

Compared with insertion-type materials, alloy-type electrodes work through a conversion process. 

During electrochemical alloying, the reaction of Mg2+ and another active element M creates 

compounds with new atomic organization, while in the dealloying process the pristine materials 

are formed again:10 
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Mg 

Mg 

Among the alloy-type electrodes made from p-block elements, Bi-based anodes are the most 

studied, since the intermediate phase MgBi formed by the two-step alloying reaction (Bi → MgBi 

→ Mg3Bi2) greatly reduces the volume expansion and promotes the Mg storing kinetics.10,46,66 In 

addition, as demonstrated by Shao et al., state of the art Bi anodes exhibit a high specific capacity 

of 350 mAh g–1 (theoretical: 385 mAh g–1), excellent cycling stability, and a high Coulombic 

efficiency over 200 cycles.72 Beside bismuth, Sn anodes with a higher remarkable theoretical 

capacity (900 mAh g–1) are regarded as possible option, although crack formation during 

demagnesiation represents a major challenge.10,73 It is therefore proposed to combine the high 

capacity of Sn and the stable reversibility of Bi in bimetallic Bi-Sn anodes.66 Hence, further 

research into alloy-based anodes as an alternative to the MMA is required, not least due to their 

promising high capacity. 

2.1.2 Cathodes 

In recent years, to realize RMBs, extensive research work has been conducted on the development 

of cathode materials, which should ideally fulfill the following characteristics: high operating 

potential and specific capacity, fast and reversible kinetics for Mg-ion migration, and good 

cycling stability.66 So far, however, investigations into the cathode material have been limited to 

the more advanced liquid cells. To get started with SSBs, it is therefore suggested to first study 

them with common and well-characterized cathodes from liquid cells before starting with novel 

materials specifically for SSBs.74 For this reason, the most developed Mg cathode materials for 

liquid cells are discussed below. 

i) Layered Oxides 

Among the well-characterized cathode materials, layered oxides such as V2O5, MoO3, and MnO2 

turned out to be rather difficult for their application in RMBs.10,31,75–81 Although layered oxides 

are successfully developed host structures in monovalent systems, they do not show comparable 

storage capability in RMBs.53 This is because the high charge density of Mg2+ induces a strong 

interaction with the O2–-based framework, resulting in a significantly higher kinetic barrier than 

required for Li+ migration. Moreover, the strong interaction leads to severe structural distortion, 

accompanied by undesirable conversion reactions that can thermodynamically dominate over the 

intercalation process.53,81 Due to these drawbacks, the development of cathodes for RMBs is 

largely restricted to soft and highly polarizable anion frameworks based on sulfur and selenium, 

which enable smoother Mg2+ migration and thus improve the intercalation kinetics.14,53  

ii) Chevrel Phase 

The sulfide-based Chevrel phase (CP) with the formula MgxMo6S8 is considered as the earliest 

Mg2+ intercalation cathode material when it was used in the first prototype magnesium battery by 

Aurbach et al. in 2000.82,83 In combination with a MMA and a Mg(AlCl2BuEt)2/tetrahydrofuran 

electrolyte, the CP achieved a capacity of ~70 mAh g–1 at an operating voltage of ~1.1 V (vs. 

xMg2+  +  2xe−  +  M  ⇌  Mg
x
M (2.1.1) 
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Mg2+/Mg) over more than 2000 cycles. This capacity was set as a benchmark, but still offered 

room for improvement, since after the initial magnesiation 20% to 25% of the Mg2+-ions were 

irreversibly trapped in the crystal structure by a ring-trapping mechanism, thereby reducing the 

theoretical capacity to 75% to 80%.84 In this context, theoretical studies revealed that increasing 

the lattice size distorts the geometry of the structure and thus disrupts the ring-trapping 

mechanism.85,86 Accordingly, attempts have been made to replace the S2–- by larger Se2–-ions in 

the CP structure, whereby MgxMo6S6Se2 has been developed so far as the best compound of this 

cathode class with an initial capacity of 110 mAh g–1.82,84 However, due to the limited theoretical 

capacity (<150 mAh g–1) and low operational voltage (<1.5 V vs. Mg2+/Mg), CP compounds can 

only be regarded as medium or low energy density cathode materials.66 

iii) Spinel, Layered, and Nanostructured Chalcogenides 

Compared to the Chevrel phase, spinel, layered, and nanostructured chalcogenide compounds 

were found to achieve equivalent or even higher capacities in a similar voltage window. Among 

a variety of MgxB2X4 spinels (0 < x < 1; B = transition metal; X = O, S) studied so far, MgxTi2S4 

is reported with the most promising electrochemical performance.82 The spinel achieved a 

capacity of 190 mAh g–1, corresponding to 80% of the theoretically capacity (239 mAh g–1), at an 

elevated temperature of 60 °C and an average voltage of 1.1 V (vs. Mg2+/Mg).87 Moreover, 

reversible Mg2+ intercalation has been demonstrated in both layered MgxTiS2 and layered 

MgxTiSe2 (0 < x < 0.5) with capacities of 115 mAh g–1 (at 60 °C and 1.2 V) and 110 mAh g–1 (at 

25 °C and 0.9 V), respectively.88,89 Even higher capacities within chalcogenide compounds could 

only be realized by nanostructured materials such as expanded VS4 nanodendrites (268 mAh g–1 

at 1.2 V), CuS nanospheres (477 mAh g–1 at 1.1 V), and WSe2 nanowires (203 mAh g–1 at 1.6 V), 

although the low working voltage is still a concern.31,90–92 

iv) Other Mg Battery Cathodes 

In addition to layered oxides, Chevrel phase, and chalcogenide compounds, several other Mg 

battery cathode materials have been studied since the demonstration of the first RMB prototype. 

To name a few, polyanionic compounds such as the NASICON-type Mg0.5Ti2(PO4)3 and 

Na3V2(PO4)3 as well as open framework structures like the Prussian Blue analogues NiFe(CN)6, 

Na0.69Fe2(CN)6, and KNi[Fe(CN)6] have been introduced as high voltage cathode materials for 

RMBs.93–97 These cathode material classes offer operating voltages up to 2.5 V and 3.0 V (vs. 

Mg2+/Mg), respectively, but present major challenges due to their sluggish electrode kinetics and 

insufficient, poor electronic conductivity.31 Moreover, several organic materials with redox-active 

groups attracted interest, such as 2,5-dimethoxy-1,4-benzoquinone,31,98 which, however, will not 

be discussed further in this dissertation, as it is restricted to inorganic materials.31,95 

2.1.3 Solid Electrolytes 

Electrolytes play the crucial role in transferring certain ions between the anode and cathode of a 

battery. In order to get rid of issues associated with liquid electrolytes (LEs) such as undesired 

anion migration and polarization effects, passivation, corrosion, and dendrite growth at the MMA 
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as well as the high flammability of organic solvents, solid electrolytes (SEs) are considered as an 

effective solution.20 However, the typically sluggish mobility of the Mg2+-ion in solid-state 

frameworks, induced by its high charge density, makes the development of a Mg-ion SE with 

sufficient ionic conductivity at room-temperature quite challenging. The ionic conductivity of the 

reported Mg-ion SEs is not yet comparable to that of LEs (>10–3 S cm–1), although significant 

progress has already been made in the recent years. ⁠

7,99 

 

Figure 2: Timeline of major breakthroughs in the search for Mg-ion SEs. The Mg-ion SEs 

classified in oxides, hydrides, chalcogenides, and halides exhibit Mg-ion conductivities σion up to 

10−4 S cm−1 at room-temperature. The σion values are based on the references [22,26–30,32,100] 

and the simulated Mg(BH4)(NH2) structure was used with permission of The Royal Society of 

Chemistry, from Higashi et al.100; permission conveyed through Copyright Clearance Center, Inc. 

The crystal structures of Mg0.5Zr2(PO4)3 and MgSc2Se4 were generated from crystallographic data 

of the Inorganic Crystal Structure Database (ICSD 250452 and ICSD 642814).101 

Figure 2 illustrates the timeline of important milestones in the search for Mg-ion SEs, which can 

be classified in oxides, hydrides, chalcogenides, and halides. These SE compounds are discussed 

below in terms of their ionic conductivity and other properties (if published) that need to be 

fulfilled by an ideal SE, such as negligible electronic conductivity, excellent oxidative stability, 

compatibility with the MMA and high voltage cathodes, and ease of processing. 

i) Oxides 

The earliest work on Mg-ion SEs appeared in the late 80’s, in which Ikeda et al. reported an 

observed Mg-ion conduction in an oxide material, Mg0.5Zr2(PO4)3, validated by Tubandt’s method 

(discussed in section 2.4.1).22 The material with β-Fe2(SO4)3-type structure – similar to the 

superionic-conducting NASICON-type – achieved ionic conductivities σion of 6·10–3 S cm–1 and 

3·10–5 S cm–1 at 800 °C and 400 °C, respectively, with an activation energy of Ea = 0.82 eV. To 
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improve the around ten orders of magnitude lower room-temperature ionic conductivity, several 

studies for substituting aliovalent ions at the Zr-site followed.26,102–104 Lower charged aliovalent 

cations such as Fe3+, Zn2+, and Al3+ were used to increase the concentration of Mg2+ interstitial 

ions for an enhanced Mg2+ migration amount, whereas larger radii cations like Nb5+ should 

widening the ion channels to reduce the activation energy. Nevertheless, all attempts exhibited 

too low room-temperature Mg-ion conductivity, with the highest of σion = 3·10–5 S cm–1 reported 

for Mg0.625Si1.75Al0.25(PO4)3, which at the same time possess a large anodic stability up to 2.51 V 

vs. Mg2+/Mg.26 

ii) Hydrides 

Magnesium borohydrides emerged as another potential group of Mg-ion SEs, when Matsuo et al. 

investigated the high-temperature diffusion in Mg(BH4)2 by ab initio calculations in 2013.105,106 

In their study, they proposed that the general low Mg-ion mobility in Mg(BH4)2, originated due 

to strong Coulomb interactions with the BH4
–-ions, can be accelerated by partial replacing the 

anions with larger ions or neutral molecules such as AlH4
–, NH3BH3, or NH2

–. Following the 

hypothesis, one year later Higashi et al. reported an increased ionic conductivity of σion =          

