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Abstract
One of the biggest problems of the modern society is the climate change. Electro
mobility is considered to be the key technology to reduce the emission of greenhouse
gases. Lithium‐Ion Batteries seem to be the most promising energy storage system for
electric vehicle applications. In this work, I am going to present various new and
modified cathode materials, as well as a synthesis method, which allows chemical
lithiation and surface coatings of transition metal compounds in high oxidation states at
the same time.
In the first part of the doctoral thesis, synthesis and electrochemical characterization of
various vitreous and crystallized materials of the Li2O*V2O5*P2O5 system are presented.
Pure V2O5*P2O5 glasses exhibit large irreversible specific charge, corresponding to three
Li per P atom, in the initial insertion. These three Li equivalents point to formation of
orthophosphate groups inside the glass. The reaction irreversibly reduces the average
oxidation state of the glass, and therefore the cell voltage is decreased. When using
Li3PO4 as network former and modifier, no irreversible processes occur within the initial
cycle. Full specific charge and high redox potential are preserved. The cyclability of all
synthesized materials is better compared to pure V2O5 electrodes.
The second part of the thesis deals with a synthesis method which allows chemical
lithiation and coatings of oxidants at the same time. Especially carbon coatings can
strongly improve the electrochemical properties of cathode materials. When using Li2C2
as carbon and lithium source, the carbide anion C22‐ is oxidized to carbon on the surface
of the oxidant, while lithium inserts the reduced oxidant. This new carbon coating
method is shown on the basis of crystalline and amorphous LixV2O5 as well as LixMoO3,
H2V3O8, LiFePO4, Li3PO4*V2O5 glasses.
This concept is extended to NaOCP as coating and insertion reagent. During the reaction
of NaOCP and V2O5 and MoO3 respectively, Na+‐ions insert into the oxidant and a
polymeric shell is formed around the reduced and metal‐intercalated transition metal
oxide core.
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In the third part permanganate based cathode materials are presented. The
decomposition of LiMnO4 was studied under the synthesis condition of Li3MnO4 (220°C
under oxygen flow). The product is a mixture of nano crystalline Li2MnO3 and an
amorphous phase. Electrochemical behavior and stoichiometry point to the formation of
an amorphous MnO2 material.
The main problem of using permanganate based cathode materials is the high solubility
of LiMnO4 in common electrolytes. Therefore, mixed compounds of MnO43‐ and the
isolobal PO43‐ were targeted in which the phosphate groups would act as a kind of
insoluble

network

former.

The

synthesized

new

mixed

materials

Mg3Li12(MnO4)3(MnO3)3(PO4)2 and Li9(MnO4)3(PO4) are amorphous and most probably
bivalent, i.e. containing both, Mn4+ and Mn6+. The materials were classified as electric
isolators due to the measured conductivity of approximately 10‐23 S/cm2. This low
electric conductivity leads to a poor electrochemical activity of Q < 100 Ah/kg. As a side
result, the unknown crystal structure of Ca H O
determined.
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Kurzfassung
Die zukünftige Energieversorgung und der Klimawandel sind mit die grössten Probleme
der heutigen globalen Gesellschaft. Elektromobilität gilt als Schlüsseltechnologie für
einen besseren Umgang mit den begrenzten fossilen Rohstoffen und somit für
verringerte Treibhausgasemissionen. Lithium‐Ionen‐Batterien scheinen die beste Lösung
für die Energiespeicherung in Fahrzeugen, unter Umständen auch in stationären
Anwendungen, zu sein. In dieser Dissertation werden verschiedene neuartige
Kathodenmaterialien und eine Methode zur gleichzeitigen chemischen Beschichtung
und Lithiierung von Kathodenmaterialen vorgestellt.
Im ersten Teil dieser Arbeit werden verschiedene Gläser und Glaskeramiken des
Li2O*V2O5*P2O5 Systems auf ihre elektrochemischen Eigenschaften hin untersucht.
Dabei zeigte sich, dass reine V2O5*P2O5‐Gläser 3 Lithiumäquivalente pro Phosphoratom
irreversibel in das Glasnetzwerk einbauen können. Dies deutet auf die Bildung von
Orthophosphatgruppen im Glas hin. Der irreversible Lithiumeinbau führt auf der einen
Seite zu irreversibler spezifischer Ladung und auf der anderen Seite zu einer Absenkung
der durchschnittlichen Zellspannung. Die Verwendung von Li3PO4 als Netzwerkbildner
und Netzwerkwandler verhindert diesen irreversiblen Vorgang. Danach verändern sich
weder Spannung noch spezifische Ladung nach der ersten Entladung. Die
Zyklenstabilitäten der untersuchten Gläser sind deutlich erhöht im Vergleich z.B. zu
V2O5‐Elektroden.
Im zweiten Teil wird eine Methode präsentiert, die chemische Lithiierung und
gleichzeitige Kohlenstoffbeschichtung von Kathodenmaterial mit Lithiumcarbid erlaubt.
Die Carbidanionen C22‐ werden auf der Oberfläche des Oxidationsmittels zu Kohlenstoff
oxidiert, während die Lithiumkationen eingelagert werden. Auf diese Weise können
Übergangsmetalle in hohen Oxidationsstufen mit Kohlenstoff beschichtet werden, wobei
die Oxidationsstufe für die weitere Batterieanwendung nicht verloren geht. Dieses
Verfahren wurde anhand folgender kristalliner und nicht kristalliner Verbindungen
erfolgreich demonstriert: LixV2O5, LixMoO3, H2V3O8, Li3PO4*V2O5 Gläser.
Das Konzept konnte auf die Beschichtungs‐ und Einlagerungssquelle NaOCP erweitert
werden. Es wird gezeigt, dass Na+ sowohl in V2O5 als auch in MoO3 eingelagert werden
vii

kann und sich gleichzeitig eine polymere Beschichtung auf den reduzierten Partikeln
ausbildet.
Im letzten Teil dieser Arbeit werden Kathodenmaterialen untersucht, die auf dem
Permanganatanion aufbauen. Zuerst wurde das Zersetzungsprodukt von LiMnO4 unter
den Synthesebedingungen für Li3MnO4 (220°C unter Sauerstofffluss) untersucht. Es
zeigte sich, dass sich als einziges kristallines Produkt Li2MnO3 bildet. Die Stöchiometrie
der Zersetzungsreaktion und die Analyse des elektrochemischen Verhaltens deuten
darauf hin, dass eine amorphe MnO2‐Verbindung als zweite Hauptkomponente entsteht.
Das Hauptproblem bei der Verwendung von permanganat‐basierenden Elektroden‐
materialen, ist die sehr gute Löslichkeit von LiMnO4 in den verwendeten Elektrolyten.
Aus diesem Grund sollten Mischverbindungen hergestellt werden, die die isolobalen
Baueinheiten MnO43‐ und PO43‐ enthalten. Die neu synthetisierten Mischverbindungen
Mg3Li12(MnO4)3(MnO3)3(PO4)2 und Li9(MnO4)3(PO4) sind amorph und sehr wahrscheinlich
bivalent, d.h. Mn4+ liegt neben Mn6+ vor. Die elektrische Leitfähigkeit dieser Materialen
beträgt aber nur ca. 10‐23 S/cm. Vermutlich deshalb sind die erzielten spezifischen
Ladungen mit Q < 100 Ah/kg leider nicht sehr vielversprechend. Am Rande dieser Arbeit,
konnte noch die bisher unbekannte Kristallstruktur von Ca H O
No. 56) bestimmt werden.
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Abbreviations
LIBs

Lithium‐Ion Batteries

PV

Photovoltaic

XRD

X‐ray Diffraction

DTA

Difference Thermo Analyses

SEM

Scanning Electron Microscopy

TEM

Transition Electron Microscopy

CV

Cyclic Voltammetry

EAM

Electro Active Material

SEI

Solid‐electrolyte interface

Ni‐MH

Nickel‐metal hydride

HOMO

Highest Occupied Molecule Orbital

LUMO

Lowest Unoccupied Molecule Orbital

PVC

Polyvinylidene Chloride

PP

Polypropylene

OCV

Open Circuit Voltage

Si/C

Silicon‐carbon composite

CVD

Chemical vapor deposition

NMC

Li(Ni1‐x‐zMnxCoz)O2 (with: 1‐x‐z=1)

LFS

Ligand field splitting
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Introduction

1.1 Modern Energy Issues
One of the most debated questions in the modern world is: How will all the energy we
are consuming be sustainably produced and stored? Attempts for integrating different
renewable energy sources like photovoltaic (PV), wind, biogas, water, and geothermal
energy brought new challenges to the electric grid management. The incorporation of
inconstant or sporadic energy production necessarily asks for new short and long term
energy storage means. Furthermore, the CO2 emission reduction is presumed to be the
key towards decelerating the climate change. One of the main producers of CO2 is
transportation in using extensively fossil fuels. That is why, strong efforts are being
undertaken to replace the combustion engine vehicles (CEV) by full electric vehicles (EV)
or by Hybrid vehicles (HV). Almost all car companies have brought hybrid vehicles to the
market since Toyota launched the Prius in 1997 [1]. In hybrid vehicles, relative small
batteries are employed (<5 kWh), providing only a short driving range by electrical
propulsion. For these hybrids, nickel‐metal hydride (Ni‐MH) batteries are still being
used. They exhibit fast charging, high cycle stability and excellent safety features but
provide only about 80 Wh/kg. The next development step towards full EV is the
commercialization of Plug‐In Hybrid Electric Vehicles (PHEV). Different car companies
want to enter this new market in near future: Toyota Prius PHV (2012), BMW 3, 5, 7
activehybrid (2013), Mercedes B‐Class PHEV (2014). These PHEVs require batteries that
store substantially more energy than Ni‐MH can deliver. For that purpose, lithium‐ion
batteries (LIBs) seem to be the most promising electric energy storage and delivering
system [2]. Up‐to‐date, all electrical vehicles are not competitive compared to
combustion engine cars, because the energy densities of the storage systems, only LIBs
can reach such requirements, are not yet satisfying 1. the needs of a travel distance
>300 km in a standard family car and 2. the necessary life time.
Another potential application of high energy LIBs is the support of the electric power
grid. Wind turbines and photovoltaic (PV) produce energy inconstantly. Thus the grid
management has to equalize the up‐ and downturns by switch on/off conventional
power sources. These conventional power sources need time to run up. But the voltage
1
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and the frequency of the grid have to be stable in the run‐up phase. For these short
time scales (t<30 min) a powerful standby energy source is necessary. To stabilize the
grid frequency, ABB Switzerland in cooperation with EKZ (Elektrizitätswerke des Kantons
Zürich) set up a LIB with up to 1 MW power for max. 30 minutes, by an installed
practical energy of 500 kWh. Furthermore, extended local energy production, storage,
and consumption would relieve the grid substantially.
The strongly developing markets of portable electronic products, such as cameras,
notebook, tablets, mobile phones, hand‐held tools, etc. has led to a growing need for
rechargeable batteries with a high gravimetric and volumetric specific energy (Fig. 1‐1).
These small scale applications prove the importance and the need of advanced LIBs. In
the last 20 years, the performance of LIBs has been substantially improved and teething
troubles have been eliminated, so that modern LIBs can be considered for large scale
application, such as in PHEV or as stationary grid support. Looking into the near future,
LIBs have a large potential to be used in large scale applications. This will necessarily
lead to a strong increase in installed practical energy of LIBs.
The energy density of the LIB is not yet high enough to fulfill all requirements necessary
for powering a car, for instance. That is why academic and industrial research both
struggle as hard as possible to improve the performance of LIBs.

Fig. 1‐1: Forecasted expansion in demand for LIBs. GWh =gigawatt hours [3].
2
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1.2 Requirements for Lithium‐Ion Batteries in EV
To reach the goal of a driver friendly car, the battery pack of an EV has to store at least
50 kWh (better 100 kWh). This corresponds to a battery pack of around 416 kg (832 kg),
calculated for the specific energy of the at present, most reliable system
LiFePO4/Graphite (120 Wh/kg) [4]. Reliability is a very challenging point, because ideally
the life time of the battery pack should be in the range of the life time of the car for
several reasons but mostly in terms of cost requirements. In 2010 the average car age
was 8.5 years by an yearly average of 18693 km traveled for Germany [5]. Therefore, an
EV battery pack has to be able to power a family car over 158890 km, corresponding to
530 full discharge/charge cycles (300 km/full discharge). An EV will be charged more
often than these 530 times, because of the smaller mean travel distances. However, it is
yet difficult to judge between lower number of deep discharge and multiple half
charge/discharges for life time expectation. Thus the benchmark of 2000 cycles with
capacity retention of 80% is based on 200 full battery charges (corresponding to 200
working days) over 10 years.
Another issue to target is the price of an EV battery. The cost goal of SAFT, one of the
biggest battery producers in Europe, is US$ 200/kWh [6], which results in US$ 10 000
per battery pack (50 kWh). At present cathode material is involved by 40 % concerning
weight and 45% concerning the costs to the whole system. According to that, the upper
price threshold of a fabricated cathode material is about US$ 36 per kg. A reduction of
the weight of the cathode (40%) would clearly reduce the overall weight of the battery.
The present target for cathode materials is a specific energy of at least 800 Wh/kg
combined with the abovementioned stability. Such cathode materials can reduce the
overall weight by approximately 12%, corresponding to 60 kg for a 50 kWh battery.

3
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1.3 Electrochemical Storage
The basis for an electrochemical cell is a redox reaction. Contrary to a redox reaction
done in a beaker, the oxidation and the reduction processes are spatially separated in
an electrochemical cell. These so‐called half‐cells are connected by an ionic conductor
(electrolyte) and an electric conductor equipped with a costumer or a potentiostat. The
electron and the charge carrier flow are disjoined. The cathode and anode assembly
have to be electric and ionic conductive to achieve a recombination of the charge
carriers and the electrons in the electrodes. One of the oldest and best known
electrochemical cell is the Daniel Element. It is based on the observation of copper
plating on a zinc rod when it is inserted into a copper sulfate solution. In this very
simplified description the electrolyte and all interfaces are neglected and the half‐cell
reactions are:
2

:
:

→

→

1‐1

2

1‐2

As mentioned above, the two half cells have to be separated. The setup consists of an
anodic half‐cell (Zn/Zn2+) and a cathodic half‐cell (Cu2+/Cu). Interfaces are represented
by a vertical bar in the electrochemical writing (1‐3).
|

|

|

|

1‐3

The specific half‐cell potential E0 can be calculated from the thermodynamic data of the
half‐cell reaction. In thermodynamic equilibrium the half‐cell potential is given by
equation 1‐4.
Δ
∗
with:

ΔG0 : Standard Gibbs free energy; z: number of electrons
F: Faraday constant; E0 : Standard electrode potential.

4
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Half‐cell potentials cannot be measured in an absolute sense. Therefore, a reference
system is needed. The standard hydrogen electrode (SHE) is used for this purpose: A
platinated platinum electrode is flushed with hydrogen in a 1 mol/l HCl water solution
(T = 25 °C, p = 1 bar, all active species at unity activity).
For non‐standard conditions the Nernst equation is used to determine the potential of
the half‐cell at equilibrium:
∗
∗

∗

1‐5

with: R: gas constant; T: absolute temperature;
νi: stoichiometric coefficient; ai: activity

The cell voltage of an electrochemical cell is calculated from the electrode potentials
(reduction potentials) of the half‐reactions. The overall theoretical cell voltage ΔE0 of a
galvanic cell is obtained by subtracting the half‐cell potential of the oxidation (anode)
from the reduction half‐cell potential (cathode).
Δ

1‐6
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1.4 Relevant Definitions and Concepts
In this chapter some general definitions of terms used in electrochemistry are
summarized.


The cell voltage can be theoretically calculated from the Gibbs free energy of the
corresponding chemical reaction (1‐4). The corresponding thermodynamic data
of complex solids are very difficult to determine because they depend on many
parameters, as coordination sphere, oxidation state and chemical environment.
Thus calculated cell voltages are based on many approximations.



The over potential η is calculated by dividing the differences of energies required
for charging and gained during discharging, respectively, by the specific charge
of the lithium insertion.
1‐7

The required charging potential has to be higher than the discharge potential.
Gaberscek et al. explained the thermodynamic origin of this hysteresis [7]. The
intrinsic over potential can be due to different factors:
o The electro active material (EAM) has a high electric resistivity.
o The EAM has a high ionic resistivity.
o A strong SEI‐formation (solid‐electrolyte interface) increases the overall
resistivity.
o A high activation barrier has to be overcome (for instance: covalent
bonds have to be broken up).



The current density j(t) is defined by the amount of current flowing through a
given surface.

