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ABSTRACT

Technological evolution puts up an ever-growing demand on energy storage – challenging
today’s technology. Magnesium batteries are a prime candidate to those future demands –
theoretically energy dense, 2205 mAh.g-1, abundant and comparatively cheap. [1.4, 1.5] Despite
promising

properties, magnesium

batteries still face major challenges until their

commercialization. The favored, high energy density, magnesium metal anode is, at the
current state of research, only compatible to a handful of electrolytes, e.g. based upon either
magnesium-organo-halo-aluminates or magnesium-borohydrides. [1.9, 1.10] Electrolytes based
upon conventional magnesium salts e.g. such as halides, perhalates or imides seem to be
incompatible to the magnesium metal surface [1.6] where the electrolyte degenerates and
forms a passivating, magnesium ion impermeable, surface layer.
This work presents investigations on readily mixable salt / solvent electrolytes and beyond
this, the investigations on a new bis(cyclopentadienyl) magnesium electrolyte. This new
electrolyte is highly suitable for a metallic magnesium anode and is comprehensively
investigated. The results of electrochemical performance testing show an excellent cycling
stability for over 500 cycles with a coulombic efficiency of 98 %. SEM and XRD analysis
show the deposition of metallic magnesium onto a copper substrate, as well as IR and NMR
studies on the fresh and cycled / aged electrolyte show no indication of electrolyte
degeneration.
Furthermore a comprehensive evaluation of conversion type metal electrodes and
carbonaceous electrodes is showcased. The electrodes are electrochemically characterized
in different electrolytes. The conversion type metal electrodes exhibit low overpotentials and
high current densities in a lithium environment benchmark and no electrochemical activity in
a Mg(BH4)2 / tetra-glyme electrolyte. The cyclic voltammetry and constant current testing of
the carbonaceous electrodes in different magnesium electrolytes for various carbon materials
presents reversible intercalation of magnesium into graphite for the first time. The obtained
coulombic efficiencies are poor and the capacity is limited to 10- 20 mAh.g-1. SEM and XRD
investigations, prior and subsequently to the electrochemical testing, reveal almost full
degradation of the conversion electrodes and only little for the carbonaceous electrodes.
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CHAPTER 1 - INTRODUCTION

1

INTRODUCTION

1.1

Motivation

The emerge of the post-industrial digital age, with its faster and ever growing industrialization
and digital connection of rural regions in the world, stresses the global energy resources to
their limits. For a sustainable development and ecologically stable future prospects
alternative energy sources, such as solar, wind and hydropower, need to be exploited. Those
alternative energy sources, with their fluctuation in energy production, demand highly
capable energy storage. Furthermore, today’s technology is especially challenged by the
electrification of non-stationary applications, from handheld devices to electric vehicles, with
their demands in energy density and product safety. [1.1- 1.3]
For non-stationary applications, lithium ion based batteries have been extensively used since
the end of the 20th century. With the current annual production of 120,000 t lithium carbonate
equivalents, a battery market share of only 25 % and global resources of estimated 200230 Mt lithium carbonate equivalents, a solely lithium based technology seems feasible. But
the demands of the future needs in technical terms, efficiency and capacity, as well in
commercial terms, availability and price, exceed the current lithium ion based technology by
far. [1.1- 1.3]
Thus, magnesium and sodium ion based secondary batteries are intensively investigated as
alternatives to lithium. To the future demands the magnesium ion offers a very good match –
it is a comparatively small divalent ion with an ionic radius of 86 pm. Thus, a metallic
magnesium anode offers a high theoretical capacity of 2205 mAhg-1. Furthermore
magnesium is widely abundant, the 5th most abundant element in the earth crust, and
therewith comparatively commercially cheap. [1.4, 1.5]
Albeit, theoretically matching the technical requirements for the next generation energy
storage systems and being a commercially superior alternative - the current state of research
already identified specific technological hurdles that have to be overcome until the
commercialization of secondary magnesium batteries and magnesium ion batteries. The
application of the favorable metallic magnesium anode mainly depends on a suitable
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electrolyte system. Electrolytes based on magnesium salts, which contain anions that work in
a lithium application, e.g. perhalates or imides are found to be incompatible with a
magnesium anode. [1.6] In contrast to lithium ion batteries, in which the electrolyte
degenerates and forms a lithium ion permeable solid electrolyte interphase, in magnesium
batteries such “classical” electrolytes degenerate at the metallic magnesium anode and form
a magnesium ion impermeable inhibition layer on its surface. It is still under investigation if
the conductive salt or the solvent is the main cause of the formed inhibition layer. [1.6] Multiple
magnesium salts are known for their hygroscopy and sensitivity towards water, therefore
they are used as drying agent. This inherent affinity to moisture and the accompanying water
content or other impurities might cause or facilitate the decomposition of the electrolyte
solution. On the other hand the desolvation energies of the magnesium ion in electrolyte
solvents are approximately three times higher than those for the lithium ion. [1.8] The high
desolvation energy might be the cause for electrolyte decomposition before the actual
removal of the solvation shell. Furthermore, the inevitable formation of a contact ion pair
needs to be considered and therewith a highly reactive transition complex with a Mg+-ion for
the two electron transfer. [1.30] Current state of research suggests that only electrolytes based
upon either magnesium-organo-halo-aluminates or magnesium-borohydrides / magnesiumorgano-borates in ethereal solution seem to be compatible with the favored, high energy
density, magnesium metal anode, preventing the formation of blocking surface layers. Both
electrolyte systems rely on highly reductive salts and are sensitive to air and moisture, with
only few exceptions. [1.6- 1.11]
The concept of a functional secondary magnesium battery has been proven [1.9], but despite
numerous issued patents [1.12- 1.18] the system yet lacks of satisfactory performance and thus
either a larger scale prototype or commercialization.
As progressive step, the concept of a secondary magnesium air battery has been introduced,
shifting technological boundaries. [1.50] This could maximize the advantages of the
magnesium utilization, increasing the energy density further and avoiding costly and toxic
transition-metal-oxide cathode materials, though a functioning air-cathode might be difficult to
realize while utilizing a metallic anode. The classical electrolyte, magnesium ion conducting
and oxygen transporting media, is highly likely to cause an inhibition of the anode or directly
degenerate in contact with oxygen. Different approaches might be necessary, utilizing a
polymer or solid-state electrolyte or separating the electrolyte in anolyte and catholyte.
The combination of performance and commercial prospects in magnesium batteries make it
a highly interesting field of research. The identified challenges must be solved to progress to
new horizons in post lithium technology. For magnesium batteries this progress appears
within the realm of possibilities.
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1.2

Scope of thesis

Magnesium is a prime alternative for lithium and of high interest due to its excellent technical
and commercial properties. In the scope of this thesis different electrolyte systems are
investigated electrochemically. Additionally anode materials for secondary magnesium
batteries are systematically investigated.
At first, a benchmark magnesium electrolyte system for the investigations of the anode
reactions in a secondary magnesium battery shall be identified, established and evaluated.
Subsequently, different types of magnesium electrolytes, various conductive salt / solvent
combinations, might be investigated and their behavior towards a metallic magnesium anode
shall be studied. By their results the electrolytes are benchmarked and evaluated for their
use - suitable electrolytes may be identified.
Simultaneously, different conversion electrodes (post-transition metals: tin and antimony)
and intercalation electrodes (graphite) shall be investigated as anode materials. The
materials should be benchmarked in lithium cells and further subsequently characterized for
their use in rechargeable magnesium batteries. New anode materials for magnesium
batteries might be identified and the reversible intercalation of magnesium in graphite is
attempted for the first time.

1.3

Current state of research review

1.3.1 Anode materials
A variety of different anode materials for secondary magnesium batteries is possible: metallic
magnesium, conversion materials or insertion materials. Each class has attracted, more or
less successfully, scientific attention, however a rechargeable magnesium battery has yet to
be commercialized.
The metallic magnesium anode, of the aforementioned, offers the most desirable properties,
with the highest theoretical specific capacity of 2205 mAh.g-1, but foremost the non-dendritic
plating behavior attracts attention. This behavior was studied practically [1.19] and theoretically
with DTF calculations [1.20] by the Toyota Research Department.
The study on electrochemically deposited magnesium reveals that depending on the current
density used for deposition the magnesium favors different growth orientations. For small
deposition current densities, 0.5 and 1.0 mA.cm-2, the magnesium shows a (001) orientation
and for higher current densities, 2.0 mA.cm-2, it shows a preferred crystal growth in (100)
orientation. [1.19] The author attributes this to surface energy minimization in (001) direction for
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the slow deposition process, and suggests that this process is mainly charge transfer
controlled. For the fast deposition process the crystal growth speed needs to be faster,
suggesting a diffusion controlled process, yielding crystals with an (100) orientation. This
behavior is distinctively visible in the SEM images provided within the study, showing two
different types of fine magnesium crystallites, which in both cases are evenly distributed at
the substrate. [1.19]
In consistency, their density functional theory (DFT) calculations support the observations of
the deposition experiments and the concluded mechanisms. The difference for the adatom
mobility on both surfaces (001) and (100) is insignificant and would probably not explain the
observed behavior. The surface migration barrier for adatoms on the (001) surface is
0.01 eV, lower than on the (100) surface. However, the mobility of vacancies on the two
different surfaces varies by ~0.14 eV, favoring the growth in the orientation with the lower
migration barrier, (100) orientation. More interestingly the DFT calculations show that, in
comparison to lithium, the differences in free energy for crystallites with varying morphologies
is more pronounced for magnesium. This is caused by the stronger Mg-Mg bond and leads
to magnesium crystallites with preferable higher dimensional orientations resulting in a nondendritic growth of magnesium crystallites. Lithium instead would grow mono-dimensional,
resulting in dendrite formation. [1.20]
Despite its advantageous inherent properties, the metallic magnesium anode suffers from the
incompatibility to most inorganic magnesium salts and commonly used electrolyte
solvents. [1.21, 1.22]
To avoid the drawbacks associated with the metallic magnesium anode, Bi, Sb and Bi1-xSbx
alloy electrodes [1.23] and Bi and Sn electrodes [1.24] have been investigated.
The Bi, Sb and Bi1-xSbx electrodes have been deposited from aqueous solution and then
electrochemically characterized in a Grignard-type THF-based electrolyte under constant
current (CC) and in a MgTFSI2 in acetonitrile (ACN) electrolyte with cyclic voltammetry (CV).
In the Grignard type electrolyte and at low 1/100 C rate the Sb anode almost reaches its
theoretical capacity of 660 mAh.g-1, where the Bi and Bi1-xSbx alloy electrodes fall short.
Expectably multiple steps with in the discharge profile of the Bi1-xSbx alloy electrodes are
visible, wich correspond to the subsequent formation of Mg3Sb2 and Mg3Bi2. For a cycling
stability test at 1C the observations drastically change. The Sb electrode only achieves
16 mAh.g-1 after 50 cycles, whereas the Bi electrode exhibits 200 mAh.g-1, 247 mAh.g-1 and
222 mAh.g-1, respectively during the 1st, 20th and 100th cycle. The performance of the Bi1-xSbx
alloy electrodes is close to the Bi electrode performance, exhibiting a little more pronounced
capacity fading in the course of 100 cycles. For a proof of concept, the reversible magnesium
insertion and extraction of a Bi electrode in a conventional, metallic magnesium anode
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passivating, MgTFSI2 / ACN electrolyte is demonstrated in a CV experiment with a very slow
scan rate of 0.01 mV.s-1. [1.23]
Similar results can be found for Sn as anode material. Compared to Bi electrodes, Sn
electrodes show a greater dependence of their performance on the applied C rate, losing
most of the initial capacity and exhibiting a smaller reversibility upon increasing the C rate. A
concept magnesium ion full cell with a Mg2Sn anode and Mo6S8 cathode is investigated in a
conventional, MgTFSI2 / DME electrolyte and an organo-halo-aluminate in THF electrolyte.
Thereby, for the obtainable and retainable capacity in the first ten cycles, the cell shows no
dependence on the electrolyte, though the voltage profiles are drastically altered within the
different electrolyte solutions, yielding in a higher working potential, flatter potential plateau
and less hysteresis for the organo-halo-aluminate based electrolyte. [1.24]
The performance of such alloying electrodes is significantly improved by nano structuring
and purposefully tailoring a host for magnesium as it is demonstrated on a Bi-nanotube
electrode. [1.25] Thereby the nano scale structure of the electrode undergoes drastic
transformation, starting with individual Bi-nanotubes, bundled by van der Waals interactions
that lose their tubular shape upon the first magnesiation of the electrode to form an array of
connected Bi-nanoparticles on demagnesiation. Compared to a micro scaled Bi electrode,
the working potentials are shifted closer together, the rate capability is improved significantly
and the coulombic efficiency thus the capacity fading is improved from 27.5% to 7.7% at 200
cycles. In a full cell configuration, with Mo6S8 as cathode, the overall capacity and the
capacity fading is improved in different electrolytes compared to previous reports, yielding
similar results for a 0.1 M Mg(BH4)2 + 1.5 M LiBH4 / diglyme and 0.4 MgTFSI2 / diglyme
electrolyte. [1.25]
In difference to lithium, for magnesium no graphite intercalation compounds as feasible
anode materials have been reported, yet. It has been shown that magnesium can be used to
co-intercalate solvents in highly oriented pyrolytic graphite and the solvents then are used to
delaminate the carbon structure. [1.26, 1.27] Nano-porous carbon is also investigated to host
magnesium, but despite a slightly wider inter-layer spacing than graphite, even low density
NPG only yields poor results, mainly exhibiting a capacitive behavior with a poor rate
capability. [1.28]
Furthermore low strain spinel anodes like Li4Ti5O12 (LTO) can be used, by exchanging the
lithium ion partially by up to 1.5 magnesium ions. Electrodes of nano-sized LTO exhibited a
highly reversible capacity of 175 mAh.g-1 with a very small capacity fade of 0.01% per cycle
over 500 cycles. Despite the outstanding cycling performance, the limitation to ~175 mAh.g-1
and potential behavior, which shows a rather large hysteresis and sloping profile, demand
both further development and improvement of the exhibited properties. [1.29]
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1.3.2 Electrolytes
At the current state of research, unlike in comparison to lithium ion batteries, no general
basic standard electrolyte is available. A large variety of different magnesium electrolytes is
investigated. Thereby the electrode selection, mainly whether or not a metallic magnesium
anode is used, limits the feasible options for electrolytes.
Conventional magnesium salts, such as Mg(ClO4)2 are often known for their hygroscopic
behavior and for conducting salt applications their drying is crucial and critical. Furthermore
the solvated magnesium ion forms rather stable coordination complexes or contact ion pairs,
which lead to either a magnesium-ion inactivity or to a decomposition of the solvent or
coordinated anion. [1.6, 1.8, 1.30, 1.31]
Classic polar aprotic organic solvents like carbonates, nitriles, sulfoxides or ionic liquids,
which are commonly used in lithium ion batteries, are incompatible with a metal magnesium
anode. At the current state of research, only from ethereal solutions reversible metallic
magnesium plating and stripping has been demonstrated. The stripping of a metallic
magnesium electrode might be feasible in other electrolyte solutions, but the back plating
onto the magnesium electrode is then strongly inhibited by the formation of a passivation
layer. Hence these reported conventional electrolytes are neglected. [1.6] However such
electrolytes might be used for cathode material evaluation, if the electrolyte reservoir within
the electrochemical cell is large enough and the counter electrode is suitable, e.g. an inert
counter electrode or a magnesium counter electrode with a greatly oversized surface area.
The driving force for electrolyte development is the urge to utilize the premier properties of a
metallic magnesium anode. So far, this is only demonstrated for salts with anions that
possess a highly reductive chemical potential – in either ethereal solution or as solid-state
electrolyte. [1.6]
Magnesium organo-metallic compounds possess these properties, thus magnesium
deposition and dissolution is feasible. For various organo-metallic solutions the successful
magnesium deposition and dissolution was first reported by Gregory et al. [1.21], e.g.
organomagnesium chloride / ACl3 / THF, organomagnesium chloride / THF and magnesium
organo-borates. Furthermore, the compatibility with a transition-metal oxide cathode (RuO2
and Co3O4) was demonstrated and the first proof of concept for a working secondary
magnesium ion battery is presented. Unfortunately the anodic stability of such components,
magnesium organo-borates, is limited, to ~1.9 V vs. Mg/Mg2+ on platinum, despite showing a
relatively high specific conductance of 1 mS.cm-1 in saturated THF solution, ~1 M. [1.21, 1.32]
The aforementioned organometallic compounds are inherently highly reactive and therewith
rather instable and therefore unfavorable as electrolyte conductive salt. But they can be
stabilized, if they are paired with strong stable Lewis acids, mainly main group 3 element
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Lewis acids. The resulting anion of this base-acid reaction is electrochemically stabilized
without trading the magnesium conduction properties. Therefore, a Grignard reagent, RMgX
where X is a Cl- or Br- and R is an alkyl or aryl group, is reacted with AlX3-xRx to form a
magnesium organo-halo-aluminate, Mg(AlCl3R)2 or Mg(AlCl2RR’)2 where R and R’ are alkyl
groups, in THF solution, which leads to a stable electrolyte.
!"!!!! !! + 2 !"!!!! !!! → !"(!"!!!! !!! !!!!.!! !!.!! )!

(1.1)

Hence, for a 0.25 M Mg(AlCl2(C4H9)(C2H5))2 in THF solution the anodic stability is improved
to 2.5 V vs. Mg/Mg2+ and with a resulting conductivity in the range of several mS.cm-1 at
room-temperature, which is comparable to the conductivity of standard lithium electrolytes.
With such electrolyte solutions an almost 100% efficiency for the magnesium deposition and
dissolution is obtainable and the applicability in secondary magnesium ion batteries with
Mo6S8 cathode has been proven. [1.9]
The acid-base type reaction leads to a multitude of possibilities for electrolyte solutions with
nearly infinite possibilities to tailor the electrolyte solutions to specific requirements. For
Grignard based electrolyte solutions organo-borates or organo-halo-aluminates with phenyl
groups showed the best performance and anodic stabilities up to 3.7 V vs. Mg/Mg2+ on
stainless steel and platinum. [1.33] Further investigations of such magnesium complexes led to
the development of non-Grignard based halo-aluminate complexes with phenolate, aloxide or
amido groups or solely inorganic complexes, e.g. halides. These types of electrolytes are
less sensitive to air, exhibit a lower nucleophilicity and possess a higher anodic stability. [1.32]
It is shown that binuclear complexes, e.g. [Mg2Cl3][PhOAlCl3] obtained by transmetalation
reactions of magnesium chloride, MgCl2, and dichloroaluminium-phenolate, PhOAlCl2, in
diglyme exhibit an oxygen tolerance. After stirring the electrolyte solution in a dry room
overnight the magnesium deposition overpotential starts to decrease slightly and the
obtained current densities for magnesium deposition and dissolution increase slightly. For
this electrolyte solution a coulombic efficiency of about 85% is achieved and an anodic
stability of 3.2 V vs. Mg/Mg2+ on platinum is observed. [1.11]
Recent studies have shown that a “conditioning” of such electrolytes is necessary for their
electrochemical performance. The conditioning leads to a reaction within the electrolyte
solution precipitating aluminum and forming a chloride ion layer on the magnesium surface of
the anode. This alters the electrochemical behavior and physiochemical properties, e.g.
solubility, of such. [1.7, 1.9, 1.49]
A tremendously older yet much simpler approach for an electrolyte solution for the
electrodeposition of magnesium is the use of halide free magnesium borohydride solutions.
This was first demonstrated from a MgBr2 / LiBH4 / THF solution, where the pure MgBr2
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solution yielded in a blackish deposit with a low percentage of magnesium content and the
addition LiBH4 to the solution yielded in a smooth metallic deposit with ~90 w%
magnesium. [1.34]
With magnesium borohydride, being commercially available, this concept was recently
picked up and the deposition and dissolution behavior of magnesium out of THF and DME
solution is intensively investigated. Out of a 0.5 M Mg(BH4)2 / THF solution on platinum a
deposition overpotential of -600 mV vs. Mg/Mg2+ and a dissolution overpotential of 200 mV
vs. Mg/Mg2+ is observed. This behavior improves significantly for a 0.1 M Mg(BH4)2 / DME
solution, -340 mV vs. Mg/Mg2+ and 30 mV vs. Mg/Mg2+ respectively. Furthermore the
resulting current density for both processes increases by an order of magnitude and the
coulombic efficiency from 40% to 67%. Both the solubility and conductivity of
Mg(BH4)2 / DME is limited, it is hypothesized and presented that the addition of LiBH4, which
exhibits a much higher solubility in DME than Mg(BH4)2, weakens the ion pair association
and therefore promotes the electrochemical performance.

For a 0.6 M LiBH4 / 0.18 M

Mg(BH4)2 / DME solution the coulombic efficiency is enhanced to 94% with the resulting
current densities being increased by nearly another order of magnitude. The anodic stability
for such solutions is limited to 1.7 V and 2.2 V vs. Mg/Mg2+ on platinum and stainless steel
respectively. [1.10] Further investigations [1.35] have shown that the performance of Mg(BH4)2
based electrolyte solutions can be further improved, when diglyme is used as solvent and the
molar ratio of Mg(BH4)2 / LiBH4 is shifted to 0.1 / 1.5 M. For this electrolyte solution a close to
100% coulombic efficiency is observed. For both reports a lithium co-plating starting at
around -700 mV vs. Mg/Mg2+ is not observed, which would be expected as lithium and
magnesium are 700 mV apart in the electromotive series. [1.10, 1.35]
In attempt to increase the anodic stability the switch from an oxidatively unstable [BH4]- anion
to a more stable closo-dodecaborate [B12H12]2- has been proposed, which is insoluble in lowpolarity solvents such as ethers. The structurally related mono-anionic icosahedral closomonocarborane [CB11H12]- exhibits a certain solubility in linear ether such as glymes. For
0.55 M to 0.75 M solutions of Mg(CB11H12)2 in triglyme or tetraglyme similar ionic
conductivities of maximum 2.9 mS.cm-1 are observed, which is in the lower range of standard
lithium electrolyte solutions. In respective to the high ionic conductivity the overpotentials for
magnesium deposition, < 250 mV, and dissolution are low, additionally the coulombic
efficiencies are high, 79.6% in triglyme and 94.4% in tetraglyme. Moreover the anodic
stabilities are greatly improved to 3.4 V vs. Mg/Mg2+, triglyme, and 3.8 V vs. Mg/Mg2+,
tetraglyme. [1.36, 1.37]
There are several reports on ionic liquids published mainly utilizing magnesium
bis(trifluoromethanesulfonyl)imide (MgTFSI2) as conductive salt. Most of these reports show
exceptional results on the performance with a metallic magnesium anode. However many of
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these results are not reproducaable and today it is vividly under discussion, if MgTFSI2 is
compatible with the metallic magnesium anode and metallic magnesium counter electrodes
or not. Contrary to reports claiming that reversible magnesium deposition and dissolution is
possible, no such behavior is observed for a variety of different ionic liquids and conducting
salt mixtures, such as e.g. MgTFSI2 or magnesium bis(trifluoromethanesulfonate),
conducting salts, and 1-n-butyl-3-methylimidazolium-TFSI or N-methyl-N-propylpiperidiniumTFSI, ionic liquid solvents. [1.38] Furthermore, calculations show that the [Mg+(TFSI)-] contact
ion pair intermediate is not stable and a C-S bond break occurs. [1.30] These electrolyte
solutions might however work with non-metallic working or counter electrodes.
Besides liquid electrolytes solid-state electrolytes have been investigated as well. The first
initial studies on metal-organic frameworks and polymer electrolytes show promising results.
Metal-organic frameworks represent a highly tunable and tailorable class of solid-state
electrolytes. The report covers only two different frameworks with different conductive salts,
different Mg-phenolates and MgTFSI2, as guest salts within the structure. The guest salt
concentration greatly varies between 0.19 M and 2.3 M and with it the ionic conductivity from
7.94.10-9 S.cm-1 to 2.51.10-4 S.cm-1. Any further electrochemical data is not presented. [1.39]
For the investigations on polymer based electrolytes, Mg(BH4)2 and MgO nanoparticles,
added to improve mechanical stability and conductivity, are dispersed in a poly(ethylene
oxide) matrix. Therewith, coulombic efficiencies of up to 98% are obtained for magnesium
deposition and dissolution on stainless steel with a Mo6S8 counter electrode without
reference at a coin cell at 100 °C. [1.40]
Table 1.1:

Schematic overview over various magnesium electrolytes performances

Salt

Solvent

ηdep.

ηdiss.

Ean vs.

Sub

Ref.

Mg/Mg2+
2 M BuMgCl

THF

130 mV

0 mV

1.5 V

Pt

[1.9]

0.25 M Mg(BPh2Bu2)2

THF

420 mV

0 mV

1.9 V

Pt

[1.9]

0.25 M Mg(AlCl2BuEt)2

THF

350 mV

0 mV

2.3 V

Pt

[1.9]

[Mg2Cl3][PhOAlCl3]

2G

400 mV

0 mV

3.5 V

Pt

[1.11]

0.5 M Mg(BH4)2

THF

600 mV

200 mV

1.5 V

Pt

[1.10]

0.1 M Mg(BH4)2

DME

340 mV

30 mV

N/A

N/A

[1.10]

0.18 M Mg(BH4)2/

DME

280 mV

70 mV

N/A

N/A

[1.10]

0.75 M Mg(CB11H12)2

3G

270 mV

0 mV

3.4 V

Pt

[1.37]

0.75 M Mg(CB11H12)2

4G

300 mV

0 mV

3.8 V

Pt

[1.37]

0.6 M LiBH4
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1.3.3 Cathode materials
Of different materials classes, multiple materials and particle morphologies have been
investigated as cathode materials for magnesium batteries so far. [1.32] Chevrel phases,
Mo6S8 or Mo6S8-xSex (x < 4), and V2O5 have received greater attention. Besides, TiS2
nanotubes and MgFeSi4 are reported as potential alternative cathode materials. A highenergy cathode material with stable cycling performance might be the crucial barrier for the
commercialization of secondary magnesium batteries to overcome.
The Chevrel phase was one of the first cathode materials reported for magnesium batteries
and the concept was proven in a prototype rechargeable magnesium battery. [1.9] Chevrel
phases consist out of stacked Chevrel clusters, cubes of sulfur atoms containing octahedral
molybdenum clusters. The magnesium interstitial sites are arranged in two rings around,
inner and outer ring, two facing vertexes of Chevrel clusters. [1.41, 1.42] Hence, a Chevrel phase
Mo6S8 offers a theoretical specific capacity of 122 mAh.g-1, with two working potential
plateaus at ~1.2 V vs. Mg/Mg2+, crystallographic inner ring, and 1.0 V vs. Mg/Mg2+,
crystallographic outer ring.