1·10–6 S cm–1 at 150 °C for Mg(BH4)(NH2), which is three orders of magnitude higher than that 

of Mg(BH4)2 and suggest to be partly a result of the shorter Mg-Mg distance along the Mg2+ 

zigzag chain in the cavity structure (see Figure 2).100 This initial progress was followed by several 

approaches with more complex magnesium borohydrides derivates to further increase the ionic 

conductivity, even at ambient temperature.29,30,107–110 Among them, the β-Mg(BH4)2·CH3NH2 

polymorph (σion = 1.5·10–4 S cm–1) and the Mg(BH4)2·1.5NH3-60wt%TiO2 composite (σion = 

3.0·10–4 S cm–1) turned out to exhibit record-breaking Mg-ion conductivities at room-

temperature, exceeding 10–4 S cm–1.29,30 However, the high ionic conductivity in these compounds 

was found to be accompanied by a lower electrochemical stability of ≤1.3 V (vs. Mg2+/Mg) 

compared to the 3 V of Mg(BH4)(NH2), making them incompatible with high-voltage cathodes.100 

iii) Chalcogenides 

Due to the superionic Li+ and Na+ conductivity of several chalcogenide-based (in particular 

sulfide-based) phases, such as argyrodites and glass-ceramics, also, Mg chalcogenide materials 

are considered as promising class of SEs.111–116 As its first representatives, Yamanaka et al. studied 

MgS-P2S5-MgI2 glass ceramics inspired by the highly conductive Li2S-P2S5-LiI system (σion =   

10–4-10–3 S cm–1 at 25 °C).27,117 By tuning the Mg-based system with different amounts of MgI2, 

the authors observed the highest ionic conductivity of σion = 2.1 10–7 S cm–1 at 200 °C with the 

composition 48MgS·32P2S5·20MgI2, far less than that of the Li+ analogues. Therefore, since this 

is not yet the case, follow-up work is waiting to improve the conductivity and also uncover the 

still unexplored migration barrier and transport mechanism.53 

Compared to the glass ceramic, MgB2X4 (B = Sc, Y, In; Ln, X = S, Se) chalcogenide spinels have 

already achieved a major breakthrough within the Mg-ion SEs, as result of their low Mg2+ 

migration barriers [Ea(th) < 0.53 eV] predicted by DFT calculations of Ceder and co-workers.32,42 

The spinel’s low migration barriers are attributed to the features of the spinel-type crystal structure 
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such as 3D conduction pathways, weak cation-cation repulsion, and a favorable coordination 

environment (discussed in section 2.3). However, despite this promising prediction, only one of 

the spinels, MgSc2Se4 (see Figure 2), has been successfully synthesized and electrochemically 

investigated to date. The authors estimated an outstanding room-temperature ionic conductivity 

of ~10–4 S cm–1, which, however, was not unequivocal evidenced (discussed in section 2.4.4) and 

accompanied by a relatively high electronic conductivity (4·10–4 times the ionic conductivity). 

This is higher than of the common SEs (10–8-10–6) and a concern as it is suggested to result in 

significant self-discharge of a battery and dendrite formation in the material itself.35,51 As possible 

origin of the electronic conduction, Ceder et al. identified point defects, in particular intrinsic 

Mg/Sc anti-site and Mg-vacancy defects, in selenium-poor phases and the presence of undesired 

electron-conducting secondary phases.32,36 Accordingly, Wang et al. applied two strategies for 

mitigating the intrinsic defects, including the synthesis of Se excess phases and aliovalent doping 

of Sc3+ by Ti4+ and Ce4+.37 Moreover, Kundu et al. used a room-temperature electric field-assisted 

synthesis to reduce the evaporation of volatile Mg and Se and thus prevent the formation of 

electronically conductive phases such as Sc and ScSe.39 Compared to Wang et al.’s strategies, this 

method significantly lowered the electronic conductivity to 5·10–6 times the ionic one, although 

still not sufficiently enough. Nevertheless, this work demonstrates that the electronic conductivity 

can generally be reduced and, moreover, that the spinel probably possesses a high electrochemical 

stability, as indicated by the stable direct current (DC) polarization at 3 V (vs. Mg2+/Mg) of the 

Au|MgSc2Se4|Au cell used for the electrochemical study. 

iv) Halides 

As the latest group of Mg-ion SEs, halide materials have been published in two recent works. The 

first deals with the investigation of a series of MgAl2Cl8–yBry
 compounds, where the highest ionic 

conductivity of σion = 1.3·10–6 S cm–1 at 127 °C was found for MgAl2Cl2Br6.28 In the second, a 

much higher conductivity of σion = 4.7·10–4 S cm–1 at room-temperature was reported for the 

magnesium gallium halide xMgCl2-GaF3 (x = 1).118 Herein, the authors attributed the fast ion 

conduction to the undercoordinated Mg2+-ions in a chlorine-rich chemical environment, although 

the determined conductivity cannot be unequivocally assigned to the Mg-ions as both the cations 

and anions are mobile. Moreover, a poor interfacial stability of the halide material with the MMA 

was found. Calculations indicate that the stability ranges from 1.9 V to 3.9 V (vs. Mg2+/Mg), 

making the novel compound more suitable as a catholyte than an electrolyte. 

In light of the material classes presented, borohydrides and chalcogenide spinels have so far 

proven to be the most promising candidates for room-temperature Mg-ion SEs with ionic 

conductivities of σion ≥ 10–4 S cm–1 (cf. Figure 2). In particular, the latter are expected to own low 

migration barriers and a sufficient large electrochemical stability window to be compatible with 

high-voltage cathodes. Thus, inspired by these predicted properties, the study of MgB2Se4 spinels 

became the focus of this dissertation, although a way to effectively lower or suppress the 

electronic conductivity has not yet been found.  
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2.2 Ionic Transport in Inorganic Solid Electrolytes 

The transport of ions within inorganic solid electrolytes is typically considered as a multiscale 

process from the atomic scale up to the macroscopic device scale.119 While on the larger scale of 

macroscopic samples (often SE pellets) contributions of components such as grain boundaries, 

amorphous phases, and impurities to the ionic transport are distinguished, the atomic scale is 

limited to mechanisms in the crystal lattice. These mechanisms are very important to understand 

the principle of ionic transport in crystalline SEs like MgSc2Se4 and are based on an ionic hopping 

process introduced by defects: an ion hops from its occupied site to an adjected site – mostly a 

vacancy or interstitial defect site – in the lattice by overcoming a migration activation energy.120 

In this regard, the migration event can occur via one of the mechanisms shown in Figure 3a: i) 

vacancy diffusion where an ion migrates from its lattice site into a neighboring vacant lattice site, 

ii) direct interstitial diffusion in which the ion hops from an interstitial site to the next interstitial 

site, and iii) correlated or concerted interstitial (or knock-on) migration where the migrating 

interstitial ion displaces a neighboring lattice ion into an adjacent interstitial site.119 

 

Figure 3: a) Three types of ion migration mechanisms: vacancy diffusion (left), direct interstitial 

diffusion (center), and correlated diffusion (right). The direction of (in)direct and correlated 

diffusion in the host lattice is indicated by arrows. b-c) Energy profiles associated with the ion 

migration. The energy profile of direct vacancy or interstitial hopping is depicted with a blue line 

in b), while the landscape of correlated hopping is shown with a red line in c). Dashed lines 

indicate exemplarily the broadness of the potential well related to the hopping frequency ν0. The 
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hopping distance of the (half) migration pathway is denoted by (a0’) a0 and the hopping energy 

Em is represented by upward arrows. Reproduced with permission from Springer Nature.119 

Depending on the number of involved ions (single-ion migration or multi-ion correlated 

migration) and the jump count / passed sites during the mechanism, different landscape 

geometries arise for the hopping event.119 As two examples, Figure 3b-c illustrates the landscape 

of a single-ion migration with one jump and a correlated migration of two ions having one jump 

each, respectively. Here, the flatness and width of the energy profile is largely determined by 

individual parameters, such as the hopping energy Em, hopping distance a0, and hopping 

frequency ν0, based on the host structure and the kind of migrating defect. Assuming a 

homogenous material without chemical potential gradient, these parameters generally correlate 

with the random-walk diffusion coefficient DR of the hopping ion:120,121 

where d is the number of dimensions considered for ion diffusion, ΔSa is the activation entropy, 

and ΔHa is the activation enthalpy. Note that the defect formation enthalpy ΔfH often is neglected 

as a component of ΔHa in heavily defective superionic conductors, meaning that only the 

migration enthalpy ΔmH (conventionally Em) applies, which is then referred to as activation 

barrier/energy Ea.120  

However, DR only applies if diffusion is completely random and uncorrelated.121 If changing ion-

ion interactions (correlations) and self-correlations come into play, constraints to the diffusion 

occur.122 Therefore, a measured tracer- or self-diffusion coefficient DT is often smaller than DR, 

which is described by the following relationship: 

where f (0 ≤ f ≤ 1) is a correlation factor as the measure of randomness of successive jumps.121 

By changing to the transport of ions in a concentration gradient or an electric field, the 

macroscopic long-range diffusivity Dσ is considered. This is linked to DT by the Haven ratio HR 

(HR = DT/Dσ), which indicates the discrepancy between microscopic ionic diffusion and 

macroscopic ionic conductivity.121,122 According to the Nernst-Einstein relation, Dσ relates to the 

electrical mobility u of the ionic charge carrier and thus also to its ionic conductivity σion: 

where n is the charge carrier density and q is the quantity of electric charge per charge carrier. 

Combining the equations (2.2.1), (2.2.2), and (2.2.3) by considering HR, the ion conduction can 

be finally expressed as thermally activated process by the modified Arrhenius-type relationship: 

DR = 
1

2d
 a0

2ν0 exp (
∆Sa

kB

) exp (–
∆Ha

kBT
) (2.2.1) 

DT = f DR (2.2.2) 

Dσ = 
ukBT

q
 = 

σionkBT

nq2
 (2.2.3) 
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with σ0 representing the pre-exponential factor.121 

Considering this Arrhenius-type relationship, it can be deduced that there are general 

requirements to achieve high ionic conductivity in SEs, namely: i) The pre-exponential factor σ0 

should be high. This results, on the one hand, from a high charge carrier density n, whose 

migration requires a heavily defective material and thus a low defect formation enthalpy ΔfH.121 

On the other hand, σ0 can be easily affected by ΔSa and ν0. However, while there is still no 

thorough study of ΔSa in terms of ionic conductivity, it has been shown that a similar landscape 

of the initial and final site along the migration path increases the probability of a jump and thus 

the hopping frequency ν0.122,123 ii) There should be a low activation barrier Ea. This is particularly 

important for multivalent (MV) ion conduction, where the high charge density of the mobile ions 

results in stronger Coulomb interactions with the anion sublattice and, hence, in a high Ea value.121 

For this reason, and due to the fact that the migration barrier of several fast Li-ion conductors 

such as garnets and LISICON ranges from Ea = 200 meV to 500 meV, a similarly low value is 

likely promising for MV-ion SEs candidates.124,125 In order to achieve this, structural impacts on 

Ea must be considered, including the lattice polarizability and the geometry of the migration 

pathway.122 These and other structural effects on the MV-ion conduction are discussed in the 

following section.  