/

6

1‐8

1 Introduction


The capacity Q is the amount of charge obtainable by a particular cell.
1‐9



The theoretical specific charge qth, respectively, the theoretical charge density
QV,th, describes the amount of charge per mass unit m, respectively, per volume
unit V, of the electro active material. Each can be calculated by applying the
stoichiometric reaction.
1‐10
∑
1‐11

,



∑

The practical charge q or the practical charge density QV is the total charge
obtained from a practical cell, divided by the total mass or the volume of the
complete system leading to specific gravimetric or volumetric charge,
respectively. A system in this sense can be a cathode (EAM + binder + carbon
additives) or an anode (EAM + binder + carbon additives) or the complete cell
including electrolyte, packaging, etc.
1

1‐12

/
1



1‐13

In an ideal battery, the specific charge for charging is equal to the specific charge
of discharging the cell. In a practical cell, often irreversible processes take place.
A well‐known and much investigated example is the SEI‐formation on the
graphite anode through electrolyte decomposition under highly reducing
conditions. The resulting specific charge differences are called irreversible
specific charge losses. They can be defined in absolute values or in percentage.
∗ 100 %

1‐14

If q(discharge)>q(charge) irreversible processes proceed on the anode.
If q(charge)>q(discharge) irreversible processes proceed on the cathode.
7
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The theoretical specific energy ωth, or the theoretical energy density WV,th are
calculated by the product of average insertion/extraction potential E and the qth.
∗
∗

,



1‐15
1‐16

The practical specific energy ω or the practical energy density WV is the total
electric energy obtainable from a system divided by the mass or the volume.
1
1



1‐17

∗

1‐18

∗

The energy efficiency (Faraday efficiency) η of a battery is given by the quotient
of gained energy during discharge and spent energy during the charge.
1



1‐19

%

The specific power p is the capability to deliver power per mass. The specific
power is the product of discharge current and voltage of the cell. The voltage of
a cell is depending on the charging level and on the discharge current. Thus the
specific power decreases during the discharge by a constant current which
moves the system off thermodynamic equilibrium.



The C‐rate is a measure for the charging or discharging time, respectively. The
meaning of charged/discharged at 1C means that the system is charged or
discharged within an hour, respectively. The applied current is calculated by the
product of qth and the mass of the active material m divided by the time (1h). For
instance, 169 A are required to charge 1 kg LiFePO4 in one hour:
1kg LiFePO ∗ 169Ah/kg / 1h
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1.5 Electrochemical Measurements
The electrochemical measurements were carried out in homemade test cells. The
technical drawing of the test cells is displayed in Fig. 1‐2. The description of all parts and
the used materials are given Table 1‐1. All parts that come in contact with the
electrolyte are made from titanium or polypropylene (PP). The working electrodes were
prepared on the current collector 3 while the anode, made of lithium foil, is supported
by the Li‐ support 8. Two separators were placed between the electrodes:


a PP separator (Celagard) directly on the cathode, which prevents an internal
short cut by lithium dendrites.



a silica separator which sucks up the electrolyte and prevents the drying‐out of
the cell.

The working electrode was prepared as described in the corresponding subchapters.
The battery test cells were assembled inside an argon filled dry glove box under inert
conditions.

Fig. 1‐2: Technical drawing of the in‐house test cell design.
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Table 1‐1: Description of the test cell parts. Polyvinyl chloride (PVC).
Number
1
2
3
4
5
6
7
8
9

Ele2ment
Container Top
Container Down
Ball‐bearing; Ball
Insulation
Inward‐container
Current Collector
Tube
Lithium Support
PP Sealing

Material
Steel
Steel
Steel
PVC
Titanium
Titanium
PP
Titanium
PP

Galvanostatic and potentiodynamic measurements were monitored by Astrol, a
program from Astrol Electronic AG. A potentiostat (BAT‐SMAL battery cycler) was
connected using a serial cable to a personal computer via a serial/analog converter. All
potentials, mentioned is this work, are related to Li/Li+ as anode.

1.6 The Lithium‐Ion Battery
Lithium is one of the lightest elements and has the lowest redox potential. Thus its use
in batteries is obvious, and therefore, the history of LiBs is long and has started about
1950 [8]. One of the main observations was that Li‐metal is stable in non‐aqueous
electrolytes as molten salts or organic solvents such as propylene carbonate [9]. This
stability is brought about by an SEI‐formation which allows Li+ to pass and go into
solution. Already in the late 1960s and early 1970s primary LIBs were relatively quickly
brought to the market. Some of these systems are still in use and/or under
investigation, such as the Lithium/manganese oxide (Li/MnO2) or lithium polycarbon
monoflouride (Li/CFx) [10] systems. The commercialization of the secondary LIBs took
much more time. The main problems were strong SEI and dendrite formation,
respectively, on the Li‐metal anode. In addition, the Li‐metal anodes posed an inherent
risk of a thermal runaway reaction, which enters into a severe safety problem. The next
step forward was introduced by A. Yoshino, assembling the so called “Rocking chair
battery” and filing a patent [3]. All materials, Yoshino used, were known at that time,
but A. Yoshino was the first who combined the known parts to a working and cost‐
efficient system:
10
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 cathode: LiCoO2, invented by Goodenough et al. in 1979 [11]
 Electrolyte: Propylene carbonate as solvent, known since the 1960th
 Anode: carbonaceous materials, such as graphite, invented by Yazami in 1983 [12]
Safety tests of the assembled cell were the last very important step, before the
commercialization began. Yoshino proved the safety of the assembled battery via
dropping an iron lump on a LIB. The battery did not ignite, and the “Rocking‐chair‐
battery” was firstly brought to market by SONY Corp. in 1991, and by a joint venture of
A. Kasei and Toshiba in 1992.
This Lithium‐Ion Battery setup is called “rocking‐chair‐ system” because the lithium ions
are transferred back and forth between the cathodic and anodic intercalation hosts,
their “chairs” [13](Fig. 1‐3).

Fig. 1‐3: Schematic illustration of the “rocking chair battery” in the discharge state.

The “Rocking‐chair‐battery” is illustrated in Fig. 1‐3 in the discharge state. The setup can
be easily assembled because LiCoO2 and Graphite are stable in air at ambient
conditions. When a charge current is applied, the LiCoO2 is oxidized (1‐21) and the
Graphite is reduced (1‐22). The Li‐ions are moving through the electrolyte while the
electrons are transported through the outer electric connection until the battery is
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charged to LiC6 and Li0.5CoO2. During the discharge, the reaction proceeds in the other
direction (from right to left) and delivers its energy. All processes, the delithiation and
the lithiation of the anode and cathode material have to be reversible processes with
reasonable kinetic and thermodynamic parameters.
⇌

:

1‐21
⇌

:

1‐22

For both, charging and discharging lithium cations and electrons have to have
reasonable mobility, otherwise internal resistances result and polarization occurs.
Unfortunately, most cathode materials are semiconductors, such as LiCoO2, LiMn2O4, or
insulators as LiFePO4. In that case an electrode composite has to be designed which
exhibits electronic as well as ionic conductivities in sufficient manner. If the composite is
prepared from spherical particles it has to consist of at least 16 vol.% of electronically
conductive additives, as predicted by percolation theory [14]. Graphite and nano sized
amorphous carbon (Super P) in a 1:3 ratio are the most common conductive additives,
used in LIB. The optimal carbon wt.% for a LiFePO4 composite electrode was determined
to be 10‐11 wt.% by several groups. This amount is in accordance with the predicted
16 vol.% , as demonstrated in Equation 1‐23.
16
16

. % ∗ 2.1

1‐23

. % ∗ 2.1
84

. % ∗ 3.52

/100

10.2

%

Another process that has to be controlled is the volume expansions/contractions of the
electrodes during the insertion/desertion processes. This volume work should ideally be
as small as possible to inhibit cracks and contact losses inside the electrodes. A binder
(for instance polyvinylidene fluoride (PVDF)) is needed to form a flexible network, which
keeps the electrode composite together during the volumetric expansion and
contraction of the active material. SEM pictures of an electrode composite consisting of
the active materials, Super P, Graphite, and PVDF are shown in Fig. 1‐4.
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Fig. 1‐4: SEM image of an electrode composite.
In addition, the Li‐Ion conductivity and the electronic conductivity of an active material
are important. These are intrinsic properties of the materials. The reduction of the
particles size to the range of the hopping length of an electron is the only possibility to
change these intrinsic properties. The strong development of the nanotechnology has
made applicable even insulators as possible cathode materials, such as LiFePO4 or
LiFeSO4F.
Further improvement can be achieved by coating the electro active particles with an
electronic and/or ionic conductive shell, such as amorphous carbon.
1.6.1 Carbon coating
During the development of the cathode material LiFePO4, the strong enhancement of
the electrochemical behavior of nanoscopic LiFePO4 ‐ and only of the nanoscopic form ‐
through a carbon coating was discovered in 2001 [15].
In Fig. 1‐5 the electrochemical behavior of uncoated LiFePO4 (red curves) and carbon
coated LiFePO4 (blue curves) are compared. Both electrodes are containing LiFePO4
from the same batch of a LiFePO4 synthesis. Carbon coating was done via lactose
decomposition, according to the procedure described by Fotedar [16]. After proper
coating the capacity of the material massively increases from 60 Ah/kg to 148 Ah/kg,
corresponding to 88 % of qth. In addition, the over potential decreases substantially.
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Fig. 1‐5: Electrochemical cycling of pure (red curves) and carbon coated LiFePO4 (blue
curves); theoretical capacity = 170 Ah/kg.

Four main effects of the carbon coating have been elucidated: 1. reduction of Fe3+
impurities to Fe2+ during synthesis, 2. prevention of Ostwald ripening, 3. increase of
electric conductivity between LiFePO4 particles and the current collector, as well as 4.
enhancement of Li‐ion mobility (4) [15, 17‐21]. Various carbon coating methods were
investigated using different carbon sources. All of them are based on organic precursor
decomposition, such as sugars [22], polymers [23], or glycols [24] in inert atmosphere.
When such carbon coating methods are applied to transition metal oxides, the oxides
are reduced eventually down to the elemental metals. For example, the mixture of
Fe3O4 and PVC (1:1 by weight) reacts to carbon coated α‐Fe above 580°C [25].
Therefore, such reducing carbon coating methods are not feasible for cathode materials
in high oxidation states. The only possible procedure of coating transition metal oxides
in high oxidation states was reported by Chen et al. [26]. They used mesoporous carbon
as a template for carbon coated V2O5 nanoparticles. The V2O5 was melted inside the
carbon template, followed by partial removal of the carbon in air at 600°C.
Another application field of carbon coated materials is photocatalysis. A carbon shell
leads to a strong increase of catalytically active surface area of the particles. This higher
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surface area brings about a better absorbance of the pollutants. As an example, carbon
coated TiO2 shows a strongly improved activity compared to pure TiO2 particles [27‐29].

1.6.2 Anode Materials
Graphite
Since the first LiB has been brought to market, graphite was used as the anode material.
At the moment graphite shows the best combination of the relevant properties for
anode materials due to its low price, easy handling, reasonable specific charge
(372 Ah/kg) combined with a low lithium extraction potential (0.3 V) and a very good
cycling performance (>1000 cycles, [30]). However, the relatively low specific charge of
graphite compared to other possible anode materials, for instance silicon with
4200 Ah/kg, leaves enough space for improvements. Thus many alternative anode
materials are under investigation.

Metal oxides
Titanium dioxide inserts up to one lithium equivalent reversibly (335 Ah/kg). The
capacity retention (80 % over 100 cycles) is good. The main drawback is the high
average lithium extraction potential of 1.7 V vs. Li. Thus the cell average potential is
1.4 V lower than in a cell with a graphitic anode. The main advantage of this high
extraction potential is the possible replacement of the copper current collector by
aluminum foil, which would lower the whole mass of the battery substantially.
Sn‐based anode materials have been intensively studied in the last years [31, 32]. In one
route, the active Sn‐material can be formed in‐situ by electrochemical reduction of SnO2
(Eq.1‐24). The thus formed Sn‐species intercalates up to 4.2 lithium equivalents,
corresponding to 900 Ah/kg (Eq.1‐25). Carbon coated SnO2 electrodes exhibit good
cycling properties. The capacity retention reaches 450 Ah/kg over 100 cycles (50%
retention)[33].
4

4
⇌

→
0

1‐24
4.4

1‐25
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Nanoscopic transition metal oxides (MxOy; M = Fe, Co, Mo, etc.) can undergo conversion
reactions (1‐26). The reversibility of these reactions is provided due to the high
reactivity of the in‐situ formed metal and Li2O nano particles. Hematite (α‐Fe2O3) shows
a reversible insertion capacity of up to 1000 Ah/kg in the 2.5 to 0.5 V range [34].
Another representative of these conversion materials is Co3O4 that exhibits 1000 Ah/kg
over 50 cycles [35].
2

⇌

1‐26

Silicon based anodes
Silicon has the highest known theoretical specific charge (4200 Ah/kg) due to its ability
of forming a series of alloys up to Li21Si5. Thus intensive research has been done on
silicon based anode materials in the last thirty years [36]. But strong capacity fading has
prevented the commercialization, so far. One reason is the high volume expansion of
400 % during lithium insertion. Silicon powder anodes with micrometer sized particles
show a specific insertion charge close to the theoretical value, but the first extraction
yields back only 1/3 of the specific charge of the loading half cycle [37]. Usage of nano‐
scale silicon powders reduces the irreversible specific charge strongly, but the capacity
fading was not improved [38]. Inactive matrix materials with a high mechanical strength,
such as TiN, TiB2, SiC, could not resist the volume expansion force of LixSi, the anodes
were pulverized and fading remained similar to that of pure silicon electrodes[39]. SiOx
compounds show a more stable cycling behavior (800 Ah/kg over 25 cycles), but most of
the specific charge is gained only above 1.5 V against lithium metal [40]. The actual
focus lies on Silicon/carbon composites (Si/C) [41]. Many different synthesis routes of
Si/C composites have been described: pyrolysis [42], sol gel synthesis [43], mechanical
milling [44] and chemical vapor deposition [45]. A. Magasinski demonstrates that silicon
anodes can act as the next generation of anodic materials. He tested a Si/C composite
electrode with 1600 Ah/kg over 100 cycles. The active material was processed in a two‐
step CVD process: (1) Si deposited on annealed carbon black, (2) carbon CVD on the first
composite [46].
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1.6.3 Cathode Materials
α‐NaFeO2
LiCoO2 is the most employed compound of the layered α‐NaFeO2 structure type in
battery related applications. Furthermore, it still is the most used cathode materials in
commercial LIBs. The lithium insertion/desertion reaction is well characterized. The high
reversibility is based on its layered structure (space group R‐3m), because lithium ions
can intercalate/deintercalate between/from the interlayer spaces. Its high discharge
voltage (4.2 V) in combination with a specific charge of 140 Ah/kg leads to a quite high
specific energy of 590 Wh/kg. But, the high voltage causes safety concerns, because an
overcharge can lead to an ignition of the battery [47, 48]. In addition, LiCoO2 is costly
which makes big battery packs highly expensive. Furthermore, the cycling performances
of LiCoO2 cathodes are not good enough for car applications (2000 cycles with 80%
energy retention are by far not reached). The electrode degradation was thoroughly
investigated and has many reasons. Two main points are: (1) during deep discharge Co2+
cations can dissolve in the electrolyte [49]; (2) LiCoO2 shows a strong volume work
during the desertion/insertion process. This expansion applies a physical stress to the
cathode, which causes cracks and contact losses in the electrode composite [50].
LiNiO2 also crystallizes with the α‐NaFeO2 structure. Its electrochemical performance is
worse than that of the Cobalt oxide. It exhibits strong capacity fading which originates
from a disordering of the Ni cations into the interlayer space [51]. However, the lower
costs and the higher specific capacity of the material make it attractive for
commercialization.
The most promising candidates of the α‐NaFeO2 structure family are the NMC materials
(Li(Ni1‐x‐zMnxCoz)O2 (with: 1‐x‐z=1) with energy densities up to 850Wh/kg [52]. These
compounds class was invented by M. Coluccia at ETH Zürich in 2000 [53]. Many groups
work on the improvement of their cyclability. Surface treatment like coatings with
CoPO4 [54] or partial replacement of the transition metals by main group elements (Al)
[55] result in a more stable cathode material. Further improvement can be achieved by
using the mixed cathode 0.4 Li2MnO3* 0.6 LiMn0.4Ni0.2Co0.2O2 [34]. The specific charge
increases to 200 ‐250 Ah/kg with a capacity retention of 100% after 50 cycles.
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Spinel
The spinel LiMn2O4 is another well investigated cathode material. The lithium ions
occupy the tetrahedral positions and thus the structure remains stable during the redox
process. The main advantage is the low price of the material. On the negative site are,
the low energy density (300 Wh/kg) and the occurrence of irreversible phase transitions
during cycling [56], which causes irreversible capacity losses. Carbon coating via sucrose
decomposition improves the rate capability strongly so that charging within minutes
becomes possible [57]. Replacement of manganese by nickel [58] and chromium [59]
increases the cycling stability, too. In addition, chromium substitution raises the average
voltage to 4.5 V against Li‐metal (590 Wh/kg).
Phosphates
At present, LiFePO4 exhibits promising characteristics for large scale battery
applications, such as grid support or powering electric vehicles, but suffers from
relatively low specific capacity. Since carbon coating methods of LiFePO4 are available,
its electrochemical performance (170 Ah/kg at 3.4 V, Fig. 1‐5) is comparable to that of
LiCoO2. (The strong influence of the carbon coating and different preparation methods
are discussed in Chapter 1.6.1) In addition, its low production costs (≈25 US$ per
kilogram), non‐toxicity, environmental friendliness and very good electrochemical
cyclability combined with its reasonable specific energy (560 Wh/kg), pushed it into the
focus of many scientists and battery companies [60]. The described syntheses vary
from: (1) classical solid‐state methods (cheap, larger particles, lower electrochemical
activity) [61]; (2) sol‐gel routes (high quality, very pure material, difficult scale up) [62];
(3) microwave assisted syntheses (cost‐efficient, in‐situ carbon coating via glucose
decomposition, good quality material) [63]; (4) hydrothermal methods (time consuming,
less output, high quality) [64]; (5) carbothermal reduction strategies (cheap iron
precursors Fe2O3, in situ carbon coating via glucose decomposition, low specific charge
133 Ah/kg, due to Fe3+ impurities)[65]; and (6) Spray pyrolysis approaches (costly,
difficult condition adjustment, high quality) [66].
LiCoPO4 and LiNiPO4 exhibit higher discharge voltages at 4.8 V respectively 5.1 V
compared to LiFePO4. Thus they may become interesting cathodes materials for high
18
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power applications [67]. Many pyrophosphates and mixed phosphate/pyrophosphate
compounds of V, Mn, Fe, Co and Ni have been characterized and electrochemically
tested. In the pyrophosphate compounds (P2O74‐), the lithium insertion voltage is clearly
increased [68], but the working potential is touching the threshold of the electrolyte
stability window (up to 5.2 V).