[1.9, 1.41, 1.42]

Within the Chevrel cluster, to maximum of 50 %, the contained sulfur can be exchanged by
selenium, Mo6S8-xSex (x < 4). The partial substitution of sulfur in the anionic framework
increases the mobility of the magnesium ions and therewith enhances the reaction kinetics.
This leads to a slight increase of the two working potential plateaus and a significant
enhancement of the rate capabilities, enabling C-rates up to 1C. Furthermore, despite a
lower theoretical specific capacity (heavier elements) the obtainable practical specific
capacity increases due to the faster reaction kinetics. [1.42]
For V2O5 cathodes it is found that the intercalation is limited to 1.84 magnesium equivalents.
This corresponds to a specific capacity of 540 mAh.g-1 and with as well two working potential
plateaus at -0.15 V vs. Ag/Ag+ and -0.65 V vs. Ag/Ag+, which corresponds to approximately
2.35 V vs. Mg/Mg2+ and 1.85 V vs. Mg/Mg2+. [1.43- 1.45] The first plateau corresponds to a
insertion of Mg2+ onto the crystallographic a-site, filling in the voids in-between the VO5
pyramids and the second plateau to an insertion to the crystallographic b-site at the tip of the
VO5 pyramids. Due to the insulating behavior of V2O5, composite electrodes with a
conductive additive have to be used. [1.43, 1.44]
Despite an increased inner layer distance, which should ease the magnesium insertion and
extraction, the utilization of V2O5-nanotubes showed no positive effects. [1.45] This might be
due to flaws in the experimental setup while preparing the electrode or can be assigned to
the use of a non-suitable electrolyte, 0.25 M Mg(AlBu2Cl2)2 in THF, for the V2O5 cathode
material.
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Furthermore, results achieved with a composite electrode and Mg(ClO4)2 / ACN electrolyte
raise questions. [1.43, 1.44] Foremost the water content in the experimental set up pose
concerns as Mg(ClO4)2 and ACN supposedly are used as received, both are known to
inherently content larger amounts of water content if not thoroughly dried. Secondly the
compatibility of the counter electrode, metallic magnesium, with the used electrolyte is
doubtful. The inherent incompatibility of metallic magnesium to certain electrolytes and it’s
wide use as counter electrode effects most further reported cathode materials. Analogous to
lithium, TiS2 and MgFeSiO4 are investigated as further possible cathode materials.
Nevertheless, a cathode material evaluation in such electrolytes can be conducted, if a
proper experimental set up is chosen. Therefore, the metallic magnesium counter electrode
needs to be greatly oversized or a inert counter electrode needs to be used and the
electrolyte reservoir must big enough to compensate for electrolyte degeneration and best if
it can be stirred.
TiS2 nanotubes are shown to intercalate and deintercalate magnesium ions in their tubular
structure. Thus, a maximum discharge capacity of 236 mAh.g-1 can be obtained
corresponding to Mg0.49TiS2 at an intercalation potential of 0.98 V vs. Mg/Mg2+. For a
polycrystalline powder, in comparison, only 96 mAh.g-1, ~Mg0.2TiS2, has been obtained. The
TiS2 nanotubes demonstrated a reasonably good cycle-ability losing about 22% capacity
within the first 80 cycles. The electrochemical results were obtained with a 1 M
Mg(ClO4)2 / ACN electrolyte solution. [1.46]
In similarity to LiFeSiO4, MgFeSiO4 is capable of intercalating and de-intercalating Mg2+ in
the anionic host structure of [FeSiO4]2-. Thus, MgFeSiO4 offers a theoretical specific capacity
of 311 mAh.g-1. MgFeSiO4 can be obtained by either a simple molten salt method [1.47] or by
ion exchange from LiFeSiO4. [1.48]
The MgFeSiO4 obtained via the molten salt route is synthesized at various temperatures,
1000 °C, 900 °C and 800 °C. For those different temperatures a different electrochemical
behavior is observed, with the 900 °C sample performing the best. Hence a first initial
discharge capacity of 125.1 mAh.g-1 at two working potentials of ~1.55 V vs. Mg/Mg2+ and
~1.0 V vs. Mg/Mg2+ is observed. The capacity retention at 0.1C is 91.4% at 20 cycles. For all
electrochemical measurements a 0.25 M Mg(AlCl2EtBu)2 / THF electrolyte solution is
used. [1.47]
For the MgFeSiO4 obtained via ion exchange the electrochemical measurements are carried
out with a 0.5 M MgTFSI2 / ACN electrolyte solution and the capacity is limited to 330 mAh.g-1
to prevent contributions of other reactions. For a single cycle, a full cell utilization is
demonstrated with a MgTFSI2 / tri-glyme (n:n = 1:5) electrolyte at 100 °C with a metallic
magnesium anode. [1.48]
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2

CONCEPTS AND FUNDAMENTALS

2.1

Thermodynamics and kinetics in electrochemical cells

The thermodynamic properties of an electrochemical cell determine its theoretical
capabilities, while the kinetic characteristics govern the cell’s practical performance. [2.1]

2.1.1 Electrochemical potential
The electrode potential, E, is an intensive value. Electrochemically the absolute potential
cannot be measured directly. It is determined relative to a known reference potential – halfcell potential. Therefore it is directly expressed as a quotient of the change in Gibb’s free
energy, ΔG, and the product of the transferred charge, z, and the Faraday’s constant,
F. [2.1- 2.6]
!= −

∆!
! ∙!

=−

∆!!!∆!

(2.1)

! ∙!

For ΔG < 0 the potential is positive, E > 0, and the reaction is spontaneous. The potential of
an electrochemical full-cell is calculated by the difference of the anodic EOx and cathodic ERed
half-cell potential. [2.1- 2.6]
! = !!" − !!"#

(2.2)

For standard conditions and an activity of 1 in aqueous solution, the half-cell potentials are
listed in the electrochemical series. From the derivation of the Gibb’s free energy (2.3)
∆! = ∆! ! − !"

! !"

[ !!

!!

]

(2.3)

and equation 2.1, the galvanic cell potential, E, at the thermodynamic equilibrium under
nonstandard conditions can be derived; the Nernst equation (2.4). [2.1- 2.6]
! = !! +

!"
! ∙!
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2.1.2 Electrokinetics
In non-equilibrium state, the resulting potential difference causes a reaction and therewith a
net-current flow. The net-current is the sum of the reductive (forward reaction) and oxidative
(backward reaction) current. [2.1- 2.6]
!"!" + ! !

!"#$%#& / !"#$%&'()

!"#$!"#

(2.5)

!"#$%"&'( / !"#$%&#!'

The current, I, is a direct measure for the reaction rate and is determined by electrode
surface, A, the heterogeneous e--transfer rate constant, kr, and the surface concentration, cs,
of the active species. [2.1- 2.6]
! = !! − !! = !"#

!"
!"

= !"#!! ! !

(2.6)

To exemplify, the cathodic, reductive, partial current is notated:
! = !"#!! !!!

(2.7)

The heterogeneous e--transfer rate constant, is determined by its exponential pre-factor, Xf,
and the activation energy of the electrode, ΔG≠.
!! = !! !"#

!∆!!!

(2.8)

!"

The activation energy of the electrode is derived by its standard activation energy, ΔG≠0, the
applied potential and a symmetry factor, α. [2.1- 2.6]
−∆!!! = −∆!!!! + !" ! − ! !

(2.9)

With equation 2.8 and 2.9 one derives 2.10, showing that the rate constants are directly
proportional to the exponential function of the potential difference at the electrode.
!! = !! !"#

!∆!!!!
!"

!"#

!!" !!! !

(2.10)

!"

Hence the electrochemical reaction rate can be changed by the potential. With the
contribution of both partial currents (2.10), equation 2.6 is expanded to the complete currentpotential-characteristics (2.11).
! = !"#! ! !!! !"#

!!" !!! !
!"
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The energy barrier is symmetrical for α = 0.5. The forward reaction is favored with a shifted
energy barrier for α < 0.5 and for α > 0.5 the equilibrium is closer to the educts favoring the
backward reaction. [2.2- 2.5]
Assuming a close to equilibrium state where the charge transfer is the rate-limiting step, for
single electron transfer with no diffusion limitation, equation 2.11 can be simplified to the
Butler-Volmer equation (2.12), with ηCT being the activation overpotential of the charge
transfer. [2.1- 2.6]
! = !! !"#

!!"
!"

!!" − !"#

!!! !
!"

!!"

(2.12)

With the exchange current density, J0, simplifying to
!! = !! ! !!! − !!!

(2.13)

Two limiting cases are considered, for |ηCT|≈0, the Butler-Volmer equation simplifies and the
polarization resistance only governs the current density. [2.2- 2.5]
!!" = !!

!"
!
!" !"

(2.14)

In the second limiting case, |ηCT|>>1, the Butler-Volmer equation can be linearized in to the
Tafel equations for the cathodic (2.15) and anodic (2.16) branch. [2.2- 2.5]
!" !!" = !" !! −
!" !!" = !" !! +

!"
!
!.!!" !"
!!! !
!.!!"

!!"

(2.15)
(2.16)

2.1.3 Kinetic processes
The thermodynamics and electrokinetics of the faradaic processes, close to equilibrium state,
govern the theoretical properties of an electrochemical cell. But in a non-idealized state the
properties of an electrochemical cell strongly depend on its kinetic properties. The kinetic
properties depend on the diffusion / the concentration, ηc, the adsorption and activation on
the surface, ηa, and the crystallization, ηcr, of the electrochemically active species. But also
internal ohmic resistivity of cell components causes an overpotential, ηo. These processes
can strongly influence the practical use of an electrochemical cell, e.g. the achievable
working potential U of an electrochemical cell depends on the theoretical cell potential U0
(thermodynamic property) and the overpotential ηi (kinetic property). Both are in a simple
additive relation (2.17) - for a discharge process the overpotential is subtracted. [2.1- 2.6]
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! = !! ±

! !!

(2.17)

The resistive or ohmic overpotential, ηo, is determined by serial resistive processes in current
collector, active material and electrolyte. It strongly depends on the design of the cell and
material properties. [2.1]
The concentration overpotential, ηc, is determined by the diffusion of active species, counter
ions and reaction products, resulting in a concentration gradient between the electrode
surface and the bulk of solution. For a simplified mono-directional diffusion process the
concentration overpotential is derived as shown in equation 2.18. [2.1- 2.6]
!! =

!"
!"

! !!

!"

!!!
!!!

(2.18)

The resulting limiting current for the diffusion process is determined by the diffusion
coefficient, D, and by the thickness of the Nernst diffusion layer, δN. [2.1- 2.6]
!!"# = !"#

! ! !! !
!!

(2.19)

The activation overpotential, ηa, describes the difference of concentration and activity. For
the electrochemical species it is necessary to overcome activation energy, e.g. caused by
the de-solvation of ions or overcoming the activation enthalpy. [2.1- 2.6]
!! =

!"#
!"

!"

!!!
!!!

(2.20)

The crystallization overpotential, ηcr, is determined by the transition kinetics of the surface
adsorbed crystalline species into the crystal structure. It depends on the activity of the
adsorbed species under current flow and at equilibrium conditions. [2.1- 2.6]
!!" =

!"
!"

!"
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2.1.4 Capacity
The capacity C of an electrode is the maximum amount of charge Qmax, which can be stored
in the active material. Beside the cell potential the capacity is another key parameter in
battery technology.
The charge Q is a function of the current over time. With the given differential the charge
directly depends on the current, which is a kinetic property, extensive value, of the cell. [2.1- 2.6]
!
!(!)
!

!=

∙ !"

(2.22)

For a galvanostatic process the current is constant and the differential can be reduced. [2.1- 2.6]
! =! ∙!

(2.23)

The relationship between the amount of material, n, and the charge, z, that can be stored is
the capacity C of the material, given by Faraday’s law. [2.1- 2.6]
! =! ∙! ∙!

(2.24)

! = !!"#

(2.25)

The amount of charge that can be stored per unit mass of active material is the specific
capacity Cm. [2.1- 2.6]
!! =

!
!

=

!"#
!

=

!"
!

(2.26)

The capacity for the full cell Cmfull can be calculated with the anodic and cathodic capacities
of the corresponding half-cells. [2.1- 2.6]
!
!"##
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=

!
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2.1.5 Electrical potential energy
The stored electrical potential energy P is a differential function of the product of potential
and current over time. [2.1- 2.6]
!=

!
!
!

! ∙ !(!) ∙ !"

(2.28)

At equilibrium for a constant current, the differential equation (2.11) can be reduced.
! = ! ∙ ! ∙ ∆!

(2.29)

Parallel to the specific capacity, the amount of electrical potential energy that can be stored
per unit mass of active material is the energy density Pm. It is the key figure for nonstationary battery applications. [2.1- 2.6]
!! =

!

(2.30)

!

2.1.6 C-rate
To describe the rate of charging / discharging a factor between the current and nominal cell
capacity, CN, is defined - the C-rate. In an ideal cell a rate of 1C relates to a full
charge / discharge of the capacity in one hour, C/10 to a full charge / discharge of the
capacity in ten hours. [2.1]
!!"#$ =

! ∙!!
!!

=

!!
! (!" !)

(2.31)

Due to effects discussed earlier in chapter 2.1.4 a higher charge / discharge current will
cause increasing overpotentials. Thus the cut off potential of a charge / discharge process is
reached earlier decreasing the capacity – the capacity of the electrochemical cell depends on
the C-rate. This behavior is empirically described by the Peukert equation
!!
!

=

!
!

(2.32)

with n and K being the empiric parameters. For an ideal electrochemical cell n = 1 and
K = CN. [2.1]
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2.2

Conductivity of electrolyte solutions

Electrolyte solutions possess the ability to admit ion migration along the electric field,
allowing for current transport. The migration of both cations and anions needs to be
considered and for simplifications only a single type is assumed for each. For ion transport
the electric force must overcome the Stokes friction of the solvated ion. The resulting current
of the ion transport can be written as sum of both charge transfer differentials or as product
of the conductance, L, and the potential (2.33). [2.3]
!=

!" !
!"

+

!" !

= !! + !! !

!"

(2.33)

Typically, the electrical conductivity, κ, is measured as the inverse of the resistance
normalized to the electrode area, A, and the distance between, l, the electrodes. [2.3]
!=

! !
!!

=!

!

(2.34)

!

The electric conductivity is further normalized to the molar conductivity, Λm, and equivalent
conductivity, Λeq. [2.3]
!! =
!!" =

!

(2.35)

!
!

(2.36)

!! !

Strong electrolytes, solutions that completely dissociate regardless their concentration,
should show linear dependence of conductivity on concentration. But due to ionic interaction
at higher concentrations a linear dependence of the conductivity is observed only for small
concentrations. The Kohlrausch law (2.37) describes this behavior, where Λ0 is the limiting
molar conductivity.
!! = !! − ! !

(2.37)

The limiting molar conductivity is the conductivity without any contribution of ionic
interaction, i.e. at infinite dilution. Experimentally, the limiting molar conductivity can be
obtained by extrapolating the Λm vs. √c plot towards c = 0. [2.3]
The molar conductivity of electrolytes depends on the degree of dissociation, α, described by
Ostwald dilution law (2.38).
k=

[!! ][! ! ]
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=
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Strong electrolytes, with a degree of dissociation, αà1, exhibit a linear dependence of the
molar conductivity on the square root of the conductive salt concentration. Therefore the
limiting molar conductivity can be extrapolated fairly well. With increasing salt concentration
and therewith, α<1, the molar conductivity declines. [2.3]
For weak electrolytes, with a degree of dissociation, α<<<1, the dependence of the molar
conductivity on the degree of dissociation can be rewritten.
α=

!
!

=

!!
!!

(2.39)

Thus week electrolytes show a non-linear dependence of the molar conductivity on the
square root of the conductive salt concentration. The molar conductivity exponentially
declines with increasing conductive salt concentration and therefore the limiting molar
conductivity cannot be accurately obtained via extrapolation. [2.3]
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2.3

Magnesium batteries

2.3.1 Electrochemical cell
The secondary magnesium battery is a reversible electrochemical cell. It consists of the two
electrodes, anode and cathode, a separator, an electrolyte and an external circuit. The two
electrodes, anode and cathode, are each submerged in the ion conductive electrolyte and
separated by the separator. Chemically anode and cathode are connected through the ion
permeable separator, soaked with electrolyte. Electrically anode and cathode are connected
via the external circuit. [2.1, 2.7]
The two electrodes exhibit a different electrochemical potential. The electrode, which exhibits
a lower standard electrical potential is defined as negative electrode, the electrode with the
higher standard electrical potential is defined as positive. These potentials result in an overall
potential difference between the two half-cells. When closed circuited, to equalize the
potential difference, an electric current occurs in the external circuit and an ionic current in
between the electrodes. Thereby oxidation occurs at the electrode with lower standard
reduction potential and vice versa reduction occurs at the electrode with higher standard
reduction potential. The electrode where the oxidation reaction occurs is referred to as
anode, while the electrode where the reduction reaction occurs is referred to as cathode.
[2.1, 2.7]

In terms of a secondary magnesium battery cell, which is undergoing discharge, the metallic
magnesium anode is oxidized. The Mg2+- ions are solvated and migrate through the
electrolyte and separator to the cathode. There the Mg2+- ions intercalate in the host
structure of the cathode, e.g Chevrel-phase Mo6S8. The transition metal of the cathode is
reduced to equalize charges. The respective reactions are given in equations 2.40- 2.42.
Under charging and discharging the reactions are reversed and therewith anode and cathode
are interchanged. For batteries, to avoid confusion, the terms anode an cathode are defined
by the reactions occurring under discharge, irrespectively of whether the cell is charged or
discharged (Tab. 2.1). [2.1, 2.7]
Table 2.1:

Electrode designation (Battery convention)

Electrode

Discharge

Charge

Polarization

Cathode

Reduction

Oxidation

Positive (+)

Anode

Oxidation

Reduction

Negative (-)

Total:

2 Mg + Mo! S!

!"#$!!"#$
!!!"#$
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Mg ! Mo! S!

(2.40)
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2 Mg

Anode:

Cathode:

!"#$!!"#$
!!!"#$

2 Mg !! + 4e!

Mo! S! + 2 Mg !! + 4e!

!"#$!!"!"
!!!"#$

Mg ! Mo! S!

(2.41)

(2.42)

2.3.2 Anode materials
The anode comprises the current collector, e.g. copper foil, and the active material. As anode
active materials metallic magnesium or conversion materials such as intermetallic
compounds, are used.
The magnesium metal anode offers a theoretical specific capacity of 2205 mAh.g-1
3832 mAh.cm-3 and a working potential of 0 V vs. Mg/Mg2+, thus outperforming lithium in the
volumetric energy density. It inherently exhibits a non-dendritic plating behavior during
electro-deposition, but in reverse it is sensitive to form a magnesium ion impermeable
passivation layer. Hence a suited electrolyte is required for the magnesium metal anode to
work. [2.8]
Intermetallic compounds allow for reversible magnesiation and demagnesiation. These
conversion type electrodes may circumvent the passivation challenges accompanying the
metallic magnesium anode and thus allow for a broader variety of electrolytes to be used.
Tin, antimony and bismuth have been proposed for this electrode type. [2.9- 2.11] They offer
theoretical capacities up to 903 mAh.g-1 (Sn) and working potentials of 200 - 320 mV vs.
Mg/Mg2+ (Sn). But usually the achievable electrode kinetics of the magnesiation and
demagnesiation process are slow and the associated pronounced volume expansions and
contractions lead to active material loss.
A more comprehensive description of the intermetallic phases is found in Chapter 2.4.
Intercalation compounds, like graphite in lithium batteries have not been reported in
literature. Investigations on nano-porous carbon have been published, but the results either
suggest magnesium plating at potentials below 0 V vs. Mg/Mg2+ or show mainly a capacitive
behavior. [2.12]

2.3.3 Cathode materials
Like the anode, the cathode is built of an active material on a current collector. The most
promising cathode active materials, chevrel phases, Mo6S8 or Mo6S8-xSex (x < 4), and V2O5,
are mainly reported. [2.13- 2.18]
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The Chevrel phase cathode, Mo6S8, offers a theoretical specific capacity of 122 mAh.g-1 and
works at two potential plateaus at ~1.2 V vs. Mg/Mg2+ and 1.0 V vs. Mg/Mg2+. Up to four
sulfur atoms, half of the contained sulfur within the Chevrel cluster, can be exchanged by
selenium. This leads to a slight potential increase of the two working potential plateaus, to
~1.3 V and 1.1 V vs. Mg/Mg2+ respectively, and to faster kinetics resulting in a higher
practical specific capacity increasing from 75 mAh.g-1 to 110 mAh.g-1 for a nano-scaled
Mo6S6Se2-phase electrode. [2.13- 2.15]
A V2O5 cathode offers a practical specific capacity of 540 mAh.g-1 with as well two working
potential plateaus at -0.15 V vs. Ag/Ag+ and -0.65 V vs. Ag/Ag+, (3.0 V and 2.5 V vs. Mg/Mg2+
respectively). Due to the insulating character of V2O5, composite electrodes with a
conductive additive have to be used. [2.16- 2.18]

2.3.4 Electrolyte
For the electrolyte solution, analogous approaches to lithium ion batteries, in regard to
conducting salt and solvent are misleading. Magnesium deposition and dissolution has only
been demonstrated from ethereal solutions, mainly THF or linear ethers, so far. Multiple,
conductive salts have been reported and patented – to name few, organ-halo-alumino
magnesium salts, magnesium borohydrites and magnesium bis(cyclopentadienyl). All
mentioned salt anions possess a high reductive chemical potential. [2.21]
Organo-halo-aluminates or organo-halo-borates are Grignard type based electrolytes.
Therefore a strong Lewis base, Grignard compound, is combined with stable organic Lewis
acids, mainly based on main group 3 elements, to form electrochemically stable complex
anions. The latest advances are complexes, which are non-Grignard based, such as the
magnesium aluminium chloro complex, which leads to higher chemical stabilities. The
achievable electrochemistry and the tune-ability, e.g. in terms of nucleophily and anodic
stability, of these complexes are outstanding. [2.21- 2.23]
Magnesium borohydrides and magnesium-organo-borates have been introduced in attempt
to obtain halide free simple salt / solvent based electrolytes. Such electrolyte solutions exhibit
a very good anodic stability but possess a high overpotential of 500 mV for magnesium
deposition. [2.21, 2.24, 2.41, 2.42]
Magnesocene based electrolyte as an alternative halide-free system is investigated in the
scope of this work. A more detailed description of the conducting salt is given in Chapter 2.5.
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2.3.5 Separator
The separator physically and electrically separates the electrodes to inhibit short-circuiting.
Separators are made out of glass fiber cloth or commercial ones out of polyolefin polymers
like polyethylene (PE) or polypropylene (PP). These membranes need to withstand the
reducing potential at the anode and the oxidizing potential at the cathode and must be nonreactive regarding the electrolyte and mechanically stable. Additionally, they need to facilitate
good ion permeability and therefore must be easily wetted by the electrolyte. A reduced
distance between the electrodes, using a thin separator, allows for shorter transport
pathways and therewith reduces the internal resistance. [2.1]
Modern, commercially used composite separators function more than just as a spacer. They
combine the different material properties to enhance performance and function of the
separator. For instance, in a state of off-operational conditions so-called “shut-down
separators” shut the cell electrochemically down, by increasing the internal resistance to
prevent further electrochemical reaction and therewith a further heating of the cell. [2.1]

2.4

Conversion materials

Tin, antimony and bismuth allow for reversible magnesium insertion und extraction. Each
metal forms a single intermetallic compound, Mg2Sn, Mg3Sb2 and Mg3Bi2, with magnesium.
Whereby Mg2Sn is a line compound with a defined stoichiometry. The Mg3Sb2 and Mg3Bi2
phases are slightly broadened phase with a width of one and two atomic percent respectivly
to Mg enriched phases at 200 °C. The Sn, Sb and Bi crystallographic data of the pure metal
and the intermetallic phases are listed in Table 2.2. [2.25- 2.27]
Table 2.2:

Crystallographic data of Sn, Sb, Bi and their respective intermetallic

compounds.

[2.28- 2.32]

Space

a

b

c

V

group

in nm

in nm

in nm

in nm3

β-Sn

I41/amd

0.5831

0.5831

0.3812

0.1082

4

7.29

Mg2Sn

Fm-3m

0.6759

0.6759

0.6759

0.3088

4

3.60

Sb

R-3m

0.4308

0.4308

1.1274

0.1812

6

6.69

Mg3Sb2

P-3m1

0.4573

0.4573

0.7229

0.1309

1

4.01

Bi

R-3m

0.4546

0.4546

1.1862

0.2123

6

9.81

Mg3Bi2

P-3m1

0.4671

0.4671

0.7403

0.1399

1

5.83
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From this crystallographic data the theoretical capacity in regard to the charged and
discharged state can be calculated as listed in Table 2.3, as well as the volume expansion
associated with magnesium insertion.
Table 2.3:

Specific capacity and volume expansion of Sn, Sb and Bi upon magnesium

insertion
Theoretical capacity

Theoretical capacity

Volume

charged

discharged

charged

discharged

expansion

in mAh.g-1

in mAh.g-1

in mAh.cm-3

in mAh.cm-3

in %

Mg2Sn

903

641

3250

2306

285.5

Mg3Sb2

660

508

4421

2040

216.8

Mg3Bi2

385

328

3773

1909

197.7

The thermodynamic data, free enthalpy and Gibbs free energy of formation, calculated via
DFT from the crystallographic data using PWLSD and PWLSD-D3 functionals, [2.33] and the
standard potential, calculated via equation 2.1, for magnesium insertion and extraction is
listed in Table 2.4.
Table 2.4:

Theoretical thermodynamic data [2.33]
Calculated with
.