σion = 
σ0

T
 exp (–

Ea

kBT
) (2.2.4) 

σ0 = 
f

HR

nq2

kB

1

2d
a0

2ν0 exp (
∆Sa

kB

) (2.2.5) 
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2.3 Structural Effects on Multivalent Ion Conduction in Inorganic Solid Electrolytes 

To mitigate the strong Coulomb interactions experienced by the high charge density of MV ions 

such as Mg2+ in the solid-state framework, and thus to find a SE with sufficient multivalent ion 

conductivity at room-temperature, several structural criteria must be considered. Therefore, the 

following sections discuss structural effects on the MV-ion conduction based on the structure 

type, coordination environment, and structural flexibility, with particular attention to MgB2X4 

(B = Sc, Y, In; Ln, X = S, Se) spinel SEs, which are the focus of this dissertation. 

2.3.1 Favourable Structure Types 

In general, crystal structures owning exclusively interconnected 3D conduction pathways are 

considered to be favorable for SEs.121 They provide a better platform for fast ion diffusion over 

long-range, since 1D and 2D conduction pathways are more easily blocked completely by 

intrinsic anti-site and extrinsic defects.126 However, to finally realize smooth ion diffusion further 

certain requirements need to be fulfilled. A wide bottleneck size is mandatory along the migration 

path, which weakens the Coulomb interaction between the mobile ion and the surrounding anions 

at the transition state (TS).121,127 This is achieved, for instance, with “open” structures like 

NASICON-type compounds, where the corner sharing of [ZrO6] and [PO4] polyhedra enables a 

wide bottleneck for the 3D channels. Moreover, it is crucial to mitigate the cation-cation repulsion 

at the transition state.128 In this context, a promising example is the AB2X4 spinel structure, that 

offers beside wide 3D conduction channels a relatively large distance between the mobile 

A-cation in its activated state and the neighboring B-cations compared to other crystal structures. 

As illustrated in Figure 4 for a layered (LiCoO2) compound vs. a spinel (LiCo2O4) of the same 

elements, there is an immense difference in that distance (2.0 Å vs. 2.9 Å) depending on the 

structure type.121 The larger distance in the spinel structure inherently reduces the cation-cation 

repulsion, especially important to enable MV-ion conduction at ambient temperature. 

 

Figure 4: The distance between the mobile ion (Li+) in the activated state and the nearest 

immobile cation (Co3+ or Co3+/4+) is smaller in a) a layered structure (LiCoO2) than in b) a spinel 

structure (LiCo2O4). Data for LiCoO2 (mp-22526) and LiCo2O4 (mp-25383) retrieved from the 

Materials Project database version v2022.10.28.129 Adapted with permission from Iton et al.121 

Copyright 2022 American Chemical Society. 

Apart from that, to circumvent the strong Coulombic interactions of MV ions in a rigid inorganic 

anion sublattice, crystalline complex compounds with weak covalent bonds are considered as 
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favorable structure types.121 As presented in section 2.1.3, Mg borohydrides are an excellent 

example in which the addition of neutral molecules results in a weakening of the covalent bonding 

character, which significantly improves the ionic conductivity. 

2.3.2 Coordination Environment 

It has also been suggested that the coordination environments that the mobile ion experiences 

along its migration path play a meaningful role for the Ea value.121 According to the computational 

study by Rong et al., significantly lower Ea values are predicted when the MV ion occupies a 

stable lattice site with an “unfavorable” and an activated site with a “favorable” coordination 

environment.130 “Favorable” means in this context the statistically most often found coordination 

environment, which is for the MV ions Zn2+, Mg2+, and Ca2+ the tetrahedral (tet), octahedral (oct), 

and 8-coordinate site, respectively. Later on, Canepa et al. supported the hypothesis of Rong et 

al. by calculating Mg/Zn sulfide and selenide spinels in which both MV ions occupy a stable 

tetrahedral site, with the Mg compounds consistently exhibiting lower Ea values.32 In these 

MgB2X4 (B = Sc, Y, In; Ln, X = S, Se) spinels, the Mg-ions hop from their unfavorable 

tetrahedrally coordinated stable site across a favorable octahedral activated site to reach the next 

tetrahedral site along the tet-oct-tet migration path (Figure 5a). Since the activated oct site is 

favourable, its energy level decreases, while the energy level of the unfavourable initial and final 

tet sites increases. This leads to a flattening of the migration path’s energy profile (Figure 5b) and 

thus to a low migration barrier.32,35,131 The magnitude of this migration barrier Ea is defined by the 

relative energy difference between the stable site and the transition state TS (here: trigonal face 

(tri) between tet and oct), representing the bottleneck of the migration path, and is composed of a 

kinetic and a static component.32,35 In this regard, the kinetic contribution is referred to as 

kinetically resolved activation barrier EKRA, while the static contribution is descripted by the site 

preference energy ΔE, i.e., the stability difference between the activated (here: oct) and the stable 

site (here: tet).35,132 

 

Figure 5: a) The tet-oct-tet migration path in MgB2X4 spinels. Mg2+ is tetrahedrally coordinated 

at the initial and final sites (orange) and migrates though an empty octahedral (light orange) site. 

b) Schematic of the energy profile along the migration path a0. The migration barrier Ea and the 

contributions of the kinetically resolved activation barrier EKRA and the site preference energy ΔE 

are indicated by arrows. Figures adapted with permission from Glaser et al.44 Copyright 2024 

Advanced Energy Materials, Wiley-VCH. 
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However, given the migration profile in Figure 5b, in addition to a low ΔE between the oct and 

tet site, stabilization of the transition state is obviously crucial for low Ea values. This can be 

typically realized by choosing larger anions (O2– < S2– < Se2– < Te2–), which increase the area of 

the transition state, the trigonal face in the spinel structure, and thus facilitate the MV-ion 

migration.32,133 Moreover, the volume increase of the divalent anions also leads to a softer, more 

polarizable anion framework.134 This weakens the binding interaction of the mobile ion and the 

framework, meaning the local jump mode achieved a broad oscillation, whereby Ea is reduced 

(Figure 6a). Therefore, selenide-based compounds can have even higher MV-ion mobility than 

sulfides, but usually at the expense of electrochemical stability.121 

 

Figure 6: a) Effect of anion lattice softening on the migration energy landscape and the Mg2+ 

migration barrier. The Mg2+ migration barriers are indicated by solid arrows. b) Effect of the 

radius rB of the B3+-ion on the Mg2+ migration barrier in sulfide and selenide spinels. Ionic radii 

are taken from Shannon.135 Data for Ea(th) retrieved from Canepa et al.32 and Koettgen et al.42 

Figure in panel a) is adapted with permission from Kraft et al.136 Copyright 2017 American 

Chemical Society. 

Another way to stabilize the transition state through a larger bottleneck is to substitute the 

immobile cation in the lattice for a larger cation. According to the computational study by 

Koettgen et al., in the MgB2X4 spinel structure the unit cell volume and thus the bottleneck 

increases with the ion radius rB of the B3+-ion (Figure 6b).42 A 40% increase of rB from 0.745 Å 

(Sc3+) to 1.032 A (La3+) leads to an ~30% increase of the unit cell volume. Thus, a decrease in 

Ea(th) from 375 meV (MgSc2Se4) to 290 meV (MgLa2Se4) is predicted, which is certainly also 

due to a reduced cation-cation repulsion (see section 2.3.1) in the expanded structure. Practically, 

such a concept has more or less already been applied to the NASICON-type Mg0.5Zr2(PO4)3 SE. 

By replacing Zr2(PO4)3 with the larger HfNb(PO4)3 unit, a decrease of Ea from 0.82 eV to 0.66 eV 

was reported, which is at least partly due to the expansion of the conduction pathway.22,121,137 

Nevertheless, it should be noted that compositional tuning of a material not only affects the unit 

cell volume, but can also have other effects, such as structural distortion or even a change in the 

structure type. This may lead to a different migration pathway or at least have further influence 

on the kinetic and static contributions to the migration barrier. In the MgB2X4 spinel structure, for 

example, the trigonal distortion of the octahedra changes by varying the B3+-ion. The influence 

of trigonal distortion on the migration path geometry and the energetic contributions to Ea has not 
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yet been investigated and is therefore discussed in detail as part of the second publication (section 

3.2) of this doctoral thesis. 

2.3.3 Structural Flexibility 

Another non-negligible positive effect on the ion conduction results from the structural flexibility. 

This means that flexible components in the structure distort or rotate in response to ion transport 

and thus facilitating the migration.121 Such phenomenon has been reported for many structures 

with covalent bonds in polyanions (e.g., NO2−, PO4
3−, SO4

2−).134,138–140 A rare example of a MV-

ion conductor with flexible components is the electronically insulating ZnPS3.121,141 In this 

compound, the Zn2+-ion conduction is facilitated by the distortion of [P2S6]2− polyanions, which 

widens the bottleneck along the migration path and thus reduces the Coulomb interaction. This 

results in a low Ea value of 350 meV, comparable to many superionic Li+ conductors. Beyond 

distortion, dynamic rotational disorder of polyanions through the so-called paddlewheel 

mechanism has been observed in high volume crystalline phases, typically stabilized in glassy, 

disordered materials or at high temperatures.142 A prominent example with a high temperature 

“rotor phase” is Li3PS4.134 While in the stable low-temperature γ-Li3PS4 phase the [PS4]3− 

tetrahedra are arranged along the c axis, a particular disorder arrangement occurs in the high-

temperature β-Li3PS4 phase, allowing polyanion rotation. Interestingly, this β-phase could 

recently be stabilized at room-temperature by partial substitution of Si4+ at the P5+ site, thereby 

reducing the migration barrier of the compound.143,144 It can therefore be summarized that in 

addition to an advantageous coordination environment with large bottlenecks, 3D conduction 

paths, and a high polarizability of the anion sublattice, structural flexibility should also be 

considered when searching for novel MV-ion conductors with high room-temperature ionic 

conductivity.  