Vanadium oxides
Vanadium oxides, especially V2O5 and LiV3O8, are well characterized possible cathode
materials [69]. In 1992 West et al. reported that electrochemical lithium intercalation of
up to three Li equivalents per formula unit is possible in the host V2O5 (space group
Pmmn) [70]. In addition, several intercalated lithium vanadium oxides can be used as
cathode materials: γ‐LixV2O5 (0.3<x<0.8, space group A 1 2/m 1), β‐LixV2O5 (0.8<x<1,
space group Pnma), ε‐LixV2O5 (0.3<x<1, space group Pmmn) and α‐LixV2O5 (x ≤ 0.1, space
group Pmmn). The α‐ and ε‐phase are stable up to about 300°C.
The electrochemical lithiation of V2O5 forms in a first step α‐LixV2O5 (0.0 ≤ x ≤ 0.2) and
ε‐LixV2O5 (0.2 ≤ x ≤ 1.0), which both cycle reversibly in the 0.0 ≤ x ≤ 1.0 range. The
voltage changes from 3.5 to 2.75 V over this intercalation range. The voltage curve
exhibits two distinct plateaus, at 3.4 and 3.2 V, indicating to two distinct Li sites in the
host V2O5 lattice (Fig. 1‐6). A further discharge down to 2.2 V leads to an incorporation
of additional 0.8 lithium equivalents which are electrochemically accessible and are
completely removable during charging again. The discharge down to 1.5 V results in an
irreversible structural transformation to the ω‐phase where some of the intercalated
lithium species are strongly bounded to the host oxide and cannot be electrochemically
removed (plateau at 1.9V). This reduction causes 60 Ah/kg irreversible charges [71].
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Fig. 1‐6: Discharging/charging potential curves of V2O5.

γ‐LiV2O5 (space group A12/m1) cycles reversibly in the x = 0.15 to 2.0 range. Two
distinct plateaus occur at 3.6 and 2.4 V. The specific charge retention is high (97 %) over
the first 15 cycles. On further cycling, degradation of the electrode takes place [72].
β‐Li0.3V2O5 (space group Pnma) exhibits five different lithium insertion processes,
corresponding to an equal number of phase transitions, in the 4.5 to 1.5 voltage range.
The observed capacity of 320 Ah/kg corresponds to an exchange of about 2.5 lithium
equivalents per formula unit [73].
The electrochemical behavior of LiV3O8 has very thoroughly been investigated. It
exhibits a specific charge with 280 Ah/kg at an average insertion voltage of 2.8 V. Four
very characteristic reduction processes are observable in the small 2.9 to 2.5 voltage
window [74].
All vanadium based cathode materials does not show high capacity retentions mainly
due to a strong SEI formation on the cathode`s surface. This capacity fading due to SEI
growth, was nicely illustrated on the basis of the cathode material Li1.1V3O8 by Tanguy et
al [75].
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Other cathode materials
Transition metal fluorosulfates are being intensively investigated as cathode materials.
These materials show higher discharge potentials than the corresponding phosphates or
oxides. But the specific charges are significantly lower due to the larger molecular
weight [76]. Transition metal silicates have been attracted significant attention in recent
years. The highly Li‐charged silicate opens the possibility to use more than one oxidation
state, as it is theoretically predicted for Li2FeSiO4 [77].
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1.7 Influences of the Ligand Field Splitting on Cathodic Materials
The ligand field splitting (LFS) has a strong influence of materials` properties, such as
crystal structures, colors and redox potentials. It is well known that, the hole occupation
in a transition metal spinel can be explained by the ligand field theory, and the
formation of an inverse or a normal spinel can be predicted [78]. Furthermore, the
redox potentials of complexes are affected strongly by different ligand environments
[79].
The ligand field splitting has the strongest effect on the HOMO LUMO gap. The redox
potential of any compound is given by the required energy for removing one electron
out of the HOMO of the reduced species. During the reduction process, the HOMO of
the reduced species is converted to the LUMO of the oxidized species and consecutively
filled during the reduction process. The explanation of the redox potentials of dissolved
complexes by LFS is established, but the influence on solid materials is not often
mentioned. In Fig. 1‐7 the LFS of the redox processes Mn3+ to Mn5+ octahedral
coordinated (left) and Mn5+ to Mn7+ tetrahedral coordinated (right) are compared. The
oxidation of octahedrally coordinated Mn3+ to Mn4+ leads to a removal of an electron
from the antibonding eg orbitals. The required potential has experimentally been
determined to be about 4 V against Li metal in many compounds, such as LiMn2O4 [56].
The next oxidation step (Mn4+/Mn5+, octahedral) requires the removal of an electron
out of the deeper lying t2g‐orbital. That is why the expected potential of this oxidation
step (Mn4+/Mn5+, octahedral) has to be much higher than the 4 V corresponding to the
Mn3+/Mn4+ pair. This oxidation is not feasible in hitherto known electrolytes, because
the oxidation potential, Mn4+/Mn5+ in octahedral coordinated, has to be above the
stability window of such common electrolytes.
A tetrahedral ligand field originates a lower splitting. The HOMO of Mn5+,6+,7+
(tetrahedral) has a higher energy compared to the HOMO of Mn4+ (octahedral), as
shown in Fig. 1‐7 right. The redox potential of MnO4‐ in solution (3.85 V) is well known
[79]. This value arises to the removal of the last electron out of the eg orbitals. The
redox potential of Mn5+/Mn6+ is expected to be similar because the electron is removed
from the identical orbital set. For comparison, the solution redox potential is 3.75 V
[79]. Consequently, the oxidation of Mn5+ tetrahedrally coordinated to Mn6+
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tetrahedrally coordinated has a slightly lower potential than the oxidation Mn+6/Mn7+.
These potentials are feasible in the standard LIB electrolytes. In summary, tetrahedrally
coordinated manganese compounds have to be considered, if higher oxidation states
than Mn4+, should be employed. These considerations can be applied to the Cr3+/4+ to 6+
redox couples, too.
The so called “floating voltage”, the almost linear voltage drop during electrochemical
lithium insertion of non‐crystalline materials, can be also explained via LFS theory. A
slight shift of the coordination geometry of the cation leads to a distortion and thus a
change of binding energy of the electronic valence states. A stronger distortion causes a
lower LUMO of the orbital set, which brings about a slightly reduced reduction
potential.

Fig. 1‐7: Ligand field splitting and redox processes: left Mn3+ to Mn5+ in octahedral
coordination; right: transition Mn5+ to Mn7+ in tetrahedral coordination. For
convenience, the energy barycenter is depicted as the same, although it may not be for
the two types of coordination. The horizontal dotted line displays the hypothetical Li
potential.
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1.8 Glasses
1.8.1 Introduction
The border between vitreous and amorphous materials is not consistently defined in
literature. For clarification of the glossary, I present the mostly used definition in
literature in this subchapter.
One of the pioneers of glass research was G. Tamman who studied this field in the
beginning of the 20th century [80]. He starts his book with the following definition:
“Im Glaszustand befinden die festen, nicht kristallisierten Stoffe”
The glassy state concerns solid but not crystallized materials.
Obviously, the discrimination between vitreous and amorphous materials is not possible
by this definition. In the following years the behavior of the viscosity vs. temperature
was included in some definitions. But they were so difficultly constructed that they
could not succeed as a general definition. Until this day the valid definition is given by
the American Society for Testing Materials:
A glass is an inorganic product which melts and re‐solidifies mainly without
crystallization.
The “Deutsches Intstitut für Normen (DIN)” adopted this definition, too. But this
definition excludes organic glasses and those inorganic glasses synthesized via the sol‐
gel method, because they are neither inorganic nor cooled from a melt. To distinguish
between the vitreous materials, presented in Chapter 2, and the amorphous materials,
presented in Chapter 5, I would like to refer to this official definition but modify it to:
A vitreous material is an amorphous solid that exhibits a glass transition temperature. It
is furthermore characterized by a collective surface tension.
This definition also includes all vitreous materials, which are synthesized by low
temperature methods, but it excludes amorphous materials, for example those which
decompose before they melt. This general definition allows the discrimination between
vitreous (presented in Chapter 2) and amorphous compounds (discussed in Chapter 5).
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1.8.2 Structural Composition
The network theory given by W. J. Zachariasen and corroborated by B.E. Warren
discriminates between three different building units [81].


Network formers, such as Si, B, Ge, As, (as chalkogenides) and Be (as BeF2) etc.
Their typical coordination numbers are 3 or 4. These materials should be able to
form polyhedral building units which do not allow for denser packing in the
crystalline state.



Network modifiers: Na, K, Ca, Ba etc. Typical coordination numbers are Z ≥ 6, but
coordination can change easily. These cations loosen the network up and
saturate the terminal oxygens.



Metal oxides, such as MxOy M = Al, V, Mg, Zn, Pb, Be, Nb, Ta. Their typical metal
coordination numbers are 4‐6. These oxides can act either as network former or
network modifier, but they cannot form a glass only by themselves, as the
network formers can do.

In Fig. 1‐8 crystalline SiO2, amorphous SiO2 glass and a sodium silicate glass are
compared. So‐called high (space group P6222) and low quartz (space group P3221)
are crystalline ordered phases with tetrahedral oxygen coordination of silicon. The
change from the crystalline to the glassy state is due to a denser packing in the
glassy state accompanied by introduction of irregularities of the Si‐O‐ring systems
either by distortion or by ring extension or size reduction. In contrast, the sodium
silicate glasses do not contain ring arrangements but their local structures are
dominated by silicate chains and their terminal oxygen atoms are coordinated by
sodium cations (network modifier). As already mentioned, translation symmetry
does not exist in vitreous materials. The absence of translation symmetry affects the
habitus of a glass strongly, because it can adapt any geometry. Consequently they
are missing long range order and absence of Bragg reflections.
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Fig. 1‐8: Comparison of the interlayer structure of crystalline quartz, SiO2 glass and
sodium silicate glass.

1.8.3 Properties
Two properties of glasses are very characteristic: the specific heat and the viscosity. The
specific heat cp is given by
1‐27
The specific heat vs. temperature relations of a glass (continuous line) and its
corresponding crystal phase (dotted line) are shown in Fig. 1‐9. Above the melting point
an identical melt forms from both, glass and crystal phase. The two cp curves are lying
on top of each other. At the melting point Fp, the curves differ strongly. The specific
heat of the crystal phase shows a step, as it is typical for a first order phase transition.
Unlike, the specific heat of the glass continues the linear decrease, an undercooled melt
is formed (Fp‐Tb). In the softening interval (Tb‐Ta) the undercooled melt freezes under
continuous decrease of the specific heat. The inflection point`s temperature is called
glass transition temperature Tg. Not until temperature close to the absolute zero point,
the specific heats of the glass and crystalline phase reach the same value and comply
with the Debye T3 law. The higher specific heat of the glass causes a higher intrinsic
energy and therefore, the glass is always a metastable compound compared to the
corresponding crystal phase.
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Fig. 1‐9: Comparison of the specific heat vs. temperature relations of a glass (continuous
black line) and the corresponding crystal phase with a sharp phase transition (x). Ta:
Start of the softening interval, Tg: glass transition temperature, Tb: end of the softening
interval, Fp: melting point of the crystalline phase.

On heating, in the softening interval between Ta and Tb the viscosity of a glass decreases
with increasing temperature. That is why one can form glasses already below their
melting points. The decrease of viscosity can be explained by a continuous maceration
of the network, because fixed atom positions do not exist (contrary to the crystal
phase). These different viscosities of the glasses can be frozen in by fast quenching, so
that the same glass can show different densities, depending on the conditions of
quenching. This property is called influence of the glass history and it is very
characteristic of vitreous materials.

1.9 Glass Ceramics
Glass ceramics consist of at least one or more crystalline phases and at least one or
more glass phases. The composite results from a controlled cooling process with partial
crystallization in melt or glass matrix [82]. The aim of the controlled crystallization is the
segregation of crystals out of the non‐crystalline matrix. Thus an arrangement of
crystallites and vitreous particles can be achieved that shows unique properties
different from just a mixture of the same crystallites and the same glassy particles. The
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key variables are crystallite sizes, their habitus and the type of the crystallites plus the
interconnectedness between glassy and crystalline areas. The crystallization of a glass
starts at the glass transition temperature Tg (Fig. 1‐10). The maximum of the nucleation
rate I occurs at a temperature lower than the maximum of the crystal growth rate V.
The nucleation is impossible within the Oswald‐Miers area, because no nucleus can be
formed here. With the help of this information an optimized furnace profile can be
planed. For Instance: if many nanometer crystallites are required, a temperature close
to Tg and a short reaction time should be chosen to yield a high nucleation rate at a low
crystal growth rate.

Fig. 1‐10: Crystal growth rate V and nucleation rate I as a function of the temperature.
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2.1 V2O5*P2O5 System
The main challenge in using V2O5 as positive electrode material for LIBs is the poor
cyclability, as mentioned in Chapter 1.6.3. Many researchers were focused on crystalline
materials, but the approach of embedding V2O5 into a glass were not studied
intensively, yet. E. Roscoe described the glass formation in the V2O5*P2O5 system in
1868 for the first time. He reported glass formation in melts with at least 1 wt.% P2O5
[83, 84].
G. Tamman and E. Jenckel investigated this system intensively and observed glass
formation with at least 5 wt.% P2O5. In addition, they discussed that the glass formation
is accompanied by oxygen loss and consequently by a partial reduction of V5+ to V4+.
Furthermore, they described a positive dependency between the applied pressure
during quenching and the resulting density of the glass [85]. Around thirty years later,
P. L. Baynton et al. determined the electric properties and observed semi conductivity,
as it was shown for molten V2O5 by Yurkov before [86]. The measured electric
conductivities were in the 4.8*10‐4 to 5.6*10‐5 Scm‐1 range for composition 70 – 90 mole
percentage V2O5 [87, 88]. A common condition for an increase of conductivity and
occurrence of semi conducting behavior is the coexistence of more than one valence
states of the transition metal ions in such a glass. Such different oxidations states can be
caused by oxygen loss during the annealing process, as described by Tamman. These
early findings of semi conductivity were the basis of intensive investigation of the
thermo power of glasses by many research groups in the 50s and 60s [89‐91].
In 1985, Sakurai et al. published a short communication about the electrochemical
behavior of the V2O5*P2O5 glasses in LIBs [92] and patented these vitreous compounds
in 1987 [93]. They also published a report about the xV2O5*yP2O5 glasses in LIBs, and
explained the almost linear voltage development during discharges and charges. This
behavior is very characteristic of non‐crystalline materials and arises from the structural
randomness (lack of long range order, [94]). Also ligand field splitting helps to
understand this phenomenon of gradual voltage change. Any change of the
coordination sphere will cause a corresponding change of the electrochemical potential.
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Such changes as found in glasses may be advantageous for electrochemical applications,
because there are no defined lattice sites, the host network can adjust more easily
during the lithium insertion/desertion. Consequently, potential changes appear to be
almost linear with the ongoing insertion.
Sakurai et al. described an irreversible cathodic specific charge during the first cycle due
to trapped lithium ions in the vitreous network. They claim that these ions act as
additional network modifiers [5] and reported a specific charge of 500 Ah/kg in the
range of 1.0 – 4.0 V versus Li/Li+ for the first discharge. The specific charge of the second
cycle reached only 350 Ah/kg and the capacity retention was very poor in this extended
voltage range. However, the same glassy electrode material tested in the 2.0 – 3.5
voltage range displayed 100 % specific charge retention of 150 Ah/kg from the 10th to
the 600th cycle.
In the following years, many researchers were again focused on the exact determination
of the glass forming region as well as the electronic and ionic conductivities of the pure
xV2O5*yP2O5, related glasses containing network modifier such as Li2O, Na2O, Ba2O etc.
[95] and nano crystallized glass ceramics [96, 97].
Takahashi et al. explored the glass forming region and the electrical conductivity in the
vitreous and crystallized Li2O‐V2O5‐P2O5 system. They reported only a small influence on
the electrical conductivity by the lithium content, if the V2O5/P2O5 ratio is kept constant.
They measured conductivities of 5*10‐3 S/cm (10 mol% Li2O) and 9*10‐3 S/cm (20 mol%
Li2O) at a V2O5/P2O5 ratio 9:1 [96, 98].
Vanadium pentoxide and vanadiumoxide‐rich vanadophosphates have been often
tested as cathode materials in LIBs due to their high theoretical energy densities [99]
but with low cycling stabilities. The embedding of V2O5 in phosphate glasses could be
the key to stabilize the V2O5 electrode. The theoretical specific charge of V2O5 based on
the insertion of three equivalents lithium per formula unit V2O5 is 441 Ah/kg.
Accordingly, the theoretical specific charges of the glasses are calculated via the product
of wt.% V2O5 of the glass and the theoretical specific charge of pure V2O5. For example,
the theoretical specific charge of a glass with 80 wt.% V2O5 is calculated to be
350 Ah/kg. The average discharge voltage is expected to be similar to the average
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discharge voltage 2.7 V of pure V2O5. Consequently, the theoretical specific energy (945
Wh/kg) of such glasses does almost double the specific energy of LiFePO4 (560Wh/kg).
This is why, they could serve as the next generation of cathode materials in LIBs and
consequently have been investigated in this work which reports on the micro structure
as well as on the electrochemical behavior of glasses and glass ceramics of the nominal
system xV2O5*yP2O5*zLi2O. It is shown that the irreversible specific charge in the first
cycle, reported by Sakurai, can be related to the formation of an orthophosphate phase.
In the end of this chapter, it will be shown that the use of Li3PO4 as network forming
agent prevents this irreversible process.
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2.1.1 Experimental V2O5*P2O5 glasses
Several V2O5‐P2O5 glasses in the composition range of 79 to 91 mol% (corresponding to
83 to 96 wt.%) V2O5 were synthesized. The thoroughly mixed raw oxides (V2O5, 99.2 %
Alfa Aesar; P2O5, Acros Organics 98%) were melted in quartz crucibles for four hours at
700°C in air.
700°C; 4h
Quenching