PWLSD; in kJ mol

Potential in
-1

Potential in
.

V vs.

PWLSD-D3; in kJ mol

ΔH

ΔG

Mg/Mg

Mg2Sn

-75.5

-74.2

0.192

Mg3Sb2

-236.0

-239.5

Mg3Bi2

-159.8

-165.3

2.5

Calculated with

2+

Mg/Mg

2+

-1

V vs.

ΔG

in V

-72.1

-76.8

0.199

0.414

-313.9

-315.3

0.545

0.286

-166.8

-171.4

0.296

Bis(η5-cyclopentadienyl)magnesium

Since the invention of ferrocene in 1951 [2.34], the organometallic cyclopentadienly complexes
gained much attention and metallocenes have become one of the most important material
classes in metal-organic chemistry. [2.37]
Crystalline magnesocene is the molecular sandwich complex of an Mg2+-cation and two
cyclopentadienly anions. It crystallizes in the monoclinic P21/c space group where the two
cyclopentadienly rings are in parallel staggered configuration centering the magnesium ion.
The C-C bond length is 139-140 pm, the Mg-C bond length is 230-234 pm, all carbon atoms
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are symmetrically coordinated to the center Mg2+-ion, forming a η5-coordination. The complex
is soluble in multiple nonpolar and polar aprotic organic solvents, e.g. toluene and THF. It is
sensitive to moisture and air. [2.35, 2.37]
It has been established by NMR spectroscopy, that magnesocene is known to form base
adducts with oxygen, nitrogen or phosphorus containing Lewis bases [2.36]. A broader variety
of those magnesocene base adducts have been synthesized and the structure of their
crystalline phase was determined by XRD. [2.37, 2.38]
Magnesocene is known to form coordination complexes with a variety of aprotic solvents. For
the coordination with THF a bis(η1:η5-cyclopentadienyl)bis(tetrahydrofuran)magnesium
complex is observed. Within the crystal, the THF molecules are coordinated via their oxygen
atom to the center magnesium ion, distorting the parallel, linear, complex structure to an
angle of 112.2° (ring-center Mg ring-center). The Mg-C coordination lengths at the η1coordinated ring is shortened to a length of 227.9 pm and lengthened for the η5-coordinated
ring to a distance of 241-247.6 pm. A variety of such complexes with nitriles, further ethers
and sulfoxides have been investigated. [2.37]
The electrolytic conductivity of metallocenes and homologous compounds in different
ethereal solutions was investigated and the dissociation mechanisms revealed. Thus an 1-1
electrolyte behavior for magnesocene was found and the formation of triplet ions, according
to mechanism 2.43 and 2.44, with the exclusion of solvated Mg2+ is suggested. [2.39, 2.40]
2 !"!"!

!"! !"!! + !" !
!"!"!!

!"!"! + !" !

(2.43)
(2.44)

The dissociation constants K1, for full dissociation as 1-2 electrolyte, and K3, for the
mechanisms 2.40 and 2.41, in THF and DME have been determined as follows, in THF,
K1: 5.10-9 and K3: 1.10-3, and in DME, K1: 3.10-8 and K3: 1.10-2. [2.39, 2.40]

2.6

Carbon based materials

With the exception of the two magnesium carbide compounds, Mg2C3 and MgC2, no
crystalline magnesium carbon compound is reported in literature yet. Aforementioned in
Chapter 1.3.1 nano-porous carbon is tested with no greater specific capacity being
observed [2.12] and the solvent co-intercalation in pyrolytic graphite is utilized to perform a
thermal delamination of the graphite. [2.43, 2.44]
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However, in Li-battery technology, carbon based materials known insertion compounds.
Amorphous carbon was used 1991 in the first commercial Li- ion battery to successfully
prevent dendrite formation. [2.1, 2.7]
In amorphous carbon the atoms are arranged in planar hexagonal arrays without any long
range ordering. It exhibits a low electrochemical potential, which depending on the SOC
varies between 1300 and 0 mV vs. Li/Li+. It can incorporate up to x = 0.5- 0.6 Li to form a
LixC6 phase that offers a theoretical specific capacity of 200 mAh.g-1. [2.1, 2.7]
In graphite, the carbon atoms are arranged in planar hexagonal arrays. For crystalline long
range ordering the graphene layers have an AB or ABC stacking sequence in the delithiated
state and an AA stacking in the fully lithiated state. It exhibits a lower electrochemical
potential than amorphous carbon, between 250 and 50 mV vs. Li/Li+. Theoretically, it can
incorporate up to x = 1.0 Li to form a fully lithiated LiC6 phase that offers a theoretical specific
capacity of 372 mAh.g-1. Practically, a reversible insertion of x = 0.9-0.95 can be achieved.
[2.1, 2.7]
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3

METHODS AND MATERIALS

3.1

Materials

For electrochemical characterization it is mandatory that all materials must be dry and free of
oxygen. For that purpose all electrodes, salts and solvents are stored and handled in a
MBRAUN MB 200B glove box under an inert argon atmosphere with water and oxygen levels
below 0.5 ppm.
Prior to storage inside the glove box all solvents are dried with sodium and benzophenone,
distilled and then transferred inside the glove box without contact to ambient atmosphere.
The conductive salts and magnesium metal are received ampuled, bottled or packed under
argon and are not further purified before storage and subsequent usage.
The materials used for electrochemical electrode deposition bath are used as received. The
mixed electrode deposition bath solutions are stored in a refrigerator until use.
Table 3.1:

Substance references

Substance

Supplier

Form

Mat.-No.

Mg(BH4)2

Sigma-Aldrich

Powder, 95%

715247

MgCp2

ABCR

Powder, 99.999%

AB120860

Tetrahydrofurane

Sigma-Aldrich

Liquid, 99.9%

401757

Tetrahydrofurane -d8

ABCR

Liquid, 99.5%

AB258265

1,2-Dimethoxyethane

Sigma-Aldrich

Liquid, 99.5%

259527

2,5,8,11,14-

Sigma-Aldrich

Liquid, 99%

172405

Mg

GalliumSource

Sheet (0.1 mm), 99.95%

na

Mg

Goodfellow

Wire (1 mm), 99.9%

284-676-36

Cu

Schlenck

Sheet (0.01 mm), 99.5%

na

Pt

Degussa

Sheet (0.25 mm), 99.99%

na

Steel (1.4301)

Record

Sheet (0.01 mm)

na

Pentaoxapentadecane
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Substance

Supplier

Form

Mat.-No.

Borosilicat glass fiber

El-cell

Fiber cloth

ECC1-01-0012-C

Celgard

Foil

na

Pt

Alfa Aesar

Gauze (52 mesh), 99.9%

010283

Gelatin

Fluka

Powder

48722

Sn2P2O7

Sigma-Aldrich

Powder, 98%

344966

K 4P 2O 7

Sigma-Aldrich

Powder, 97%

322431

SnCl2.2 H2O

Sigma-Aldrich

Powder, 98%

31669

SbCl3

Fluka

Powder, 99%

10774

Na4P2O7 10 H2O

Sigma-Aldrich

Powder, 99%

221368

Tartaric acid

Merck

Powder, 99.5%

100804

Citric acid.H2O

Riedel de Haen

Powder, 99.5%

33114

HBF4 (48 %)

Sigma-Aldrich

Liquid, 48%

2097934

Fluka

Powder, 99.5%

15665

K(SbO)C4H4O6 3 H2O

Sigma-Aldrich

Powder, 99%

383376

Synthetic

graphite

Hitachi

Powder

-

graphite

Timcal

Powder

-

graphite

Timcal

Powder

-

Carbon

Kureha

Powder

-

Powder

-

Sigma-Aldrich

Liquide

-

Ube

Solution

-

Separator
PE-PP-PE Seperator
Celgard 2325

.

H3BO4
.

MAGD
Synthetic
SFG6L
Synthetic
SFG44
Amorphous
Carbotron
poly(1,1difluoroethylene)
1-Methylpyrrolidin-2one
1 M LiPF6 / EC:DMC
(1:1 wt)
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3.2

Sample handling and preparation

3.2.1 Electrochemical electrode deposition
Conversion electrodes are prepared by electrochemical deposition of tin, tin-antimony and
antimony from aqueous solution under ambient atmosphere. The recipes for metal deposition
bath solutions are listed in Table 3.3, 3.4 and 3.5. [3.1]
Table 3.2:

Gelatin solution 2 g.L-1 for the Sn and SnSb deposition bath

Substance

Amount

Gelatin

160.0 mg

DI water

80 mL

Table 3.3:

Sn deposition bath

Substance

Amount

Sn2P2O7

6.00 g

K 4P 2O 7

24.00 g

Gelatin solution

15 mL

DI water

185 mL

Table 3.4:

SnSb deposition bath

Substance

Amount

SnCl2.2 H2O

6.00 g

SbCl3

834 mg
.

Na4P2O7 10 H2O

23.00 g

Tartaric acid

1.40 g

Gelatin solution

40 mL

DI water

160 mL

Table 3.5:

Sb deposition bath

Substance

Amount

Citric acid.H2O

21.87 g

HBF4 (48 %)

10.00 g

H3BO4

1.60 g
.

K(SbO)C4H4O6 3 H2O

2.61 g

DI water

200 mL

29

CHAPTER 3 - METHODS AND MATERIALS

For deposition, a copper foil, 43 x 43 mm2, as working electrode is fixed with adhesive tape
to a plain plastic electrode holder. As counter electrode a Pt-web, 25 x 25 mm, is used. It is
fixed with Pt-wire onto another electrode holder. Both electrodes are placed facing parallel
and centered to each other in a standard 300 mL glass beaker. The electrodes are being
fixed 45 mm apart. The space between the electrode holder and the wall of the beaker is
filled with glass beads to reduce the total volume of deposition bath required. A magnetic
stirring bar and the respective deposition bath is added, the beaker is then fixed on a
magnetic stirring and heating plate with optional use of an ultrasonic finger.
The deposition conditions are strongly altered in terms of deposition time, stirring speed, use
of ultrasonic finger, etc. to achieve different deposition morphologies and coverage. The
current density and deposition bath temperature for the respective metal deposition is listed
in Table 3.6.
Table 3.6:

Current density and temperature and actual deposition conditions for the metal

electrodes
Current density

Temp.

dep. cond. for electrodes

Sn deposition

2.5 mA.cm-1

RT

5 min / vigorous. stirring

SnSb deposition

2.0 mA.cm-1

44 °C

30 min / w/o stirring / ultra sonification

Sb deposition

15.0 mA.cm-1

50 °C

10 min / vigorous. stirring

Subsequent to deposition the electrode holder is retrieved from the deposition bath, slightly
rinsed off with DI-water and put into a drying oven at 60 °C for a couple of hours. The copper
foil with the deposited transition metal is then carefully peeled off the holder and 4 circular
electrodes of d = 18 mm, for electrochemical testing, are punched out of each square copper
foil. To prevent rolling up of these electrodes while drying, they are individually put in
between Al-foil and the stack being slightly pressed flat with a clamp. Thus they are dried in a
vacuum oven at 60°C. Before transferring the electrodes in a glove box, they are packed
individually and finally dried in a Büchi B585 vacuum oven at 120 °C.
For characterization the electrodeposited electrodes are characterized with SEM, XRD and
electrochemically in a lithium reference system.

3.2.2 Carbonaceous electrode preparation
Carbon based electrodes are prepared by doctor blade coating from PVDF / NMP based
slurries. For the slurry preparation PVDF and NMP are premixed, yield in a 5 % (w%)
solution. The carbonaceous active material and the PVDF / NMP solution are then mixed to
yield in a w(%) 92:8 ratio. Approximately 5 g of slurry are prepared. The slurries are mixed
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with a magnetic stir bar for 2 hours at room temperature and if necessary the viscosity of the
slurry is reduced by adding small amounts of NMP.
Table 3.7:

Carbonaceous active materials [3.19]
Particle size

d002 spacing

d50 | d90

Surface area

Density

Tap density

(BET)

MAGD

22.0 µm | N/A

0.336 nm

4.1 m2.g-1

2.24 g.cm-3

0.66 g.cm-3

SFG6L

3.5 | 6.8 µm

N/A

17.0 m2.g-1

2.26 g.cm-3

0.05 g.cm-3

SFG44

23.8 | 48.8 µm

0.336 nm

5.0 m2.g-1

2.26 g.cm-3

0.19 g.cm-3

Carbotron P

9.0 µm | N/A

0.37~0.38 nm

4~8 m2.g-1

1.52 g.cm-3

Subsequently the slurry is coated onto a dendritic copper foil as current collector, with a wet
film thickness of 250 µm at 2.5 m.s-1 on a coating table. The coating is dried at 60 °C
overnight on the coating table before punching electrodes. Before transferring the electrodes
in a glove box, the electrodes are packed individually and finally dried in a Büchi B585
vacuum oven at 120 °C.

3.2.3 Electrochemical test cell assembly and characterization
Round metal discs of d = 18 mm, as working and counter electrode, are punched out of thin
metal sheets. Working electrodes, copper, platinum, stainless steel, aluminum and
conversion electrodes, are prepared outside the glove box. They are dried in a Büchi B585
vacuum oven at 120 °C under vacuum, ~10-3 bar, overnight and subsequently transferred
into a glove box.
The counter and reference electrodes, magnesium and lithium, are prepared inside the glove
box. In magnesium batteries a ~1.5 mm long piece of magnesium wire, d = 1 mm, and in
lithium batteries a small piece of lithium is used as reference electrode. The surface of
magnesium metal electrodes is polished with sand paper of 1200 grain and the surface of
lithium metal electrodes is scratched with a spatula, prior to assembly.
The commercially available 1.55 mm thick and d = 18 mm glass fiber (GF) separators (ElCell)

are

dried

in

a

Büchi

B585

vacuum

oven

at

250 °C

under

vacuum,

~10-3 mbar, overnight prior to transfer into the glove box. Celgard® 2325 separators
(Cellgard), d = 18 mm, are punched outside the glove box and dried in a Büchi B585 vacuum
oven at 60°C under vacuum, ~10-3 mbar, overnight before transferring them into the glove
box.
The different electrolytes are prepared inside the glove box in various batch sizes 5-10 mL
according to the predetermined composition.
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The electrochemical characterization is performed in commercially available El-CELL® EECRef test cells, in half-cell configuration. A 3D cross-section model of a test cell is shown in
Figure 3.1, tagging all parts of the cell. All components are transferred into the glove box. All
parts which were in contact to ambient atmosphere are transferred undergoing a drying
process for at least overnight under vacuum at 60 °C or 100 °C, depending on which
temperature the material can withstand.
The cell components are placed in the El-CELL GmbH EEC-Ref test cell. For assembly the
PEEK sleeve is placed in the cell base and fixed into its position with the locking ring. The
reference and counter electrode are placed and covered with the separator. Then 450 µL of
electrolyte are added wetting the separator evenly and the working electrode is placed on top
and the cell is finally assembled.

Figure 3.1:

Cross-section model of an EL-CELL ECC-Ref test cell. Copyright EL-CELL

GmbH. Reproduced with permission. [3.2]
Subsequently to assembly, the cell is retrieved from the glove box, checked for open circuit
potential and a potential short circuit.
After electrochemical testing, the cells are disconnected from the cell test system and put
back into the glove box for subsequent disassembling under inert atmosphere to avoid
alteration of the samples. The cycled electrodes and electrolyte are sensitive to ambient
conditions. Therefore, all samples are handled and prepared inside a glove box under inert
and dry argon atmosphere.
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3.2.4 Scanning Electron Microscopy and X-ray Diffraction
Different electrodes are investigated with SEM and XRD to characterize the deposit on the
surface of the copper current collector.
For electrochemically tested samples, the electrode is retrieved from the test cell inside the
glove box and dried under inert atmosphere. The electrodes are not washed or treated
further to not disturb and alter the electrode surface. At selected cells an additional
membrane separator, Celgard® 2325, is placed between the electrode and GF-separator to
reduce residual glass fiber contamination and therewith enhance the SEM imaging. The
sample, a full electrode or a piece of it, is then fixed onto an aluminum sample holder with
conductive carbon adhesive tape. Subsequently, it is packed gastight and transferred out of
the glove box to the SEM and or the XRD.
Samples of the conversion electrodes are prepared in the same manner from dried fresh
electrodes inside the glove box.
SEM samples are exposed to ambient atmosphere for a short time, while inserting the
sample into the microscope. XRD samples are permanently exposed to ambient atmosphere.

3.2.5 ATR-FTIR and NMR Spectroscopy
ATR-FTIR and NMR spectroscopy is used to investigate electrolytes. Therefore, samples
with fresh (as prepared), uncycled (diluted) and cycled (diluted) electrolyte are analyzed.
THF-d8 is used as electrolyte solvent at all spectroscopic measurements. To obtain samples
with uncycled / cycled electrolyte, the separator was retrieved from a cell before / after
electrochemical cycling, transferred in a small glass vial and 1000 µL of THF-d8 were added
to extract the uncycled / cycled electrolyte.
The cycling / aging is performed with a Cu working electrode vertex potentials and a Mg
counter electrode of similar size, in two steps as follows: first 50 CV cycles between -0.5 V
and 1.2 V vs. Mg/Mg2+ at 10 mV.s-1, then 75 C of Mg were plated at a constant potential of 0.5 V vs. Mg/Mg2+. The amount of plated magnesium equals approximately twice the amount
of magnesium contained in the electrolyte.
The ATR-FTIR spectroscopy is performed inside the glove box with a few drops of each
electrolyte. To perform NMR spectroscopy, under ambient conditions, 500 µL of each
electrolyte are sealed in a NMR tube and transferred out of the glove box to the
spectrometer.
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3.3

Characterization methods

3.3.1 Cyclic voltammetry
Cyclic Voltammetry is the state of the art potentiodynamic electrochemical method and used
for investigating fundamental electrochemical processes. It efficiently facilitates access to
understanding highly complex electrode reactions, reversible and irreversible, and is
therefore occasionally referred to as the “spectroscopy” of the electrochemist. [3.3- 3.5]
A constantly linearly ramped potential between two vertex potentials is applied onto the
working electrode and the resulting current is recorded as signal. From the starting potential,
Ei, the potential is linearly ramped, at a constant scan rate, in between the two vertex
potentials, the upper Etu and the lower Etl, one of the two vertex potentials might be equal to
Ei. Within the measurement the working electrode is cycled at least once. For highly
irreversible electrode reactions, usually it is cycled multiple times. The applied scan rates can
vary vastly from 0.1 mV.s-1, e.g. investigating processes close to thermodynamic equilibrium
in electrochemical active electrode materials, to 100 mV.s-1, e.g. examining reactions on an
electrode surface in a quasi-stationary state. [3.3- 3.5]
Due to the changing potential the working electrode is polarized, causing an oxidation or
reduction reaction at its surface. Delay in current response indicates the overpotential for
such a reaction. The further increase of the applied potential results in an increasing current
until a peak potential, Epc (cathode) or Epa (anode), might be reached. At this point the
reaction rate at the electrode exceeds the diffusion rate of ions onto the surface of the
electrode, causing the current to decrease or the electrochemical equilibrium in an active
material reached inhibits further reaction. [3.3- 3.5]
For reversible electrode processes, idealized conditions and single electron transfer, the two
peak potentials for the cathodic and anodic reaction, Epc and Epa, observe a maximum
difference of 59 mV (3.1)
∆E! = ∆E!" − ∆E!" =

!" !"
!

(3.1)

And, the corresponding peak current density jpc and jpa are equal (3.2) and dependent on the
square root of the scan rate, ν, (3.3). [3.3, 3.4]
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j! ≈
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In general CV is used to investigate electrochemical processes. Particularly in battery
research their reversibility or irreversibility behavior is examined. As additional information of
a CV experiment the amount of transferred charge, Q, can be obtained by integration (3.4).
!=

!!
! . !"
!!

(3.4)

The capacity of an active material can be calculated, normalized to mass, and for reversible
processes, such as in batteries, the cycling stability can be determined. [3.3- 3.5]
In this present work the CV is used to investigate the magnesium plating and dissolution
behavior on inert electrodes, the formation of magnesium or lithium intermetallic phases from
conversion electrodes and the insertion of magnesium or lithium in graphitic intercalation and
carbon insertion compounds. For those experiments the scan rates and potential range are
varied. The scan rates have been altered between 0.1 mV.s-1, 5 mV.s-1 or 10 mV.s-1. The
used scan rate or potential range is specified for each CV experiment. In order to enhance
potential and current resolution, the potential and current ranges were preset to closely fit the
expected results of the experiments. Commonly the potential range is chosen between 02.5 V or -2.5-2.5 V vs. reference and the current range is preset to 10 mA. The CV is
performed outside the glove box under ambient conditions on a BioLogic® VMP3 cell test
system with BioLogic® EC-Lab software [3.6] is used for data processing.

3.3.2 Linear sweep voltammetry
The linear sweep voltammetry experiment is a simplified CV with a single scan and no
reversal of the scan direction and the potential is only scanned between the initial potential,
Ei, and the cutoff potential, Eco. LSV is used to mainly investigate non-reversible processes at
the electrode, such as decomposition of a single component. But also other effects such as
diffusion limitation to the electrode are studied with it. [3.3, 3.4]
In this thesis, LSV experiments are used to determine the anodic stability of electrolytes.
They are conducted only in magnesium-based cells in the same manner and set up as the
CV experiments, between OCV and a manually set Eco.

3.3.3 Conductivity
The conductivity is determined via an electrochemical impedance measurement on platinum
electrodes in a conductivity measurement cell with a two-electrode set up. In the
experimental setup a Wheatstone bridge is used for the resistive measurement. An
alternating voltage is applied and the resistance in the controllable branch of the Wheatstone
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bridge is adjusted to result in a zero current flow at the galvanometer. Additionally an
adjustable capacitive element in the control branch is used to compensate for capacitive
components of the cell’s resistance. Because of the temperature dependence of the
conductivity the resistance is determined at various temperatures ranging from -20°C to
60°C. [3.3]
The conductive measurement is performed inside the glove box with a temperature
controlled rhd instruments® Microcell HC and an AMETEK® Solatron Modulab potentiostat.
Data was processed with the AMETEK® Modullab Software. [3.18] The temperature is scanned
in 10 °C increments and at 25 °C and each temperature is held constant for 10 minutes
before measuring. The sample-volume is fixed at 900 µL for all measurements and a mirror
polished, glass embedded Pt micro working electrode with d = 0.25 mm is used. The
impedance spectrum at each temperature is obtained between 1 MHz and 1 Hz and the
admittance is semicircular fitted.

3.3.4 X-ray diffraction
X-ray diffraction is a non-destructive technique for structure determination. With the obtained
data, structure and lattice parameters can be determined as well as structural changes e.g.
phase changes.
Therefore, a crystalline sample is exposed to a beam of parallel monochromatic X-rays (e.g.
Cu-Kα1-rays with λ = 1.5405 Å). The lattice planes, in the samples solid crystalline phase,
scatter the X-rays causing them to interfere. Within Figure 3.2 the general conditions for two
beams to interfere are visualized. The beams, I and II, of parallel monochromatic X-rays are
diffracted with an angle θ, diffraction angle, at a set of two different lattice planes, A1 and A2.
The lattice planes Untersuchungen
exhibit the distinctandistance,
d, shown in Figure 3.2a.
Röntgenographische
Kristallen

[3.7]

Figure
3.2:Beugung
(a) Scattering
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If the diffraction of the X-rays fulfills Bragg’s law (3.5) the X-rays interfere constructively and
a signal can be detected. Otherwise the interference is destructive. A constructive
interference of the monochromatic X-rays is shown in Figure 3.2b with path difference, Γ, of
a full wave length, 1λ, resulting a integer number for n. [3.7]
2d sin! = nλ

(3.5)

In powder XRD, transmission or reflection geometry, the beam of parallel monochromatic Xrays illuminates a fine crystalline powder sample. Due to the random orientation of crystals in
the powder only a specific set of lattice planes fulfills Bragg’s Law. This set of lattice planes is
tangential to a cone with the angle 2θ, causing constructive interference for X-rays that are
scattered parallel to a cone with 4θ. [3.7]
Experimentally, for samples with a fine homogeneous crystalline powder narrow and intense
reflexes are obtained. A coarser powder with less random oriented crystals will broaden the
reflexes. Other “super structures” will cause a similar effect. An amorphous content will
decrease the reflex intensity and increase the background.

[3.7]

The XRD experiments have been performed on a Bruker® AXS D8 Discover diffractometer
using Bragg-Brentano geometry (Cu-Kα1-rays with λ = 1.5405 Å, Ni-monochromator). The
Diffraction patterns have been detected with LYNXEYETM 2D energy dispersive detector at
room temperature and under ambient conditions. The Bruker® DIFFRAC.EVA™

[3.8]

software

was used for phase analysis.