2 Fundamentals 

 

 

20 

2.4 How to Determine Partial Conductivities of Mixed Ionic-Electronic Conductors 

Although simultaneous ionic and electronic conductivity play an important role for cathode 

materials, in SEs electronic transport is undesired as it leads to battery self-discharge and dendrite 

formation.35,51 However, if the material is a so-called mixed ionic-electronic conductor (MIEC), 

it is in any case crucial to know the partial conductivities. To this end, the following chapter 

presents four methods which are widely suitable for the determination of partial conductivities or 

transference numbers. The working principles along with the shortcomings/requirements of these 

methods are discussed, especially with focus on the investigation of novel magnesium compounds 

such as the mixed conductor MgSc2Se4, whose partial conductivities have not yet been clearly 

determined. 

2.4.1 Electrolysis Method 

The electrolysis method, often known as Tubandt’s method, describes basically a transference 

measurement in which the amount of substance transported through a solid (e.g., SE, MIEC) is 

compared with the charge that was flown through.145 An early example of this method dates back 

to 1920, when Tubandt evaluated the ionic fraction of the total electrical conductivity in AgI using 

the galvanic cell depicted in Figure 7.146,147 

 

Figure 7: Schematic illustration of the Tubandt’s method for determining ionic and electronic 

transference numbers of solids, exemplified for AgI. Modified with permission of IOP Publishing, 

Ltd., from Takahashi et al.148; permission conveyed through Copyright Clearance Center, Inc. 

In principle, the cell design of this method requires the use of non-blocking electrodes (here: Ag) 

for either the mobile ions or electrons, three pellets of the MIEC (or SE, here: AgI) lined up 

between the electrodes, and the imposition of a direct current jDC of known time and magnitude.149 

Due to the applied direct current, substance (Ag) can be transferred from one electrode|MIEC 

interface (positive side) through the MIEC to the other (negative side) by ionic (Ag+) transport.145 

Consequently, one electrode|MIEC pair is getting lighter, while the other is getting heavier. 

Applying the Faraday’s law on the weight change of one electrode|MIEC pair, the partial ionic 

current jion results. If the value of jion is not identical to that of jDC, this indicates that an electronic 

current jel must also have flowed through the pellets. The ratio between jion and jDC. gives the value 

of the ionic transference number tion and thus also of the electronic transference number tel 

according the following equations:149 

tion = 
j
ion

j
DC

 = 
j
ion

j
ion

 + j
el

 (2.4.1) 
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tion + t𝑒𝑙  = 1 (2.4.2) 

In the last decades, modifications of the Tubandt’s method have been widely applied for the 

investigation of oxide-based materials such as tungstates, glasses, and phosphates, including even 

NASICON-type Mg-ion conductors.22,137,150–154 What most of these modifications have in 

common is the use of ion-blocking Pt electrodes, between which ion transport is only ensured due 

to oxygen redox chemistry at the electrodes.22 This proves to be very beneficial for the study of 

oxide Mg-ion conductors, since this modification eliminates the need for stiff and oxidizing Mg 

electrodes, which may lead to poor contact with the MIEC pellet. In fact, these properties of the 

magnesium electrode are probably one of the reasons why no other classes of Mg-ion conductors 

have been studied by the Tubandt’s method so far. Other reasons may be related to the 

requirements of the method that address the Mg-ion conductor. These include a maximum of two 

mobile species in ionic or ionic-electronic transport, the compressibility into stable pellets, a 

sufficient pellet-pellet contact, and electrochemical stability against the electrodes.145,153,154 

2.4.2 Stationary Polarization Method 

The second method is the stationary polarization method in which either the electronic or ionic 

current is suppressed by appropriate choice of electrodes and polarity.145 This allows the direct 

measurement of the non-blocked current and hence the determination of the corresponding partial 

conductivity. In order to perform the stationary polarization method three meaningful electrode 

combination are possible, in which the MIEC is i) between electron-blocking electrodes, ii) 

between ion-blocking electrodes, or iii) between a reversible and an ion-blocking electrode. These 

combinations are illustrated as examples for the MIEC Ag2S in Figure 8 and are discussed below. 

 

Figure 8: Experimental set-ups of electrode combinations and polarities used in the stationary 

polarization method to suppress either a) the electronic or b-c) the ionic current of a MIEC. 

Depending on the suppressed current, the partial conductivity of the respective unblocked charge 

carrier can be determined. Panel a-b) modified with permission from Springer Nature.145 Panel 

c) modified from publication Riess155, Copyright 1996, with permission from Elsevier. 

i) Mixed Conductor between Electron-Blocking Electrodes 

The combination of electron-blocking electrodes is used when the partial ionic conductivity of a 

MIEC (here: Ag2S) is to be determined.145 In this case, the electron-blocking electrodes consist 

of a pure ion conductor (AgI), whose mobile species (Ag+) corresponds to that of the MIEC. This 
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means that under an applied potential difference only an ionic current flows through the cell at 

steady-state, while the transport of electrons is suppressed. At this point it is worth noting that the 

measurement of the ionic current may be accompanied by polarization phenomena at the current-

carrying electrodes (Ag).145 These polarization effects are eliminated by including separate 

electron-blocking probes of a pure ion conductor that measure the electrochemical potential 

difference of the mobile ions over a certain distance in the MIEC. With regard to the application 

of this sub-method to Mg-based MIECs, this means that for such electron-blocking electrodes a 

pure Mg-ion-conducting solid must be found which is compatible with the MIEC and the external 

electrodes. However, this is currently quite difficult due to the still very limited selection of Mg-

ion SEs. Moreover, the external electrodes, which must in turn be ion- and electron-conducting, 

present another challenge for the application. Although Mg electrodes appear here to be obviously 

a reasonable choice, their reported overpotential, which is caused by passivation and poor physical 

contact due to low deformability, raises concerns about their suitability.62 

ii) Mixed Conductor between Ion-Blocking Electrodes 

This second stationary polarization sub-method is used to determine the partial electronic 

conductivity of a MIEC.145 By applying a constant DC polarization to a MIEC between ion-

blocking (Pt) electrodes, the (Ag+) ion current is completely blocked after reaching stationary 

state conditions and thus the residual current is solely from electronic contribution.156 However, 

it should be mentioned that this approach can lead to an overestimation of the electronic 

conductivity. Based on the fact that the activity of the mobile species is not defined for each 

electrode, it is unclear in which activity range the electronic conductivity is being measured.157 

Therefore, it is assumed that the measured steady-state current (SSC) is the maximum current 

allowed to flow under the given potential voltage, which can be considered as the upper limit of 

the electronic conductivity. In addition, electrolytic decomposition of the MIEC due to a limited 

electrochemical stability window can occur, whereby a resulting decomposition current can 

contribute to the measured SSC.157 Nevertheless, aside from the overestimation of the SSC, this 

sub-method appears to be applicable to Mg-based MIECs/SEs with a sufficient stability window, 

not least due to wide availability of ion-blocking electrodes, such as Au, Ag, C, Pt, and Ta.32 

iii) Mixed Conductor between Ion-Blocking Electrode and Reversible Electrode 

The last sub-method, also called Hebb-Wagner approach, is based on an asymmetric electrode 

arrangement consisting of an ion-blocking and a reversible electrode.158 In this approach, the 

chosen polarity (see Figure 8c) allows only electrons to flow through the MIEC in the steady-

state, thus ensuring the determination of the partial electronic conductivity.145 Since, in contrast 

to the second sub-method, a reversible electrode is used, the chemical potential μi of one 

component i (e.g., Ag) at a particular activity of i is exactly defined on one side of the MIEC.157 

Instead, at the ion-blocking electrode on the other side of the cell, the chemical potential varies 

depending on the voltage applied to the cell.145 This enables the measurement of the electronic 

current as a function of the chemical potential and thus an even more precise evaluation of the 

partial electronic conductivity. However, despite this advantage, some inaccuracies are also 
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reported for the Hebb-Wagner approach concerning the interphase formation at the electrodes 

induced by electrochemical instability of the SE/ MIEC.155,157 The interphase formation can cause 

a potential variation at the reversible electrode or an ionic current at the ion-blocking electrode.157 

For that reason, it ultimately influences the given chemical potential and the measured SSC, but 

also induces overpotentials at the electrodes. If the overpotential is not small enough to be 

neglected, it is suggested to use two additional inner probes with the Hebb-Wagner approach to 

determine the real potential difference within the SE/MIEC.155,159 These inner probes should be 

electron-conducting but ion-blocking to the MIEC, meaning that there is likely a wide availability 

of probe materials for studying Mg2+ mixed conductors, whereas finding a reversible ion- and 

electron-conducting electrode, as discussed above, is rather challenging. 

2.4.3 Open Circuit Potential Method / emf Method 

The open circuit potential method, also called as emf (electromotive force) method, is applied like 

the Tubandt’s method to determine the ionic and electronic transference number. In this approach, 

the MIEC (or SE) is studied between two electrodes with different chemical potential μi of the 

mobile species i using a galvanic cell, as shown in Figure 9.145 

 

Figure 9: Simple model of an electrochemical cell used for the emf method to determine the ionic 

and electronic transference numbers. Reproduced with permission from Springer Nature.160 

Due to the chemical potential difference of the cathode μi(cathode) and anode μi(anode), a 

corresponding output voltage Eout is expected under open circuit conditions when neither ions nor 

electron can be transported externally from one electrode to the other.149 Under those conditions, 

the measured Eout value is assumed to be equal to the electromotive force emf, meaning the 

electrical equivalent of the chemical driving force, which is given by145,149,161 

where ΔrG is the change in molar Gibbs free energy of the theoretical cell reaction, z is number 

of transferred electrons per mobile ion and F is the Faraday constant. If the solid electrolyte has 

an electronic leakage or in other words is a MIEC, the resulting voltage is then given by149 

where tion is the ionic transference number, which can also be expressed by a ratio of internal 

resistances associated with the mobile ion transport (Rion) and the electronic leakage (Rel). This 

equation basically demonstrates the simple concept of the emf method to determine transference 

Eout = −
µ

𝑖
(cathode) − µ

𝑖
(anode)

zF
 = −

∆rG

zF
 = emf  (2.4.3) 

Eout = tion ∙ emf = 
Rel

Rion + Rel

∙ emf (2.4.4) 
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numbers by measuring the Eout value of a galvanic cell with defined emf. However, as the method 

requires well-defined and known thermodynamic conditions at each of the electrodes, it can be 

quite difficult to find suitable electrode materials, especially in the case of less advanced 

technologies such as MV systems, where the choice is still relatively limited. 