∗

4

13

2‐1

The low reaction temperature is necessary to prevent the reduction of V5+ cations due
to oxygen loss during annealing at high temperatures. The vitreous samples were
quenched inside the crucibles in water. The colors of the glasses are brown‐red but the
formation of poly vanadate cations on the surface leads to a dark violet surface color.
Unfortunately, the quenching of melts inside the crucibles generates compact glass
fragments. Thus all materials had to be crashed firstly, followed by grinding in a
planetary ball mill two times 1 h at 550 rpm in reverse direction (Fritsch Pulverisette 4).
The amorphous state of all samples was proven by powder X‐Ray diffraction (XRD). The
XRD‐data were collected in the 2ϴ range between 10° and 90°. The differential thermal
analysis (DTA) measurements of the amorphous compounds were performed between
25 °C to 700 °C at a heating ramp of 10 °C/min under nitrogen flow. The microstructures
of the samples were investigated by scanning electron microscopy (SEM).
Electrodes for electrochemical testing consist of 82 wt.% active material, 2 wt.% PVDF
(Polvniylidene fluoride, Sigma Aldrich M.W. 534.000), 12 wt.% amorphous carbon
(Super P, Timcal) and 4 wt.% graphite (Timcal). In a first step, 200 mg active material,
29.3 mg Super P and 9.7 mg graphite were ground in the ball mill in 3 ml toluene two
times 30 min at 530 rpm in reverse direction. This suspension was dried in vacuum at
room temperature for three hours. 4.9 mg PVDF and 2 ml solvent (tolune:THF; 4:1) were
added and ultrasonicated for 15 min (a longer ultra‐sonication in THF leads to a
reduction of the vanadium). The resulting slurry was dispersed on a titanium current
collector, dried at room temperature (approx. 10 min) followed by drying at 80°C for
another 12 hours in vacuum. Drying at temperatures above 100°C under reduced
atmosphere leads to an oxygen loss and consequently to a lower electrode
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performance. The two electrode cells were assembled in an argon filled dry glove box.
Li‐metal foil (Sigma Aldrich, 0.5 mm) served as counter electrode and 1 molar LiPF6 in
ethylencarbonat/dimethylcarbonat (1:1) (Merck LP30) functioned as electrolyte. The
cells were tested in the 1.5 to 4.2 resp. 4.3 voltage range at different currents.

2.1.2 Structural Characterization of V2O5*P2O5 glasses
In Fig. 2‐1, the XRD‐pattern of the vitreous sample with a nominal composition
8V2O5*2P2O5 are representatively shown for all XRD patterns and DTA diagrams (Fig.
2‐2) measured of vitreous samples. As for an amorphous material expected, reflections
could not be measured in the XRD powder experiment. The background of the XRD
powder pattern is extremely high due to the strong absorption of the amorphous
compound. Since the amorphous material is synthesized from a melt, it has to be a
glass. Thus additional DTA analyses are not necessary to confirm the vitrification.
STOE Powder Diffraction System
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Fig. 2‐1: XRD powder pattern of as‐synthesized vitreous 8V2O5*2P2O5.
In Fig. 2‐2, the DTA curve of 8V2O5*2P2O5 is presented. The first thermal effect is an
endothermic baseline shift belonging to the glass transformation point Tg at 229.5°C
(inflection of the curve). The onset of the glass transition indicates the beginning of the
softening interval between 216.9 and 229.5°C. The next following strong exothermic
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complex peak at 254.5 °C arises from the crystallization heat of V2O5 or V2‐xPxO5 crystals.
Coincidentally, the endothermic baseline shift of the glass transition is exactly
compensated by the exothermic baseline shift of the crystallization, so that the baseline
reaches the same level after the crystallization peak as it had before the softening.
Finally, the last endothermic peak at 655.3 °C illustrates the melting point of the newly
formed glass ceramic. Consequently, the DTA analysis confirms the vitrification due to
the characteristic glass behavior, including softening interval, glass transition point,
crystallization heat and melting point of the newly formed crystals.
DTA /(uV/mg)
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0.3
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Fig. 2‐2: DTA‐curve of as‐synthesized vitreous 8V2O5*2P2O5.

The grinding of the glass led to a resulting average particle size around 2 μm (cf. Fig.
2‐3). A longer milling time (12h) did not further reduce the particle size. Unfortunately,
this size is still at the upper limit of active materials with lesser electronic conductivity
for LIBs. In case of yV2O5*xP2O5 glasses the grinding result is independent of the sample
composition. In contrary, the microstructures differ strongly with composition.
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Fig. 2‐3: SEM image of the synthesized 8V2O5*2P2O5.

In Fig. 2‐4, the microstructures of two samples with different compositions are
compared: left 86V2O5*14P2O5 and right 89V2O5*11P2O5. All samples with P2O5 content
larger than 14 mol% have a similar texture, as the shown glass with 14 mol%. The
sample of 11 mol% P2O5 is representative for all glasses containing less than 11 mol%
P2O5.

Fig. 2‐4: SEM images of samples 86 V2O5* 14P2O5 (left) and 89V2O5*11P2O5 (right),
respectively.
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In both samples, the grains do not have any preferred shape, as expected for vitreous
particles. In all samples, the 2 μm particles consist of grains in the 100‐300 nm range.
Nevertheless, the textures of glasses with different composition are strongly dissimilar.
In the P2O5 richer sample, the grains are covered with a “shell”, so that the grain
boundaries cannot be seen clearly and the particles surface appears to be dense. The
P2O5 poorer glass obviously exhibits grain boundaries and accordingly the particle
surfaces are more porous.
Dense structures cause longer diffusion pathways because the diffusion pathways inside
the electro active material are long and the electron transport is, at least partially
blocked due to the low electronic conductivity. The resulting longer diffusion pathways
for the phosphorus richer samples are expected to enter into higher over potentials
combined with lower electrochemical activities.

2.1.3 Electrochemical Characterization of V2O5*P2O5 glasses
A redox process of the active material is an essential feature during lithium insertion‐
desertion reactions to sustain the charge neutrality (as explained in Chapter 2.1). The
phosphate groups are acting only as network formers and they are not participating in
the redox process. Consequently, the theoretical specific charges of these glasses
depend only on the vanadium concentrations of the electro active glasses. The qth
values are given in Table 2‐1. All samples were tested under galvanostatic conditions at
a constant current of 20 A/kg (≈C/20) in the 1.5 to 4.2 V range.
The open circuit voltages (OCV) of all glasses reached values between 3.68 V and 3.7 V
and accordingly the OCV is independent of the vanadium concentration for the
investigated concentration range (Table 2‐1). In the previous chapter, the dependency
of the composition on the microstructure was discussed. The question, whether these
different microstructures are reflected in the electrochemical behavior, will be
discussed in the next paragraph.
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Table 2‐1: Selected electrochemical data of V2O5*P2O5 glasses: theoretical specific
charges qth; practical specific charges Q and corresponding percentages of the
theoretical values; over potentials η; open circuit voltages OCV.
mol%
V2O5
79
86
89
91

wt.%
V2O5
83
89
91
93

qth
[Ah/kg]
367
393
402
411

Q(1st cycle)
[Ah/kg]
281 (76%)
280 (71%)
363 (91%)
396 (96%)

η(2nd cycle)
[V]
0.383
0.361
0.315
0.146

OCV
[V]
3.69
3.68
3.68
3.70

In Table 2‐1, selected electrochemical data of the V2O5*P2O5 glasses are summarized. A
clear tendency can be identified: a higher percentage of the theoretical specific charge
is reached as lower the P2O5 content. The glass containing 79 mol% V2O5 reaches only
76 % of its qth compared to the two samples containing less than 11 mol%, which gain
91 % respectively 96 % of qth. Furthermore, a higher P2O5 content increases the over
potential η markedly from 0.146 V (9 mol% P2O5) to 0.383 V (21 mol% P2O5). The small
difference of the electronic conductivity, described by Takahashi (Chapter 2.1), can be
neglected. Consequently, the poorer electrochemical performance of the P2O5 richer
samples can be explained by the denser glass microstructures, shown in Fig. 2‐3.
Representatively, the electrochemical behavior of the glass containing 9 mol% P2O5 will
be discussed based on its differential specific charge plot and its discharge‐charge
profile in detail (Fig. 2‐5).
The first electrical discharge reaches 396 Ah/kg, which corresponds to 96% of the
theoretical capacity (411 Ah/kg). The unstructured voltage change of the electrode
confirms the amorphous state giving rise to quasi straight lines which occur as very
broad peaks in the differential specific charge plot between 1.6 V and 3.5 V (Fig. 2‐5).
The maxima of the anodic 2.6 V and cathodic 2.4 V curves are shifted against each
other. Another indication for the over potential is the intersection of the
insertion/desertion, which should ideally be at half of the total specific charge. In the
discussed sample, the intersection is at 1/3 of the total capacity. One should expect a
high over potential from these indicators. The over potential of η = 0.4 V, calculated
according to equation 1‐7, confirms these findings.
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A second characteristic of these glasses is the difference between the initial and the
following cycles. The two reduction peaks of the initial insertion, the first between 3.5
to 2.7 V and the second in the 2.4 to 1.5 V voltage range, are irreversible. The reduction
peak at high voltage did not arise in the second cycle again. The irreversible reduction
peak at lower voltage disappeared during the first three cycles. The combination of
these two irreversible reduction processes gains an irreversible specific charge of
131 Ah/kg.

Fig. 2‐5: Left: differential specific charge plot; Right: discharges/charges of
91V2O5*9P2O5.

As mentioned in the introduction, Sakurai and Yamaki observed the same irreversible
processes [94]. They explained this phenomenon by an irreversible lithium intercalation
into the vitreous network. I would like to point out another relation between this
irreversible capacity and the irreversible reduction peak in the voltage range 3.5‐2.7 V
and I like to give a chemical explanation for the observed process. Under consideration
of the composition and the irreversible specific charge, the following assumption is
taken:
The lithium insertion in the voltage range 2.5‐1.5 V leads to the formation of
orthophosphate groups and partially reduced V2O5‐x.
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To simplify the corresponding reaction we are neglecting the reduction of vanadium by
further lithium insertion:
91

∗ 9

54

54

⟶ 91

.

∗ 18

2‐2

This reaction would lead on the one hand to an irreversible specific charge of 86 Ah/kg
(corresponding to 0.6 Li per V2O5) and on the other hand to an irreversible reduction of
vanadium. Especially, the high potential area is affected by a lower maximum average
oxidation state of V+4.7, as it is observed in the differential specific charge plot
(disappearance of the reduction peak between 3.5 – 2.7 V after the first discharge).
Another consequence would be the formation of “naked” (not embedded into the glass)
V2O4.7, which should behave similar to V2O5. The columbic efficiency of the first cycle of
pure V2O5 is around 86% (corresponding to an irreversible specific charge of
Qir = 60 Ah/kg; Chapter 1.6.3). All theoretical values in Table 4‐2 are corrected by the
percentage portion of the theoretical specific charge yielded (corresponding to the
amount of active electrode material). For an illustration, the following example for the
calculation of qth,ir(V2O5) of the glass containing 79 wt.% V2O5 is given:

,

60

∗

.% ∗

60

∗ 0.79 ∗

281
367

/
/
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The sum of these two effects – the known irreversible specific charge of V2O5
(qth,ir(V2O5); 53 Ah/kg, correlated to its wt.%) and the irreversible specific charge due to
the reaction (qth,ir(reaction); 78 Ah/kg) – yields in the observed value of 131 Ah/kg. Thus
the “orthophosphate model” nicely fits to the discussed glass containing 9 mol% P2O5.
Vitreous compounds with higher phosphorus contents do not comply with the
orthophosphate model (Table 2‐2). However, they all show clearly a higher irreversible
specific charge than expected for pure V2O5. In addition, the average discharge voltage
is decreasing with increasing phosphorus content which is caused by a stronger
reduction of the maximum vanadium valence state. Furthermore, the average cell
voltage is significantly lower than the 2.7 V, reported for pure V2O5. All these facts
support a chemical reaction similar to the “orthophosphate model”.
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Table 2‐2: Comparison of electrochemical data of V2O5*P2O5 glasses: irreversible
practical charge Qir(obs.); theoretical irreversible specific charge due to the reaction
qth,ir(reaction), theoretical irreversible specific charge originated by V2O5 qth,ir(V2O5); the
theoretical values are corrected to the practical specific charge.
mol%
QIr(obs.) qth,ir(reaction) qth,ir(V2O5) qth,ir(total) aver. Voltage 2nd
[Ah/kg]
[Ah/kg]
[Ah/kg]
[Ah/kg]
Discharge [V]
V2O5
79
100
149
37
186
2.238
86
75
91
37
128
2.251
89
93
90
50
140
2.309
91
131
78
53
131
2.327

The longer cycling data acquired by glavanostatic charge discharge cycling is presented
in Fig. 2‐6. The electrochemical cyclabilities of glasses with 89 mol% and 79 mol% V2O5
are compared in this display. The specific charge of both glasses increased by 7.2 %
(89 mol%) and 5.7 % (79 mol%) during the first 10 cycles, respectively. This effect is
known for active materials with particles sizes in the μm range [13]. During the early
insertions/desertions, the particles or the grain boundaries break down due to the
volume changes caused by the lithiation/delithiation processes. The resulting smaller
particle sizes shorten the diffusion times, and consequently lead to a higher amount of
active electrode material. This higher accessibility evokes an increase in the specific
charge, accordingly. Both compounds exhibited good cyclabilities, as indicated by a
capacity loss of only 13% (79 mol%), respectively 5 % (89 mol%) after 50 cycles. Both
curves can be divided into three parts. The anodic irreversible process of lithium
integration into the vitreous network takes place within the first eight (79 mol%)
respectively eleven (89 mol%) cycles. Afterwards both electrodes cycle stably with a
coulombic efficiency of >99%. However, in the 25th cycle, the coulombic efficiency of
both samples dropped significantly. The efficiency of the vanadium poorer sample
decreases only by 1.5% compared to the stronger decrease of 4.5% of the vanadium
richer sample. Most probably, these efficiency drops occurred due to an irreversible
cathodic SEI formation which is a known problem of V2O5 based cathode materials.
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anodic
cathodic

89 mol % V2O5

79 mol % V2O5

Fig. 2‐6: Comparison of the electrochemical cycling behaviors of two different
phosphate glasses.
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2.2 V2O5‐P2O5 Glass Ceramics
Under the above mentioned described conditions, glass ceramics were formed, if the
melts contain less than 7 mol% P2O5. The XRD powder pattern of a glass ceramic
containing 5 mol% P2O5 is shown in Fig. 2‐7. The ceramic`s high vitreous content causes
the low signal to noise ratio. That is why a Rietveld refinement is not accomplishable,
and therefore, the XRD powder pattern is only qualitatively discussed. All reflections of
the measured glass ceramic match the literature pattern of V2O5 [100]. Nevertheless,
there is a small shift in reflection positions as well as in the intensity distribution. All
reflections with a k‐component are shifted to higher diffraction angles. In the inset, one
clearly can see the shift of the (020) from 51.18° to 51.78° 2ϴ. In addition, the
intensities did not match, because the observed main reflection is the (110) (slightly
shifted) compared to the (001) main reflection found in literature. The substitution of
V5+ by the smaller P5+ leads to a decrease of the cell volume. Thus the observed
reflections shifts indicate a solid solution formation of V2‐xPxO5, as mentioned by Sakurai
et al. [92].
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Fig. 2‐7: XRD powder pattern of synthesized glass ceramic with the nominal composition
95V2O5*5P2O5.
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2.2.1 Electrochemical Characterization of the Glass Ceramic
Galvanostatic charge‐discharge cycling has been performed in the 1.5 to 4.2 volt range
at constant current of 50 A/kg. The cycling behavior and the calculated differential
specific charge plot are given in Fig. 2‐8. The first reduction is dominated by three broad
peaks (3.4 V, 3.2 V, 2.3 V) and one sharp effect (1.9 V), as clearly observable in the
differential specific charge plot (plateaus in the discharge curve). Contrary, the first
charge is an almost straight line. The maxima of the broad peaks and the amorphization
after the initial deep discharge exactly match the electrochemical behavior of pure V2O5,
though, the initial reduction processes of the glass ceramics are diffuser than observed
in V2O5 electrodes. For example, the two reduction peaks at 3.4 and 3.2 V are observed
as two separated sharp peaks for V2O5. The according reductions of the glass ceramic
are almost merged into one broad peak with two maxima between 3.0 to 3.5 V.