3.3.5 Scanning electron microscopy
Scanning electron microscopy is a surface sensitive imaging technique based on electronelectron interaction caused by a focused electron beam that is scanned across the
specimen. [3.9, 3.10]
The electron beam source can be either a LaB6 or a Schottky-emitter diode. The electron
beam is directed through a set of magnetic lenses, condenser lenses and objective lenses,
scan coils and aperture before hitting the surface of the specimen. The penetration depth of
the electron beam and stimulated electron-electron interactions depend on the acceleration
voltage, usually 1- 30 keV. The main sources of signal are secondary electrons (SE), back
scattered electrons (BSE) and energy dispersive X-rays (EDX). Thereby a scintillator
photomultiplier detector detects SE and BSE and the X-rays are detected by a
semiconductor type detector. Further source of signal might be Auger electrons, chemoluminescence or bremsstrahlung. [3.9, 3.10]
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The SE, detected in SEM, evolve from the surface of the specimen. SE, which are generated
deeper in the specimen, are reabsorbed within before they can evolve from the surface. The
resolution therewith mainly depends on the spot size of the electron beam and
magnifications within the multiple nanometer range can be achieved. Comparatively to other
microscopic methods, the magnification in SE-SEM can be adjusted quickly and with modest
efforts. The detector for SE usually sits to the side of the sample. BSE evolve from deeper in
the specimen and the signal intensity depends strongly on the acceleration voltage and the
atomic number of the specimen, therewith
BSE images contain information of the composition of the sample. Due to the larger sampling
depth and larger excitation volume, the resolution for BSE images is restricted to the
micrometer range. The detector for BSE usually sits around the orifice of the electron beam.
The excitation volume for EDX is largest, resulting in low resolution. But the chemical
information contained in EDX in combination with the imaging modes enables element
tracking. [3.9, 3.10]
The scanning electron microscopy images have been obtained with a LEO® 1530 VP
microscope, with the acceleration voltage customarily set to 5 kV.

3.3.6 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance spectroscopy is an analytical method for structure and chemical
environment analysis. In the last couple of decades it gained importance and extended
application organic and solid-state chemistry. [3.11- 3.13]
The individual particle spin of the protons and neutrons in the nucleus induce a magnetic
moment to the atomic nucleus, which is described by the nuclear spin quantum number, l.
For nuclei, with an equal number of protons and neutrons the magnetic moments
compensate to zero spin, l = 0, which is NMR inactive. For nuclei, with an unequal number of
protons and neutrons the disproportion in magnetic moments cause a spin, l = n.½, which is
NMR active. For each spin quantum number, a number of discrete orientations of the nuclei
is possible (3.6) and each orientation is assigned to a magnetic spin quantum number,
ml. [3.11- 3.13]
!! = 2! + 1

(3.6)

Without an external magnetic field, B0, all possible mI states are equal in energy. Upon the
applying of an external magnetic field the nuclei will orientate itself and the mI states
discretely diverge in energy (3.7). The distribution onto these discrete energy levels obeys
Boltzmann’s law. [3.11- 3.13]
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∆! = ℏ!!! = ℏ!!

(3.7)

The Planck constant, ħ, the gyromagnetic ratio, γ, and the Larmor frequency, ω0 determine
the divergence in energy. The gyromagnetic ratio describes the proportionality between the
angular momentum (spin) of a particle and the resulting magnetic moment. The Larmor
frequency is the resonance frequency of the nucleus in the applied magnetic field.
If all nuclei of the same species would possess the same resonance frequency, NMR
spectroscopy would yield a single signal. Variances in the chemical environment, inter- and
intra-molecular interactions, cause shielding, small alternations of the locally active magnetic
field. Electron inducing, +I, interactions cause a shielding of the nucleus, which reduces the
energetic divergence of the quantum states. Electron withdrawing, -I, interactions cause a
de-shielding of the nucleus, which increases the energetic divergence of the quantum states.
Thus NMR is used for structure analysis in solution and solids. [3.11- 3.13]
To obtain a signal the sample is placed in a homogeneous external magnetic field, generated
by a superconducting electromagnetic coil, whereby the magnetic fields of the spin align
parallel or antiparallel. A second electromagnetic coil is used for sample excitation and signal
detection. The sample is excited with short electromagnetic pulse, which flips the spin
magnetization of the excited nucleus. The spin magnetizations of the excited nucleus rotate
in the plane perpendicular to the external magnetic field with their respective larmor
frequency. This rotation causes an inductive current in the second electromagnetic coil, the
signal. To derive the larmor frequencies, resonance frequencies, of the individual nuclei the
signal is Fourier transformed.
For relative notation, independent of the applied magnetic field strength, the lamor
frequencies are compared in relation to a reference standard, stating the shift in larmor
frequency, chemicals shift, δ, (3.8) [3.11- 3.13]
!=
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(3.8)

Shielding of the nucleus causes a signal shift to smaller ppm, high field, de-shielding causes
a signal shift to larger ppm, low field.
The NMR experiments are performed on a 400 MHz Bruker® Avance III spectroscope.

3.3.7 Attenuated total reflection infrared spectroscopy
ATR-FTIR spectroscopy is a surface sensitive IR spectroscopy method, especially developed
to investigate nontransparent layers, e.g. electrode surfaces. Moreover it can be also used to
measure small amount of liquid samples.
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Upon electromagnetic radiation molecules can be excited onto a higher energy level (3.9).
The absorbed energy causes electronic, vibrational or rotational excitation modes.
Δ! = ! ! − ! !! = ℏω

(3.9)

For electronic excitations the radiated energy is too low in IR spectroscopy, therefore only
rotational and vibrational modes can be excited. [3.14- 3.16]
!!"# < !!"# < !!"

(3.10)

The vibrational modes can be described by a quantum mechanical harmonic oscillator model
of the chemical bonds electronic state. These energies, Eν, can be calculated (3.11) by
solving the Schrödinger equation considering the Born-Oppenheimer approximation, with the
bond strength, k, the reduced mass, µ, and the vibrational quantum number, ν.
!! = ! +

!
!

ℏ

!
!

(3.11)

Thereby, the vibrational quantum number only allows for discrete energies and therewith
transition energies. This translates to the absorbtion frequencies in the IR spectrum. With N
atoms, linear molecules possess 3N-5 and non-linear molecules possess 3N-6 degrees of
vibrational modes. These vibrational modes can be grouped into two classes. First, valence
vibrations, which are vibrational modes that are in line with the bond, e.g. symmetrical and
anti-symmetrical stretching. Second, deformation vibrations, which are vibrational modes that
are deforming the bonding angle with in the plane, e.g. rocking and scissoring or bending, or
out of plane, e.g. twisting and wagging. The rotational modes can be described by a static
rotator model. The transition energies, EJ, can be calculated (3.12), with the rotational
constant, B, and the rotational quantum number, J. [3.14- 3.16]
!! = ℎ ! ! ! ! + 1

(3.12)

Like the vibrational quantum number the rotational quantum number only allows for discrete
energy transitions. Quantum mechanically, the absorption A, of electromagnetic energy is
proportional to the square of the transition dipole moment, M, (3.13).
! ∝ !!

(3.13)

If a vibrational or rotational mode results in a change of dipolar moment, it is IR active – a
permanent dipolar momentum is therefore not a prerequisite. [3.14- 3.16]
The absorbance, Eλ, on a macroscopic scale is subject to the Lambert-Beers law (3.14),
where I0 is the irradiated intensity and I1 is the transmitted intensity and is calculated with the
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molar extinction coefficient, ε, the concentration of the active species, c, and the length of the
optical path, l. [3.14- 3.16]
!! = !"

!!
!!

= ε c ! l!

(3.14)

In ATR-IR spectroscopy the IR beam is totally reflected on the interface of the ATR crystal
with a high refractive index to the sample with a low refractive index and only an evanescent
wave extends into the sample, which significantly reduces the “length of optical path” (3.14).
This enables the measurements on samples with high extinction coefficients or surface
sensitive measurements. For the measurement the sample is placed on the optical window
of the ATR crystal. Solid samples are pressed with a clamping device, liquid samples are
dropped onto the crystal. The sampling depth, dp, of the evanescent wave can be calculated
(3.15) and depends on the refractive indexes of the crystal, n1, and the sample, n2, the angle
of incidence, Θ, and the IR wave length, λ. [3.14- 3.16]

!! =

!
!!!! !"#! ! !

(3.15)

!! !
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Infrared spectroscopy was performed on a Bruker® ALPHA FT-IR ATR spectrometer inside
the glove box at room temperature. The Bruker® OPUS™

[3.17]

software was used for data

analysis and processing. The spectra are obtained inside a glove box from 400 to 4500 cm-1
with a resolution of 2 cm-1 and 50 scans for a single spectrum on a diamond ATR crystal..
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4

RESULTS AND DISCUSSION

4.1

Preface

In anticipation to the presented results, the mechanistic understanding in the magnesium
based electrochemistry developed largely during the time frame of this work. In the regard of
to the magnesium deposition behavior at the anode the work done in the groups of Prof.
Gewirth [4.20] and Prof. Persson [4.21], contributed largely to a change in perception. The
presented results are put into and contribute to this chronological context of an advancing
mechanistic model.
Besides discussion and supervision, as a matter of course third parties directly contribute to
presented results. These contributions are specifically acknowledged. In chapter 4.4, the
XRD data is obtained in cooperation with Dr. Andreas Klein, the NMR spectra are obtained in
cooperation with Dr. Marijana Pejic, and the SEM images are obtained in cooperation with
Dr. Claudia Pfeifer. Within the course of an internship, BSc. Nicola Jobst conducted
preliminary tests, the results of which are not presented. In Chapter 4.5, the XRD data is
obtained in cooperation with Dr. Andreas Klein, and the SEM images are obtained in
cooperation with Dr. Claudia Pfeifer. In Chapter 4.6, the XRD data and SEM images are
obtained in cooperation with Dr. Andreas Klein
Excerpts of the results shown in Chapter 4.4, have been published in: R. Schwarz, M. Pejic,
P. Fischer, M. Marinaro, L. Jörissen, M. Wachtler; Angew. Chem. Int. Ed., 2016, 55, 14958.
The publications of further excerpts of the results, on carbon-based materials and the
conductivity of magnesium electrolytes, are under preparation.
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4.2

Characterization of different magnesium electrolytes in
symmetrical cells

The interaction of metallic magnesium during deposition and dissolution with different
electrolytes is investigated by cyclic voltammetry (CV). For these CV experiments a fully
symmetric cell set up is used, both working and counter electrode being electrodes of the
same size and from metallic magnesium - a small piece of magnesium is used as reference
electrode. The cyclic voltammograms are obtained for few cycles at a scan rate of 0.1 mV.s-1
in a potential range of -1.0 V to 1.0 V vs. Mg/Mg2+.

4.2.1 Cyclic voltammetry of magnesium perchlorate and magnesium
bis(trifluoromethanesulfonyl)imide based electrolytes
The conductive salts Mg(ClO4)2 and MgTFSI2 are both incompatible with a metallic
magnesium anode. Anyhow, they might be suitable with other anode or cathode materials
and are therefore of interest. Furthermore magnesium is often used as counter electrode for
electrode material evaluations and to be able to evaluate such materials within these
electrolyte solutions the effect of the counter electrode onto the measurement needs to be
understood.

Figure 4.1:

Cyclic voltammogram in a 0.5 M MgTFSI2 in BMPL-TFSI electrolyte obtained at

a scan rate of 0.1 mV.s-1 in a potential range of -1.0 V to 1.0 V vs. Mg/Mg2+ for 5 cycles; WE:
Mg (a), CE: Mg (b), RE: Mg.
For a 0.5 M MgTFSI2 in BMPL-TFSI electrolyte the OCV at the working electrode is 0 V, the
OCV of at the counter electrode is strongly offset to -0.4 V vs. Mg/Mg2+, shown in Figure 4.1a
and 4.1b respectively. This strong offset hints a poor pseudo referential behavior of
magnesium immersed within this electrolyte. During the first cathodic scan a small, very
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noisy current is observed. Even at the vertex potential, -1.0 V vs. Mg/Mg2+, only a minor
current density of 0.015 mA.cm-2 is observed. This might be an indication for a strongly
inhibited magnesium deposition out of this electrolyte solution. For the reverse anodic scan
to 1.0 V vs. Mg/Mg2+ a much stronger reaction with an overpotential of 340 mV is observed.
This reaction might suggest that magnesium dissolution is possible within such an electrolyte
solution. But the cyclic voltammogram of the counter electrode, Figure 4.1b, shows greater
polarizations to potentials below -1.0 V vs. Mg/Mg2+, to be able to control the preset potential
sweep and the resulting current at the working electrode in CV experiment. At potentials
below -1.0 V vs. Mg/Mg2+ irreversible electrolyte decomposition most likely occurs at the
counter electrode. Upon cycling the reactions in both sweep direction diminish, indicating the
electrodes full passivation.
The electrolytes, 0.6 M Mg(ClO4)2 in acetonitrile, 0.6 M Mg(ClO4)2 in propylene carbonate
and 0.5 M solution of Mg(ClO4)2 in DMSO, all shown in Figure 4.2, exhibit a similar behavior.
At the working electrode in the first cathodic sweep, towards -1.0 V vs. Mg/Mg2+, no or only
very minor magnesium deposition reactions are observed. These observation might indicate
that magnesium plating metallic magnesium out of such electrolytes is not or is only to a
minor extend possible. In the first anodic sweep, towards 1.0 V vs. Mg/Mg2+ in all three
electrolytes rather strong reactions occur. Considering the large polarizations at the counter
electrode to potentials well below -2.0 V vs. Mg/Mg2+ during the anodic sweep at the working
electrode, reductive electrolyte decomposition is highly likely. Within the first cycle both
electrodes in all three experiments passivate. The passivation of the working electrode is
marked by a diminishing current flow and the passivation of the counter electrode is marked
by the increasing polarization of it. In the 0.5 M Mg(ClO4)2 in DMSO electrolyte, Figure 4.2e
and 4.2f, the passivation upon cycling is very distinct and due to it the counter electrode
polarizes to potentials below -10.0 V vs. Mg/Mg2+.
If such electrolytes are used for active material evaluation, the strong influences of processes
occurring on the magnesium counter electrode onto any working electrode performance have
to be considered for any experimental setup. Therewith an electrode material evaluation
might be not be possible or if experimentally very difficult to conduct reliably in such
electrolytes with a magnesium counter electrode. Such passivation effects can be partially
suppressed by oversizing the counter electrode and / or using inert counter electrodes, e.g.
platinum or carbon.
The effects of the poor metallic magnesium pseudo-reference as well as the electrolyteelectrolyte interaction have not been considered within these experiments. But both of these
issues must be addressed for future active material evaluation.
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Figure 4.2:

Cyclic voltammograms in (a, b) a 0.6 M Mg(ClO4)2 in acetonitrile electrolyte, (c,

d) a 0.6 M Mg(ClO4)2 in propylene carbonate electrolyte and (e, f) a 0.5 M Mg(ClO4)2 in
DMSO electrolyte obtained at a scan rate of 0.1 mV.s-1 in a potential range of -1.0 V to 1.0 V
vs. Mg/Mg2+ for 5 cycles; (a, c, e) WE: Mg, (b, d, f) CE: Mg, RE: Mg.

4.2.2 Cyclic voltammetry of magnesium borohydride based electrolytes
For a 0.5 M Mg(BH4)2 in THF electrolyte an open circuit potential (OCV) of 0.51 V vs.
Mg/Mg2+ at the working electrode, shown in Figure 4.3a, is observed, which in theory should
be at 0 V vs. Mg/Mg2+. At the counter electrode, Figure 4.3b, a potential offset of 0.50 V vs.
Mg/Mg2+ is observed. In the first cathodic sweep the reaction on the working electrode shows
an overpotential of 300 mV for the magnesium deposition. The current then increases with
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Figure 4.3:

Cyclic voltammogram in a 0.5 M Mg(BH4)2 in THF electrolyte obtained at a scan

rate of 0.1 mV.s-1 in a potential range of -1.0 V to 1.0 V vs. Mg/Mg2+ for 5 cycles; WE: Mg (a),
CE: Mg (b), RE: Mg.
the polarization of the electrodes and at the cathodic vertex potential, -1.0 V vs. Mg/Mg2+, a
peak current density of -0.06 mA.cm-2 is reached. In the first anodic sweep a very similar,
reciprocal, behavior with an overpotential of 330 mV for the magnesium dissolution is
observed. And at the anodic vertex potential, 1.0 V vs. Mg/Mg2+, a peak current density of
0.06 mA.cm-2 is observed. For both scans a hysteresis with in the current response upon the
potential sweep is present. Upon cycling both onset overpotentials are diminished in the fifth
cycle and the reference off-set shifts to a zero crossing potential of 0.1 V vs. Mg/Mg2+. The
current response increases upon the polarization and at the cathodic and anodic vertex
potentials peak current densities of -0.12 mA.cm-2 and 0.10 mA.cm-2 are observed
respectively. The hysteresis within the sweeps decreases for both scan directions, but stays
more pronounced within the cathodic sweep. For the counter electrode the observable
behavior is much less defined. The polarization at the counter electrode occurs in a narrower
potential window, -0.14 V to 0.6 V vs. Mg/Mg2+, than on the one applied on the working
electrode.
For a 0.5 M Mg(BH4)2 in tetra-glyme electrolyte a similar behavior is observed, shown in
Figure 4.4. At the working electrode, the OCV is offset to 0.26 V vs. Mg/Mg2+ and the zero
crossing potential for the cathodic and anodic reaction is offset to -0.11 V vs. Mg/Mg2+. From
the first to the fifth cycle the obtained current densities respectively increases from
0.13 mA.cm-2 to 0.15 mA.cm-2, in the cathodic sweep, and from 0.12 mA.cm-2 to 0.17 mA.cm2

, in the anodic sweep. The counter electrode exhibits a reciprocal polarization to the working

electrode. The polarization of the counter electrode occurs in a slightly larger potential
window, with the hysteresis in both cycles for both scan directions to be less pronounced
when compared to the working electrode.
For Mg(BH4)2 / tetra-glyme electrolytes with higher Mg(BH4)2 concentrations (1 M and 1.5 M)
an increase in current densities at the vertex potentials is observed. But, the cells build with
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Figure 4.4:

Cyclic voltammogram in a 0.5 M Mg(BH4)2 in tetra-glyme electrolyte obtained at

a scan rate of 0.1 mV.s-1 in a potential range of -1.0 V to 1.0 V vs. Mg/Mg2+ for 5 cycles; WE:
Mg (a), CE: Mg (b), RE: Mg.
increased conducting salt concentration tended to short-circuit very quickly, often within the
first cathodic sweep.
In both electrolytes with Mg(BH4)2 as conductive salt, magnesium deposition and dissolution
is feasible. The decrease of the deposition and dissolution overpotentials upon cycling in
both electrolytes is an indication for changes at the magnesium / electrolyte interface. In part
the changes can comprise e.g. changes of a passivation layer (degeneration), increase of
surface area due to plating and the change or formation of a surface layer supporting the
deposition and dissolution process of the magnesium on the surface. Nevertheless, both
experiments exhibit issues with a poor reference electrode. In both CVs a pronounced
potential offset is observed. The metallic magnesium, as reference, suspended within either
of the electrolytes reveals a poor pseudo-referential behavior. Other 2nd order reference
electrodes, silver based (Ag / 0.01 M AgNO3 / 0.1 M Bu4NNO3 / THF), which are suitable for
aprotic systems have been tested. The electrolyte / electrolyte junction was capillary sealed
with a glass-bead. But, the strongly reductive [BH4]-- anion causes a direct precipitation of the
silver at the electrolyte-electrolyte junction, disabling the reference electrode. This inherent
property might prove it difficult to test other electrochemical active materials, either anodes or
cathodes, within Mg(BH4)2 containing solutions.

4.2.3 Cyclic voltammetry of bis(cyclopentadienyl) magnesium based
electrolytes
For a 0.5 M MgCp2 in THF electrolyte an OCV of 0 V vs. Mg/Mg2+ at the working electrode is
observed, shown in Figure 4.5a. At the counter electrode, Figure 4.5b, a potential offset of
-0.1 V vs. Mg/Mg2+ is observed. In cathodic sweep the reaction on both electrodes shows a
very minimal overpotential. The current nearly linearly increases upon polarization of the
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electrodes and at the vertex potential a peak current density of -0.38 mA.cm-2 is reached. In
the anodic scan a very similar, reciprocal, behavior with almost no overpotential for the
reaction on both electrodes is found. At the vertex potential a peak current density of
0.43 mA.cm-2 is obtained. For both scans only very slight hystereses within the current
response upon the potential sweep are observed. The reciprocal polarization at the counter

Figure 4.5:

Cyclic voltammogram in a 0.5 M MgCp2 in THF electrolyte obtained at a scan

rate of 0.1 mV.s-1 in a potential range of -1.0 V to 1.0 V vs. Mg/Mg2+ for 1 cycle; WE: Mg (a),
CE: Mg (b), RE: Mg.
electrode occurs in a slightly narrower potential window, -0.8 V to 0.5 V vs. Mg/Mg2+, than on
the one applied on the working electrode. This difference in the potential window of the
polarization might be caused by a geometrical offset of the reference electrode, bringing it
closer to counter electrode.
In comparison, the magnesium deposition and dissolution behavior in MgCp2 based
electrolytes is advantageous to the behavior observed in Mg(BH4)2 based electrolytes.
Foremost the metallic pseudo reference electrode works much more precisely, with only a
minimal OCV and zero crossing potential offset. The deposition and dissolution reaction
shows no or only very small overpotentials and upon applying a potential the current
responds very linearly. The current densities obtained in MgCp2 containing electrolyte
exceed the current densities obtained in Mg(BH4)2 containing electrolyte at least by a factor
of two.
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4.3

Characterization

of

magnesium

borohydride

based

electrolytes
The magnesium plating and stripping behavior on different substrates and in different
electrolyte solutions is investigated with cyclic voltammetry. The behavior in dependence on
scan rates, from 10 mV.s-1 fastest, to 0.1 mV.s-1 slowest, and different working electrode
materials is investigated. The time frame of the experiment and therewith to the total amount
of charge transferred each cycle directly correlate with the scan rate. A change in working
electrode material does alter the plating and stripping behavior of magnesium. The potential
range for the CV is chosen to suite its deposition and dissolution behavior in each electrolyte.

4.3.1 Electrochemical characterization – cyclic voltammetry
Magnesium borohydride is soluble in different ethereal solutions with a good solubility accordingly concentrated electrolytes are investigated. For solutions in THF and tetra-glyme
the solubility is tested for concentrations up to 1.5 M, in DME the solubility is limited to 0.1 M.
Some of those electrolytes and their characterization are already reported in literature.

Figure 4.6:

(a) Cyclic voltammogram in a 0.5 M Mg(BH4)2 in THF electrolyte obtained at a

scan rate of 10 mV.s-1 in a potential range of -1.0 V to 1.4 V vs. Mg/Mg2+ for 500 cycles; WE:
Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process.
The magnesium plating and stripping behavior in an 0.5 M Mg(BH4)2 in THF electrolyte is
investigated by extended CV cycling. Figure 4.6a shows selected cyclic voltammograms
obtained for 500 cycles with a Cu working electrode at a scan rate of 10 mV.s-1. The CV does
not show a typical behavior with any well-defined onset potentials for reactions, except for
the cathodic sweep of the first cycle, which shows a reaction with the onset at 0.53 V vs.
Mg/Mg2+. A clear assignment of this reaction could not be made, as the potential is much too
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positive to be assigned to a magnesium plating reaction.

The actual beginning of the

magnesium deposition might be assigned to the kink in the CV at -0.62 V vs. Mg/Mg2+. At the
vertex potential, -1.0V vs. Mg/Mg2+, a current density of 0.07 mA.cm-2 is reached. In the
anodic scans for the magnesium dissolution an overpotential of 280 mV is observed and at
0.7 V vs. Mg/Mg2+ a peak current density of 0.06 mA.cm-2 is reached. From the peak current
potential to the vertex potential the current decays to a residual current density of
0.01 mA.cm-2 at the vertex potential. The plating and dissolution behavior of magnesium in
this electrolyte, 0.5 M Mg(BH4)2 in THF, is not very well defined but apparently is reversible.
The CV exhibits a coulombic efficiency of ~98 % after 20 cycles before it decays 95 % for
remain of 500 cycles.

Figure 4.7:

(a) Cyclic voltammogram of a 0.5 M Mg(BH4)2 in THF solution obtained at a

scan rate of 5 mV.s-1 in a potential range of -1.0 V to 1.0 V vs. Mg/Mg2+ for 250 cycles; WE:
Pt, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process.
For similar experiment with a Pt working electrode and in a slightly narrower potential window
of -1.0 V to 1.0 V vs. Mg/Mg2+ and with a scan rate of 5 mV.s-1 a much more defined
magnesium plating and stripping behavior is observed, shown in Figure 4.7a. For the first
cycle, a similar not well defined magnesium plating and dissolution behavior is observed. For
the cathodic sweep of the 100th cycle the experiment exhibits an overpotential of 360 mV for
the magnesium plating reaction. Upon further polarization to the cathodic vertex potential the
current nearly linearly increases and a peak current density of 0.014 mA.cm2 is reached. In
the anodic scan at negative overpotential of 100 mV for the magnesium stripping is
observed, indicating a reference offset. At 0.6 V vs. Mg/Mg2+ a peak current density of
0.013 mA.cm-2 is reached. From the peak current potential to the vertex potential the current
decays to a residual current of 0.001 mA.cm-2. The plating and dissolution behavior on Pt in a
0.5 M Mg(BH4)2 in THF electrolyte, is not as reversible as it is observed on Cu. As shown in
Figure 4.7b, within the CV experiment the coulombic efficiency ranges between 65 to 74 %.