2.4.4 Variable Frequency Small Signal AC Method 

The variable frequency small signal alternating current (AC) method is based on impedance 

measurements and has proven to be an alternative option to the DC methods for determining 

partial conductivities and transference numbers of solids.162 Its most common arrangement 

(Figure 10a) uses ion-blocking but electron-conducting electrodes on either side of the solid being 

investigated. 

 

Figure 10: a) Common experimental set-up used for the variable frequency small signal AC 

method to determine partial conductivities of solids, exemplified for Ag2S. WE, CE, and RE 

represent the working, counter, and reference electrode of the potentiometer, respectively, which 

are connected to the ion-blocking electrodes of the electrochemical cell. b) Sketch of the resulting 

Nyquist plot of the impedance spectrum of a solid with significant ionic and electronic 

conductivity (MIEC), whose corresponding equivalent circuit is depicted in c). Figures modified 

from Huggins.149 Reproduced with permission from Springer Nature. 

If the solid between the electrodes is a MIEC with a substantial ionic transport as well as an 

electronic contribution, this results in an impedance spectrum with two semicircles, as shown in 

the Nyquist plot in Figure 10b.149,162 The semicircle at low frequencies represents the parallel 

combination of the electronic resistance Rel and the geometrical capacitance Cgeo, while the high-

frequency semicircle corresponds to the parallel combination of the ionic resistance Rion and Cgeo. 

This can also be described by the physically meaningful equivalent circuit in Figure 10c, in which 

the blockage of the ionic transport at low frequencies due to ion-blocking electrodes is expressed 

by an interfacial capacitance Cint in the ionic conduction pathway. As instead the electronic 

conduction pathway is unblocked, there is no interfacial capacitance and thus no blocking-tail 

appears for the low frequency semicircle in the impedance spectrum. Moreover, due to the ion 

blockage, the real axis intercept of this semicircle, denoted as R2, is merely the electronic 

resistance Rel, which corresponds to the DC resistance of the cell. At higher frequency, however, 

the resulting intercept R1 is a combination of the two parallel resistances Rel and Rion and is 

described as follows: 

1

R1

 = 
1

Rion

 + 
1

Rel

 (2.4.5) 
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Hence, these relationships to the axis intercepts R2 and R1 allow the determination of Rel and Rion, 

and thus the partial electronic and ionic conductivity, σel and σion, which in turn define the 

transference numbers tel and tion:149,162 

Considering the case of tion >> tel (meaning Rel >> Rion), as desired for a solid electrolyte, the 

higher frequency semicircle is generally the smaller one in the impedance spectrum.149,162 

Moreover, it is even possible that this semicircle completely disappears. If so, only Rel (R2) and 

thus the electronic conductivity can be unequivocally derived from the single lower frequency 

semicircle. This is obviously a shortcoming of the AC method, which needs always to be 

considered. Disregard, however, may lead to misinterpretations, such as in the recent studies of 

MgSc2Se4 by the groups of Ceder and Fichtner.32,37 Here, the authors simply neglected that the 

high-frequency semicircle did not appear and used the left-hand offset of the lower frequency 

semicircle as a substitute to calculate the ionic conductivity, without proof of validity. For this 

reason, the evaluation of the ionic conductivity in this way must be regarded as unreliable, so that 

so far there is no unequivocal evidence for Mg-ion transport in MgSc2Se4. 

However, to still be able to determine the ionic conductivity of compounds such as MgSc2Se4, the 

AC method can alternatively be conducted in the less common electron-blocking version.163 In 

this variant, the setup usually consists of one central MIEC pellet to be characterized, sandwiched 

between a double layer of an ion conductor (inner layer = electron-blocking) and a reversible 

reservoir electrode (outer layer), analogues as descript for the first DC sub-method (cf. Figure 

8a). If in this variant tion is much larger than tel, the opposite case as before is observed and the 

higher frequency semicircle is the larger or even the only one that appears. Thus, an accurate 

determination of the ionic conductivity is possible. 

Overall, this comprehensive method overview demonstrates that the determination of partial 

conductivities as well as transference numbers is not always trivial, especially in the case of MV-

ion materials, where the search for suitable and compatible electrodes is a challenge. With regard 

to the investigation of MgSc2Se4, both the DC polarization and the AC method using conventional 

ion-blocking electrodes such as Ta and Au have so far proved to be appropriate for the analysis 

of the partial electronic conductivity.32,37 The determination of the partial ionic conductivity is, 

however, hindered by the lack of compatible reversible and pure Mg-ion-conducting electrodes, 

whose overpotentials / interface resistances should be negligible or well-defined in order to be 

suitable for DC methods (electrolysis, stationary polarization, and open circuit method).149,155 

Therefore, the electron-blocking AC method, which also allows revealing the interfacial 

contributions,149 currently appears as the most promising way for determining the partial ionic 

conductivity. Accordingly, in the first publication of this work, a cell concept was developed for 

tion = 
σion

σion + σel

 = 
Rel

Rion + Rel

 (2.4.6) 

tel = 
σel

σion + σel

 = 
Rion

Rion + Rel

 (2.4.7) 
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the AC method to accurately determine the partial ionic conductivity of MgSc2Se4 and other 

mixed-conducting MgB2Se4 spinels. 
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3 Results 

At the beginning of this doctoral thesis in 2020, there was uncertainty whether MgB2Se4 spinels 

are Mg-ion conductors and thus suitable as potential Mg-ion SEs. Although there had been a 

handful of electrochemical studies on one of the spinels, MgSc2Se4, unequivocal evidence for 

Mg-ion transport in this class of materials was still missing. Moreover, the compositional 

influence on the transport properties of the MgB2Se4 spinels was exclusively investigated to a 

very limited extent by DFT calculations, not allowing detailed insights. Therefore, the objectives 

of this dissertation were to provide reliable evidence for Mg-ion transport in the MgB2Se4 spinels 

and to gain deeper understanding of how the variation of B3+-cations influences the ionic transport 

properties. 

This chapter presents three publications that address the objectives of this dissertation and serve 

as its basis. Publication 1 deals with the proof of Mg-ion transport in MgSc2Se4 and introduces a 

special cell concept, allowing the accurate determination of the partial ionic conductivity of 

mixed-conducting Mg-based compounds. The second publication provides a comprehensive 

experimental and computational study on the MgB2Se4 system, which contributes to a better 

understanding of how to reach small migration barriers in magnesium chalcogenide spinels. This 

study was further modified in publication 3 by considering the magnesium insertion energy, 

whereby a magnesium selenide spinel with exceptional high magnesium ion mobility was 

identified. 

3.1 Publication 1: “To be or not to be – Is MgSc2Se4 a Mg-Ion Solid Electrolyte?” 

This first publication addresses in the initial part the open scientific question of whether MgSc2Se4 

is a magnesium ion conductor, crucial for further research into its use as a Mg-ion SE. To reliably 

clarify this question, a Mg metal deposition experiment was conducted under DC conditions using 

a Mg|MgSc2Se4|Au cell. With this approach, the formation of Mg deposits at the Au electrode 

was observed by energy-dispersive X-ray spectroscopy (EDS) during scanning electron 

microscopy (SEM) measurements, suggesting that Mg-ion transport through the spinel must have 

occurred. In line with that, cycling experiments based on plating/stripping and full cells 

demonstrated reversible Mg2+ cycling and served therefore as another unequivocal evidence for 

Mg-ion conduction in the MgSc2Se4 spinel. 

Based on these conclusions – identifying MgSc2Se4 as a Mg-ion SE – the following section of the 

study focused on determining the partial ionic conductivity of the spinel. To overcome the 

difficulty of extracting the ionic contribution of the mixed ionic-electronic conductor MgSc2Se4, 

a transference cell was developed that contains purely Mg-ion-conducting interlayers. This 

special cell design effectively suppressed the electron transport during the EIS measurements    

and thus enabled an accurate determination of the high partial ionic conductivity (σion =              

4·10–5 S cm–1 at 25 °C) and the low Mg2+ migration barrier (Ea = 386 meV) of MgSc2Se4. 

Overall, this first publication provides the foundation for considering MgSc2Se4 and the 

compounds of its material class as potential Mg-ion solid electrolytes. For the first time, long-
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range Mg-ion transport in the MgSc2Se4 spinel was unequivocally evidenced as well as a simple 

strategy for the precise determination of ionic conductivities of magnesium-based MIECs was 

developed. These achievements, in combination with the outstanding ionic transport properties of 

MgSc2Se4, pave the way for further research on ternary magnesium selenide spinel SEs, and with 

that of the following publications 2 and 3. 

The experiments were designed and planned by the first author with the assistance of Dr. Z. Wei 

under supervision of Prof. M. Rohnke and Prof. J. Janek. The MgSc2Se4 SE was synthesized by 

C. Glaser and the Mg[B(hfip)4]2 LE was provided by Dr. Z. Zhao-Karger. C. Glaser performed 

all electrochemical experiments as well as the SEM, EDS, and X-ray diffraction measurements. 

The first author was supported by Prof. H. Ehrenberg in the Rietveld refinements based on the 

XRD patterns and assisted by Dr. Z. Wei in the interpretation of the electrochemical data. Dr. S. 

Indris conducted and interpreted the NMR measurements. Absorption and photoluminescence 

spectroscopy were carried out by Dr. P. Klement from the group of Prof. S. Chatterjee. The 

manuscript was written by the first author and revised by eight co-authors. 

This study was part of the research within POLiS – Post Lithium Storage Cluster of Excellence. 