Fig. 2‐8: 95V2O5*5P2O5: left ‐ differential specific charge plot; right ‐
discharging/charging potential curves.

The glass ceramic reached its theoretical capacity of 425 Ah/kg exactly, which is in
agreement with the arguments discussed for the glass microstructures (but only valid if
C‐rate and electrode preparation are kept constant). The expected irreversible specific
charge, due to the orthophosphate formation during the first reduction, should be
45 Ah/kg due to 5 mol% P2O5. The sum of this effect and the irreversible specific charge,
known for V2O50 (57 Ah/kg), lead to an expected value of 102 Ah/kg. Therefore, the
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observed value of 102 Ah/kg matches the expected value perfectly, and consequently,
the discussed glass ceramic supports the developed orthophosphate model strongly.
The average discharge voltage of 2.52 V is evidently higher than the observed values of
any vanadate glass due the lower reduction of the maximum valence state (V2O4.82). The
over potential η = 0.353 V is unexpectedly large and it is located in the same range as
observed for the glasses containing more than 10 mol% phosphate. The electrochemical
cyclability of the glass ceramic is demonstrated in Fig. 2‐9. The specific charge is
decreasing almost linearly with the cycle number (approx. 0.33 % per cycle). Hence, the
capacity drops to 67 % within 100 cycles. The coulombic efficiency of 96 % is an
indication of an irreversible cathodic SEI formation on the ceramic. Nevertheless, the
phosphate environment strongly enhances the cyclability of the glass ceramic compared
to pure V2O5.

anodic
cathodic

Fig. 2‐9: Electrochemical cyclability of glass ceramic with 5 mol% P2O5. The spikes in the
anodic curve display an internal short cut due to physical contact between a lithium
dendrite and the cathode.
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2.3 Glass formation in the Li2O‐V2O5‐P2O5 System
2.3.1 Experimental Li2O‐V2O5‐P2O5 System
The glass forming region and the electrical conductivity of the system Li2O‐V2O5‐P2O5
were recently investigated by the groups of H. Takahashi and J.E. Garbarczyk [15, 17].
They used Li2CO3, NH4H2PO4 and V2O5 as starting materials and heated the melt to
1000°C. I changed this procedure to avoid the high temperature, which causes most
likely a partial reduction of vanadium. In a first step, LiPO3 was synthesized from Li2CO3
(Fluka, 98%) and (NH4)2HPO4 (Fluka, 99%) at 500°C during 5h. The as‐synthesized LiPO3,
respectively LiVO3 (Alfa Aesar, 99.9%) served as lithium source during the glass
formation with V2O5 and/or P2O5 at 700 °C during 2 h followed by quenching. The
vitreous samples were quenched inside the quartz crucibles in water. The formation of
polyvanadate cations is evidenced by the violet color on the surface, as opposed to the
brown‐red bulk color. All materials had to be crashed to at least millimeter size before
they were ground in the ball mill during two times 1 h at 550 rpm in reverse directions.
The amorphous state of all samples was proven by XRD powder measurements. The
XRD‐data were collected under the same conditions as described in Chapter 2.1.1. The
micro structures were investigated using SEM. Electrodes for testing the
electrochemical behaviors were prepared as described in chapter 2.1.1. Galvanostatic
measurements were carried out in the 1.5 ‐ 4.2 voltage window at a constant current of
100 A/kg (approx. C/4). All electrochemical tests were started under charging conditions
because lithium is present, which can be extracted, and because a part of the vanadium
is in a reduced state which oxidizes under delithiation.

2.3.2 Structural Characterization of Materials containing LiVO3
Unlike the description of Takahashi, the reaction of 90 mol% LiVO3 and 10 mol% P2O5
forms a crystalline material. The reaction product was identified as a mixture of LiV3O8
and Li3PO4. The measured reflection positions of the two phases are fitting exactly to
the literature values [101, 102]. However, the intensity distribution is not matching the
literature, because the strongest observed reflection (111) lies at 29.5° 2ϴ compared to
the strongest reported reflection in literature (100) at 13.9° 2ϴ (compare Fig. 2‐10). We
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speculate that the quenching method ‐ between to copper plates ‐ causes a different
morphology of the crystals which would lead to a shift in the intensity distribution due
to a preferred orientation of the crystals.
This reaction demonstrates the strong influences of the vanadium source and the
melting conditions on the resulting product, because Takahashi et al. achieved a
vitreous compound from a melt of Li2CO3, NH4H2PO4 and V2O5 [15], with the identical
composition as the discussed crystalline sample. Furthermore, the observation of Li3PO4
makes evident that its formation is thermodynamically favored, when enough lithium
ions are present in the reaction mixture.
700°C; 4h
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Fig. 2‐10: XRD pattern of the as‐synthesized composite of LiV3O8 and Li3PO4.

In accordance with Takahashi`s report [15], a melt of V2O5, P2O5 and LiVO3 with at least
10 mol% P2O5 forms vitreous materials during quenching. As a typical example, the
electrochemical behavior of 45V2O5*45LiVO3*10P2O5 will be discussed in the next
Chapter.
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2.3.3 Electrochemical Characterization of Materials containing LiVO3
LiV3O8 shows a very characteristic electrochemical behavior. Due to three different
vanadium positions in the crystal structure, the electrochemical behavior is dominated
by three different redox processes which are observable between 2.5 and 2.9 V. In
addition, it shows one weak redox reaction at 3.7 V. The over potentials of the main
redox reactions are very small, and in the 0.1 V range. The reduction peak at 2.3 V
belongs to an irreversible process. This not yet completely understood process induces
a higher cathodic specific charge of 2 Ah/kg (99% coulombic efficiency) during all cycles
and may be a hint to an irreversible SEI formation on the cathode’s surface. Unlike the
oxidation process above 3.8 V, this process (3Ah/kg) is only present during the first and
the second oxidation (Fig.2‐11 right) and can be explained by an oxidative SEI‐formation
which stops after the second cycle.

Fig.2‐11: left: differential specific charge plot; right: discharges/charges of the as‐
synthesized composite LiV3O8/Li3PO4.

The composite consists of 78% LiV3O8 and 22% Li3PO4. If the specific charge of
198 Ah/kg reached (corresponding to 78% LiV3O8 + 22% Li3PO4) is only referred to the
amount of LiV3O8, the value increases to 252 Ah/kg. Thus the presented composite
electrode reaches 90 % of its theoretical specific charge of 280 Ah/kg. The use of LiV3O8
as possible cathode material was intensively studied by many researchers [103‐106].
Unfortunately, the cyclability could not be improved, as it would be necessary for a
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commercial application in LIBs. After thirty cycles the presented electrode still shows
the initial specific charge, while the specific charge retention is 85.6 % after 100 cycles.
The electrode was cycled 330 times and reached 63.2 % of the initial specific charge in
the last cycle (Fig. 2‐12).
The presented composite is highly stable compared to literature data. To the best of my
knowledge, there are only four publications, which are reporting similar or higher
capacity retentions [103‐106]. This composite electrode explicitly shows that a lithium
phosphate matrix has a beneficiate role toward the stability of a cathode material.

anodic
cathodic

Fig. 2‐12: Electrochemical cyclability of synthesized LiV3O8/Li3PO4 composite.

Glass formation was observed for the composition of 45 mol% LiVO3, 45 mol% V2O5 and
10 mol% P2O5. The electrochemical behavior of this glass differs strongly from the
glasses of the nominal composition V2O5*network‐former (such as P2O5, LiPO3, Li3PO4).
In Fig. 2‐13, the charges/discharges in the 1.5 to 4.2 (left) and 1.0 to 4.3 (right) voltage
ranges are presented. During the initial discharge to 1.5 V, 70 % of the specific charge is
gained below 2V. During further cycling, this value increases further to above 90 %. The
corresponding oxidation needs a much higher voltage due to a strong polarization
effect. This behavior is very characteristic of LiVO3 electrodes. Recently, V. Pralong et al.
published the activation of LiVO3 via deep discharging until 1.0 V [107]. They discussed a
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phase transition to a rock salt structure with the composition Li2VO3, which exhibited a
clearly higher average cell voltage without the characteristic strong polarization of
LiVO3. In Fig. 2‐13 right, the specific charge plot of a similar electrode cycled in the 1.0 to
4.3 voltage range is displayed. The first and the 17th cycle were carried out under deep
discharge conditions. In opposition to the pure reported LiVO3, the present glass did not
undergo any activation. Thus LiVO3 as vanadium and lithium source was not further
investigated due to the poor electrochemical activity of the as‐synthesized glasses.
Nevertheless, this example demonstrates the influence of the vanadium source on the
electrochemical behavior of the resulting glass.

Fig. 2‐13: Discharges/Charges of a glass sample 45LiVO3*45V2O5*10P2O5 in the 1.5 to
4.2 (left) and 1.0 to 4.3 (right) voltage ranges.

2.3.4 Structural Characterization of Glasses containing LiPO3
The glass forming region of the system xV2O5*yLiPO3 was investigated in the range of
17 to 29 mol% (corresponding to 9 to 16 wt.%) LiPO3. As expected, the XRD powder
patterns of the vitreous sample do not show any reflections within the totally recorded
2ϴ range between 5°‐90°. Furthermore, DTA analysis confirmed the vitrification of all
compounds as exemplified.
In Fig. 2‐14, Fig. 2‐15 and Fig. 2‐16, SEM pictures of vitreous samples with compositions
71V2O5*29LiPO3,

77V2O5*23LiPO3

and

83V2O5*17LiPO3

are

presented.

The
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morphologies do not show a preferred shape of particles in all samples, as it is expected
for vitreous materials. The particle surface of the phosphorus richest glass is smooth
and exhibits neither visible porosities nor grain boundaries (Fig. 2‐14). Furthermore, the
particle size distribution is very inhomogeneous in the <1 μm to ≈50 μm range. One
explanation could be the absence of grain boundaries which usually serve as breaking
points during grinding. Another explanation is that a glass can absorb the kinetic energy
of the balls by small lattice movements without breaking. Therefore, the grinding
efficiency of samples with high amount of network former was insufficient,
demonstrated via the representative sample containing 29 mol% LiPO3.

Fig. 2‐14: SEM images of the as‐synthesized 71V2O5*29LiPO3 glass.
The reduction of the LiPO3 content to 23 mol% causes a much rougher but still dense
surface of the particles. Furthermore, grain boundaries are adumbrated and the grain
size can be estimated to reach a maximum value of only 3 μm. This lower
interconnectivity between the grains leads on the one hand to a better grinding result
and thus a lower aggregate size of max. 30 μm, and on the other hand to porosities
inside the aggregates (compare Fig. 2‐15).
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Fig. 2‐15: SEM images of the as‐synthesized 77V2O5*23LiPO3 glass.

The aggregates of the vanadium richest sample consist of 100 nm grains which are
slightly interconnected to each other (Fig. 2‐16). This effect leads to a reduced
aggregate size with a maximum value of 20 μm (after grinding) and a highly cavernous
structure compared to the phosphorus richest sample.

Fig. 2‐16: SEM images of the as‐synthesized 83V2O5*17LiPO3 glass.
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As observed for xV2O5*yP2O5 glasses, the porosities of the glasses increase with
decreasing network former content. In the xV2O5*yP2O5 system the aggregate size was
independent of the P2O5 content. Contrary to that the higher grains interconnectivities
of the LiPO3 richer compounds in the xV2O5*yLiPO3 system brings about an inferior
grinding efficiency and consequently bigger particles.

2.3.5 Electrochemical Characterization of Glasses containing LiPO3
In the investigated concentration range (17 to 29 mol% LiPO3), the OCVs of the
xV2O5*yLiPO3 are with values of 3.72 V independent of the LiPO3 concentration, and as
such practically identical to those of the xV2O5*yP2O5 vitreous cathode materials. During
the initial charge, no oxidation process occurs (Q(initial oxidation) = 0.3 Ah/kg); Fig.
2‐17). This observation can be explained by, either the incorporated lithium ions cannot
be removed from the host network, or the oxidation state of vanadium was not reduced
during the annealing. In order to observe an oxidation process in the initial charge both,
Li‐exchange and oxidation of vanadium must be possible. A reduction during annealing
is almost excluded, because all xV2O5*yLiPO3 containing electrodes reach an OCV = 3.72
V (equal to the measured OCV of pure V2O5). At this stage, it is not clear if the
incorporated lithium ions are electrochemically accessible or not.

Fig. 2‐17: Beginning of the cycling of as‐synthesized 71V2O5*29LiPO3 glass.
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In Table 2‐3, the initial practical specific charges Q(1st discharge) are compared to the
theoretical specific charge qth. In addition, the over potentials η of the second cycles are
given. As observed for the xV2O5*yP2O5 glasses, Q(1st discharge) of the two vanadium
richer glasses reached 99 %, respectively 100 % of the theoretically achievable values
qth. The vitreous compound containing 71 mol% V2O5 attained only 64 % of qth.
Moreover, the phosphorus richest sample showed the highest over potential η = 0.75 V
compared to 0.51 V and 0.53 V of the other glassy electrodes. These observations are
consistent with the analysis of the micro structures, because the illustrated dense
surfaces and the big particle sizes of the LiPO3 richest samples should lead to highly
hindered lithium ion diffusion and to low electronic conductivities, as mentioned
already above. Due to that, the charging discharging time is too short or cycling currents
too high to exchange the full Li content, and consequently only a portion of qth is
reached.
The different electronic conductivities may not play an important influence because the
values found in the literature do not vary strongly with the lithium content (considering
only concentration range here presented) [17].
Table 2‐3: Selected electrochemical data of V2O5*LiPO3 glasses: theoretical specific
charges qth; practical specific charges Q and corresponding percentages of the
theoretical value and the over potentials η.
mol%
V2O5

wt.%
V2O5
83
77
71

Q(1st discharge)
qth
[Ah/kg]
[Ah/kg]
91
401
396 (99 %)
88
388
391 (100 %)
84
370
235 (64 %)

η(2nd cycle)
[V]
0.51
0.53
0.75

The two effects – the lower initial practical specific charge and the higher over potential
– point to a lower electrochemical accessibility of the phosphorus richest glass.
Consequently, the different microstructures and the resulting particles sizes are a main
reason of the poorer electrochemical behavior of those glasses. Of course, the higher C‐
rates of C/4 have to lead to higher overpotentials compared to the overpotentials found
for the xV2O5*yP2O5 glasses recorded at C/20.
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In Fig. 2‐18 the differential specific charge plot and the discharges/charges of
77V2O5*23LiPO3 glass are shown. Its electrochemical behavior is similar to those of the
xV2O5*yP2O5 glasses. The initial discharge shows a huge irreversible specific peak again.
Furthermore, two irreversible reduction peaks can be resolved in the specific charge
plot: the first between 3.5 to 2.7 V and the second between 2.4 to 1.5 V. The second
reduction is dominated by an irreversible reaction in the low voltage range. In the
following cycles, a new maximum at 2.4 V (reduction peak) occurs. The corresponding
oxidation maximum lies at 2.6 V. This process causes an increase in the average
discharge voltage of 0.1 V from 2.1 to 2.2 V. Unfortunately, there is not any
electrochemical activity above 3 Volts during the reduction process.

Fig. 2‐18: 77V2O5*23P2O5 glass: left ‐ differential specific charge plot; right ‐
discharges/charges.
Considering the orthophosphate model, the initial cathodic irreversible specific charge
may be explained by the following reaction:
83

∗ 17

34

34

⟶ 83

.

∗ 17

2‐5

Additionally, the theoretical irreversible capacities are corrected with respect to the
percentage of the theoretical capacity achieved, as explained in 2.1.3. Thus as the
practical capacity increases during the first cycles, the maximum practical charge value
were used to calculate the observed irreversible specific charge Qir(obs). The measured
Qir(obs) = 108 Ah/kg of the 77V2O5*23LiPO3 glass perfectly matches the expected value.
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The deviations of the other two samples by 5 Ah/kg (4 %) respectively 7 Ah/kg (7 %) are
still within the estimated error range. Thus these samples support the orthophosphate
model, too.