50

CHAPTER 4 - RESULTS AND DISCUSSION

This change in stripping and plating efficiency is most likely caused by the variation in scan
rate - 10 mV.s-1 for the Cu substrate and 5 mV.s-1 for Pt substrate experiment.
The experiments with 0.5 M Mg(BH4)2 in THF electrolyte show a much greater influence of
the working electrode than it is expected for a simple metal plating and stripping reaction on
inert electrodes. The complete plating and stripping process of magnesium changes with the
change of the working electrode - the obtained current densities varied greatly and the
overpotentials of the reaction shift. Also the poor magnesium reference in this electrolyte
might influence the outcome of the experiment to a greater extent. Compared to literature [4.1]
the overpotentials are much reduced for the reactions, where overpotentials of 600 mV for
deposition and 200 mV for magnesium stripping on Pt working electrode and with a scan rate
of 5 mV.s-1 are reported. Moreover, lower coulombic efficiencies of 40 % are reported for
these processes. But the described magnesium plating and stripping reaction follows a much
more defined cycling behavior with more linear current response upon polarization, which is
most likely to be caused by the difference in cell design. Despite these differences both
experiments exhibited current densities in approximately the same order of magnitude.

Figure 4.8:

(a) Cyclic voltammogram of a 0.1 M Mg(BH4)2 in DME solution obtained at a

scan rate of 10 mV.s-1 in a potential range of -1.0 V to 1.4 V vs. Mg/Mg2+ for 500 cycles; WE:
Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process.
The magnesium deposition and dissolution behavior is much enhanced in a 0.1 M Mg(BH4)2
in DME electrolyte. The magnesium plating and stripping behavior in this electrolyte onto a
Cu working electrode is investigated for 500 cycles and selected cycles are shown in Figure
4.8a. In the cathodic sweep at -0.14 V vs. Mg/Mg2+ the CV shows the onset of the
magnesium plating reaction. Upon further polarization to the cathodic vertex potential the
current increases to a current density of 0.1 mA.cm-2. The current response upon polarization
from -0.5 V vs. Mg/Mg2+ to the vertex potential is attenuated and therewith does not exhibit
the linearity observed for the previous experiments. In the anodic scan to a potential of 0.0 V

51

CHAPTER 4 - RESULTS AND DISCUSSION

vs. Mg/Mg2+ the deposition current then nearly linearly decreases and no overpotential for
magnesium stripping is observed. The peak current potential is reached at 1.1 V vs. Mg/Mg2+
with a peak current density of 0.13 mA.cm-2. From the peak current potential to the vertex
potential, 1.4 V vs. Mg/Mg2+, the current decays to a residual current density of 0.03 mA.cm-2
at the vertex potential and declines to zero at 0.6 V vs. Mg/Mg2+ in the following cathodic
sweep. On a Cu working electrode only minimal plating overpotentials and no stripping
overpotential for magnesium in the 0.1 M Mg(BH4)2 in DME electrolyte are observed. The
reactions are highly reversible, with the coulombic efficiencies of ~97 % after 200 cycles are
shown in Figure 4.8b. The reversibility remains at ~97 % for last 300 cycles of the
experiment.
In similar fashion to the THF based electrolytes, to be able to compare the observed results
within literature, the magnesium plating and stripping behavior in a 0.1 M Mg(BH4)2 in DME
electrolyte solution onto a Pt working electrode is investigated at a scan rate of 5 mV.s-1 and
the CV is shown in Figure 4.9a. The CV shows an overpotential of 90 mV for the magnesium
plating reaction in the cathodic sweep. Upon further polarization towards the cathodic vertex
potential a similar behavior as in the other experiment with the Mg(BH4)2 / DME electrolyte is
observed. In this CV experiment the cathodic peak current density continuously increases
upon cycling up to current density of 0.2 mA.cm-2, in the 500th cycle. In the anodic scan to a
potential of 0.0 V vs. Mg/Mg2+ the deposition current then nearly linearly decreases and no
overpotential for the magnesium stripping is observed.

Figure 4.9:

(a) Cyclic voltammogram of a 0.1 M Mg(BH4)2 in DME solution obtained at a

scan rate of 5 mV.s-1 in a potential range of -1.0 V to 1.4 V vs. Mg/Mg2+ for 500 cycles; WE:
Pt, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process.
In the 500th cycle, at 0.7 V vs. Mg/Mg2+ the peak current density of 0.27 mA.cm-2 is reached.
From the peak current potential to the vertex potential, 1.4 V vs. Mg/Mg2+, the current decays
to a residual current density of 0.04 mA.cm-2 at the vertex potential and declines to zero at
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0.8 V vs. Mg/Mg2+ in the following cathodic sweep. The observed process is reversible, with
the coulombic efficiency constantly increasing during the cycling, as shown in Figure 4.9b,
exhibiting a reversibility of ~96 % after 500 cycles.
In the CV the magnesium plating and stripping in the 0.1 M Mg(BH4)2 in DME electrolyte on
Pt exhibits minimal plating and no stripping overpotentials. The peak current densities and
peak current potentials shift significantly during the experiment. This behavior might be
caused by changes at the Pt working electrode enabling a much greater current flow over
time. Compared with the current densities obtained with a Cu electrode, the current densities
are similar at the beginning of the CV cycling. But the current densities obtained at the Pt
electrode increase successively and double after 500 cycles.
Compared, the CV in the 0.5 M Mg(BH4)2 in THF electrolyte, magnesium plating and
stripping reaction in 0.1 M Mg(BH4)2 in DME electrolyte show a much lesser dependence on
the working electrode material. This behavior is much more expected for a simple metal
plating and dissolution reaction. Furthermore, despite of a fifth of the conductive salt
concentration, the obtained peak current densities in the 0.1 M Mg(BH4)2 in DME electrolyte
are about an order of magnitude larger. These findings correlate very well with reported the
observations by Mohtadi et al.

5.1

. They found a very similar increase of current densities for

the 0.1 M Mg(BH4)2 in DME electrolyte, of about 10-fold, to about 0.2 mA.cm-2. They further
observed a similar decrease for overpotentials in the plating and stripping process, as well as
an increase in coulombic efficiency from 40 % to 67 % within their experimental set up.
These cyclic voltammetry findings are within a greater discrepancy to the results observed in
the conductivity measurements of chapter 4.3.2, as the DME based electrolyte shows the
smallest conductivity. Furthermore, within the DME based electrolyte, the reference electrode
showed a smaller offset and seemed to work better – a behavior not further investigated.
Both observations, the CV / conductivity contradiction and the reference electrode behavior,
might hint that the magnesium deposition and dissolution process with its two electron
transfer process and possible contact ion pair formation is much more complex than similar
processes in aqueous solutions or with different ionic species.
The enhanced properties of the 0.1 M Mg(BH4)2 in DME electrolyte can also be found in a
0.5 M Mg(BH4)2 in tetra-glyme electrolyte. Figure 4.10 shows a CV which is obtained with a
Cu working electrode and a scan rate of 10 mV.s-1 for 500 cycles. The CV shows a different
cycling behavior in the first cycle compared to remaining cycles. This transition in cycling
behavior occurs within the first 30 cycles. In the first cathodic sweep at 0.4 V vs. Mg/Mg2+ the
CV shows the onset of an undefined reaction with a peak current density potential at -0.6 V
vs. Mg/Mg2+. Upon further polarization towards the cathodic vertex potential, an overpotential
of 900 mV for the magnesium plating reaction is observed. Upon further polarization to the
vertex potential current linearly increases to a current density of 0.06 mA.cm-2. In the anodic
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scan to a potential of 0.0 V vs. Mg/Mg2+ the deposition current decreases to zero. The
magnesium stripping reactions show an overpotential of 400 mV. At 0.8 V vs. Mg/Mg2+ the
peak current density of 0.02 mA.cm-2 is reached. From the peak current potential to the
vertex potential, 1.4 V vs. Mg/Mg2+, the current decays to zero at 1.1 V vs. Mg/Mg2+ before
reaching the vertex potential. For the remaining cycles the initial reaction cannot be observed
and an overpotential of 300 mV for the magnesium plating reaction is to be observed. The
current linearly increases upon further polarization to the vertex potential to a current density
of 0.08 mA.cm-2. In the anodic scan with decreasing polarization the deposition current
linearly decreases. The magnesium stripping reaction exhibits a negative overpotential of
100 mV, which might indicate an offset of the reference electrode. The current increases
within the sweep to the peak current potential at 0.95 V vs. Mg/Mg2+ and a peak current
density of 0.09 mA.cm-2 is observed. From the peak current potential to the vertex potential,
1.4 V vs. Mg/Mg2+, the current decays to a residual current density of 0.01 mA.cm-2 at the
vertex potential and declines to zero at 0.7 V vs. Mg/Mg2+ in the following cathodic sweep.

Figure 4.10: (a) Cyclic voltammogram of a 0.5 M Mg(BH4)2 in tetra-glyme solution obtained
at a scan rate of 10 mV.s-1 in a potential range of -1.0 V to 1.4 V vs. Mg/Mg2+ for 500 cycles;
WE: Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg
deposition and stripping process.
After the first initial cycles, where unidentified side reactions occur, the cycling behavior of
magnesium in the 0.5 M Mg(BH4)2 in tetra-glyme electrolyte on Cu is well defined. The
cycling is highly reversible, shown in Figure 4.10b, with coulombic efficiency of >96 % after
the first 30 cycles. After the few initial cycles the cycling behavior of the Mg(BH4)2 / tetraglyme electrolyte is similar, if compared to the Mg(BH4)2 / DME electrolyte. The obtained
peak current densities are slightly reduced, but in return the overall coulombic efficiency of
the CV is slightly enhanced.
Further CV experiments with a Cu working electrode with a scan rate of 5 mV.s-1 and
0.1 mV.s-1 are conducted. A very similar cycling behavior for the CV at 5 mV.s-1, shown in
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Figure 4.11a, compared to the CV performed at 10 mV.s-1 is found. The first cycle shows a
different cycling behavior compared to remaining cycles. This transition in cycling behavior
occurs within the first 25 cycles. In the first cathodic sweep at 0.25 V vs. Mg/Mg2+ the CV
shows the onset of an undefined reaction with a peak current density potential at -0.35 V vs.
Mg/Mg2+. Upon further polarization towards the cathodic vertex potential, an overpotential of
650 mV for the magnesium plating reaction is observed. Upon further polarization to the
vertex potential the current linearly increases to a current density of 0.09 mA.cm-2. In the
anodic scan to a potential of -0.4 V vs. Mg/Mg2+ the deposition current than linearly
decreases to zero. The magnesium stripping reactions show an overpotential of 100 mV. At
0.6 V vs. Mg/Mg2+ the peak current density of 0.05 mA.cm-2 is reached. From the peak
current potential to the vertex potential at 1.4 V vs. Mg/Mg2+ the current decays to zero at
1.0 V vs. Mg/Mg2+ before reaching the vertex potential. For the remaining cycles the initial
reaction cannot be observed. For the remaining experiment an overpotential of 500 mV for
the magnesium plating reaction is to be observed. The current nearly linearly increases upon
further polarization to the vertex potential to a current density of 0.14 mA.cm-2. In the anodic
scan with decreasing polarization the deposition current linearly decreases. The magnesium
stripping reaction exhibits a negative overpotential of 150mV, which might indicate an offset
of the reference electrode. The current increases within the sweep to the peak current
potential at 0.85 V vs. Mg/Mg2+ and a peak current density of 0.14 mA.cm-2 is observed.
From the peak current potential to the vertex potential, 1.4 V vs. Mg/Mg2+, the current decays
to a residual current density of 0.03 mA.cm-2 at the vertex potential and declines to zero at
0.6 V vs. Mg/Mg2+ in the following cathodic sweep. After first initial cycles the CV exhibits
coulombic efficiencies of >98 %.

Figure 4.11: (a) Cyclic voltammogram of a 0.5 Mg(BH4)2 in tetra-glyme solution obtained at a
scan rate of 5 mV.s-1 in a potential range of -1.0 V to 1.4 V vs. Mg/Mg2+ for 500 cycles; WE:
Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process.
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The first cycle of the CV, obtained with a scan rate of 0.1 mV.s-1, is shown in Figure 4.12a. In
the first cathodic sweep the CV shows the onset of an undefined reaction at 0.6 V vs.
Mg/Mg2+ with a peak current density potential at 0.3 V vs. Mg/Mg2+. Upon further polarization
an overpotential of 550 mV for the magnesium plating reaction is observed. The current
increases upon further polarization to the vertex potential to reach a peak current density of
0.06 mA.cm-2. In the anodic scan with decreasing polarization to -0.3 V vs. Mg/Mg2+ the
deposition current linearly decreases to zero. The magnesium stripping reactions exhibit a
minor negative overpotential of 50 mV, which might indicate an offset of the reference
electrode. The current then increases with the scan to 0.7 V vs. Mg/Mg2+ to reach a peak
current density of 0.07 mA.cm-2. From the peak current potential to the vertex potential, 1.4 V
vs. Mg/Mg2+, the current decays sharply to zero at 0.75 V vs. Mg/Mg2+. At 1.2 V vs. Mg/Mg2+
the current slightly increases to a current density of 0.01 mA.cm-2 at the vertex potential and
directly declines in the following cathodic sweep. In the CV experiment with the slow scan
rate coulombic efficiencies slightly above 100 % are obtained, shown in Figure 4.12b.

Figure 4.12: (a) Cyclic voltammogram of a 0.5 M Mg(BH4)2 in tetra-glyme solution obtained
at a scan rate of 0.1 mV.s-1 in a potential range of -1.0 V to 1.4 V vs. Mg/Mg2+ for 10 cycles 1st cycle shown; WE: Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for
the Mg deposition and stripping process.
After the initial cycles the CV at higher scan rates with the Mg(BH4)2 / tetra-glyme based
electrolyte showed high coulombic efficiencies. The CV experiment at 0.1 mV.s-1 showed
coulombic efficiencies above 100% for cycle 2 to 8. This might be caused be an unidentified
side reaction or by a magnesium deposit of the first cycle, 94.4 % coulombic efficiency, which
is subsequently stripped in one of the later cycles.
The complete summary of the results obtained with Mg(BH4)2 based electrolytes is given in
table 4.1. Compared to the other Mg(BH4)2 based electrolytes the Mg(BH4)2 / tetra-glyme
showed excellent performance. The observed overpotential are nearly identical compared to
the Mg(BH4)2 / DME and after the first initial cycles the coulombic efficiencies are higher.
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Table 4.1:

Summary of the cyclic voltammetry results obtained with Mg(BH4)2 based

electrolytes
c[Mg(BH4)2]

Solvent

WE

ν

ηdep.
. -1

jpc
.

-2

ηdiss.

jpa

280 mV

0.06 mA.cm-2

0.5 M

THF

Cu

10 mV s

620 mV

0.07 mA cm

0.5 M

THF

Pt

5 mV.s-1

360 mV

0.014 mA.cm-2

-100 mV

0.013 mA.cm-2

0.1 M

DME

Cu

10 mV.s-1

140 mV

0.1 mA.cm-2

0 mV

0.13 mA.cm-2

0.1 M

DME

Pt

5 mV.s-1

90 mV

0.2 mA.cm-2

0 mV

0.27 mA.cm-2

0.5 M

4G

Cu

10 mV.s-1

300 mV

0.08 mA.cm-2

-100 mV

0.09 mA.cm-2

0.5 M

4G

Cu

5 mV.s-1

500 mV

0.14 mA.cm-2

-150 mV

0.14 mA.cm-2

0.5 M

4G

Cu

0.1 mV.s-1

550 mV

0.06 mA.cm-2

-50 mV

0.07 mA.cm-2

4.3.2 Electrochemical characterization - conductivity measurements
Additionally to the cyclic voltammetry experiments the conductivity in dependence of the
temperature for all three electrolytes is determined. Figure 4.13 exemplarily shows the
performed double measurements of the 0.1 M Mg(BH4)2 in DME electrolyte. For this
electrolyte a conductivity of 0.0070 mS.cm-1 at 25 °C is obtained. The double measurement
shows slight divergence of the conductivity for temperatures at 60 °C. This divergence might
be caused by the high vapor pressure at 60 °C for the lower boiling solvent DME with a Tb:
84 °C.

Figure 4.13: (a) Conductivity of a 0.1 M Mg(BH4)2 in DME solution in dependence of the
temperature, obtained in 10 °C increments. (b) The corresponding Arrhenius plot.
The average temperature dependent conductivities for all three electrolytes are shown in
Figure 4.14. At 25 °C a conductivity of 0.0155 mS.cm-1 for the 0.5 M Mg(BH4)2 in THF
electrolyte and 0.0161 mS.cm-1 for the 0.5 M Mg(BH4)2 in tetra-glyme electrolyte is observed.
The obtained conductivities are very low, approximately two orders of magnitude lower
compared to a standard 1.0 M LiPF6 / EC:DMC (1:1 by wt.) based electrolyte. As expected,
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the 0.1 M Mg(BH4)2 in DME electrolyte exhibits the lowest conductivity of the three solutions.
The 0.5 M Mg(BH4)2 in tetra-glyme electrolyte shows the strongest temperature dependence.
Presumably this effect is caused by a strong temperature dependence of the dissociation
constant and therewith a strong temperature dependence of the ion pair formation. The
conductivity ranges from 0.0031 mS.cm-1 at -20°C to 0.0334 mS.cm-1 at 60°C. Figure 4.25b
shows slightly curved, nearly linear, dependence in the Arrhenius plot for the Mg(BH4)2 / THF
and Mg(BH4)2 / tetra-glyme electrolytes.

Figure 4.14: (a) Conductivities of 0.5 M Mg(BH4)2 in THF, 0.1 M Mg(BH4)2 in DME and 0.5 M
Mg(BH4)2 in tetra-glyme solutions in dependence of the temperature, obtained in 10 °C
increments. (b) The corresponding Arrhenius plot.
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4.4

Characterization

of bis(cyclopentadienyl) magnesium

based electrolyte
Bis(cyclopentadienyl) magnesium is a new conducting salt for magnesium batteries.
Analogous to the results presented in Chapter 4.3, the electrochemical behavior on different
substrates and in various solvents and solvent mixtures is investigated by cyclic voltammetry
experiments. But moreover, an extensive and comprehensive characterization of the
electrolyte and deposited magnesium is conducted.

4.4.1 Electrochemical characterization - cyclic voltammetry
The cyclic voltammetry measurements are conducted with various scan rates of 10 mV.s-1,
5 mV.s-1 and 0.1 mV.s-1 in a potential window between -0.5 V and 1.2 V vs. Mg/Mg2+. For the
two faster scan rates extended CVs are obtained for 500 cycles, for the slow scan rate the
CVs are obtained for 10 cycles.

Figure 4.15: (a) Cyclic voltammogram of a 0.5 M MgCp2 in THF solution obtained at a scan
rate of 10 mV.s-1 in a potential range of -0.5 V to 1.2 V vs. Mg/Mg2+ for 500 cycles; WE: Cu,
CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process. [4.22]
In Figure 4.15a the cyclic voltammetry for a 0.5 M MgCp2 in THF electrolyte is shown. In the
first cathodic sweep a reaction with the onset at 0.6 V vs. Mg/Mg2+ is visible. A clear
assignment of this unidentified reaction could not be made. It is assumed that this reaction is
due to minor surface reactions at the working electrode. The actual magnesium deposition
overpotential is 130 mV. Upon further polarization to the cathodic vertex potential,
-0.5 V vs. Mg/Mg2+, the current almost linearly increases and a peak current density of
0.7 mA.cm-2 is reached with no indication of a limitation to the reaction. In the anodic scans
no overpotential for the magnesium dissolution is observed and at a potential of 0.55 V vs.
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Mg/Mg2+ a peak current density of likewise 0.6 mA.cm-2 is reached. From the peak current
potential to the anodic vertex potential the current decays to a residual current density of
0.03 mA.cm-2 at the vertex potential. It fully declines to zero at a potential of 0.7 V vs.
Mg/Mg2+ in the following cathodic sweep, which leads to “tailing” in the cyclic voltammogram.
The magnesium plating and stripping in a 0.5 M MgCp2 in THF electrolyte on Cu is highly
reversible, as it can be seen from the coulombic efficiencies shown in Figure 4.15b. For the
first cycle the coulombic efficiency is at 83 %, due to the unassigned side reaction. But within
the first 5 cycles the coulombic efficiency increases to around 97 %, to reach 98 % after 70
cycles for the remaining experiment.
The CV obtained with a 5 mV.s-1 scan rate is shown in Figure 4.16a. The observed behavior
is very similar to the previous experiment. A similar reaction with the onset at 0.5 V vs.
Mg/Mg2+ is observed in the first cathodic sweep. The actual magnesium deposition shows
200 mV overpotential within the first cycle and 130mV for the remaining cycles. Upon further
polarization the current increases and at the cathodic vertex potential, -0.5 V vs. Mg/Mg2+,
the peak current densities are reached. Upon cycling the cathodic peak current densities
increase from 0.17 mA.cm-2 in the 1st cycle to 0.39 mA.cm-2 in the 500th cycle. In the anodic
scans no overpotential for the magnesium dissolution is observed and the anodic

Figure 4.16: (a) Cyclic voltammogram of a 0.5 M MgCp2 in THF solution obtained at a scan
rate of 5 mV.s-1 in a potential range of -0.5 V to 1.2 V vs. Mg/Mg2+ for 500 cycles; WE: Cu,
CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg deposition and
stripping process.
peak current density is reached before the anodic vertex potential at 1.2 V vs. Mg/Mg2+. The
peak current potentials shift slightly in a potential range from 0.5 V to 0.6 V vs. Mg/Mg2+.
Similar to the deposition behavior, the anodic peak current densities increase likewise, from
0.13 mA.cm-2 in the 1st to 0.47 mA.cm-2 in the 500th cycle. From the peak current potential to
1.0 V vs. Mg/Mg2+ the current decays to almost zero and therefore no “tailing” is observed in
the cyclic voltammogram. The obtained coulombic efficiencies, shown in Figure 4.16b, are
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slightly lower than for the experiments at 10 mV.s-1 and ranges between 94 % and 97 % after
first initial cycles.
The third set of CV experiments is performed at a slow scan rate of 0.1 mV.s-1. The first cycle
of this CV is shown in Figure 4.17a. The side reaction occurring during the cathodic sweep of
the first cycle is easily missed and overlooked. For current densities adjusted in scale, it is
well observable in CV plot. The onset is significantly shifted to 1.1 V vs. Mg/Mg2+. Despite the
strong shift the reaction requires a similar amount of charge, 5.5 mC, in all three
experiments. With the slower scan rate lower magnesium plating overpotential of 90mV is
observed. Upon further polarization the current increases linearly and at the cathodic vertex
potential, -0.5 V vs. Mg/Mg2+, a peak current density of 0.3 mA.cm-2 is obtained, with no
indication of a limitation to the reaction. In the anodic scan no magnesium dissolution
overpotential is observed and at a peak current potential of 0.56 V vs. Mg/Mg2+ a current
density of 0.43 mA.cm-2 is observed. Upon further polarization, from the peak current
potential to a potential of 0.62 V vs. Mg/Mg2+ the current decays sharply to zero.

Figure 4.17: (a) Cyclic voltammogram of a 0.5 M MgCp2 in THF solution obtained at a scan
rate of 0.1 mV.s-1 in a potential range of -0.5 V to 1.2 V vs. Mg/Mg2+ for 10 cycles - 1st cycle
shown; WE: Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg
deposition and stripping process. [4.22]
Contrary to the experiments at faster scan rates, the highest coulombic efficiency, 97 %, is
observed in the first cycle, with the efficiency decreasing during cycling. This behavior is
caused in larger extent by a significant increase of the total amount of magnesium being
cycled per cycle. In the experiment with a scan rate of 0.1 mV.s-1 3.5 C of magnesium are
deposited within the first cycle, compared to 0.064 C at 10 mV.s-1. Independent of the scan
rate, the unidentified side reaction in the first cycle requires a similar amount of charge in all
three CVs. With a significantly increased amount of magnesium being deposited within the
first cycle, the percental contribution of the unidentified site reaction to the loss in efficiency in
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the first cycle decreases. Hence the coulombic efficiency in the first cycle increases
significantly.
The decrease in coulombic efficiency during cycling at 0.1 mV.s-1 might be explained by the
growth of crystallites of much larger size and thereby most likely to grow in fewer numbers. If
such a large crystallite becomes electrochemically inactive during cycling, due to loss of
contact, the loss inactive mass is more severe despite the increased total amount of charge
being transferred per cycle.
Compared to the 0.5 M Mg(BH4)2 in tetra-glyme electrolyte, as benchmark, the peak current
densities obtained in the 0.5 M MgCp2 in THF electrolyte are 10-fold higher at 10 mV.s-1 ,
Figures 4.10 and 4.15, and 5-fold higher at 0.1 mV.s-1, Figures 4.12 and 4.17. The observed
overpotentials are much lower, the reference electrode did not show a potential shift and the
zero crossover potential was not offset. Therewith the MgCp2 / THF based electrolyte is
suited better for further electrochemical tests.
MgCp2 is soluble in other solvents, for example in toluene or di-glyme. In DME and tetraglyme it is observed to be either insoluble or to form insoluble complexes. For the solutions in
toluene and di-glyme, no magnesium deposition and dissolution activity is obtained.
Therefore solvent mixtures, THF : toluene and THF : tetra-glyme, are tested for their
electrochemical activity.