Reprinted with permission from Glaser, C.; Wei, Z.; Indris, S.; Klement, P.; Chatterjee, S.; 

Ehrenberg, H.; Zhao‐Karger, Z.; Rohnke, M.; Janek, J. To Be or Not to Be – Is MgSc2Se4 a Mg‐

Ion Solid Electrolyte? Adv. Energy Mater. 2023, 13, No. 2301980. DOI: 

10.1002/aenm.202301980. Copyright 2023 Advanced Energy Materials, Wiley-VCH. 

https://doi.org/10.1002/aenm.202402269
https://doi.org/10.1002/aenm.202301980
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3.2 Publication 2: “MgB2Se4 Spinels (B = Sc, Y, Er, Tm) as Potential Mg-Ion Solid 

Electrolytes – Partial Ionic Conductivity and the Ion Migration Barrier” 

In the second publication of this dissertation, the influence of the MgB2X4 (B = Sc, Y, Ln; X = S, 

Se) spinel composition on the Mg-ion conductivity and migration barrier was studied. For this 

purpose, a selection of magnesium chalcogenide spinels was systematically investigated from 

both an experimental and a computational point of view. 

The basis for the experimental study was laid by the successful solid-state synthesis of three new 

selenide spinels (B = Y, Er, Tm). As their DC polarization tests demonstrated a mixed-conducting 

nature analogous to MgSc2Se4, EIS measurements with electron-blocking interlayers (introduced 

in publication 1) proved to be suitable and reliable way for determining their ionic transport 

properties. By applying this specific method, it was found that the novel spinel compounds with 

larger B3+-ions than Sc3+ (MgY2Se4 excepted) exhibit slightly higher ionic conductivities and 

lower migration barriers compared to MgSc2Se4. To validate these findings, DFT calculations on 

the expanded MgB2X4 system revealed that larger B3+-ions widen the bottleneck of the migration 

path, thereby generally facilitating Mg-ion migration. However, it was also identified that the 

B3+-ion radius influences the trigonal distortion of the octahedra and thus the volume ratio 

between octahedra and tetrahedra in the structure. Since both polyhedra are involved in the Mg2+ 

migration path, their volume ratio in turn affects the kinetic and static contributions to the 

migration barrier. 

Conclusively, this comprehensive publication demonstrates that, dependent on the B3+-ion in the 

MgB2X4 sulfide/selenide spinels, the right interplay between lattice expansion and trigonal 

distortion is important to achieve low Mg2+ migration barriers. Considering these guidelines will 

surely help to find good spinel-type Mg-ion conductors. 

The experiments were designed and planned by the first author under supervision of Prof. M. 

Rohnke and Prof. J. Janek. The MgB2Se4 SEs were synthesized by C. Glaser and the UiO66-

MgIL ionogel electrolyte was prepared by R. Maile under supervision of Prof. K. Müller-

Buschbaum. C. Glaser performed all electrochemical experiments, the SEM, EDS and X-ray 

diffraction measurements, and the Rietveld refinements. The first author was supported by Dr. Z. 

Wei in the interpretation of the electrochemical data. Dr. S. Indris conducted and interpreted the 

NMR measurements. The DFT calculations were carried out and described in the publication by 

Dr. M. Dillenz, Dr. K. Sarkar and PD Dr. M. Sotoudeh under supervision of Prof. A. Groß. All 

other parts of the manuscript were written by the first author and revised by ten co-authors.  

This study was part of the research within POLiS – Post Lithium Storage Cluster of Excellence. 

Reprinted with permission from Glaser, C.; Dillenz, M.; Sarkar, K.; Sotoudeh, M.; Wei, Z.; Indris, 

S.; Maile, R.; Rohnke, M.; Müller‐Buschbaum, K.; Groß, A.; Janek, J. MgB2Se4 Spinels (B = Sc, 

Y, Er, Tm) as Potential Mg‐Ion Solid Electrolytes – Partial Ionic Conductivity and the Ion 

Migration Barrier. Adv. Energy Mater. 2024, 14, No. 2402269. DOI: 10.1002/aenm.202402269. 
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3.3 Publication 3: “High Room-Temperature Magnesium Ion Conductivity in Spinel-

Type MgYb2Se4 Solid Electrolyte” 

The third publication of this dissertation aims to expand the family of the electrochemically 

investigated MgB2Se4 (B = Sc, Y, Er, Tm) spinels of the first two publications by MgYb2Se4 and 

the multicationic/multianionic compounds MgSc0.4Y0.4Er0.4Tm0.4Yb0.4Se4 and Mg0.75Sc2Se3.5Br0.5, 

whose transport properties have not yet been predicted in any computational study. For this 

reason, the three novel spinels were successfully prepared via solid-state synthesis and analyzed 

analogous to their mixed-conducting pioneers. 

By performing EIS measurements of the new spinels, it was found that the conducted 

multielement substitution in the MgB2Se4 system does not lead to an improvement in the ionic 

transport properties. Instead, with respect to MgYb2Se4, the highest room-temperature ionic 

conductivity (σion > 10–4 S cm–1) and the lowest Mg2+ migration barrier (Ea = 364 meV) were 

observed among all experimentally studied spinels. Since, according to the guidelines derived in 

publication 2, this was not expected for MgYb2Se4 with a comparatively small B3+-ion radius (rB: 

Yb3+ < Tm3+ < Er3+ <Y3+), further DFT calculations were initiated on the MgB2Se4 system. In this 

context, an exceptional low magnesium insertion energy was revealed for MgYb2Se4, suggesting 

weak binding interactions between the Mg-ions and the host lattice, thus leading to the facilitated 

Mg2+ transport in the spinel. This property, combined with its rather low electronic conductivity 

(σel < 10–9 S cm–1) and good oxidative stability (3.9 V vs. Mg2+/Mg) observed by DC polarization 

and linear sweep voltammetry (LSV) measurements, makes MgYb2Se4 a highly attractive 

material for Mg2+ SE applications. 

Finally, this third publication not only extends the guidelines for finding good spinel-type Mg-

ion conductors by including the magnesium insertion energy but also presents with MgYb2Se4 

one of the best candidates as Mg-ion SE to date. 

The experiments were designed and planned by the first author and assisted by Dr. Z. Wei. J. S. 

Bark synthesized the multicationic and the MgYb2Se4 spinel with the assistance of C. Glaser, who 

prepared the multianionic spinels supported by Dr. S. Singh. The first author performed all 

electrochemical experiments, the SEM, EDS and X-ray diffraction measurements, and the 

Rietveld refinement. Dr. S. Indris conducted and interpreted the NMR measurement. FAAS and 

TXRF were performed by R. Müller. The DFT calculations were carried out and described in the 

manuscript by PD Dr. M. Sotoudeh, Dr. M. Dillenz and Dr. K. Sarkar. The manuscript was written 

by C. Glaser and revised by twelve co-authors. The work was supervised by Prof. K. Leopold, 

Prof. L. F. Nazar, Prof. A. Groß, and Prof. J. Janek. 

This study was part of the research within POLiS – Post Lithium Storage Cluster of Excellence. 

Reprinted with permission from Glaser, C.; Sotoudeh, M.; Dillenz, M.; Sarkar, K.; Bark, J. S.; 

Singh, S.; Wei, Z.; Indris, S.; Müller, R.; Leopold, K.; Nazar, L. F.; Groß, A.; Janek, J. High 

Room-Temperature Magnesium Ion Conductivity in Spinel-Type MgYb2Se4 Solid Electrolyte. 

Chem. Mater. 2025, 37, 3353–3362. DOI: 10.1021/acs.chemmater.5c00131. Copyright 2025 

American Chemical Society. 
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4 Conclusions 

In this doctoral thesis, the Mg-ion transport properties of several ternary magnesium-based 

selenide spinels with the formula MgB2Se4 (B = Sc, Y, Ln) has been systematically studied from 

both an experimental and a computational point of view. Therefore, solid-state reaction routes for 

the synthesis of the spinels and reliable cell concepts for their electrochemical investigation as 

Mg-ion SEs were developed, as well as detailed DFT calculations were performed on the 

MgB2Se4 system. 

In the first both publication of this dissertation, four spinels (MgSc2Se4, MgY2Se4, MgEr2Se4, and 

MgTm2Se4) were synthesized and studied as potential Mg-ion SEs. Among them, MgSc2Se4 was 

obtained in high purity (>95 wt%) from its elemental precursor powders by a facile one-step solid-

state synthesis, while due to incomplete conversions and the formation of oxide impurities 

(6-13 wt%), a two-step solid-state route was developed in case of the other spinels. By replacing 

the Y, Er, and Tm powders with corresponding, less oxidation-prone metal chips and 

incorporating an additional reaction step via the binary selenides, the two-step procedure proved 

to be an effective way to reduce the oxide impurities (2-4 wt%) and increase the yield in these 

compounds. 

After the successful syntheses, electrochemical characterization using EIS and DC polarization 

measurements revealed a moderate electronic conductivity (σel = 3·10–8-5·10–6 S cm) in the 

spinels. The electron transport may possibly arise from electron-conducting secondary phases, as 

suggest due to inhomogeneous Mg:B:Se element distributions at the surface of the spinel particles 

observed by TEM-EDS mapping, whereas also the contribution of electrons generated by point 

defects cannot be ruled out. However, regardless of the origin, electronic conduction in a SE can 

lead to battery self-discharge and dendrite formation, thereby representing a still open challenge 

for the application of these spinels. 

Another challenge, addressed in this work, laid in the reliable proof of the long-range Mg2+-ion 

transport capability of the MgB2Se4 spinels, which was not achieved by the few existing studies 

on MgSc2Se4. Using the same spinel as a pioneer material, the implementation of two independent 

methods, namely electrochemical deposition of Mg metal and reversible Mg plating/stripping 

cycling, demonstrated that in each case Mg-ions were transferred through the spinel layer from 

one to the other electrode. This unequivocally confirmed Mg-ion transport beyond short-range in 

the class of MgB2Se4 spinels for the first time. To tackle the difficulty of extracting the partial 

ionic conductivity of the mixed-conducting spinels, a symmetrical cell with pure Mg2+-ion 

conducting interlayers between the spinel and the outer stainless-steel electrodes was developed. 

This straightforward concept turned out to effectively suppress the electron transport within the 

cell, thus allowing a precise determination of the spinels’ high Mg-ion conductivities (σion = 

2-7·10–5 S cm at 25 °C) and low Mg2+ migration barriers (Ea = 381-406 meV) by EIS 

measurements. 