Table 2‐4: Comparison of electrochemical data of xV2O5*yLiPO3 glasses: irreversible
practical charge Qir(obs.); theoretical irreversible specific charge due to the reaction
qth,ir(reaction), theoretical irreversible specific charge originated by V2O5 qth,ir(V2O5); the
theoretical values are corrected to the practical specific charge.
QIr(obs.)
mol%
qth,ir(reaction) qth,ir(V2O5) qth,ir(total)
aver. Voltage 10th
V2O5
[Ah/kg]
[Ah/kg]
[Ah/kg]
total [Ah/kg] Discharge [V]
83
108
54
54
108
2.19
77
125
77
53
130
2.20
71
103
64
32
96
2.02

The specific charge of all V2O5*LiPO3 glasses increased during the first cycles. As
described before, this behavior is often observed for active materials with particles sizes
in the μm range due to increasing crack densities in the active material. The cyclabilities
of all glasses are improved strongly compared to the behavior of pure V2O5 electrodes.
The vitreous compound with 77 mol% V2O5 shows 95 % specific charge retention after
100 cycles. The specific charge of the vanadium richest glass (83 mol%) reached 72 %
and the vanadium poorest sample 68 % of the maximum discharge capacity after 100
cycles. In addition, all samples showed a coulombic efficiency above 99 % between the
tenth and the hundredth cycle.
I would like to point out here, that the glass formation and the speculated in situ
orthophosphate formation cause a strong stabilization effect. Unfortunately, the
accessibility of the electro active material is decreasing with increasing glass modifier
content. These two opposing trends may define an optimal LiPO3 content which should
be close to the concentration of the best performing glass presented here consisting of
77 mol% V2O5 and 23 mol% LiPO3.
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anodic
cathodic
83 mol% V2O5

77 mol% V2O5

71 mol% V2O5

Fig. 2‐19: Electrochemical cyclability of xV2O5*yLiPO3 glasses (x=0.83, 0.77, 0.71; y=0.17,
0.23, 0.29).
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2.4 Experimental Li3PO4‐V2O5 System
If the orthophosphate model is correct, further experiments in the V2O5‐Li3PO4 system
are required. Thus the range of 8 to 15 mol% (5 to 10 wt.%) of Li3PO4 was investigated.
V2O5 and Li3PO4 (99.5, Sigma Aldrich) were intensively mixed and heated in ceramic
crucible at 700 °C during 2 h in air. Subsequently, the melts were quenched between
two copper plates to room temperature, crushed and ground in the ball mill two times
1 h at 550 rpm in reverse direction. The vitrifications of the yielded glasses were
confirmed by XRD analysis (conditions Chapter 2.1.2). The micro structures were
investigated by SEM. Electrodes for testing the electrochemical behaviors were
prepared as described in Chapter 2.1.1. Glavanostatic measurements were carried out
in the 1.5 ‐ 4.2 V voltage range at constant current of 50 A/kg (≈ C/8).

2.4.1 Structural Characterization of V2O5*Li3PO4
The XRD analysis of samples containing more than 10 mol% Li3PO4 do not show any
reflections within the recorded 5°‐90° 2ϴ range. A lower Li3PO4 content always causes
the formation of a glass ceramics with V2O5 crystallites in the glass matrix. A shift of the
V2O5 reflections is not observed. These glass ceramics were not further investigated.
In Fig. 2‐20, resp. Fig. 2‐21 SEM images of 89V2O5*11Li3PO4 and 85V2O5*15Li3PO4
glasses are presented. The textures appear to be very similar. Unfortunately, the
particle size is varying over the broad range from 500 nm up to 20 μm in both samples.
In addition, all surfaces seem to be smooth and dense. Differences are only observed in
the images with a magnification of 20 000 (right side). The grains of the glass containing
less Li3PO4 are more separated and the bigger agglomerates have a more porous
structure than the Li3PO4 poorer samples. The microstructures of both samples are not
optimal for the use in a lithium ion battery.
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Fig. 2‐20: SEM images of the as‐synthesized 89V2O5*11Li3PO4 glass.

Fig. 2‐21: SEM images of the as‐synthesized 85V2O5*15Li3PO4 glass.
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2.4.2 Electrochemical Characterization of V2O5*Li3PO4
The OCV`s of the prepared electrodes reach a slightly lower value of 3.6 V than
expected for an fully oxidized V2O5 glass. In Fig. 2‐22, the initial extraction (left) and the
comparison of the irreversible specific charges (right) of the 89V2O5*11Li3PO4 glass are
presented. During the initial oxidation 15.5 Ah/kg are extracted. Correspondingly, a part
of the V5+ cations must have been reduced during annealing. Thus, around one third of
the lithium ions of the pristine glass is accessible for the electrochemical oxidation and
is removed from the vitreous network. This initial oxidation activates the glass, so that a
charge of 7.7 Ah/kg is obtained at a potential above the OCV (Fig. 2‐22 Left). The first
reduction is exactly 15.5 Ah/kg longer than the corresponding charge (Fig. 2‐22 Right).
This irreversible charge of 15.5 Ah/kg correlates to the restock of the vitreous network
with lithium ions. In the second full cycle, the irreversible charge is reduced to
2.0 Ah/kg, which marks a stable host network.

15.5 Ah/kg 7.7 Ah/kg
1°

2°

2.0 Ah/kg
15.5 Ah/kg

Fig. 2‐22: 89V2O5*11Li3PO4 glass: left ‐ initial charge of; right ‐ comparison of the
irreversible specific charge of the first and second cycle.
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The practical capacity reaches 82 % of qth in case of 11 mol% Li3PO4 respectively 62 % in
case of 15 mol% (Table 2‐5). In addition, both samples exhibit a high over potential
η = of 0.37 resp. 0.44 V. The dense microstructures and the big particle sizes (discussed
in the previous chapter) cause the low electrochemical activities as well as the high over
potentials.
Table 2‐5: Selected electrochemical data of V2O5*Li3PO4 glasses: theoretical specific
charge qth; practical specific charge Q and corresponding percentages of the theoretical
value; average discharge voltages; over potentials η.
mol% wt.% qth
Q(1st discharge) aver. Voltage 2nd
V2O5
V2O5
[Ah/kg]
[Ah/kg]
Discharge [V]
89
92.5
392
320 (82 %)
2.42
85
90.0
375
234 (62 %)
2.35

η(2nd cycle)
[V]
0.37
0.44

The first discharge profile seems to be a straight line, as it is expected of the reduction
of a glassy solid (Fig. 2‐23 left). Though, five different reduction peaks become apparent
in the differential specific charge plot (compare Fig. 2‐23 right). Four of the five sharp
reductions processes occur at the same voltages as observed in pure V2O5 (3.4, 3.2, 2.3
and 1.9 V). The Li3PO4 richer sample shows the same characteristic reduction peaks.
These peaks can be brought about by a crystalline V2O5 side fraction, which is not
observed in the XRD powder pattern due to its low fraction.

Fig. 2‐23 Left: discharges/charges, Right: differential specific charge plot of
89V2O5*11Li3PO4.
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The first reduction leads to a complete amorphization of the electro active material
because the following charge profile does not show any sharp oxidation peak. This is
typical for pure V2O5 electrodes and supports the speculation of a V2O5 side phase. The
average reduction and oxidation voltages are increasing with the cycle number due to
an activity decrease below 1.8 V. Above 2.0 V all discharges are lying on top of each
other. Furthermore, all charges shift to higher voltage continuously. The resulting
average reduction/oxidation voltages during the tenth cycle are 2.46 resp. 2.85 V.
Different from that, the overpotential increases only slightly by 0.02 V to η = 0.39V.
Despite the high overpotential, the average discharge potentials reach 2.46 resp. 2.44 V,
the highest value of all investigated glasses.
The occurrence of the characteristic electrochemical behavior of V2O5 points to
structure preservation of V2O5 during the synthesis. Consequently, the V5+ cations in the
glass should have a similar oxygen environment, like in the pure oxide. Apparently, a
part of the electrochemical inactive lithium ions (3 equivalents per P) reorganize their
positions within the network during the initial charge/discharge, corresponding to the
observed 15.5 Ah/kg. The high average cell voltage results from the preservation of the
high oxidation state during the initial discharge. The resulting specific energy of the
89V2O5*11Li3PO4 glass brings about the high value of 770 Wh/kg, although the practical
capacity exhibits only 82 % of the theoretical value. It is expected, that a reduction of
the particle size should lead to an estimated specific energy of approximately 1000
Wh/kg.
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The galvanostatic cyclabilities of the presented glasses are presented in Fig. 2‐24. The
specific charges of both samples were increasing faintly (≈3%). Both samples show an
irreversible cathodic specific charge of 2 Ah/kg during the first four cycles which could
be caused by either irreversible lithium incorporation in the vitreous network or by a
reductive SEI formation. Starting from the seventh cycle, an anodic irreversible specific
charge of 4 Ah/kg (correspond to a coulombic efficiency of 98.6 %) occurs which is
probably caused by a cathodic SEI‐formation, similar to that on pure V2O5 electrodes.
Nevertheless, the oxidative SEI‐growth and the electrode fading are slowed down
compared to pure V2O5 electrodes (compare Chapter 1.6.3 ). Clearly, the embedding of
V2O5 into the glass, using Li3PO4, leads to a better cycling stability. After 20 cycles, the
capacity retention was 84 % for the Li3PO4 richer, and 90 % for the Li3PO4 poorer
sample.

anodic
cathodic

89V2O5*11Li3PO4

85V2O5*15Li3PO4

Fig. 2‐24: Comparison of the galvanostatic cyclabilities of xV2O5*yLi3PO4 glasses.
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2.5 Substitution of V2O5 by MxOy (CeO2 and Co2O3)
There are plenty possibilities to optimize the V2O5*Li3PO4 glasses. The most important
aim is the particle size reduction. Unfortunately, this is the most difficult approach
because an experimental setup is needed, which makes one able to quench a melt to
particles in the nanometer range. Another improvement could be achieved by a carbon
coating of the glassy particles. A carbon coating method will be presented in the third
main chapter. In the following, the effect of substituting V5+ by Ce4+ or Co3+ will be
illustrated. One reason for choosing CeO2 is the high standard potential of Ce4+ in water
solution (pH 1, +1.41 V [79]). In addition, Yao et al. used a CeO2 coating to accelerate the
electrode kinetics of LiFePO4 cathodes at low temperatures [108]. The substitution of
V5+ by Co3+ is an obvious target, because LiCoO2 is still one of the best cathode materials
in commercial LIBs with a high average cell voltage of 3.6 V and a good cyclability.

2.5.1 Experimental V2O5‐Li3PO4‐MxOy System
Several V2O5*Li3PO4*MxOy glasses containing 15 mol% (10 wt.%) Li3PO4 and at least
71 mol% (76.5 wt.%) V2O5 were synthesized. Cobalt(II) nitrate hexahydrate (purum p.a.,
>=98.0% KT, Fluka) and Cerium(IV) oxide (Aldrich, 99%) served as starting materials. In
case of the cobalt substitution, the thoroughly mixed starting materials were heated
slowly (100K/h) to 700°C to decompose the nitrate during heating. The Cerium(IV) oxide
substituted samples were thoroughly mixed and directly melted for two hours at 700 °C
in air. The melts were quenched between two copper plates to room temperature,
crushed and ground in the ball mill during 2 times for 1 h at 550 rpm in reverse
direction. The vitrifications of the compounds were proven by XRD analyses (conditions
are describe in Chapter 2.1.1). The microstructures of as prepared electrodes were
investigated via SEM using a SE (secondary electron), a BSE (back scattered secondary
electron) detector and EDX. Electrodes for testing the electrochemical behavior were
prepared as described in chapter 2.1.1. Galvanostatic measurements were carried out in
the 1.5 ‐ 4.3 voltage range at a constant current of 50 A/kg (≈ C/8). All measurements
were started under charging condition.

63

2.5 Substitution of V2O5 by MxOy (CeO2 and Co2O3)

2.5.2 Structural Characterization of V2O5‐Li3PO4‐MxOy
According to reaction 2‐6, glasses form for experiments with Cobalt(II) nitrate
hexahydrate in the investigated concentration range (Table 4‐6). All experiments
containing CeO2 yield glass ceramics containing crystalline phases of LiV3O8, Li0.3V2O5
and a very small part of an unidentified crystalline material.
∗ 15

∗ 2.2

15

∗6

700°C; 2h
Quenching

∗ 15

∗

700°C; 2h
Quenching

2‐6
2‐7

Table 2‐6: Compositions and XRD‐results of the glass substitution experiments.
wt.%
V2O5
81
76
71
81
76
72

wt.%
wt.%
wt.%
Glass
Li3PO4 CeO2
Co2O3
15
5 Yes
15
9 Yes
15
14 Yes
15
4
No
15
9
No
15
13
No

Crystal phase
None
None
None
LiV3O8
LiV3O8; Li0.3V2O5; unidentified
LiV3O8; Li0.3V2O5; unidentified

In Fig. 2‐25 and Fig. 2‐26, the SEM images and corresponding EDX‐Spectra of the
as‐prepared electrodes containing 80V2O5*15Li3PO4*5Co2O3 and 72V2O5‐15Li3PO4‐
13CeO2 are shown. Particle morphologies do not exhibit a specific shape. The particle
surfaces of the Co2O3 containing glasses are smooth and do show neither porosities nor
grain boundaries (Fig. 2‐25, big particles). The spherical (ca. 100 nm diameter) particles
are Super P and the smaller ones are PVDF particles. The maximum particle size found
reaches around 10 μm. The EDX spectrum of this sample exhibits the expected signals of
vanadium, cobalt and phosphorus. The presence of silicon is caused by the abrasion of
the agate balls of the mill.
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Fig. 2‐25: SEM image (SE Detector) and EDX spectrum of the as‐prepared electrode
containing the glass with 5 mol% Co2O3. The small round particles are Super P and the
even smaller ones belong to PVDF.
In the SEM‐BSE image of the cerium containing sample (Fig. 2‐26) there are three
different levels of brightness. The black regions correspond to the lightest elements, the
carbon‐based additives. The glass particles are grey due to the higher atomic number of
vanadium and bright particles are assigned to cerium. The brightness of the particles are
due to the high atomic number of cerium and the resulting increase in contrast. The
local EDX spectra confirm this visual analysis because the local EDX‐spectrum of a light
grey glass particle does not show any cerium signal, contrary to the bright particles
exhibiting a strong cerium signal. Therefore, the unidentified impurity phase of the XRD
powder pattern is expected to be a cerium containing material.
The grain boundaries between the glass and this crystalline phases shall serve as a kind
of predetermined fraction lines during grinding, causing a good separation of phases. All
glass particles are again smooth and dense with a maximum particle size of 10 μm (Fig.
2‐27).
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Fig. 2‐26: SEM image (BSE Detector) and EDX spectrum of the as‐prepared electrode of
72V2O5‐15Li3PO4‐13CeO2.

Fig. 2‐27: SEM image (SE) Detector of the as‐prepared electrode of
72V2O5‐15Li3PO4‐13CeO2.
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2.5.3 Electrochemical characterization
The OCV`s of all samples reach values between 3.47 and 3.51 V (Table 4‐7) which is
clearly lower than the 3.7 V observed for pure V2O5*P2O5 glasses. Consequently, either
the V5+ cations were partially reduced during the reaction or the Ce4+ or Co3+ oxides
caused the lower OCV`s. The initial oxidations reached around 10 Ah/kg, but without
any gain in activation of the electrode material. The irreversible specific charge of the
first full cycle shows again a development as explained in the previous Chapter in detail
(Reorganization of the vitreous network). The theoretical specific charges were
calculated for one lithium insertion per Co2O3 and two equivalents per CeO2. The
practical charges did not achieve the theoretical but values between 62% and 85 % of
qth. The low electrochemical activity of the material is based on the dense
microstructures, as observed in the Li3PO4 glasses. The discharges/charges of all cobalt
containing glasses are almost linear, as expected for amorphous compounds (Fig. 2‐28
right). The discharges and charges of the cerium electrodes exhibited two small
plateaus, the first occurring at 2.5 V and the second at 1.9 V both caused by crystalline
LiV3O8 (Fig. 2‐28 left). The average reduction voltages of the cobalt containing glasses
are lowered by 0.1 V compared to the pure V2O5 phosphate glasses and the cerium
containing electrodes. This deeper average voltage is induced by the higher over
potential η = 0.52 V compared to η = 0.44 V (85V2O5*15Li3PO4) and η = 0.37‐0.44
(cerium samples). The lower over potential of the cerium containing electrodes may
arise by an acceleration of the electrode kinetics, as Yao et al. observed for the
composite electrode of carbon coated LiFePO4 and CeO2 [108].
Table 2‐7: Characteristic electrochemical data of 85‐xV2O5*15Li3PO4* xCo2O3 glass and
85‐xV2O5‐15Li3PO4‐xCeO2 glass ceramics, respectively.
mol%
CeO2

4
9
13

mol%
Co2O3

Q(max)
aver. Voltage 2nd
η(2nd cycle)
[Ah/kg]
Discharge [V]
[V]
5 255 (66 %)
2.29
0.52
9 315 (85 %)
2.29
0.51
14 270 (75 %)
2.22
0.52
287 (73 %)
2.35
0.44
240 (62 %)
2.42
0.37
234 (62 %)
2.35
0.44

OCV
[V]
3.51
3.52
3.50
3.53
3.53
3.47

67

2.5 Substitution of V2O5 by MxOy (CeO2 and Co2O3)

Similar to the V2O5*Li3PO4 glasses, the electrochemical activities of all samples decrease
significantly below 2 V during galvanostatic cycling (Fig. 2‐28). For example, the 30th
reduction half cycle and the tenth reduction half cycle of the cobalt containing samples
are identical between 4.2 and 1.95 V. Below this voltage the activity in the 30th is clearly
reduced and the resulting specific charge is 30 Ah/kg smaller than observed in the tenth
cycle.