Figure 4.18:

(a) Cyclic voltammogram of a 0.5 M MgCp2 in THF: toluene (vol.: 3:1) solution

obtained at a scan rate of 10 mV.s-1 in a potential range of -0.5 V to 1.2 V vs. Mg/Mg2+ for 500
cycles; WE: Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg
deposition and stripping process.
For the 0.5 M MgCp2 in THF and toluene electrolyte, THF and toluene are mixed in vol.: 3:1
prior to electrolyte preparation. The CV with a scan rate of 10mV.s-1 for a 0.5 M MgCp2 in
THF and toluene electrolyte is shown in Figure 4.18a. The unassigned side reaction shows
onset at 0.7 V vs. Mg/Mg2+ in the first cathodic sweep. The actual magnesium deposition
onset is found at -0.2 V vs. Mg/Mg2+ in the first cycle and at -0.15 V vs. Mg/Mg2+ for the
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remaining cycles. Upon further polarization to the cathodic vertex potential, -0.5 V vs.
Mg/Mg2+, the current increases to a peak current density of 0.6 mA.cm-2. In the anodic scans
no overpotential for the magnesium dissolution is observed and at a potential of 0.45 V vs.
Mg/Mg2+ a peak current density of likewise 0.6 mA.cm-2 is obtained. From the peak current
potential to the anodic vertex potential the current decays to a residual current density of
0.08 mA.cm-2 at the vertex potential. It fully declines to zero at a potential of 0.6 V vs.
Mg/Mg2+ in the following cathodic sweep, which leads to “tailing” in the cyclic voltammogram.
Magnesium plating and stripping in the 0.5 M MgCp2 in THF : toluene electrolyte is highly
reversible. In the first cycle the coulombic efficiency is 81 %, within the first 15 cycles it
approaches 98 % and then steadily declines to 95 % during the remaining experiment,
shown in Figure 4.18b.
The result of a CV at 0.1 mV.s-1 is shown in Figure 4.19a. In similarity to the prior CV at
0.1 mV.s-1, the current densities have to be scaled accordingly to determine the side reaction
with an onset potential at 1.1 V vs. Mg/Mg2+. The onset overpotential for the magnesium
plating

is

110 mV.

Upon

further

polarization

the

current

increases

linearly

and

Figure 4.19: (a) Cyclic voltammogram of a 0.5 M MgCp2 in THF: toluene (vol.: 3:1) solution
obtained at a scan rate of 0.1 mV.s-1 in a potential range of -0.5 V to 1.2 V vs. Mg/Mg2+ for 10
cycles; WE: Cu, CE: Mg, RE: Mg. (b) The corresponding coulombic efficiencies for the Mg
deposition and stripping process.
at the cathodic vertex potential, -0.5 V vs. Mg/Mg2+, a peak current density of 0.18 mA.cm-2 is
obtained, with no indication of limitation to the reaction. In the anodic scans no magnesium
dissolution overpotential is observed and at a peak current potential of 0.57 V vs. Mg/Mg2+ a
current density of 0.2 mA.cm-2 is observed. From the peak current potential to a potential of
0.65 V vs. Mg/Mg2+ the current decays sharp to zero. The coulombic efficiency at the first
cycle is found to be 97%, it steadily decreases to 76% in the remaining 9 cycles.
The CVs obtained in MgCp2 / THF (Fig. 4.15) and MgCp2 / THF: toluene (Fig. 4.18) at
10 mV.s-1 exhibit a nearly identical behavior. Although toluene as a nonpolar solvent is
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expected not to solvate ions and therewith lower the performance and change the behavior
of the electrolyte. The CVs obtained at 0.1 mV.s-1 (Fig. 4.17 and 4.19) behave likewise and
do not change characteristics as well. The overpotentials and peak current potentials are
very similar, just the exhibited peak current densities decline to approximately the half with
the addition of toluene.

Figure 4.20: Cyclic voltammograms of a (a) 0.5 M MgCp2 and 0.25 M tetra-glyme in THF
solution, (c) 0.5 M MgCp2 and 0.5 M tetra-glyme in THF solution and (e) a 0.5 M MgCp2 and
1.0 M tetra-glyme in THF solution obtained at a scan rate of 10 mV.s-1 in a potential range of
-0.5 V to 1.2 V vs. Mg/Mg2+ for 500 cycles; WE: Cu, CE: Mg, RE: Mg. (b, d, e) The
corresponding coulombic efficiencies for the Mg deposition and stripping process.
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Because tetra-glyme is expected to strongly coordinate to the Mg2+ center ion, it is added in
amounts respective to the MgCp2. Therefore tetra-glyme is added in concentrations 0.25 M,
0.5 M, and 1.0 M – in a molar ratio MgCp2:tetra-glyme of 2:1, 1:1 and 1:2, respectively. The
results of the CVs obtained with 10 mV.s-1 in the respective electrolytes on Cu are shown in
Figure 4.20.
The observed behavior and performance in all three electrolytes is very similar. In all three
experiments an onset potential of 0.6 V vs. Mg/Mg2+ for the unassigned reaction is observed
in the first cathodic sweep. The actual magnesium deposition overpotential is 110 mV. Upon
further polarization to the cathodic vertex potential, -0.5 V vs. Mg/Mg2+, the current increases
almost linearly and an average peak current density of 0.4 mA.cm-2 is reached with no
indication of a limitation to the reaction. In the anodic scans no overpotential for the
magnesium dissolution is observed and at a peak current potential of 0.5 V vs. Mg/Mg2+ an
average current density of 0.3 mA.cm-2 is obtained. From the peak current potential to the
anodic vertex potential the current decays to a residual current density of 0.06 mA.cm-2 at the
vertex potential. It fully declines to zero at a potential of 0.7 V vs. Mg/Mg2+ in the following
cathodic sweep, which leads to “tailing” in the cyclic voltammogram. The observed peak
current densities are the highest for the 0.5 M MgCp2 and 0.5M tetra-glyme in THF
electrolyte, just above average, and the lowest for 0.5 M MgCp2 and 0.25 M tetra-glyme in
THF electrolyte, just below average. The coulombic efficiencies behave similar to what is
observed for the other MgCp2 containing electrolytes at higher scan rates. Within the first few
cycles, coulombic efficiencies of 96% are obtained and the efficiency alters only slightly over
the term of the experiment. The results of the cyclic voltammetry experiments with MgCp2
based electrolytes are summarized in table 4.2.
Table 4.2:

Summary of the cyclic voltammetry results obtained with MgCp2 based

electrolytes
c[MgCp2] Solvent

WE

ν

ηdep.

jpc

ηdiss.

jpa

0.5 M

THF

Cu

10 mV.s-1

130 mV

0.7 mA.cm-2

0 mV

0.6 mA.cm-2

0.5 M

THF

Cu

5 mV.s-1

130 mV

0.49 mA.cm-2

0 mV

0.47 mA.cm-2

0.5 M

THF

Cu

0.1 mV.s-1

90 mV

0.3 mA.cm-2

0 mV

0.43 mA.cm-2

0.5 M

THF:Tol (3:1)

Cu

10 mV.s-1

150 mV

0.6 mA.cm-2

0 mV

0.6 mA.cm-2

0.5 M

THF:Tol (3:1)

Cu

0.1 mV.s-1

110 mV

0.18 mA.cm-2

0 mV

0.2 mA.cm-2

0.5 M

THF/4G (0.25 M) Cu

10 mV.s-1

110 mV

0.35 mA.cm-2

0 mV

0.26 mA.cm-2

0.5 M

THF/4G (0.5 M)

Cu

10 mV.s-1

110 mV

0.45 mA.cm-2

0 mV

0.36 mA.cm-2

0.5 M

THF/4G (1.0 M)

Cu

10 mV.s-1

110 mV

0.42 mA.cm-2

0 mV

0.32 mA.cm-2
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4.4.2 Electrochemical characterization - conductivity measurements
Additionally to the cyclic voltammetry experiments, the conductivity in dependence of the
temperature for all four electrolytes is determined as well. Figure 4.21 exemplarily shows the
performed double measurements of the 0.5 M MgCp2 in THF electrolyte. For this electrolyte
solution a conductivity of 0.0389 mS.cm-1 at 25 °C is obtained.

Figure 4.21:

(a) Conductivity of a 0.5 M MgCp2 in THF solution in dependence of the

temperature, obtained in 10 °C increments. (b) The corresponding Arrhenius plot.
The conductivities of double measurement converge well, with a minor divergence for the
conductivities obtained at temperatures above 40 °C. The divergence is caused by
evaporation due to the low boiling point of THF, Tb: 66 °C, thus high vapor pressure. The
conductivities for the 0.5 M MgCp2 in THF and all three 0.5 M MgCp2 / tetra-glyme in THF
electrolytes are shown in Figure 4.22 - for clarity error bars are omitted. Thereby the
conductivity

increases

with

increasing

tetra-glyme

concentration.

Contrary

to

this

Figure 4.22: (a) Conductivities of 0.5 M MgCp2 in THF, 0.5 M MgCp2 and 0.25 M tetra-glyme
in THF, 0.5 M MgCp2 and 0.5 M tetra-glyme in THF, and 0.5 M MgCp2 and 1.0 M tetra-glyme
in THF solutions in dependence of the temperature, obtained in 10 °C increments. (b) The
corresponding Arrhenius plot.
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observation, that the addition of tetra-glyme to the electrolyte enhances the conductivity, in
the CV much lower peak current densities are observed. This behavior might be due to
stronger association of the coordinated tetra-glyme to the center Mg2+ ion, which enhances
the dissociation of the MgCp2 salt and therewith increases the ionic conductivity. But in
exchange a stronger coordinated solvent might hinder the magnesium metal deposition
during the CV and therewith cause the peak current densities to decline.
For the electrolytes the conductivities at 25 °C are observed as follows, 0.5 M MgCp2 and
0.25 M tetra-glyme in THF electrolyte: 0.0570 mS.cm-1; 0.5 M MgCp2 and 0.5 M tetra-glyme
in THF electrolyte: 0.0711 mS.cm-1; and 0.5 M MgCp2 and 1.0 M tetra-glyme in THF
electrolyte: 0.0785 mS.cm-1. Compared to a standard e.g. 1.0 M LiPF6 / EC:DMC based
electrolyte, the obtained conductivities of all four electrolytes are approximately two orders of
magnitude lower. The increase in conductivity does not scale linearly with increasing tetraglyme concentration. The enhancement becomes less pronounced with increasing tetraglyme concentration. This behavior might be simply explained by the shift in a coordination
equilibrium between THF and tetra-glyme in regard to which solvent is more coordinated to
the center Mg2+ ion. Furthermore, with increased tetra-glyme concentration the temperature
dependency of the conductivity decreases – contrary to the anticipation of adding a higher
viscous co-solvent (tetra-glyme) and contrary to the observations for Mg(BH4)2 based
electrolytes. The Arrhenius plot of the conductivities, Figure 4.22b, shows a slightly curved
characteristic for the 0.5 M MgCp2 in THF electrolyte. With increasing tetra-glyme
concentration the curvature increases. The nonlinear behavior shows the much stronger
temperature dependence of the degree of dissociation in weak electrolytes and therewith the
much stronger temperature dependence of the conductivity. Furthermore the dissociation
and coordination behavior of the MgCp2 complex is much more influence on the addition of
tetra-glyme to the electrolyte solutions. The effect on the conductivity of an increasing
viscosity with increasing tetra-glyme concentration, cannot be neglected. Compared to the
Mg(BH4)2 based electrolytes the MgCp2 based electrolytes exhibit a 5 to 10 times higher
conductivity. If both THF based electrolytes are compared the temperature dependency of
the Mg(BH4)2 / THF electrolyte is less distinct hinting a general higher degree of dissociation
within the electrolyte solution. This observation exemplifies the complexity of the correlation
of degree of dissociation and ion mobility in magnesium electrolytes. The conductivities and
temperature dependency is found to be quite similar to the 0.5 M MgCp2 and 0.25 M tetraglyme in THF electrolyte.
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4.4.3 Electrochemical stability - linear sweep voltammetry
The oxidative/ anodic electrochemical stability of MgCp2 is investigated with linear sweep
voltammetry (LSV) at various sweep rates. Figures 4.23a 4.23b shows the stabilities of 0.5 M
MgCp2 in THF at 10 mVs-1 and at 0.1 mVs-1 respectively. The onset potentials are not
determined with a tangential method, but at the point with the highest change in slope of the
current curve, which corresponds to the first maximum in the 2nd derivative of the curve.

Figure 4.23: Linear sweep voltammogram of a 0.5 M MgCp2 in THF solution (a) obtained at
a scan rate of 10 mV.s-1 and (b) obtained at a scan rate of 0.1 mV.s-1; WE: Cu (red), Pt
(green), 316 L (blue), CE: Mg, RE: Mg. [4.22.]
For a scan rate of 10 mVs-1 the onset potentials at platinum are 1.6 V, at copper 1.7 V and at
stainless steel (316 L) 1.8 V vs. Mg/Mg2+. At a scan rate of 0.1 mVs-1 the onset potentials at
platinum are 1.5 V, at copper 1.7 V and at stainless steel (316 L) 1.8 V vs. Mg/Mg2+.
Therewith, the obtained oxidative stability is higher than for conventional Grignard reagents,
such as n-butylmagnesium chloride (1.3 V vs. Mg/Mg2+ on Pt) [4.2], which have been
investigated as electrolyte in the early stages of magnesium battery research. But the
oxidative stability is significantly lower than other electrolytes, e.g. 0.75 M Mg(CB11H12)2 in
tetra-glyme 3.8 V vs. Mg/Mg2+ on Pt [4.23], which have been reported recently. Within the used
potential range of 0.5 V to 1.2 V vs. Mg/Mg2+, CV and LSV results show that the electrolyte
containing MgCp2 is fully stable and offers a highly reversible redox couple. The oxidation
stability of 1.5 V to 1.8 V vs. Mg/Mg2+ offers a large enough potential window for a full cell
application with a magnesium anode and a Chevrel phase Mo6S8 cathode, working potential
plateaus at ~1.2 V and 1.0 V vs. Mg/Mg2+ [4.3]. For higher voltage cathode materials, like V2O5
or MgFe2(PO4)2, the anodic stability would need to be improved.
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4.4.4 Spectroscopic characterization - ATR-FTIR spectroscopy
In order to investigate the stability of the electrolyte under electrochemical potential load
ATR-FTIR spectroscopy is performed. For this experiments THF-d8 is used as electrolyte
solvent to enable a distinction between the C-H vibrations from the Cp-ring and from the
THF. With the change in solvent, a similar electrochemical behavior is obtained in the initial
CV during the electrochemical aging process. The magnesium deposition and dissolution
overpotential and the peak current potential are similar to the CV obtained in THF, shown in
Fig. 4.15, the respective peak currents are reduced by a factor of 2.5.

Figure 4.24: Experimental IR spectra of (a) fresh electrolyte (0.5 M MgCp2 in THF-d8) and
THF-d8 and (c) fresh, uncycled and cycled electrolyte. The spectra shown in (b) and (d) are
respective excerpts. Spectra obtained inside a glove box from 400 to 4500 cm-1 with a
resolution of 2 cm-1 - 50 scans for a single spectrum. [4.22]
The energies of the vibrational modes of solvated MgCp2 and pure THF-d8 are very similar to
each other, despite the deuterisation of the THF. This causes both IR spectra to overlap
widely as it is shown Figure 4.24a. However, for the bands at 1000 cm-1 (C-H bend in plane)
[19]

and 825 cm-1 (C-H bend out of plane) [19] shown in Figure 4.24b, enough significance for a

qualitative differentiation between the Cp and THF-d8 spectra is obtained.For these two
vibrational modes a decrease in signal intensity, as shown in Figure 4.24c and 4.24d, in the
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uncycled and cycled sample is observed, if compared to pristine electrolyte. The decrease is
due to a MgCp2 concentration decrease caused by the extraction of electrolyte from the
separator during the sample preparation. This effect is similarly observed for bands with a
larger Cp contribution, e.g the two bands between 800 cm-1 and 700 cm-1. For absorption
bands mainly or solely caused by THF-d8 modes, at 1180 cm-1, 1100 cm-1, 1040 cm-1 and
840 cm-1, a reciprocal increase in absorbance is observed. The IR spectra of the uncycled
and cycled sample do not present a significant difference in signal intensity at the specific
bands. The signal intensity for the cycled sample is slightly lower, which is caused by a small
concentration decrease of Cp in the electrolyte solution. This effect is not assigned to the
electrochemical degeneration of the MgCp2. It is presumed that the extraction process
causes the decrease in the Cp concentration during sample preparation resulting in different
concentrated solutions.
Furthermore no additional adsorption bands or band shifts are observed with in the ATR-IR
spectroscopy, which indicates that no decomposition products can be observed and
therewith no degradation during electrochemical aging takes place.

4.4.5 Spectroscopic characterization - NMR spectroscopy
NMR spectroscopy is performed to additionally support the IR spectroscopy results.
Therefore

13

C and 1H NMR spectra, Figure 4.25a and Figure 4.25b respectively, of the same

electrolyte solutions are obtained. In order to suppress the 1H signal from the THF in NMR
spectroscopy, THF-d8 is used as solvent.

Figure 4.25: Experimental (a)

13

C and (b)

1

H NMR spectra for uncycled and cycled

electrolyte. Spectra obtained under ambient conditions in sealed NMR vials. [4.22.]
The

13

C NMR spectra show three resonances in both, the uncycled and cycled, samples.

With a chemical shift of 106 ppm a singlet, which is assigned to the Cp-ring, is observed.
Furthermore, the typical signals for THF, two quintets with respective chemical shifts of 67
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and 25 ppm are observed. In the 1H NMR spectra five resonance signals are obtained in
both samples. Assigned to the Cp-ring, a singlet with a chemical shift of 5.8 ppm is observed.
For THF two different types of signals are obtained, two slightly downfield shifted signals with
chemical shifts 3.65 and 1.8 ppm, assigned to THF coordinated to the Mg2+ forming most
likely a MgCp2[THF]2 complex. The two broadened multiplets with chemical shifts of 3.55 and
1.70 ppm are assigned to uncoordinated THF.
In comparison no chemical shifting of resonances in the NMR spectra for the uncycled and
cycled sample is observed and therewith no change in the environment of the respective
nuclei occurs. Also and more important no additional resonance signals in the cycled spectra
are obtained. These would have indicated possible formation of decomposition products
upon cycling.
With both spectroscopic methods no soluble decomposition products are detected. This
permits the conclusion that the 0.5 M MgCp2 in THF electrolyte is stable upon cycling in a
potential range from -0.5 to 1.2V vs. Mg/Mg2+.

4.4.6 Phases analysis of deposits – X- ray diffraction
Phase analysis is performed to investigate the deposit obtained during cycling and
electrochemical plating in the 0.5 M MgCp2 in THF electrolyte. Therefore XRD is performed
for crystalline phase determination and to confirm the crystallinity of the deposit. The
investigated working electrodes are retrieved after post cycling and potentiostatic magnesium
deposition. During potentiostatic magnesium deposition, 8.25 C.cm-2 are deposited onto a
copper working electrode, the charge is equivalent to 1.04 mg.cm-2 of magnesium.

Figure 4.26: Experimental XRD patterns for phase analysis of magnesium (JCPDS pdf: 00004-0770)[4.4] deposited on to a copper (JCPDS pdf: 00-002-1225)

[4.5]

working electrode

(aluminum (JCPDS pdf: 00-001-117[4.6]) sample holder). The XRD data has been obtained in
reflection mode, from 10° to 90° 2θ, step size 0,03° 2θ, for 3 min/step at ambient
conditions. [4.22.]
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The diffractogram obtained for phase analysis is shown in Figure 4.26 and confirms the
deposition of metallic magnesium. For the phase analysis a theoretical magnesium powder
reference

[4.4]

, a copper reference [4.5] (for the working electrode) and an aluminum

reference [4.6] (for the sample holder) are qualitatively matched to obtained diffraction pattern.
All reflections in the diffraction pattern could be matched to the reference patterns.

4.4.7 Morphological characterization of deposits - electron microscopy
The morphology of the deposits, of the XRD sample, is investigated with SEM. The
micrographs in a 1,000x and 3,000x magnification of the potentiostatically deposited Mg onto
a dendritic Cu electrode are shown in Figure 4.27. The deposited magnesium appears in
crystallites with cauliflower like morphology. The plated crystallites are evenly spread over
the surface and have an average diameter of 15 µm. The more or less even 2D growth of
magnesium on the surface of the working electrode as it is reported for Mg deposition in e.g.

Figure 4.27: SEM images of magnesium plated on a dendritic Cu working electrode out of a
0.5 M MgCp2 in THF solution at -1.0 V vs. Mg/Mg2+, at magnifications of (a) 1,000x and (b)
3,000x. [4.22]
1M BuMgCl / THF or EtMgCl–2Me2AlCl / THF [4.8, 4.9], is not found. The different morphology
might be caused by multiple factors. In parts, the use of a dendritic copper working electrode
might cause a more island type of growing of the magnesium crystallites. The use of a ELcell type cell with a limited electrolyte supply and a separator with restricted porosity pressed
to surface of the working electrode, might force a nonhomogeneous growth of crystallites.
Especially if an oleophillic Celgard® separator is used in THF solution, as it is not very stable
in such. The Celgard® separator is expected to swell strongly while in contact with THF,
which greatly decreases the porosity and therewith restricts ion mobility. But if the obtained
micrographs, Figure 4.27, are visually compared to the deposits reported for the Mg
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deposition
.

(in

-1 [4.8, 4.9]

0.25 C cm )
SEM

0.25 M

Mg(AlCl2BuEt)2 / THF,

0.78 C.cm-1, or

EtMgCl–2Me2AlCl / THF,

they exhibit distinct morphological similarities.

micrographs

of

cycled

working

electrodes

(charged / 0.5 M MgCp2

in

THF /

0.1 mV.s-1 / cycling similar to Figure 4.17) are pictured in Figure 4.28. An overview in 1k
magnification of the electrode is shown in Figure 4.28a. On the electrode surface magnesium
crystallites and residual glass-fibers from the separator are observed. In Figure 4.28b and c,
such magnesium crystallites are pictured in 5k magnification. The particle imaged in Figure
4.28b appears to be of a porous, leached and amorphous morphology. The origin of such
particles is assigned to partially stripped crystallites losing electrical contact during the anodic
sweep. In Figure 4.28c, the left particle appears to be of a much more compact crystalline
morphology. The origin of particles with such morphology is assigned to regular plating.
Furthermore the CV data, with occasionally erratic changing coulombic efficiencies >100 %
might suggest that such particles, which lost electric contact, can regain electrical contact
upon cycling.

Figure 4.28: SEM images of magnesium plated on a dendritic Cu working electrode out of a
0.5 M MgCp2 in THF solution while cycling , at magnifications of (a) 1,000x and (b) 5,000x
and (c) 5,000x.
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Figure 4.29: SEM images of residual magnesium plated on a dendritic Cu working electrode
out of a 0.5 M MgCp2 in THF solution while cycling , at a magnification of (a) 1,000x and (b)
10,000x.
Further SEM micrographs of cycled working electrodes (discharged / 0.5 M MgCp2 in
THF / 10 mV.s-1 / cycling similar to Figure 4.15) are shown in Figure 4.29. Much less
magnesium is observed in the overview at 1,000x magnification in Figure 4.29a. Partially this
is due to that working electrodes are retrieved in discharged / stripped stage, that much
higher coulombic efficiencies observed in the faster cycling procedure and that lower total
amount of charge cycled within the experiment. The observed particle, shown in Figure 4.29b
at 10,000x magnification, shows a very similar morphology to the leached and porous
particles observed at slower scan rate, shown in Figure 4.28b. The significant difference
between the observed particle is the much smaller size of the magnesium particles observed
at faster scan rates.

Figure 4.30: SEM images of magnesium plated on a dendritic Cu working electrode out of a
0.5 M Mg(BH4)2 in THF solution while cycling , at a magnification of (a) 3,000x and (b)
3,000x.
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The SEM micrographs of cycled working electrodes (discharged / 0.5 M Mg(BH4)2 in
THF / 10 mV.s-1) are shown in Figure 4.30. They exhibit a similar surface coverage with
residual magnesium particles. But the residual particles appear in a different morphology.
They neither show the leached nor the crystalline morphology, which is observed for
deposited magnesium in MgCp2 / THF based electrolyte. The residues appear to be much
more amorphous and the partial electrostatic charge shown in Figure 4.30a suggests that
they are not completely conductive and therefore probably partially not metallic.
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4.5

Conversion electrodes

Different conversion type anode materials for magnesium are feasible for batteries. The use
of tin, bismuth and antimony as anode material is reported in literature. [4.18,

4.19]

These

electrodes have been prepared from nano-scaled powder with carbon black and PVDF as
binder.

In the scope of this thesis, tin, antimony-tin and antimony are deposited

electrochemically and their properties as anode materials for magnesium batteries are
investigated.

4.5.1 Initial structural and morphological characterization
The pristine electrochemical deposited transition metal electrodes are subjected to intensive
characterizations before electrochemical testing. Subsequently to electrochemical deposition,
the transition metal layers are visually inspected for their appearance and macroscopic film
homogeneity. According to the appearance the deposition conditions are empirically adjusted
to achieve the best visual result. Past visual inspection, when removing the raw electrode
from the deposition electrode holder at some of the electrodes the deposited metal layer lost
adhesion. Porous, but yet stable and adherent metal layers are desired. Thus it is known
from Li batteries that such structures exhibit an enhanced cycling performance over compact
and thick metal layers. It is found to be especially difficult to obtain visually complete and
homogeneous deposited Sn layers that exhibited a sufficient adhesion. For the determination
of film homogeneity and deposit morphology all selected electrodes are characterized via
SEM and XRD.

Figure 4.31: SEM images of a deposited Sn layer (onto non-dendritic copper), at a
magnification of (a) 250x and (b) 3,000x.

76

CHAPTER 4 - RESULTS AND DISCUSSION

Figure 4.32: SEM images of a deposited SbSn layer (onto non-dendritic copper), at a
magnification of (a) 250x and (b) 3,000x.
The SEM images of a electrodeposited Sn electrode are shown in Figure 4.31. The
micrograph in Figure 4.31a shows a rather homogeneous metal layer that does nearly cover
the complete surface of the Cu electrode. The layer itself consists of small homogeneously
distributed crystallites in the sub-µm-range, with few agglomerates evenly spread out over
the surface, shown in Figure 4.31b.
The micrographs of an electrodeposited SbSn electrode are shown in Figure 4.32. In lower
resolution, shown in Figure 4.32a, the obtained layer appears rather inhomogeneous while
complying full surface coverage of the Cu current collector. The higher resolution image,
shown in Figure 4.32b discloses that the layer consists of a dense carpet of very small
crystallites and the inhomogeneities are dense crystallite agglomerates bulked up on the
surface.
The Sb layer shown in both micrographs in Figure 4.33 has a quite different appearance. The
surface is homogeneously covered by cubical crystallites with an edge length of 5- 8 µm.