Driven by the good accordance between the obtained experimental and computational Mg2+ 

migration barriers of the four spinels, the execution of systematic DFT calculations on the 
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MgB2Se4 system revealed that as radius of the B3+-ion increases, the spinel structure and hence 

the trigonal bottleneck of the migration path expands. This lowers the migration barrier and thus 

generally facilitates Mg-ion migration. However, it was also found that the B3+-ion radius affects 

the degree of trigonal distortion of the octahedra, thereby changing the ratio of the volumes and 

of the Mg-Se distances (k64) between octahedra and tetrahedra along the migration path. This in 

turn influences the kinetic (EKRA) and static (ΔE) contributions of the overall migration barrier, 

which were identified to be linearly correlated to k64. Consequently, dependent on the B3+-ion, the 

right interplay between lattice expansion and trigonal distortion is important to achieve low Mg2+ 

migration barriers in the MgB2Se4 spinels. 

In the final publication of this dissertation, the family of the electrochemically investigated Mg-

based spinels was expanded by three further compounds, MgYb2Se4, Mg0.75Sc2Se3.5Br0.5, and 

MgSc0.4Y0.4Er0.4Tm0.4Yb0.4Se4, which were successfully synthesized via the two-step procedure. 

While with respect to the multianionic/multicationic compounds it was shown that the conducted 

multielement substitution in the MgB2Se4 system did not improve the ionic transport properties, 

MgYb2Se4 demonstrated the lowest Mg2+ migration barrier (Ea = 364 meV) and the highest room-

temperature ionic conductivity (σion > 10–4 S cm–1) among all studied spinels. This outstanding 

high magnesium ion mobility of MgYb2Se4 is proposed to be related to its exceptional low 

magnesium insertion energy, revealed by DFT calculations. Based on this, it is expected that the 

interactions between the magnesium ions and the host lattice are relatively weak, thereby 

facilitating the ionic transport through the MgYb2Se4 spinel. Therefore, this highlights that the 

magnesium insertion energy should also be considered when searching for MgB2Se4 spinels with 

high Mg-ion conductivity. 

In addition to its outstanding ionic transport properties, MgYb2Se4 was found to exhibit a more 

than one order of magnitude lower electronic conductivity (σel ≈ 1·10–9 S cm–1) than its pioneers. 

Given by the identified high ionic conductivity, this results in an electronic transference number 

of tel = 7·10–6, close to that of current alkali SEs [tel(σel << σion) ≈ σel/σion = 10–8-10–6].18 Thus, the 

combination of its transport properties with the generally good oxidative stability (≥3.7 V vs. 

Mg2+/Mg), observed for all investigated spinels, makes MgYb2Se4 one of the best candidates as 

Mg-ion SE to date. 

In summary, this doctoral thesis represents the most comprehensive study on ternary magnesium-

based selenide spinels as potential Mg-ion SEs so far. For the first time, long-range Mg2+-ion 

conduction in this class of materials has been unequivocally proven and precisely determined by 

implementing straightforward and universal strategies. These allowed to reveal the excellent 

transport properties of MgYb2Se4 and pave the way for research into other mixed magnesium ion 

conductors. Moreover, the detailed computational studies expand the understanding of the Mg2+ 

migration in MgB2Se4 system and provide general guidelines for finding good spinel-type Mg-

ion conductors. 
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5 Outlook 

The findings presented in this doctoral thesis will surely open up several avenues for further 

research. This chapter briefly outlines the most relevant follow-up studies to further deepen the 

understanding of the transport properties of MgB2Se4 spinels. 

i) Study on the Origin and Prevention of Electronic Conductivity 

At present, the high electronic conductivity of the spinels investigated within this doctoral thesis 

is of concern, as it is ≥8·10–4 times (except for MgYb2Se4 with 7·10–6 times) the determined ionic 

conductivity and hence significantly higher than for currently used alkali SEs [tel(σel << σion) ≈ 

σel/σion = 10–8-10–6].18 This may drastically reduce the performance of a battery by self-discharge 

and dendrite formation.35,51 Therefore, it is crucial to uncover the origin of the electron conduction 

in this materials and to develop strategies for its prevention. 

Previous studies on MgSc2Se4 propose that the electronic conductivity arises from the formation 

of point defects neutralized by electrons or from the presence of electron-conducting secondary 

phases.36 Based on the results of this doctoral thesis, the latter in particular might be related to the 

inhomogeneous element distribution at the surface of the spinel particles as well as to the observed 

impurities of B2Se3 compounds, which become strong electronic conductors even at small 

stoichiometric deviations.164 Similar findings were also reported for MgSc2Se4 by Kundu et al., 

who subsequently synthesized the spinel using an electric field-assisted method to reduce the 

evaporation of volatile Mg and Se from the surface of the particles and thus the formation of 

electronically conductive phases such as Sc and ScSe.39 Applying this method lowered the 

electronic transference number to tel = 5·10–6, but still not to the range of current SEs. Therefore, 

more effort is required to reach this range, for example, through a design-of-experiment study to 

optimize synthesis parameters, including the precursor mixing procedure and densification, 

heating/cooling rates, reaction atmosphere, etc. This will demonstrate whether the electronic 

transference number can be reduced further by minimizing the impurities, thereby revealing them 

to be the cause of the electronic conductivity. 

If a higher purity of the spinels does not correlate with a reduced electronic transference number, 

the electronic conductivity is likely due to point defects, which may be difficult to address. Thus, 

to prevent electron conduction within an electrochemical cell, as demonstrated in this doctoral 

thesis, electron-blocking interlayers or also coatings can be a solution. However, these should be 

less expensive than the currently used metal-organic framework-based interlayers, which opens 

up another field of research. 

ii) Investigations on Mg-Ion Diffusion 

To gain further insights into the ionic transport properties of ternary Mg-based spinels, it is also 

essential to investigate their Mg-ion diffusion. For this purpose, 25Mg NMR spin-lattice relaxation 

time measurements could be performed on the three 25Mg-enriched, diamagnetic spinels 

(25MgSc2S4, 25MgSc2Se4, and 25MgY2Se4), which have already been synthesized within the scope 
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of this doctoral thesis (see section A.4). These measurements enable, based on the observed 

relation times T1, the calculation of the jump frequencies and thus in turn the determination of the 

Mg-ion diffusion coefficients of the spinels.165 Moreover, the temperature and field dependence 

of T1 might provide further information about the short-range migration barriers, the 

dimensionality of the diffusion, and correlation effects in the motion of the Mg-ions.166 

Considering these properties in dependence on the B-ion (Sc or Y) and the anion (Se or S) will 

surely deepen the understanding of how the spinel composition affects the Mg-ion transport. 

Supplementary to the NMR spectroscopy, time-of-flight secondary ion mass spectrometry (ToF-

SIMS) offers an additional technique for investigating the Mg-ion diffusion by tracer diffusion 

analysis. To this end, a possible approach would be to coat pellets of the pristine spinels MgSc2S4, 

MgSc2Se4, and MgY2Se4 with a thin layer of their 25Mg-enriched analogues and a marker. By 

tracking the 25Mg isotope diffusion from the coating/marker into the pellets with natural Mg 

composition (79% 24Mg, 10% 25Mg and 11% 26Mg)167, this might allow to estimate the Mg-ion 

diffusion coefficients of the spinels, also dependent on the temperature or on an electric field 

exposition. 

iii) Advanced Theoretical Studies on the Ionic Transport Properties 

According to the DFT calculations of this dissertation, it is proposed that the exceptionally high 

ionic conductivity and low Mg-ion migration barrier of MgYb2Se4 result from its anomalously 

low magnesium insertion energy, i.e., an easier reduction by magnesium, which might be related 

to the tendency of Yb3+ to be reduced to the more stable Yb2+ (filled 4f orbitals: [Xe]4f14). 

However, how this affects the magnesium ion mobility in the spinel requires more advanced 

calculations. Thus, performing first-principles molecular dynamics and defect thermodynamic 

calculations in future studies may provide a more complete understanding of the potential 

reduction of Yb3+ and the compensating defects whose interaction might facilitate the magnesium 

ion transport in MgYb2Se4. 
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A.1 Publication 1: “To be or not to be – Is MgSc2Se4 a Mg-Ion Solid Electrolyte?” 
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A.2 Publication 2: “MgB2Se4 Spinels (B = Sc, Y, Er, Tm) as Potential Mg-Ion Solid 

Electrolytes – Partial Ionic Conductivity and the Ion Migration Barrier” 
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A.3 Publication 3: “High Room-Temperature Magnesium Ion Conductivity in Spinel-

Type MgYb2Se4 Solid Electrolyte” 
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A.4 Synthesis and Characterization of Further MgB2X4 Spinels 

The following presents results from additional MgB2X4 spinels that were synthesized and partially 

characterized within the scope of this dissertation. Unless otherwise stated, the same cell concepts, 

devices, software programs, and measurement settings as in the publications 1 to 3 were used.43-45 

Moreover, all data that supports the findings of the studied MgB2X4 spinels are openly available 

in Zenodo at https://doi.org/10.5281/zenodo.15490069, reference number 15490069. 

A.4.1 MgSc2S4 

The solid-state synthesis of MgSc2S4 was performed via a two-step route. During the first step, 

MgS and Sc2S3 were prepared from stoichiometric amounts of their elements, including 

magnesium (Sigma Aldrich, ≥99%, powder), scandium (Chempur, 99.9% REO, powder), and 

sulfur (Sigma Aldrich, 99.998% trace metals basis, powder). For this purpose, according to the 

synthesis procedure of MgSe and Sc2Se3 (publication 1), a mixture of the corresponding powders 

was pressed into a pellet and heated in an evacuated quartz glass ampule at 500 °C for 96 h 

(100 °C h–1 heating rate).43 Afterwards, in the second step, a stoichiometric mixture of the 

prepared binary sulfides was pressed into a pellet with the addition of 90 mol% sulfur. Then, the 

pellet was placed in an evacuated ampule and heated at 500 °C for 5 h and at 1100 °C for 20 h 

(100 °C h–1 heating rate) to obtain the spinel phase, which was subsequently characterized by 

XRD, EIS, DC polarization, LSV, and plating/stripping cycling, as demonstrated below. 