Fig. 2‐28: Discharge/Charge curves of left: 81V2O5‐15Li3PO4‐4CeO2 and
right: 76V2O5*15Li3PO4* 9Co2O3
The development of the practical charge during cycling is typical for an electrode
material which becomes activated during cycling (Fig. 2‐29), i.e. the bigger particles and
the dense surfaces are cracked by the lithium insertions/desertions. Consequently, the
diffusion pathways shorten. In the course of these effects, an increase of practical
charge of 30 Ah/kg (290 to 320 Ah/kg) for the electrode of 76V2O5*15Li3PO4*9Co2O3
appears. The Co2O3 containing glasses exhibited not only a higher specific charge
retention (83 % after 50 cycles) compared to the CeO2 ones but also to the V2O5*Li3PO4
glasses (84 % after twenty cycles; Fig. 2‐29).
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anodic
cathodic

76V2O5*15Li3PO4 *9Co2O3
71V2O5*15Li3PO4 *14Co2O3

76V2O5‐15Li3PO4 ‐9CeO2

Fig. 2‐29: Comparison of the galvanostatic cyclabilities of two cobalt and one cerium‐
containing active material

In conclusion, neither the replacement of V2O5 by CeO2 nor by Co2O3 raise the average
discharge voltage. Co2O3 is stabilizing the cyclability of the vitreous compounds.
However, the most important observation is that all compounds proved the importance
of using Li3PO4 as network forming agent and ensures the high oxidation state of
vanadium. Finally, these electro active materials support the orthophosphate model,
too.
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2.6 Conclusions and Outlook
Several vitreous materials in the LiO2‐V2O5‐P2O5‐MxOy system were synthesized
characterized by XRD‐, SEM‐ and DTA‐experiments. The electrochemical behaviors of all
glasses and glass ceramics were electrochemically investigated for possible applications
as cathode materials in LIBs. Some general trends found for these composites are
summarized below:


A higher amount of network former (Li3PO4, LiPO3, P2O5) leads to denser
microstructure and to a reduced grinding efficiency.



A denser microstructure lowers the electrochemical activity, reflected by the
lower fraction of the theoretical specific charge reached.



The electrochemical behavior of glasses synthesized from V2O5 or LiVO3 differ
strongly. Since, the glasses synthesized from LiVO3 exhibit similar
electrochemistry than LiVO3 itself, while the glasses made from V2O5 show
electrochemistry similar to V2O5.




CeO2 does not mix into the xV2O5*yLi3PO4 glasses but remains phase‐separated.
Co2O3 incorporates into the host xV2O5*yLi3PO4 glasses and has a stabilizing
effect on the cyclability.



All glasses exhibit better cyclabilities than pure V2O5.



Finally, three lithium equivalents per phosphorus should be employed to prevent
irreversible reduction processes during the initial discharge.

Further work will be necessary to evidence the orthophosphate model with the help of
different spectroscopic methods, such as solid state NMR, IR spectroscopy, etc. The
most important target is the reduction of the particles size. Most probably, the top
down approach (grinding) will not be sufficient, or too costly. Consequently, a future
step should be the design of an experimental set up for a bottom up synthesis of glassy
xV2O5*yLi3PO4 nano particles. If successful, V2O5*Li3PO4 glasses or their modification
could become next generation cathode materials in LIBs.
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3

Redox Li2C2 Coatings

3.1 Introduction
As already outlined in Chapter 1.6.1, carbon coatings can strongly enhance the
electrochemical properties of electrode materials. Most of the carbon coating methods
are based on precursor decomposition, such as of sugars or polymers, and generate
reducing conditions [109]. For example, the carbon‐coated LiFePO4 is prepared in hydro
argon atmosphere at 600°C. If V2O5 or related compounds are being treated under
these conditions, the V5+ is reduced to at least V4+. Therefore, such coating methods are
not suitable for transition metal oxides in high oxidation states and until now, there are
only few carbon coating techniques, which can be applied to them. Chen et al.
presented a capillary‐induced filling strategy for V2O5. They melted V2O5 into
mesoporous carbon, followed by the partial removal of the carbon in normal
atmosphere at 600°C [26]. Unfortunately, this method is rather time consuming as well
as costly due to the expensive production of mesoporous carbon. In order to preserve
the high oxidation state of the transition metals a new cost‐efficient approach for
carbon coating is necessary.
The use of Li2C2 as both, carbon and lithium source can solve the problem, because the
oxidant, for example V2O5, though being reduced by oxidizing C22‐ anions to elemental
carbon, will also simultaneously lithiated according to eq. 3‐1:
0.15

.

0.3

3‐1

This allows recovering of the high oxidation state during the electrochemical
oxidation/delihtiation.
The lithiated product can be characterized by different analytical methods which will be
discussed in the following subchapters. One method of choice for the investigation of
the carbon coating is Raman spectroscopy. A.C. Ferrari and J. Robertson [110] found a
correlation between the positions and intensities of the G and D peaks and the sp3
carbon content. The G mode has E2g symmetry and corresponds to the in‐plane bond
stretching motion of pairs of sp2 carbon atoms. This mode occurs in graphite as well as
in olefins. The D mode is the breathing mode of A1g symmetry of the six fold graphite
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rings. Unlike the G mode, the D mode is forbidden in ideal graphite and only shows up in
presence of disorder. The authors published a diagram which allows for a graphical
determination of sp2 and sp3 contents, as well as for the classification of the
investigated carbon into graphite, nano crystalline graphite (NC‐graphite), amorphous
carbon (a‐C), and tetrahedral coordinated amorphous carbon (ta‐C).
The new carbon coating methodology found in this work, will be intensively discussed
for LixV2O5 (0.3<x>1) as substrate material. Furthermore, some related studies of the
cathode materials MoO3 and LiFePO4, as well as of H2V3O8 and the V2O5 glasses,
described in the previous chapter, are presented. The coated composites have been
characterized by XRD‐, DTA‐ and DTA‐TG‐analyses, as well as by TEM investigations and
Raman spectroscopy. Furthermore, the electrochemical behaviors of all composites
have been tested.
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3.2 Synthesis of Li2C2
2.0 g (0.288mol) Lithium (granule 99.9 %, Aldrich) and 3.6306g (0.303mol, 1.05
equivalent) graphite (powder natural microcrystal grade, APS 2‐15 micron, 99.9995%,
Alfa Aesar) were inserted into a stainless steel ampoule in an argon filled glove box. The
sealed ampoule was placed into a vertical furnace at room temperature. The reaction
temperature was set to 900°C for 1 h with a heating rate of 600°C/h. The sample was
cooled to 400 °C at 100°C/h, transferred back to the glove box, ground and then heated
for a second time to 900°C during 1 h. The final white‐yellow product was analyzed by
XRD (Fig. 3‐1). The observed reflection positions and intensities match the literature
values [111]. Finally, the Li2C2 sample was ground in the ball mill at 500 rpm during 1h
under inert conditions.
STOE Powder Diffraction System

experimental Li2C2
Lithium carbide_25705
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Fig. 3‐1: XRD powder pattern of as‐synthesized Li2C2 after grinding.
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3.3 Carbon‐coated LixV2O5
The first investigations about alkaline metal insertion reactions in V2O5 were reported in
the 1960s, when the vanadium bronzes of general formula AxV2O5 (A = Li, Na, Ka, Ag, Cu)
were intensively studied [112, 113]. These bronzes were usually prepared at
temperatures above 400 °C. Two different crystal structures are known: γ‐LixV2O5
(0.8<x>1, space group Pnma, [114]) and β‐Li0.3V2O5 (0.3<x>0.8, space group A 12/m1,
[115]). Murphy et al. and Dickens et al. simultaneously reported two systematical
studies about the room temperature insertion of lithium into V2O5 forming ε‐LixV2O5
(0.3<x>1) [116, 117]. The lithiation was done using lithium iodide in acetonitrile. The
authors illustrated that this room temperature intercalation is similar to the
electrochemical intercalation. In this way, the structural changes induced by
electrochemical intercalation were understood with the help of the chemical lithiation.
Starting from V2O5 (space group Pmmn), the a lattice parameter constantly decreases
during the lithium insertion. In contrast, the c lattice parameter is increasing, while b
stays constant in the range 0.1 to 1 intercalated Li per formula unit. Accordingly, the
values of a and c lattice vectors of ε‐LixV2O5 allow to determine the amount of
intercalated lithium. The different electrochemical behaviors of all LixV2O5 phases (Table
3‐1) have been intensively studied by many researchers [71‐73, 118‐121]. They have
one electrochemical property in common: the intercalation of two lithium equivalents
takes place and is completely reversible in the 2.0‐4.2 voltage range. Thus, the
theoretical specific charges of all LixV2O5 materials are calculated to be 288 Ah/kg in the
2.0‐4.2 voltage range.
Table 3‐1: Summary of different known LixV2O5 (0<x>1) crystal structure.
Compound

Composition

Space group

Formation

Characteristics

Temperature
V2O5

Pmmn

α‐LixV2O5

0.01<x>0.3

Pmmn

300 K

No changes

ε‐LixV2O5

0.3<x>1

Pmmn

300 K

β‐LixV2O5

x = 0.3

A12/m1

≈620 K

Lattice expansion
compared to V2O5
Space group change

Pmna

≈ 580 K

Space group change

γ‐LiV2O5
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3.3.1 Synthesis of LixV2O5
Two different preparation methods were used; a low temperature variant was carried
out under tribochemical conditions and an alternative via heat treatment. The two
compositions β‐Li0.3V2O5 [102] and γ‐LiV2O5 [103] were selected due to their known
single crystal structures.
The precursors V2O5 and the as‐synthesized Li2C2 were thoroughly mixed in an argon
filled dry glove box, sealed in an steal ampoule, and heated to different temperatures
within the 150 to 600 °C range.
The tribochemical syntheses were executed in the ball mill during 30 min at 400 rpm.
Before the reaction, the starting materials have to be intensively mixed in order to avoid
inhomogeneity. All experiments yield green‐black products.
The reaction temperatures of the heating route were determined by DTA
measurements between 25° to 600°C employing a heating rate of 10°C/min (Fig. 3‐3).
The determination of the preferred reaction temperature was done for the nominal
composition LiCV2O5. Powder XRD‐data were collected under the same conditions, as
described in Chapter 2.1.1. The refinements were performed with GSAS software [122]
embedded in EXPGUI [123]. The micro structures were investigated by TEM. The
carbon‐coating was investigated by Raman spectroscopy.
The working electrodes were prepared by mixing 83 wt.% of the coated active material
with Super P (Timcal) 15 wt.% and PVDF 2 wt.% in a toluene:THF (4:1) mixture. The
electrode mixtures were ground in a mortar for 5 min. Subsequently, the slurries were
dropped on a titanium current collector and dried at room temperature for about 5 min
followed by drying at 85°C over night. The homemade test cells were assembled in an
argon filled glove box under inert conditions. LP 30 (Merck) served as electrolyte. The
counter electrodes consisted of lithium metal. Galvanostatic measurements were
carried out in different voltage ranges at constant currents of 50 A/kg or 100 A/kg. All
electrochemical tests were started under charging, i.e. extraction of lithium.
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3.3.2 Structural Characterization of the Heat‐Coated Samples
The redox reaction between Li2C2 and V2O5 is expected to form lithium intercalated V2O5
and a carbon coating by a contact reaction. A possible side reaction could be the
formation of CO2 (according to Equation 3‐2). The formation of volatile CO2 would cause
a mass loss of 7 wt.% in the DTA‐TG‐experiment (corresponding to 0.3 carbon
equivalents, or 1.92 wt.% carbon).
0.15

⟶

0.15

⟶

.
.

.

0.3

3‐2

0.3

3‐3

The recorded TG‐analysis is shown in Fig. 5.2. Below 100°C, nitrogen absorption leads to
an increase in mass of 0.3 %. This rise is compensated by a mass loss of 0.3% until
300°C. Within the next interval until 600°C, the mass remains nearly constant with a
minimal loss of only 0.14 %. A strong mass reduction of 2.99 wt.% occurs in the 600 to
700°C range (melting of V2O5) . At higher temperatures a constant mass loss is observed,
so that the final mass is 93 wt.% at 950°C, which corresponds to the complete
conversion of C to CO2. Consequently, before 600°C the intercalation reaction has to
start to prevent CO2 formation.
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Fig. 3‐2: TG‐analysis of the reaction 0.15Li2C2 + V2O5.
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In Fig. 3‐3, the DTA curves of the reaction between 0.5 Li2C2 and V2O5 are presented.
Three exothermic and one endothermic process are clearly observable on heating
curve. All processes belong to irreversible reactions, since on cooling curve no peak
shows up (dotted grey line). The first exothermic reaction at 167.8 °C appears as the
shoulder of the next following effect at 218.4 °C. The third exothermic reaction occurs
at 311.8 °C and is directly followed by an endothermic effect at 376.2 °C. Finally, an
endothermic peak arises at 466.9°C. The origin of the peaks and their nature will be
explained with the help of powder XRD experiments.
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Fig. 3‐3: DTA curves of the reaction 0.5 Li2C2 + V2O5 (heating part curve in black, cooling
part in dashed grey).
In Fig. 3‐4, the XRD patterns of the heat treated products at 200 °C and 500 °C,
containing the nominal composition LiV2O5, are compared. The reaction at 500 °C
reveals formation of γ‐LiV2O5 (space group Pmna) as well as of the side product VO2
(marked with stars). All reflections match the literature values concerning intensities
and positions [103]. The lower reaction temperature (200°C) led to ε‐LixV2O5 (space
group Pmmn) formation. The intercalation causes a strong broadening of reflections as
well as a significant change of the c‐lattice parameter. The lattice parameters were
determined to a = 11.41(1) Å, b = 3.562(2) Å, and c = 4.507(4) Å via Rietveld refinement
(The refinement details are given in the Appendix). In comparison to the parameter shift
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reported by Murphy et al., the observed c‐lattice parameter value of 4.507(4) Å
indicates an intercalation of 0.5 lithium equivalents, while c = 4.7 Å is expected for the
stoichiometric reaction leading to ε‐LiV2O5.
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Fig. 3‐4: Comparison of the XRD powder patterns of the reaction products LiV2O5C at
225°C and 450°C. The reflections of VO2 are marked with stars. The very sharp
reflections belong to the internal NBS Si standard.
The combination of DTA‐ and XRD‐analysis allows to relate the first double exothermic
DTA peak at 167.8°C and at 218.4°C, respectively, to the lithium insertion into the V2O5
host. In this process, ε‐LixV2O5 forms without a phase transition because it is isopointal
to V2O5 except the Li positions. The occurrence of a double peak is due to the filling of
two different lithium positions in the host V2O5 lattice [71]. In Fig. 3‐5 powder XRD
patterns of the reaction 0.5 Li2C2 + V2O5, carried out at different temperatures, are
compared. At reaction temperatures above 325°C γ‐LiV2O5 forms (reflections are
marked with a red line), while β‐Li0.3V2O5 formation appears above 350°C (reflections
are marked with a green line). Thus, the exothermic peak at 311.8 °C of the DTA curve
can be assigned to the formation of γ‐LiV2O5 (space group Pnma). The endothermic peak
at 376.2°C may be due to an ordering reaction of the deposited carbon. All experiments
performed in the 500°C to 600°C temperature range led to a partial formation of VO2
and Li2O. This side reaction could be an explanation of the endothermic peak at 458°C.
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Fig. 3‐5: Powder XRD pattern of the reaction 0.5Li2C2 + V2O5 after 1 h heat treatment at
different temperatures. Main reflections of LiV2O5 are red marked ‐ of Li0.3V2O5 green –
shift of the (001) of V2O5 blue arrow.