Figure 4.33: SEM images of a deposited Sb layer (onto non-dendritic copper), at a
magnification of (a) 250x and (b) 3,000x.
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Phase analysis of the deposited transition metal layers via XRD is performed. The diffraction
pattern of the deposited Sn-layer is shown in Figure 4.34a. No metallic Sn-phases are
obtained by the electrodeposition. Instead an orthorhombic intermetallic Cu3.02Sn0.98
phase [4.10] is formed. For other Sn-electrodes, which passed visual and morphological
characterization, a monoclinic intermetallic Cu6Sn5 phase [4.12] is obtained additionally. The
reflection patterns for copper

[4.6]

, current collector, and aluminum [4.7], sample-holder, are

fitted likewise to the diffraction pattern. Qualitatively, the low intensity ratio of the Cu3.02Sn0.98
phase reflections to the Cu phase reflections suggests that only a thin layer of the
Cu3.02Sn0.98 phase is formed. The diffractions are distinct and narrow suggesting a good
crystallinity of the deposited phase.

Figure 4.34: Experimental XRD patterns for phase analysis of a deposited (a) “Sn” layer, (b)
“SbSn” layer and (c) “Sb” layer onto a copper working electrode (aluminum sample holder).
The XRD data has been obtained in reflection mode, from 10° to 90° 2θ, step size 0,03° 2θ,
for 3 min/step at ambient conditions.
In Figure 4.34b, the diffraction pattern of the SbSn electrode is shown. Two intermetallic
phases are obtained, mainly the desired rhombohedral SbSn phase [4.11] and as side phase
the monoclinic Cu6Sn5 phase [4.12], as well as the Cu and Al phase. Qualitatively, the two
intermetallic phases exhibit sharp and narrow reflections. Here as well, qualitatively, the low
intensity ratio of the SbSn phase to the Cu phase suggests that only a thin layer is formed.
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The low intensity of the intermetallic phases compared to the current collector in both
diffraction patterns might not solely be attributed to a thin layer deposition. Partially this can
be also attributed to the reflection geometry and probably to low scattering power of very
small crystallites.
For the Sb electrode, Figure 4.34c shows the diffraction pattern of mainly a pure
rhombohedral metallic Sb phase [4.13], as well as the Cu and Al phase. Qualitatively, the
phase exhibits very distinct and sharp reflections with a high intensity, suggesting a rather
thick layer with larger crystallites. All the qualitative interpretation of the diffraction patterns
are in accordance to the observation obtained with SEM.

4.5.2 Electrochemical characterization in a lithium electrolyte – cyclic
voltammetry
Prior to electrochemical testing in an Mg environment, the obtained transition metal
electrodes are tested in a Li environment. For electrochemical characterization of the
samples, CV is performed at a scan rate of 0.1 mV.s-1 from 2.0 V to 0.05 V vs. Li/Li+ with a
1.0 M LiPF6 in EC: DMC (wt: 1:1) electrolyte and Li counter and reference electrode. The
electrode loadings for the actual experiments are 0.21 mg.cm-2, 1.43 mg.cm-2 and
5.04 mg.cm-2 for the “Sn”, “SbSn” and “Sb” electrode respectively.

Figure 4.35: (a) Cyclic voltammogram of “Sn” working electrode in a 1.0 M LiPF6 in EC: DMC
(wt: 1:1) electrolyte obtained at a scan rate of 0.1 mV.s-1 in a potential range of 0.05 V to
2.0 V vs. Li/Li+ for 20 cycles; CE: Li, RE: Li. (b) The corresponding coulombic efficiencies and
charge capacities for the conversion process.
Despite not having obtained a pure Sn phase in the XRD for the Sn electrode, it is subjected
to electrochemical characterization, shown in Figure 4.35a. In the first cathodic sweep an
OCV of 2.46 V vs. Li/Li+ is observed. Upon polarization to the cathodic vertex potential, 7
reactions, indexed from A to G, are observed. All reactions show comparatively small current
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densities and few of them are difficult to assign to the lithiation / delithiation reactions of Sn.
The first significant reaction A has an onset potential of 1.31 V and a peak current potential
of 1.20 V vs. Li/Li+. Reaction B occurs in more of a potential range from 1.1 V to 0.7 V vs.
Li/Li+ where the current slightly increases, instead of a defined peak. Both processes are only
observed within the first cycle.
Reaction C is observed at the onset potential of 0.65V vs. Li/Li+. It does not show a defined
peak but the current significantly increases until the onset of reaction D. Reaction D starts
with a defined onset potential of 0.45 V and the current increases to a peak current potential
of 0.40 V vs. Li/Li+ upon further polarization. After current decrease, reaction E is observed in
a potential range from 0.35 V to 0.18 V vs. Li/Li+, where two different sub regions with no
clear peaks, but the changes in the slope of the current response, can be identified. Reaction
F shows an onset potential of 0.17 V and a peak current potential of 0.11 V vs. Li/Li+. The
last reaction G, upon lithiation is observed at an onset potential of 0.09 V vs. Li/Li+ and is
stopped at the vertex potential.
A definite assignment of the reactions to the lithiation states of specific Sn phases proves to
be difficult, as neither the actual Sn content of the sample is known for calculations nor XRD
is performed for phase determination. For a Cu3Sn phase only minor, compared to a Cu6Sn5phase negligible, electrochemical activity is observed [4.14] and it is assumed that the obtained
structurally related Cu3.02Sn0.98 phase behaves similar. Neither electrochemically active Sn
nor SnO phases are being observed in the XRD, possible occurrence below XRD detection
threshold. Hence it is assumed that the distinct electrochemical activity is due to minor Sn
phases or SnO phases at the surface. However, by comparison with literature [4.23] the
electrochemical reactions obtained in the CV can be assigned.
Therefore reactions A and B are assigned to the lithiation of SnOx which is irreversible,
equation (4.1). Reaction C is assigned to the formation of Li2Sn5- phase, equation (4.2),
reaction D to the formation of LiSn- phase, equation (4.3). The reactions E-G are assigned to
the subsequent formation of Li5Sn2-, Li13Sn5-, Li7Sn2- and Li2Sn5- phase upon lithiation.
equation (4.4). These four LixSny- phases are structurally very similar and the occurrence of
mixed phases is expected upon lithiation, therefore a structure determination and phases
differentiation by XRD is difficult. [4.23]
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In the anodic scan, the reverse reactions for the delithiation are obtained. The reactions G’,
F’ and E’ are assigned to the broad shoulder with an onset potential of 0.23 V and a peak
current potential of 0.44 V vs. Li/Li+, the well-defined and intense current response at the
onset potential of 0.55 V and a peak current potential at 0.59 V vs. Li/Li+ and the double peak
with peak current potentials at 0.70 V and 0.80 V vs. Li/Li+, respectively. These delithiation
reaction are according to equation (4.4), as the reoccurrence of a LiSn- phase is reported for
delithiation potentials of 0.78 V vs Li/Li+. [4.23] The further delithiation of the LiSn- phase to the
metallic Sn- phase is reported to occur without a distinct formation of the Li2Sn5- phase.
Therefore the last current response in the anodic sweep with an onset potential of 0.92 V and
a peak current potential of 1.02 V vs. Li/Li+ assigned to reactions D’ and C’, equations (4.3)
and (4.2). The obtained electrochemical activity was relatively small and upon cycling past
the first cycle, 60 % of the initial capacity is lost, shown in Figure 4.35b.
In contrast and to show case the difficulty of assignment, reaction D and F’ might be
assigned to the same lithiation and delithiation reaction of 0.53 V vs. Li/Li+ plateau of LixSn
with 0.8<x<2.5, if compared to the coulometric titration results at 25°C. [4.24]
In the same manner, the SbSn electrode is subjected to electrochemical characterization,
shown in Figure 4.36. After cell assembly an OCV of 2.72 V vs. Li/Li+ is observed. Upon
polarization to the cathodic vertex potential 5 reactions indexed from A to E are observed.
The reactions obtain reasonable current densities and can be clearly assigned to the
lithiation reactions of SbSn. The first significant reaction A has an onset potential of

Figure 4.36: (a) Cyclic voltammogram of SbSn working electrode in a 1.0 M LiPF6 in
EC: DMC (wt: 1:1) electrolyte obtained at a scan rate of 0.1 mV.s-1 in a potential range of
0.05 V to 2.0 V vs. Li/Li+ for 20 cycles; CE: Li, RE: Li. (b) The corresponding coulombic
efficiencies and charge capacities for the conversion process.
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0.85 V and a peak current potential of 0.76 V vs. Li/Li+. Reaction B occurs similarly with a
defined onset potential of 0.73 V and a peak current potential of 0.70 V vs. Li/Li+. Reaction C
is observed at the onset potential of 0.62 V and a peak current potential of 0.54 V vs. Li/Li+.
The current response observed for reaction D is rather broad, it starts at the onset potential
of 0.49 V and the current increases to a peak current potential of 0.42 V vs. Li/Li+ upon
further polarization. Upon further polarization the current decreases until 0.37 V vs. Li/Li+. In
a potential range from 0.37 V to the vertex potential a residual current, reaction E, is
observed. Reaction E exhibits no defined peaks, but just a more or less constant current.
The lithiation reactions for SbSn [4.24] are assigned alike. Therefore the observed potentials in
the CV are correlated to the potential plateaus of galvanostatic measurements. Reaction A is
assigned to the lithiation of SbSn, equation 4.5, at 0.95 V vs. Li/Li+. [4.24] Reaction B is
assigned to the lithiation of Sn according equation 4.2 and reaction C the further lithiation of
Li2Sn5 according equation 4.3. Reactions D and E are assigned to the lithiation processes
described in equation 4.4.
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The delithiation reactions are obtained in the anodic scan. The reaction E’ is assigned to the
broad shoulder between 0.3 V and 0.55 V vs. Li/Li+. Reaction D’ exhibits an onset at 0.55 V
and a peak current potential of 0.60 V vs. Li/Li+. The reactions C’ and B’ are arise as a
double peak with onsets at 0.68 V and 0.75 V vs. Li/Li+ and peak current potentials of 0.71 V
and 0.78 V vs. Li/Li+, respectively. Reaction A’ is the last current response in the anodic
sweep with an onset potential of 0.96 V and a peak current potential of 1.02 V and a
shoulder at 1.07 V vs. Li/Li+. The reactions are assigned as the reverse reactions of the
respective lithiation reactions.
Side reactions caused by a lithiation / delithiation reaction of the observed and
electrochemical active Cu6Sn5- phase [4.14] have not been observed.
For the first 8 cycles the obtained characteristics undergo only minor changes, the obtained
capacities and coulombic efficiencies deteriorate reasonably. Within the 10th cycle the
shoulder of the peak in reaction A’ splits and a double peak is found for this reaction. The
splitting is assumed to be due to a stepwise delithiation according to equation 4.6. In the last
10 cycles the charge capacity and reversibility deteriorate quickly, as it is shown in the CV
and the capacity plot, Figure 4.36b.
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Figure 4.37: (a) Cyclic voltammogram of Sb working electrode in a 1.0 M LiPF6 in EC: DMC
(wt: 1:1) electrolyte obtained at a scan rate of 0.1 mV.s-1 in a potential range of 0.05 V to
2.0 V vs. Li/Li+ for 20 cycles; CE: Li, RE: Li. (b) The corresponding coulombic efficiencies and
charge capacities for the conversion process.
The behavior obtained for the lithiation of Sb is much simpler than for the “Sn” and SbSn
electrodes, shown in Figure 4.37. The OCV is at 2.83 V vs. Li/Li+ and in the cathodic sweep a
single reaction A is observed, with an onset potential of 0.98 V, a peak current potential of
0.75V, a shoulder at 0.65 V and a reaction decay to zero current at 0.40 V vs. Li/Li+. The
reaction is assigned to lithiation of Sb, equation 4.6, the formation of Li2Sb and Li3Sb phases
at 0.96 V and 0.95 V vs. Li/Li+. [4.24] In the anodic sweep, for the reverse reaction two peaks
A’ and A’’ are obtained. The reaction A’ is a minor reaction with an onset potential of 0.81V
and a peak current density of 0.90 V vs. Li/Li+. The main reaction A’’ shows an onset
potential of 0.95 V and a peak current potential of 1.12 V vs. Li/Li+. Reaction A’ could not be
clearly assigned. The obtained discharge capacity is too small to account for the first
delithiation step according to equation 4.6 and the reaction occurs at slightly too low
potentials. Furthermore reaction A’’ exhibits a reasonable discharge capacity and the CV
shows a shoulder in the first cycle and a double peak feature in the 3rd and 5th cycle, shown
in figure 4.37. Hence the delithiation of the Li3Sb- phase is primarily assigned to reaction A’’.
The reactions obtained in A’ might originate from the partial delithiation, 1st step in equation
4.6, of much smaller crystallites than the mean crystallite size. Much smaller crystallites
might not be subjected to slower reactions than larger crystallites.
Upon cycling, high capacities and coulombic efficiencies are obtained for the first 8 cycles. In
the following cycles, the characteristic obtained in the CV change, which is reflected in lower
capacities and coulombic efficiencies, shown in Figure 4.37b. It is supposed that this effect is
caused by electrochemical erosion of the rather large crystallites and the accompanying loss
of electrical conduct of such.
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4.5.3 Electrochemical characterization in a magnesium electrolyte –
cyclic voltammetry
The SbSn and Sb transition metal electrodes exhibit the expected characteristics with a
reasonably good electrochemical activity and performance. For the “Sn” electrode only minor
electrochemical activity is observed, therefore it is not subjected to further testing in an Mg
environment.
The voltammograms obtained in 0.5 M Mg(BH4)2 in tetra-glyme electrolyte for SbSn working
electrode and Sb working electrode are shown in Figure 4.38a and Figure 4.38b,
respectively. The CVs are obtained with magnesium counter and reference electrode, at a
scan rate of 0.1 mV s-1 in a potential range of 0.05 V to 1.25 V vs. Mg/Mg2+ for 20 cycles.

Figure 4.38: Cyclic voltammograms of (a) SbSn working electrode and (b) of a Sb working
electrode in a 0.5 M Mg(BH4)2 in tetra-glyme electrolyte obtained at a scan rate of 0.1 mV.s-1
in a potential range of 0.05 V to 1.25 V vs. Mg/Mg2+ for 20 cycles; CE: Mg, RE: Mg.
In both CVs no electrochemical activity in a magnesium environment is observed. Both CVs
show an unspecific, negligible and irreversible reaction in the first cathodic sweep. Past the
first cycle a minor capacitance for the SbSn electrode is observed. A similar behavior for the
Sb electrode is observed with an unspecific reaction in the anodic sweep in the last cycles of
the experiment, which might be assigned to electrochemical Sb dissolution.

4.5.4 Post-cycling morphological characterization
Morphological post cycling characterization with SEM is performed on the electrodes
subjected to Li cycling. The micrographs obtained from the “Sn” electrode are shown in
Figure 4.39. The image with lower magnification, Figure 4.39a, shows a relatively
homogeneous surface layer, which almost completely covers the surface. The high
resolution image shows a surface layer of small homogeneously distributed crystallites in the
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sub µm range, with few agglomerates spread out over the surface and residual glass fibers
from the separator.
Compared to the pristine electrode in Figure 4.31, the observed morphology pre- and postcycling is identical and did not change upon electrochemical cycling. This observation is in
accordance to the electrochemical findings, that only a very small part of the deposited
surface layer is electrochemically active, presumably as Sn or SnO or SnO2.

Figure 4.39: SEM images of a deposited “Sn” layer post lithium cycling, at a magnification of
(a) 250x and (b) 3,000x.
The micrographs obtained for the SbSn electrode show a different observation. The image
at lower magnification, Figure 4.40a, shows residual metal layer pieces on the surface of the
current collector. The micrograph at higher resolutions, Figure 4.40b, shows such a larger
piece of SbSn layer. The edges of it appear to be rolled up slightly and the particle itself
appears contracted, suggesting it is delaminated. Still, the very fine micro crystallite structure
is distinguishable at the particle. The copper current collector shows very smooth areas and
pitted areas. It cannot be distinguished if the electro-pitting occurred during plating or during
cycling. It assumed that the Cu6Sn5- phase, observed in the XRD, is in between the SbSnphase and the Cu current collector. Therefore it might be that the pittings are caused by
delamination upon the phase transition during the lithiation of the Cu6Sn5- phase.
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Figure 4.40: SEM images of a deposited SbSn layer post lithium cycling, at a magnification
of (a) 250x and (b) 3,000x.
Very similar images, compared to the SbSn electrode, are obtained for the Sb electrode,
shown in Figure 4.41. The deposited Sb layer completely lost cohesion to the Cu current
collector and only residual Sb particles are found at the Cu surface. The original very coarse
cubical particle morphology completely vanished and the residual particles appear to be of
amorphous morphology. In similarity to the SbSn electrode, the copper current collector is
heavily corroded and it cannot be distinguished if the electro-pitting occurred during plating or
during cycling.
Due to that no electrochemical activity is observed upon Mg cycling, the SbSn and Sb
electrode subjected to it are not morphologically analyzed.

Figure 4.41: SEM images of a deposited Sb layer post lithium cycling, at a magnification of
(a) 250x and (b) 3,000x.
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4.6

Carbon based electrodes

The reversible electrochemical intercalation of magnesium in graphite neither with nor
without solvent co-intercalation is reported in literature. But a single source describes [4.15] the
not reversed magnesium intercalation with solvent co-intercalation. In this case the cointercalated solvent was used to thermally delaminate the graphite. Other reports proposed
nanoporous carbon as host material, which exhibits a mainly capacitive behavior. [4.16].

4.6.1 Electrochemical characterization – cyclic voltammerty

Figure 4.42: Cyclic voltammograms of carbon based working electrodes in a 0.5 M MgCp2 in
THF electrolyte obtained at a scan rate of 0.1 mV.s-1 in a potential range with varying
cathodic limit to 1.2 V vs. Mg/Mg2+ for 3 cycles per step (each 2nd step shown); WE: (a)
comparison, (b) MAGD, (c) SFG6, (d) Carbotron, CE: Mg, RE: Mg.
Electrodes of commercial graphites, MAGD (Hitachi), SFG6 and SFG44 (Imerys) and
commercial amorphous carbon (hard carbon), Carbotron (Kureha), are subjected to
electrochemical investigations in Mg environment (The electrodes have been controlled in Li
and an expected behavior is observed). Primarily, tests are performed with MAGD, SFG6
and Carbotron electrodes in 0.5 M MgCp2 in THF electrolyte, shown in Figure 4.42, and in
0.5 M MgCp2 1.0 M tetra-glyme in THF, shown in Figure 4.43.
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The CVs are performed with a stepwise increasing cathodic limit from 0.0 V to -0.25 V vs.
Mg/Mg2+ in 0.05 V steps and 3 cycles per step. While cycling in 0.5 M MgCp2 in THF
electrolyte, shown in Figure 4.42, no magnesium deposition is found until the cathodic limit is
advanced to -0.1 V vs. Mg/Mg2+ in all three experiments. For the SFG6, shown in Figure
4.42c, the magnesium deposition reaction in the -0.1 V vs. Mg/Mg2+ step is only minor, with
the observed current densities for the step to -0.05 V and -0.1 V vs. Mg/Mg2+ increasing only
slightly. However the magnesium metal dissolution is clearly observed with an onset potential
of 0.0 V vs. Mg/Mg2+. In the step to -0.05 V vs. Mg/Mg2+, shown in Figure 4.42a, only a
capacitive behavior for the Carbotron electrode is observed, with the current densities being
an order of magnitude lower compared to the two graphite electrodes. For both graphite
electrodes a slight reaction in the cathodic and anodic sweep can be observed as broad
peaks, being more pronounced for the MAGD.

Figure 4.43: Cyclic voltammograms of carbon based working electrodes in a 0.5 M MgCp2
1.0 M tetra-glyme in THF electrolyte obtained at a scan rate of 0.1 mV.s-1 in a potential range
with varying cathodic limit to 1.2 V vs. Mg/Mg2+ for 3 cycles per step (each 2nd step shown);
WE: (a) comparison, (b) MAGD, (c) SFG6, (d) Carbotron, CE: Mg, RE: Mg.
The similar set of experiments is performed in 0.5 M MgCp2 1.0 M tetra-glyme in THF
electrolyte, shown in Figure 4.43. In this set of experiments, only for the Carbotron electrode,
shown in Figure 4.43d, magnesium deposition at -0.1 V vs. Mg/Mg2+ is observed. The two
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graphite electrodes, shown in Figure 4.43b and c, do not exhibit magnesium deposition upon
polarization to -0.1 V vs. Mg/Mg2+. Similar to the CV obtained in 0.5 M MgCp2 in THF
electrolyte, the amorphous carbon shows only a capacitive behavior in 0.5 M MgCp2 1.0 M
tetra-glyme in THF electrolyte. Whereas the two graphite electrodes exhibit at least one
reaction in the cathodic scan and at least four reactions in the anodic scan.
Hence, the preliminary experiments do not show electrochemical activity for amorphous
carbon, except a capacitive behavior, in both electrolytes. Therewith, purely surface
originated reactions for both graphites can be ruled out. Both graphites exhibited
electrochemical activity in both electrolytes, with the 0.5 M MgCp2 1.0 M tetra-glyme in THF
electrolyte yielding current densities an order of magnitude larger.
Further investigations are conducted to determine the different reactions observed in the
CVs. Therefore, similar CVs have been performed with first a varying cathodic limit from
0.4 V to 0.0 V or -0.05 V vs. Mg/Mg2+, in 0.05 V per step and two cycles per step, and
subsequently a varying anodic limit from 1.2 V to 1.5 V vs. Mg/Mg2+, in 0.05 V per step and
two cycles per step, exemplarily such a CV is completely shown in Figure 4.44.

Figure 4.44: Stepwise cyclic voltammograms of a MAGD electrode in a 0.5 M MgCp2 and
1.0 M tetra-glyme in THF electrolyte. Obtained at a scan rate of 0.1 mV.s-1 in a potential
range with varying cathodic limit from 0.4 V to -0.05 V vs. Mg/Mg2+ and a varying anodic limit
from 1.2 V to 1.5 V vs. Mg/Mg2+ for 2 cycles per step; CE: Mg, RE: Mg.
For a clearer presentation selected cycles of this stepwise CV are shown in Figure 4.45.
Besides a small capacitive behavior, no electrochemical activity is observed until the
cathodic limit is shifted to 0.1 V vs. Mg/Mg2+. For the subsequent scans to 0.0 V and -0.05 V
vs. Mg/Mg2+ multiple electrochemical reactions are observed. These reactions have an onset
potential higher than the actual vertex potential, the onset is at 0.4 V vs. Mg/Mg2+. Because
these reactions are not observed in the scans to 0.1 V vs. Mg/Mg2+, this behavior suggests
an activation of the intercalation process upon greater polarization in the previous scan. In
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Figure 4.45: Stepwise cyclic voltammograms of MAGD in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte (a) potential vs. current density in mA.cm-2 and (b) potential vs.
current density in mA.g-1. Obtained at a scan rate of 0.1 mV.s-1 in a potential range with
varying cathodic limit from 0.4 V to -0.05 V vs. Mg/Mg2+ and a varying anodic limit from 1.2 V
to 1.5 V vs. Mg/Mg2+ for 2 cycles per step (each respective 2nd step shown); CE: Mg, RE: Mg.
the cathodic sweep the first reaction, reaction A is observed in a first wave at a potential of
0.3 V and reaction B is observed in a second wave at 0.15V vs. Mg/Mg2+. The spikey feature
close to the cathodic vertex potential is observed in each scan step, e.g. shown in figure
4.44, even for potentials well above 0 V vs. Mg/Mg2+. Thus magnesium deposition as
possible cause is excluded, if no direct magnesium dissolution reaction can be observed in
the anodic scan, like it is observed for particular scans in figures 4.42b, 4.42c, 4.42d and
4.43d. Therefore this feature must be of different origin and no reaction, reversible nor
irreversible, is assigned to it. In the anodic scan, figure 4.45, two main potential regions of
reactions are observed. The first main region exhibit an on set potential of 0.18 V vs.

Figure 4.46: Stepwise cyclic voltammograms of MAGD in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte (a) potential vs. current density in mA.cm-2 and (b) potential vs.
current density in mA.g-1. Obtained at a scan rate of 0.1 mV.s-1 in a potential range with
varying cathodic limit from 0.4 V to 0.05 V vs. Mg/Mg2+ and a varying anodic limit from 1.2 V
to 1.5 V vs. Mg/Mg2+ for 2 cycles per step (each respective 2nd step shown); CE: Mg, RE: Mg.
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Mg/Mg2+ with four sub reactions: the 1st sub-reaction C’ in a wave at 0.3 V, the 2nd subreaction D’ at a peak current potential at 0.45 V, the 3rd sub-reaction E’ in the wave at 0.55 V
and the 4th sub-reaction F’ in the wave at 0.65 V vs. Mg/Mg2+. The second region shows an
onset potential of 0.8 V with two sub reactions: the 1st sub-reaction G’ with a peak current
potential of 1.0V vs. Mg/Mg2+ and the 2nd sub-reaction H’ in a wave at 1.15 V vs. Mg/Mg2+.
Despite the stepwise scan, the activation of the intercalation process impedes an assignment
of the reverse reactions observed in the anodic scan to the reactions observed in the
cathodic scan and a clear correlation between the reactions observed in the cathodic and
anodic scan is not possible.
The CV of a similar experimental set up with the cathodic vertex potential set to 0.0 V vs.
Mg/Mg2+ is shown in Figure 4.46. Identical characteristics and reactions in the CV are
obtained. Apart from slightly increased current densities for the CV with the lower cathodic
vertex potential, Figure 4.45, the two CVs are identical.