 

Supporting Figure 1: a) Powder XRD patterns of the MgS and Sc2S3 samples compared to the 

reference patterns of Mg (ICSD 181728), Sc (ICSD 52409), S (ICSD 27840), MgS (ICSD 659124), 

and Sc2S3 (ICSD 22236). Both binary phases were formed during an incomplete reaction of the 

elemental precursors. This reaction is expected to continue during the next synthesis step at a 

higher temperature of 1100 °C (MgSc2S4 formation). b) Rietveld refinement based on the XRD 

pattern of the MgSc2S4 sample. The refinement confirms a high purity (94.8 wt%) of the 

synthesized MgSc2S4 spinel phase with Fd-3m space group. The observed and calculated patterns 

are shown in red and black, and the difference curve is shown in blue. 

https://doi.org/10.5281/zenodo.15490069
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Supporting Figure 2: a) Overview SEM image of MgSc2S4 powder with a particle size of up to 

50 µm. b) SEM image and EDS mapping at higher magnification of the spot in a). The EDS 

mapping of the brown MgSc2S4 powder (cf. light optical image top left) confirms that the element 

stoichiometry (Mg:Sc:S) is 1:2:4, consistent with that of the spinel phase. 

 

 

Supporting Figure 3: a) Nyquist plot of the EIS data of a C|MgSc2S4|C ion-blocking press cell in 

the frequency range from 3 MHz to 100 mHz at 25 ° with the cell constant represented by K. b) 

DC polarization data of the C|MgSc2S4|C press cell at 25 °C. When performing the DC 

polarization measurement, different voltages (0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 V) were held for 1 h 

each. The steady-state current at the end of each holding step (cf. inset) was plotted against the 

corresponding voltage to calculate the electronic conductivity σel from the linear fit (excluding 

the first data point in black). As a result, similar to the EIS measurements, an electronic 

conductivity in the order of 10–9 S cm–1 was determined for MgSc2S4, which is about one order of 

magnitude lower than of MgSc2Se4 (see publication 1).43 
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Supporting Figure 4: a-c) Nyquist plots of the EIS data of SS|UiO66-MgIL|MgSc2S4|UiO66-

MgIL|SS press cells with electron-blocking interlayers (UiO66-MgIL, batch of publication 2)44 

and varied spinel pellet mass/thickness (160 mg/0.92 mm, 220 mg/1.26 mm, and 280 mg/1.68mm) 

collected at temperatures from 0 °C to 60 °C. To determine the ionic conductivity of MgSc2S4, all 

Nyquist plots were fitted with an (R)(P)-(R)(RP)(P)-P equivalent circuit model, denoted as Fit 2 

(described in publication 1).43 In this context, an average room-temperature (25 °C) ionic 

conductivity of σion = 5.5·10–6 S cm–1 was found for MgSc2S4, which is about one order of 

magnitude lower than that of MgSc2Se4. d) Arrhenius plots of the ionic conductivities obtained 

from the fitted Nyquist plots in a-c). As a result, these show an average Mg-ion migration barrier 

of Ea = 426 meV for MgSc2S4. 
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Supporting Figure 5: Long-term cycling performance during Mg plating/stripping of a 

Mg|UiO66-MgIL|MgSc2S4|UiO66-MgIL|Mg cell at 60 °C. The cell was first activated over 50 

cycles at a current density of 1.57 µA cm–2 and a dwell time of 30 min for each plating or stripping 

step (plated charge amount of 0.785 µAh cm–2 ≙ ideally 2 nm of Mg). Then, the plated charge 

was increased by a factor of 20 (≙ 41 nm of Mg for each step of 10 h) for further 20 cycle, while 

a stable and reversible plating/stripping cycling was observed. 

 

 

 

 

 

 

 

 

 

 

Supporting Figure 6: LSV curves of Mg|UiO66-MgIL|Mg cells and Mg|UiO66-

MgIL|MgSc2S4|UiO66-MgIL|Mg cells at 25 °C recorded at a scan rate of –0.1 mV s–1/0.1 mV s–1 

from open circuit voltage to 5 V/–5 V. The curves of both cells show a quite similar onset potential 

of the reduction (value: –1.1 V) and oxidation (range: 3.4-3.5 V) current. This indicates that the 

electrochemical stability of the cells is possibly limited by the decomposition of the UiO66-MgIL 

interlayer, while the MgSc2S4 spinel itself may have a higher stability. 
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A.4.2 25MgSc2S4, 25MgSc2Se4, and 25MgY2Se4 

To investigate the Mg-ion transport dependent on the MgB2X4 spinel composition by ToF-SIMS 

and 25Mg NMR measurements in future studies (see chapter 5 Outlook), three 25Mg-enriched 

spinels (25MgSc2S4, 25MgSc2Se4, and 25MgY2Se4) were synthesized in this work. For this purpose, 

the spinel syntheses were performed according to the two-step procedures of their non-enriched 

counterparts MgSc2S4 (section A.4.1), MgSc2Se4 (publication 1), and MgY2Se4 (publication 2), 

with exception of the preparation of MgS and MgSe.43,44 In this case, the corresponding 25Mg-

enriched compounds were formed by replacing the usually used Mg powder with 1 mm2 pieces 

of a 25Mg foil (buyisotope, 99.10 % 25Mg enrichment, metal foil). This 25Mg metal pieces were 

mixed in a stoichiometric ratio with sulfur or selenium, respectively. Then, the resulting mixtures 

were pressed into pellets and sealed separately in evacuated quartz glass ampules. In these, 

depending on the compound (25MgSe or 25MgS), the corresponding pellets were heated according 

to an individual temperature protocol. For the synthesis of 25MgSe, a temperature of 750 °C was 

used for 48 h (180 °C h–1 heating rate), while for 25MgS the pellets were heated for 48 h at 500 °C 

and for another 48 h at 750 °C (100 °C h–1 heating rate). Finally, these binary magnesium 

chalcogenides were used to continue the aforementioned two-step procedures, resulting in the 

three 25Mg-enriched spinels 25MgSc2S4, 25MgSc2Se4, and 25MgY2Se4, as confirmed by XRD 

measurements (Supporting Figure 7). 

 

Supporting Figure 7: a) Powder XRD patterns of the 25MgS, Sc2S3, 
25MgSe, Sc2Se3, and Y2Se3 

samples compared to their corresponding reference patterns in red (MgS: ICSD 659124, Sc2S3: 

ICSD 2223, MgSe: ICSD 53946, Sc2Se3: ICSD 651804, and Y2Se3: ICSD 652183). While the 

binary selenides were obtained in high purity, an incomplete conversion into the binary sulfides 

occurred. This conversion is expected to continue in the second synthesis step at a much higher 

temperature of 1100 °C. b) Powder XRD patterns of the 25MgSc2S4, 
25MgSc2Se4, and 25MgY2Se4 

samples compared to their corresponding reference patterns in red (MgSc2S4: ICSD 37423, 

MgSc2Se4: ICSD 642814, and MgY2Se4: ICSD 76052). As a result, all 25Mg-enriched spinel phases 

were successfully synthesized with minor fractions of impurities. 
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B Abbreviations and Symbols 

B.1 List of Abbreviations 

Abbreviation  Definition 

AC    Alternating current 

BEV    Battery electric vehicle 

CE    Counter electrode 

CP    Chevrel phase 

DC    Direct current 

DFT    Density functional theory 

EDS    Energy-dispersive X-ray spectroscopy 

EIS    Electrochemical impedance spectroscopy 

ICSD    Inorganic Crystal Structure Database 

IL    Ionic liquid 

LE    Liquid electrolyte 

LIB    Lithium-ion battery 

LSV    Linear sweep voltammetry 

LTO    Lithium titanium oxide (Li4Ti5O12) 

MCI    Mixed-conducting interphase 

Me    Metal 

MIEC    Mixed ionic-electronic conductor 

MMA    Magnesium metal anode 

MV    Multivalent 

NMR    Nuclear magnetic resonance 

oct    Octahedral 

RE    Reference electrode 

RMB    Rechargeable magnesium battery 

SE    Solid electrolyte 

SEI    Solid electrolyte interphase 

SEM    Scanning electron microscopy 

SHE    Standard hydrogen electrode 

SSB    Solid-state battery 

SSC    Steady-state current 

TEM    Transmission electron microscopy 
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tet    Tetrahedral 

ToF-SIMS   Time-of-flight secondary ion mass spectrometry 

TS    Transition state 

WE    Working electrode 

XRD    X-ray diffraction  
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B.2 List of Symbols 

Symbol   Description      Unit/value 

a0    Distance (of hopping / migration path)  m 

a0’    Half of Distance a0     m 

Cgeo    Geometrical capacitance    F 

Cint    Interfacial capacitance    F 

DR    Random diffusion coefficient   m2 s−1 

DT    Tracer- or self-diffusion coefficient  m2 s−1 

Dσ    Macroscopic long-range diffusivity  m2 s−1 

d    Number of dimensions    - 

Ea    Migration barrier     eV 

Ea(th)    Theoretical migration barrier   eV 

EKRA    Kinetically resolved activation barrier  eV 

Em    Hopping energy     eV 

Eout    Output voltage     V 

emf    Electromotive force    V 

F    Faraday constant     9.648533·104 C mol−1 

f    Correlation factor     - 

HR    Haven ratio      - 

jDC    Direct current     A 

jel    Electronic current     A 

jion    Ionic current      A 

kB    Boltzmann constant    1.380649·10−23 J K−1 

n    Charge carrier density    m−3 

q    Quantity of electric charge   C 

r    Radius      m 

R    Electrical resistance    Ω 

Rel    Electronic resistance    Ω 

Rion    Ionic resistance     Ω 

T    Temperature      K 

T1    Spin-lattice relaxation time   s 

tel    Electronic transference number   - 

tion    Ionic transference number   - 

u    Electrical mobility     m2 V−1 s−1 

Z    Impedance      Ω 
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z    Number of transferred electrons   - 

ΔE    Site preference energy    eV 

ΔrG    Molar Gibbs free energy of a reaction  J mol−1 

ΔHa    Activation enthalpy    J 

ΔfH    Defect formation enthalpy   J 

ΔmH    Migration enthalpy     J 

ΔSa    Activation entropy     J K−1 

μ    Chemical potential     J mol−1 

ν0    Hopping frequency    s−1 

σ0    Pre-exponential factor    S K m−1 

σel    Electronic conductivity    S m−1 

σion    Ionic conductivity     S m−1 
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