Figure 4.47: Cyclic voltammogram of MAGD in a 0.5 M MgCp2 and 1.0 M tetra-glyme in THF
electrolyte (a) potential vs. current density in mA.cm-2 and (b) potential vs. current density in
mA.g-1(c) coulombic efficiencies. Obtained at a scan rate of 0.1 mV.s-1 in a potential range
from 0.0 V to 1.2 V vs. Mg/Mg2+ for 50 cycles; CE: Mg, RE: Mg.
The activation of the intercalation process is investigated via a regular CV, shown in Figure
4.47, with a scan rate of 0.1 mV.s-1 in a potential range from 0.0 V to 1.2 V vs. Mg/Mg2+. In
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the first cycle, nearly only a capacitive behavior is observed. Upon cycling, in the 10th cycle
all reactions which are observed in the stepwise CV are observable. Upon further cycling the
peak currents increase until they become constant after 40 cycles, yielding in a charge
capacity of 3.5 mAh.g-1 for the last 10 cycles.
This activation upon cycling is very well visualized in Figure 4.47c. The charge capacities
significantly increase upon cycling within the first 12 cycles, before they increase in a more
gradual manner, staying constant for the last 10 cycles. The coulombic efficiencies first
rapidly increase to almost 100% within the first 3 cycles. This can be attributed to initial
irreversible reactions in the first 2 cycles, as is has been shown for other CVs, and a mainly
capacitive contribution in the 3rd cycle. Past the 3rd cycle the graphite gets activated,
presumably due to solvent co-intercalation, and therefore the coulombic efficiencies
decrease to 65 %. Within the first 20 cycles the coulombic efficiencies increase to >95 % and
are at 98 % for the last 10 cycles.
For SFG44 very similar characteristics are observed. Figure 4.48 shows the stepwise CV at
a scan rate of 0.1 mV.s-1 and a lower cathodic limit of -0.05 V vs. Mg/Mg2+. The cathodic
sweep exhibits two reactions. Reaction A is observed in a first wave at a potential of 0.3 V
and reaction B is observed in a second wave at 0.1 V vs. Mg/Mg2+. The spikey feature close
to the cathodic vertex potentials is again not addressed to a specific reaction. In comparison
to MAGD, reaction A is less pronounced for the intercalation in SFG44. The anodic scan
exhibits two main regions of reverse reactions. The first set of main reactions exhibit a similar
onset potential of 0.18 V vs. Mg/Mg2+ with four sub reactions: the 1st sub-reaction C’ in a
wave at 0.3 V, the 2nd sub-reaction D’ at a peak current potential at 0.42 V, the 3rd subreaction E’ in the wave at 0.55 V and the 4th sub-reaction F’ in the wave at 0.63 V vs.

Figure 4.48: Stepwise cyclic voltammograms of SFG44 in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte (a) potential vs. current density in mA.cm-2 and (b) potential vs.
current density in mA.g-1. Obtained at a scan rate of 0.1 mV.s-1 in a potential range with
varying cathodic limit from 0.4 V to 0.05 V vs. Mg/Mg2+ and a varying anodic limit from 1.2 V
to 1.5 V vs. Mg/Mg2+ for 2 cycles per step (each respective 2nd step shown); CE: Mg, RE: Mg.
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Mg/Mg2+. The second region of reverse reactions shows an onset potential of 0.8 V vs.
Mg/Mg2+ with two sub reactions: the 1st sub-reaction G’ with a peak current potential of
0.95 V vs. Mg/Mg2+ and the 2nd sub-reaction H’ in a wave at 1.15 V vs. Mg/Mg2+. In
comparison to the CVs obtained with MAGD, the CVs obtained with SFG44 exhibit only
minor variations. SFG44 exhibits a much less pronounced reaction A in the cathodic scan
and in the anodic scan reaction E’ and F’ are slightly better to differentiate.
For similar graphite with smaller flake diameter, SFG6, the intercalation characteristics
change significantly. The characteristics obtained in a stepwise CV under the same
conditions are shown in Figure 4.49. The cathodic scan exhibits two reactions, reaction A is
observed in a first wave at a potential of 0.3 V and reaction B is observed in a second wave
at 0.1 V vs. Mg/Mg2+. In comparison to MAGD and SFG44 reaction A is only observed for the
scan to 0.1 V vs. Mg/Mg2+. In the scans to 0.0 V and -0.05 V vs. Mg/Mg2+, reaction A is
overlapped by reaction B. Therefore the onset of reaction B is at 0.4 V, which then exhibits a
peak current potential at 0.12V vs. Mg/Mg2+. The anodic scan exhibits changes as well, but
still two main potential regions of revers reactions are visible. The first main reactions exhibit
a similar on set potential of 0.18 V vs. Mg/Mg2+ with four sub reactions: the 1st sub-reaction
C’ in a wave at 0.3 V, the 2nd sub-reaction D’ at a peak current potential at 0.42 V, the 3rd
sub-reaction E’ in the wave at 0.55 V and the 4th sub-reaction F’ in the wave at 0.63 V vs.
Mg/Mg2+. However, the specificity of the single sub reactions is much less pronounced than
for the larger graphites. The second region shows an onset potential of 0.8 V vs. Mg/Mg2+
with two sub reactions: the 1st sub-reaction G’ with a peak current potential of 1.05 V vs.
Mg/Mg2+ and the 2nd sub-reaction H’ in a wave at 1.18 V vs. Mg/Mg2+. In comparison to
MAGD and SFG44 the second region is much more pronounced and G’ exhibits a higher
peak current density than D’.

Figure 4.49: Stepwise cyclic voltammograms of SFG6 in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte. Obtained at a scan rate of 0.1 mV.s-1 in a potential range with
varying cathodic limit from 0.4 V to 0.05 V vs. Mg/Mg2+ and a varying anodic limit from 1.2 V
to 1.5 V vs. Mg/Mg2+ for 2 cycles per step (each respective 2nd step shown); CE: Mg, RE: Mg.
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Despite the stepwise scanning, an assignment of the different reactions of the cathodic and
anodic scans to each other is not feasible for all three graphites. The experiments with
stepwise CVs show very similar characteristics, with the exception of the current densities
observed for SFG6. Presumably due to the smaller flake size, the major difference between
SFG6 and SFG44, the sub-reactions are not so well defined, where one would expect faster
kinetics for the intercalation/deintercalation and hence more defined reaction peaks.
Furthermore in alignment to the expected kinetic behavior the obtained current densities are
the highest.
Remarkably, despite different areal electrode loadings (in average: MAGD: 6.90 mg.cm-2,
SFG44: 5.02 mg.cm-2, SFG6: 4.97 mg.cm-2), in all other CVs the obtained areal current
densities (mA.cm-2) are very similar to each other - a behavior that has not been investigated
so far. This behavior might be explained, if the very small amounts of charge being
transferred each cycle are considered, exemplarily shown in figure 4.47c. Therefore a
possible explanation might be that the observed electrochemical activity is only due to
reactions occurring only on the very surface, not of the individual graphite particles, but of the
surface of the macroscopic electrode. Other possible explanations, like the possible
occurrence of different graphitic intercalation compounds for different graphites or particle
sizes, or the influence, dependence and degree of solvent co-intercalation would require
further post cycling analysis.

4.6.2 Electrochemical characterization – galvanostatic cycling
Further electrochemical tests are conducted galvanostatically with a current of 20 µA
(7.86 µA.cm-2, in average MAGD: 1.14 mA.g-1, SFG44: 1.57 mA.g-1, SFG6: 1.58 mA.g-1), in a
potential range between -0.05 V and 1.2 V vs. Mg/Mg2+. Additionally as alternation for MAGD
only, further tests are conducted in a potential range between 0.0 V and 1.2 V vs. Mg/Mg2+.
After each galvanostatic charge / discharge step a constant potential step is performed. The
constant potential step has limiting residual current of 10 µA. Both currents cannot be related
to C-rate, as no electrochemical active C-Mg compound is reported yet.
The potential profile upon charge / discharge and the actual charge / discharge capacities for
MAGD in the potential range between -0.05 V and 1.2 V vs. Mg/Mg2+ are shown in Figure
4.50a. After 10 cycles MAGD exhibits a reversible charge / discharge capacity of 10 mAh.g-1.
In the first charge step figure 4.50a reveals a activation process, which is indicated by a
potential increase close to the constant potential step. More of interest is the corresponding
dQ/dE plot for the first 2 cycles, shown in Figure 4.50b.The dQ/dE plot proves the activation
of the graphite within the 1st cycle, the onset potential during charge increases from 0.18 V to
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Figure 4.50: (a) Charge / discharge curves of MAGD in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte (blue: potential, red: capacity). Obtained galvanostatically with
20 µA in a potential from -0.05 V to 1.2 V vs. Mg/Mg2+; CE: Mg, RE: Mg. (b) The
corresponding dQ/dE plot.
0.45 V vs. Mg/Mg2+ within the first to second cycle. In the dQ/dE profile of the 2nd charge
step, the two reactions observed with CV are visible, with dQ/dE peaks at 0.2 and 0.05 V vs.
Mg/Mg2+, respectively. In both discharge profiles six reactions are visible with their dQ/dE
peaks at 0.05 V, 0.2 V, 0.25 V, 0.35 V, 0.55 V and 0.85 V vs. Mg/Mg2+, respectively. With
exception of the 1st dQ/dE peak at 0.05 V vs. Mg/Mg2+ the reactions obtained during
discharge correlate very well with the reactions observed in the anodic sweep of the CV.
For MAGD in a reduced potential range, shown in Figure 4.51, a quite similar behavior is
obtained. The charge / discharge profile in Figure 4.51a reveals a change in the capacitive
behavior with the charge / discharge capacity decreasing between the 2nd and 5th cycle and
slightly increasing from the 6th cycle on, exhibiting a reversible charge / discharge capacity of
10 mAh.g-1. The dQ/dE plots for both MAGD experiments are very similar as well. The

Figure 4.51: (a) Charge / discharge curves of MAGD in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte (blue: potential, red: capacity). Obtained galvanostatically with
20 µA in a potential from 0.0 V to 1.2 V vs. Mg/Mg2+; CE: Mg, RE: Mg. (b) The corresponding
dQ/dE plot.
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charge profile alters significantly from the 1st to the 2nd charge, with two reactions visible in
the 2nd charge profile. In the dQ/dE plot for the discharge the peak at 0.05 V vs. Mg/Mg2+
disappears. Therewith five reactions are visible with their dQ/dE peaks at 0.2 V, 0.25 V,
0.38 V, 0.55 V and 0.9 V vs. Mg/Mg2+, respectively. Besides the slight potential shifts, the
significant change in the discharge profile is a change in relative intensities of the dQ/dE
peaks. From almost similar intensities for the peaks at 0.2 V, 0.25 V and 0.35 V vs. Mg/Mg2+,
observed for a potential limit of -0.05 V vs. Mg/Mg2+ (shown in Figure 4.50), to a gradually
increasing intensities till the 0.38 V vs. Mg/Mg2+ peak, observed for a potential limit of 0.0 V
vs. Mg/Mg2+ (shown in Figure 4.51).
Similar to the CV observations, SFG44 exhibits very comparable characteristic to MAGD in
galvanostatic cycling. In Figure 4.52a, the obtained potential profile of a charge / discharge
curve show a reversible charge / discharge capacity of 8.5 mAh.g-1, with a slightly reduced
first initial charge capacity. The dQ/dE plots of SFG44 are very similar as well. The charge
profile alters significantly from the 1st to the 2nd charge, but with the two reactions visible in
both charge profiles. In the dQ/dE plot for the discharge cycles the peak at 0.1 V vs. Mg/Mg2+
is visible and thereby six reactions are visible with their respective dQ/dE peaks at 0.1 V,
0.2 V, 0.28 V, 0.4 V, 0.55 V and 0.9 V vs. Mg/Mg2+. Despite the experiment being performed
in the wider potential window, the intensity of the dQ/dE peaks gradually increases to the
peak at 0.38 V vs. Mg/Mg2+. This is similar to the behavior obtained for MAGD in the narrow
potential window.
The characteristics obtained with SFG6 in galvanostatic cycling, shown in Figure 4.53, are
consistent with the observations obtained in CV. The charge / discharge profile, Figure
4.53a, shows the highest charge capacity in the first cycle and the highest reversible capacity
after 10 cycles of 17.5 mA.g-1. In comparison to the other graphites, differences can be

Figure 4.52: (a) Charge / discharge curves of SFG44 in a 0.5 M MgCp2 and 1.0 M tetraglyme in THF electrolyte (blue: potential, red: capacity). Obtained galvanostatically with
20 µA in a potential from -0.05 V to 1.2 V vs. Mg/Mg2+; CE: Mg, RE: Mg. (b) The
corresponding dQ/dE plot.
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Figure 4.53: (a) Charge / discharge curves of SFG6 in a 0.5 M MgCp2 and 1.0 M tetra-glyme
in THF electrolyte (blue: potential, red: capacity). Obtained galvanostatically with 20 µA in a
potential from -0.05 V to 1.2 V vs. Mg/Mg2+; CE: Mg, RE: Mg. (b) The corresponding dQ/dE
plot.
observed in the dQ/dE plot. For the first charge two peaks at 0.09 V and 0.05 V vs. Mg/Mg2+
and for the second charge two peaks at 0.23 V and 0.1 V vs. Mg/Mg2+ are observed. The
shift of the onset potential between first and second is in a similar range, with a shift from
0.15 V to 0.35 V vs. Mg/Mg2+ upon cycling. In the discharge curves the behavior is similar
with six reactions visible with their dQ/dE peaks at 0.1 V (only in the first discharge), 0.2 V,
0.27 V, 0.38 V, 0.55 V and 0.88 V vs. Mg/Mg2+ respectively, with a similar intensity for the
first 3 peaks. In similarity to the CVs, the reaction corresponding to the peak at 0.88 V vs.
Mg/Mg2+ is much more intense for SFG6 than it is for the other graphites.
With galvanostatic cycling essentially the same results as within CV are obtained. The
increased amount of magnesium intercalation and deintercalation is the only significant
differences between the two methods.

Figure 4.54: Step wise cyclic voltammograms of MAGD in a 0.5 M Mg(BH4)2 in tetra-glyme
electrolyte. Obtained at a scan rate of 0.1 mV.s-1 in a potential range with varying cathodic
limit from 0.4 V to -0.0 V vs. Mg/Mg2+ and a varying anodic limit from 1.2 V to 1.5 V vs.
Mg/Mg2+ for 2 cycles per step (each 2nd step shown); CE: Mg, RE: Mg.
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Figure 4.55: (a) Charge / discharge curves of MAGD in a 0.5 M Mg(BH4)2 in tetra-glyme
electrolyte (blue: potential, red: capacity). Obtained galvanostatically with 20 µA in a potential
from 0.0 V to 1.2 V vs. Mg/Mg2+; CE: Mg, RE: Mg.
In the identical experimental setup, MAGD is tested in a 0.5 M Mg(BH4)2 in tetra-glyme
electrolyte. The CVs are shown in Figure 4.54. The galvanostatically obtained charge /
discharge curves are shown in Figure 4.55. The dQ/dE plot is omitted, due to insignificant
capacities. The CV shows a slight single reaction in the cathodic scan with an onset potential
of 0.25 V vs. Mg/Mg2+ and a single reaction in the anodic scan (the onset potential could not
be determined). The obtained current densities are approx. an order of magnitude lower than
the MgCp2 based electrolyte. In agreement with the CV, the galvanostatic experiments do
show only very little electrochemical activity. Hence, graphites are not electrochemically
active in Mg(BH4)2 based. Hence, graphites are not electrochemically active in Mg(BH4)2
based electrolytes.
The observations with the MgCp2 in THF and Mg(BH4)2 in tetra-glyme based electrolytes
emphasize the difficulties faced in magnesium electrochemistry. They emphasize the
capabilities of the MgCp2 based electrolyte, but as well arise questions concerning the
intercalation mechanism. For MgCp2 based electrolytes, tetra-glyme mediates reversible
magnesium intercalation deintercalation in graphite. This behavior is not observed in the
experiment with the Mg(BH4)2 in tetra-glyme electrolyte, as no or very little electrochemical
activity is exhibited. Therefore tetra-glyme itself might not be the mediator for the
intercalation process of Mg in graphite. Therefore it is doubtful if or if not solvent cointercalation occurs, hence if e.g. tetra-glyme is co-intercalated it would be expected, that the
differences between MgCp2 and Mg(BH4)2 being not so pronounced. The possibility of
solvent co-intercalation cannot be determined directly from the experiments conducted and
further analysis regarding this topic is still under investigation. Therefore at the moment no
proposition to an intercalation mechanism is given.
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4.6.3 Structural and morphological characterization
Pristine and cycled electrodes are structurally and morphologically characterized via XRD
and SEM. The diffractograms obtained for MAGD and SFG44 are shown in Figure 4.56a and
b respectively. The diffraction-patterns are obtained with pristine electrodes (red) and with
cycled electrodes (black). Each pair of diffraction-patterns is scaled to intensity along their
(002) reflection at 25.5°.

The diffraction patterns are fitted with a synthetic graphite

reference [4.17], copper [4.6], for current collector, and aluminum [4.7], for sample-holder.
The MAGD eöectrode was galvanostatically cycled like shown in Figure 4.51 for 20 cycles
and then charged at a constant potential of 0.0 V vs. Mg/Mg2+ for 24 hours. In total
15.4 mAh.g-1 have been charged in this step. The signal intensity of the (002) reflection is
much decreased, which can be observed as a decrease in the signal intensity ratio of MAGD
to the copper current collector. Furthermore, for the (002) reflection a significant broadening
is observed with a shift of the reflection towards smaller 2θ angle. The loss in intensity and
the broadening are indications for a loss in crystallinity, i.e. crystalline domain size, but not
necessarily for the mechanical degradation of the particles. The shift to smaller 2θ cause by
an expansion of the graphitic interlayer distance, indicating the intercalation of Mg2+ and or
Mg2+(Solv.)n.
The cycled SFG44, sample was obtained from the stepwise CV, discharged state, cycling
shown in Figure 4.48. For SFG44 a very similar behavior is observed, compared to MAGD,
despite a different cycling procedure. The (002) reflection is significantly broadened and
slightly shifted to smaller 2θ angles. The (002) reflection exhibits a broad shoulder, caused

Figure 4.56: Experimental XRD patterns for phase analysis of pristine (red) and cycled
(black) (a) MAGD (charged) and (b) SFG44 (discharged) on copper current collector
(aluminum sample holder). The XRD data has been obtained in reflection mode, from 10° to
90° 2θ, step size 0.03° 2θ, for 3 min/step at ambient conditions.
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Figure 4.57: SEM images of (a, b) a pristine SFG44 electrode, at a magnification of (a) 300x
and 3,000x. SEM images of (c, d) a cycled SFG44 electrode, at a magnification of (c) 300x
and (d) 3,000x.
by a new diffuse reflection at 23° 2θ. In comparison to MAGD, the loss in signal intensity is
not as significant. Therefore the signal intensity ratio of the SFG44 and the copper current
collector is less decreased. Qualitatively, the broadening, shift and diffuse reflection indicate
a graphitic interlayer expansion. The less distinct decreases in intensity, suggests a lower
degree of amorphization for an electrode in discharge state.
SEM images of a pristine SFG44 and the CV cycled electrode are shown in Figure 4.57. In
both magnifications, the electrodes do not exhibit significantly different morphological
appearance, indicating reversible Mg2+ and or Mg2+(Solv.)n intercalation. This result is
contrary to the findings in XRD, which suggest an amorphization and or delamination of the
graphitic particles. The disagreement might be explained by that the observations from XRD
are below a visual detection limit on the micrographs - only ~45 mAh.g-1 are intercalated
resulting in low degree of intercalation. In fact, the intercalation might not cause delamination
of the graphite at all, but just might cause a loss in crystallinity, due to irregular interlayer
spacing without delamination.
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5

CONCLUSIONS

Different electrolyte systems and anode materials for secondary magnesium batteries have
been systematically investigated. The observed results have been evaluated and
benchmarked, therewith suitable electrolytes and anode materials could be identified.

5.1

Electrolytes

In the scope of the presented work, various “simple” magnesium salt solvent electrolytes are
investigated. For the halide, perhalide or TFSI conductive salt based electrolytes very strong
passivation reactions of the magnesium surface are observed, as well as for a broad variety
of different solvents. This distinct passivation precludes the use of such conductive salts and
solvents in magnesium batteries with a desired magnesium anode. Furthermore, in
electrochemical half-cell testing this distinct passivation highly complicates, if not disables,
the use of a metallic magnesium counter electrode.
Nevertheless, the electrochemical deposition and dissolution of magnesium in magnesium
borohydride and bis(cyclopentadienyl) magnesium solutions is successfully studied. The
electrodeposition characteristics in different ethereal solutions of magnesium borohydride are
intensively investigated. The reported properties [5.5] could be successfully reproduced.
Additionally a broader understanding in the behavior of magnesium borohydride based
electrolytes by conductivity measurements and variations with salt concentrations is gained.
Despite the convincing electrochemical properties for the magnesium borohydride in DME
electrolyte, the low solubility and therewith conductivity restricts further use of it. The THF
based

electrolyte

shows

an

improved

conductivity,

but

exhibits

only

very

poor

electrochemical deposition and dissolution characteristics. Higher glymes might offer a good
compromise. The investigated tetraglyme based electrolyte solution showed improved
magnesium deposition and dissolution characteristics with already good conductivity. But
upon higher magnesium borohydride concentrations the magnesium plating and stripping
becomes more prone to internal short circuits. Besides those challenges, future research
needs to address the unreliable magnesium metal pseudo-reference in magnesium
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borohydride based electrolytes as other stable 2nd order reference electrodes do not work in
a borohydride environment. Furthermore the low anodic stability needs significantly improved
from ~1.5 V to ~3.0 V vs. Mg/Mg2+. Recently, boron cluster based magnesium carboranes
are reported to yield in effective electrolyte solutions. [5.1]
The use of bis(cyclopentadienyl) magnesium as conductive salt in magnesium battery
electrolytes is presented for the first time. The electrochemical deposition process of
magnesium from 0.5 M bis(cyclopentadienyl) magnesium solution in THF is extensively
investigated. It is demonstrated that the halogen free bis(cyclopentadienyl) magnesium
complex

enables

electrochemical

magnesium

deposition

and

dissolution.

The

electrochemical data show that the complex provides a highly effective electrolyte, with
minimal overpotentials (130 mV), high coulombic efficiency (~98 %) and an outstanding
cyclic stability (500 cycles). Although, it is worth mentioning that the observed
electrochemical stability window is narrow and the anodic stability (1.6 V vs. Mg/Mg2+) needs
to be improved. XRD measurements and SEM investigations confirmed the electrodeposition
of crystalline metallic magnesium, which shows magnesium crystallites on the surface of the
working electrode. The stability of the electrolyte upon cycling and aging is confirmed with
ATR-IR and NMR spectroscopic experiments, where no electrolyte degradation or change in
electrolyte composition is observed. Furthermore the magnesium metal pseudo-reference
electrode proofed to be highly stable and reliable within this electrolyte. The observed
conductivity in different solvents and solvent mixtures is much higher than for comparative
non-passivating simple salt / solvent (Mg(BH4)2- based) electrolytes.
The broadened understanding of the drawbacks associated with the widely discussed
halogen-complex based magnesium electrolytes [5.2] will cause the logical dismissal of them.
The advances in the theoretician’s approach to tailoring anions [5.3] and predicting their
properties,

will

offer

a

guiding

for

synthetic

and

electrochemists.

Consequently,

bis(cyclopentadienyl) magnesium based electrolyte might be the gateway to a new class of
electrolytes for magnesium batteries. It offers a working metallic magnesium anode without
involving halogens within the deposition / dissolution process. The cyclopentadienyl ring
promises to be highly tunable and tailorable to further enhance the properties of this
magnesium electrolyte. Therewith challenges such as the limited anodic stability or the
susceptibility towards ambient conditions could be overcome.
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5.2

Anode materials

Conversion type metal electrodes are successfully obtained via electrochemical deposition of
the post-transition metals. They are morphologically characterized and are successfully
benchmarked in a lithium system. However, the good performance observed in a lithium
environment could not be transferred into a magnesium environment. Conversion type
electrodes in magnesium batteries are prone to exhibit challenges. The main challenge for
the utilization of conversion type electrodes is the inherent non-dendritic plating behavior of
magnesium - the use of conversion type electrodes is technologically only justified if they
enable the use of stable, non-volatile and inexpensive electrolytes. The preliminary results
obtained in a magnesium cell are abysmal and the concept was not further pursued in favor
of the metallic magnesium and carbonaceous anodes.
Contrary, graphitic, intercalation type, electrodes are successfully tested in a magnesium
environment and reversible capacities up to 20 mAh.g-1 are observed. The electrochemically
reversible intercalation of magnesium or solvated magnesium has not been reported yet.
Within the scope of this thesis it is demonstrated for the first time. The obtained
electrochemical activity is limited to a single electrolyte solution, MgCp2 / tetraglyme / THF,
and could not or only to an insubstantial extent observed for other electrolyte solutions, e.g.
MgCp2 / THF or Mg(BH4)2 / tetraglyme. Nevertheless, in lithium ion batteries the graphitic
anodes circumvent challenges associated with a metallic lithium anode and therewith solely
enabling this technology. The preliminary experiments show an activation process, which
might suggest solvent co-intercalation. It is not yet determined, if this process facilitates the
magnesium intercalation or if it restrains the intercalation. From lithium batteries it is known
that solvent co-intercalation causes a rapid degeneration since the co-intercalated solvent is
reduced inside the graphite lattice – causing exfoliation. In contrast to this it is reported to
facilitate and enable highly reversible sodium intercalation into graphite [5.4], a process which
occurs within the potential stability window of the co-intercalated solvent.
The investigations on graphite as a feasible anode material are still work in progress. The
first results obtained are promising, but considering the low capacities obtained so far
significant improvement has to be made.
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