The comparison of the products` XRD patterns , containing 0.3 lithium equivalents and
being synthesized at 450°C and 200°C, are presented in Fig. 3‐6. β‐Li0.3V2O5 (space group
A12/m1) can be purely synthesized at 450°C. The observed diffraction pattern matches
the literature pattern [102].
The lower reaction temperature of 200°C leads to formation of two different ε‐LixV2O5
phases: ε‐Li0.3V2O5 (a = 11.44(1), b = 3.566(4), c = 4.467(4)) and ε‐LiXV2O5 (x<0.2; a =
11.483(4), b = 3.652(1), c = 4.411(1)). (The Rietveld refinement details are given in the
appendix). Although, ε‐Li0.3V2O5 formed, the overall lithium intercalation is lower than
expected from the stoichiometric amounts of reacted materials.
The XRD‐analyses confirm the lithium intercalation in V2O5 by reaction with Li2C2. In
addition, it was shown that the different LixV2O5 phases can be selectively synthesized.
γ‐LiV2O5 (Pnma) and β‐Li0.3V2O5 (A12/m1) are formed via the isolable intermediate
ε‐LixV2O5 (Pmmn). The Rietveld refinements of as‐synthesized ε‐LixV2O5 phases always
indicate a lower amount of intercalated lithium than expected from the stoichiometry.
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Fig. 3‐6: XRD powder pattern comparison of the reaction products Li0.3V2O5 at 200 °C
and 450°C.
The carbon elemental analyses, summarized in Table 3‐2, illustrate a similar trend. The
measured carbon content is 25 wt.% respectively 33 wt.% lower than expected. One
possible explanation could be the reaction between Li2C2 and water (surface water) to
Li2O and C2H2.
Table 3‐2: Summary of carbon elemental analysis.
Sample
ε‐Li0.3V2O5 200 °C
β‐Li0.3V2O5
ε‐Li0.5V2O5
γ‐LiV2O5

Carbon content expected
1.92 wt.%
1.92
5.98
5.98

Carbon content measured
1.45 wt.% (76%)
1.42 wt.% (74%)
4.42 wt.% (74%)
4.01 wt.% (67%)

In Fig. 3‐7, bright field images of carbon‐coated β‐Li0.3V2O5 are reported. A homogenous
carbon shell is clearly visible in both images. The thickness of the coating is about 15 nm
and varies little at the corners of the crystal. In addition, the lattice planes of the
pictured crystal (HR‐TEM, right) exhibit an interlayer distance of 10.0 Å, corresponding
to the a‐lattice parameter of β‐Li0.3V2O5. The carbon coating does not show any obvious
order. The crystal size of β‐Li0.3V2O5 is still in the μm range, as expected from of the
sharp reflections in the XRD powder pattern. Furthermore, it proves that the chemical
lithiation via Li2C2 proceed under crystal shape preservation.
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d = 10.0 Å
(100)

15.6 nm

Fig. 3‐7: TEM bright field image of β‐Li0.3V2O5 synthesized at 450 °C with carbon coating.
The STEM image and the corresponding EDX spectra are shown in Fig. 3‐8. The
vanadium to carbon ratio of the crystal center and close to the C‐coating edge differs
strongly: at the coating (area 1) a higher carbon than vanadium signal is found, while
the crystal itself shows almost a 1:1 ration. This observation confirms that the coating is
not only existent on the edges, but also on top of the crystals.
C

Area 1
V
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V
2

C

Cu
Area 2

V
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Cu

Fig. 3‐8: STEM image of carbon‐coated β‐Li0.3V2O5 with corresponding EDX spectra.
As explained in the introduction, the method of choice for a deeper investigation of the
carbon coating is Raman‐spectroscopy. The measured signals were fitted using a Breit‐
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Wigner‐Fano fit, as recommended by A.C. Ferrari and J. Robertson [110]. Raman spectra
were taken at different parts of the sample. The resulting G peak positions and the
intensity ratios were almost identical and were consequently averaged. In Fig. 3‐9 a
typical Raman spectrum of the carbon‐coated β‐Li0.3V2O5 is shown with the values of
interest in the inset. The experimental determined G peak position at 1571 cm‐1 and the
ratio I(D)/I(G) = 1.36 match the model, because both values refer to approximately 7%
sp3 carbon content. Taking together all results, the carbon of the coating can be
described as nano crystalline graphitic.

G peak position
at 1571 cm‐1
I(D)/I(G) = 1.36

Fig. 3‐9: left: Raman spectrum of β‐Li0.3V2O5, right: classification of the carbon coating
into NC‐graphite after Ferrari and Robertson [110].
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3.3.3 Structural Characterization of the Tribochemical Product
The XRD powder pattern points to a nano crystalline or amorphous product (Fig. 3‐10).
The majority of the sample is amorphous due to the high background and the low
intensity of the reflections. It appears that the (001) reflection of V2O5 is observable but
shifted to lower angle. Thus the product supposedly contains lithium intercalated
ε‐LixV2O5. In addition, the characteristic reflections of γ‐LiV2O5 are observable. The
crystallinity of both phases is poor due to the strong broadening of the reflections. The
TEM images, presented in Fig. 3‐10, support this XRD analysis. The darker areas
correspond to a material with a higher atomic number (vanadium) compared to the
light grey areas (carbon). The carbon and the vanadium oxide particles are forming a
composite in which carbon completely covers the oxide. The thickness of the
inhomogeneous shell ranges from 5 to 50 nm. In the right HR‐TEM image, lattice planes
are visible. These crystalline domains are spread between 1 to 10 nm in size and
consequently cause the broad reflections in the XRD powder pattern. Furthermore, the
carbon shell does not exhibit any structural ordering comparable to the product of the
thermalization. The carbon in all samples, formed during a tribochemical process, is
Raman silent under identical experimental conditions, as used to analyze the heat
treated samples. Nevertheless, the lithium intercalation was proved by XRD analysis as
well as the existents of a carbon coating was illustrated by TEM analysis. The elemental
analysis again shows that the measured carbon content is clearly lower than expected.
Table 3‐3: Result of the elemental analysis.
Sample
LiV2O5 ball mill

Carbon content expected
5.98 wt.%

Carbon content measured
3.73 wt.% (62%)
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Fig. 3‐10: XRD powder pattern of coated LiV2O5 prepared by the tribochemical method.

Fig. 3‐11: HRTEM bright field images of coated LiV2O5 prepared by the tribochemical
method.
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3.3.4 Electrochemical Characterization of ε‐LixV2O5 (Pmmn)
The measurements were carried out under galvanostatic condition in the 2.0 to 4.3
voltage window at 50 A/kg (≈C/6). The specific charges are calculated for the LixV2O5/C
composite.
On the basis of the XRD‐powder analysis and the published OCVs of ε‐LiXV2O5, the
ε‐Li0.3V2O5‐ and ε‐Li0.5V2O5‐electrodes are expected to show values of 3.4 V (ε‐Li0.3V2O5)
respectively 3.2 V (ε‐Li0.5V2O5) [166]. The measured OCVs match these expected values
with 3.40 and 3.24 V. The initial oxidation (Fig. 3‐11, right) of Li0.3V2O5 shows a specific
charge of 27.2 Ah/kg which corresponds to only 63 % of the theoretically expected Li
content (43 Ah/kg), namely to 0.2 lithium equivalents. This is in agreement with the
Rietveld refinement (see Chapter 3.2). In addition, the electrode exhibits cyclo‐
voltammogram which is characteristic for V2O5 showing reductions peaks at 3.35 V,
3.15, 2.25 V for the initial insertion. In the following cycles a disorder process takes
place, as can be estimated from the increasing rounding of peaks in the calculated
differential specific charge plot (Fig. 3‐12, left). Many researchers showed that the
lithium intercalation/deintercalation processes of ε‐Li0.3V2O5 are completely reversible
and that the electrochemical behavior is similar to pure V2O5 , as discussed above[72,
73, 121].

27.2 Ah/kg

27.2 Ah/kg

Fig. 3‐12: left: differential specific charge plot and right: initial charge of LixV2O5
synthesized at 200 °C.
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The overpotentials of the redox processes above 3.0 V are with values around 0.1 V
small, compared to η = 0.3 V of the redox processes below 3.0 V. The overall
overpotential is calculated to be as low as 0.22 V. In addition, the first reduction
(286 Ah/kg) almost reaches the theoretical specific charge of 288 Ah/kg (Fig. 3‐14). In
summary, the here synthesized electro active material shows a high electrochemical
activity (100% of qth) as well as a low overpotential, most probably due to the new
carbon coating.
In Fig 3‐13 the differential specific charge plot and the initial charge of the electrode,
containing the material with the nominal composition LiV2O5, are presented. Its initial
charge does not exhibit a plateau at 3.25 V, belonging to first extraction plateau of
Li1V2O5, and the lithium extraction only reaches an initial charge of 68.1 Ah/kg,
according to 47 % of the theoretically expected value (144 Ah/kg for ε‐LiV2O5). The
68.1 Ah/kg are equivalent with the expected initial charge of ε‐Li0.5V2O5. The initial
charge and the subsequent discharge are symmetrically recovered above 3.2 V. This
high symmetry indicates good kinetics, i.e. a good reversibility and a low overpotential
(0.05 V). Again, the cycling exhibits the typical V2O5 behavior, as discussed for ε‐
Li0.3V2O5. The electrochemical results (initial oxidation of 0.5 Li equivalents and typical
V2O5 cycling) are in accordance with the Rietveld refinement, which indicates the
formation of ε‐Li0.5V2O5 during the chemical lithiation via Li2C2.

68.1 Ah/kg

68.1 Ah/kg

Fig. 3‐13: ε‐Li0.5V2O5 left: differential specific charge plot; right: initial charge.
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Fig. 3‐14 displays the cycling behavior of the above discussed samples. Carbon‐coated
ε‐Li0.5V2O5 (255 Ah/kg) and carbon coated ε‐Li0.3V2O5 (286 Ah/kg) both gain high initial
specific charges with 88% respectively 100% of qth. In combination with the high
average cell voltage of 2.76 V, the specific energies are calculated to be 730 Wh/kg (0.3)
and 715 Wh/kg (0.5). Unfortunately, both samples exhibit the typical cyclability
problems of pure V2O5 electrodes: high irreversible specific charges of 4 % (ε‐Li0.5V2O5)
respectively 2% (ε‐Li0.3V2O5) per cycle and a strong specific charge fading during
galvanostatic cycling. The capacity retentions were only 82 % and 80 % after thirteen
cycles.

anodic
cathodic

Carbon‐coated ε‐Li0.5V2O5
Carbon‐coated ε‐Li0.3V2O5

Fig. 3‐14: Galvanostatic cycling behaviors of as carbon‐coated ε‐LixV2O5.

3.3.5 Electrochemical Characterization of β‐Li0.3V2O5 and γ‐LiV2O5
The electrochemical measurements were carried out under galvanostatic conditions in a
2.0 to 4.3 voltage window at 100 A/kg (β‐Li0.3V2O5) respectively in the 2.0 to 4.0 window
at 50 A/kg (γ‐LiV2O5). The specific charges are calculated to the amount of LixV2O5
carbon composite in the electrode.
The β‐Li0.3V2O5 electrode shows an OCV (3.6 V) which is by 0.2 V higher as that of
ε‐Li0.3V2O5. The initial oxidation (Fig. 3‐15, left) of β‐Li0.3V2O5 amounts to 26.5 Ah/kg
(61% of qth). The smaller initial oxidation capacity points to lower lithium content than
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expected for the stoichiometry of the reaction. It could also be due to the formation of
an electrochemical inactive side phase.
The insertion curve is dominated by one plateau at 2.6 V. Almost 50 % of the capacity is
achieved through this redox process. In addition, there are two small sharp redox
processes at 2.85 and 3.40 V which do not gain much specific charge (Fig. 3‐15, right).
Higher energy is achieved during two almost linear voltage decreases in the 3.7 to 3.5
(80 Ah/kg) and in the 2.83 to 2.61 (25 Ah/kg) voltage ranges. Every oxidation peak has a
corresponding reduction peak. Accordingly, all redox processes are reversible. The
observed and described cycling behavior matches the literature values of β‐Li0.3V2O5
[106]. Only the dominating redox process shows a significant overpotential η = 0.18 V.
The overpotentials of all other sharp peaks are below 0.1 V. The average reduction
voltage is 2.87 V with an averaged overpotential of 0.19 V. In addition, the first
discharge reached a specific capacity of 255 Ah/kg (89% of qth). Therefore, it is quite
likely that an unidentified and electrochemical inactive side phase has been formed.

26.5
Ah/kg

Fig. 3‐15: carbon‐coated β‐Li0.3V2O5synthesized at 450 °C right ‐ differential specific
charge plot;
left ‐ determination of the initial specific charge.
Considering the specific charge reached in the first cycle, and the high average voltage
of the discussed β‐Li0.3V2O5 electrode result in a specific energy of 735 Wh/kg. However,
the electrode does not display sufficient capacity retention during galvanostatic cycling.
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The specific charge diminishes down to 200 Ah/kg after 10 cycles but with a very good
columbic efficiency of 99%.
In Fig. 3‐16, the first cycle and the calculated differential charge plot of the γ‐LiV2O5
electrode are shown. The cell reaches an OCV of only 3.20 V, although 3.5 V is expected
[72]. This indicates to a lower oxidation state than V4+. Furthermore, the initial
extraction amounts to only 71 Ah/kg, while the theoretically expected as well as the
literature value is 110 Ah/kg. Thus this electrode reaches only 65% of qth. The
characteristic insertion curve of γ‐LiV2O5 exhibit a big gap of 1.1 V between the first
(3.64 to 3.35 V) and the second discharge plateau (2.45 to 2.15V). In the beginning of
the cycling, these plateaus are very sharp, but they become broader during cycling,
most probably due to a disorder process. The overpotentials of both redox processes
are small η = 0.07 V. The average voltage of the insertion process is 2.9 V with a very
small average overpotential of only 0.12 V.

71 Ah/kg

Fig. 3‐16: γ‐LiV2O5synthesized at 450 °C: right ‐ differential specific charge plot; left‐
determination of the initial specific charge.
The theoretical specific charge of γ‐LiV2O5 based on the insertion of two lithium
equivalents (in the 2.0 to 4.0 V range) is calculated to be 288 Ah/kg. W. Wang [72]
investigated γ‐LiV2O5 electrodes and found that they cycle at this theoretical value.
Therefore, the above‐discussed electrode gained only 65 % of qth (188 Ah/kg). As the
capacities for the initial oxidation and the first reduction are equal, it has to be stated
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that 35% of the expected electro active material is not cycling. Only a part of these
missing 35% can be explained by the side phase VO2, identified in the XRD‐analysis.
Another conceivable minor product could be vanadium carbide VC. But its formation
could not be confirmed by XRD or by TEM analysis.
Although only a part of the electro active material is working, the electrode reaches a
high specific energy of 545 Wh/kg with a good cyclability (see Fig. 3‐17). The capacity
retention is 68 % after 125 cycles. Unfortunately, the coulombic efficiency was only
98 % during the whole test series.

anodic
cathodic

Carbon‐coated γ‐LiV2O5

Fig. 3‐17: Cycling behavior of carbon‐coated γ‐LiV2O5 (2.0 to 4.0 V; 50 A/kg).
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3.3.6 Electrochemical Characterization of LiV2O5 Prepared by the
Tribochemistry
The electrode containing the almost amorphous tribochemical product shows OCV =
3.2 V. As shown in Fig. 3‐18, the initial extraction gained 71 Ah/kg and the first insertion
195 Ah/kg specific charge. These values match the previous reported numbers of
γ‐LiV2O5 perfectly. Therefore, only a part of the prepared cathode material is electro
active. The voltage curves are almost linear. The typical peaks of γ‐LiV2O5 are observable
(3.6, 2.4, 2.2 V) in the differential specific charge plot. These peaks are much broader
and thus indicate a poorer crystallinity. In addition, one reduction peak at 3.2 V is
observed, that belongs to ε‐LixV2O5. The dominating characteristic features of the
sample are the almost straight voltage curves, corresponding to the very broad redox
peaks in the differential specific charge plot between 2.2 and 4.0 V. Accordingly, the
analysis of the electrochemical data fits to the XRD analyses: The sample consists of a
main amorphous fraction and two side phases of γ‐LiV2O5 and ε‐LiXV2O5. The
broadenings of the peaks in the differential specific charge plot during cycling point to a
proceeding amorphization of the electrode material. The average reductive cell voltage
is calculated to be 2.74 with an averaged very low overpotential of 0.17 V.

Fig. 3‐18: Left: calculated differential discharge plot, right: Discharge/Charge profile of
carbon‐coated LiV2O5 prepared via the tribochemical method.
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The cyclability of the discussed electrode is presented in Fig. 3‐19. An irreversible anodic
specific charge evolves during cycling. The continuous growth of the irreversible specific
charge begins at the seventh cycle with 2 Ah/kg and end with 10 Ah/kg at the fortieth
cycle. The capacity retention of 91 % after 45 cycles is unexpectedly high. This electrode
proves the stabilization of V2O5 by our lithium insertion carbon coating method.

anodic
cathodic

Fig. 3‐19: Cyclability of LiV2O5 prepared by tribochemical reaction (2.0 to 4.0 V; 50 A/kg).
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3.4 Carbon‐coated LiFePO4
In this Subchapter, the possibility of forming carbon‐coated LiFePO4 via the
decomposition of Li2C2 is presented. The aim of the following experiments was to prove
the general concept of chemical lithiation and formation of a carbon coating at the
same time. Thus, the experimental conditions were not optimized to achieve a
comparable electro active LiFePO4. The carbon coating method via grinding was not
successful, because elemental iron forms. The iron formation can be explained by the
low electrical and ionic conductivity of FePO4. I speculate that the tribochemical
decomposition of Li2C2 on the FePO4 surface provides so many electrons in a short time,
that these electrons cannot be carried to the middle of the particle. That is why, an over
reduction of the FePO4 to Fe takes place, while the FePO4 core remains.

3.4.1 Experimental
FePO4 were synthesized from FeCl3 (anhydrous purum, Fluka) and H3PO4 (ortho‐
phosphric acid 85%, Merck) similarly to the method, presented by C. Delacourt [124].
Carbon‐coated LiFePO4 were synthesized from 0.905g (6mmol) FePO4 and 0.114g (3
mmol) Li2C2. The reaction temperature was determined by a DTA‐TG measurement,
which was carried out in the 25 to 600°C temperature range at a heating ramp of
10°C/min (Fig. 3‐20). The precursors were thoroughly mixed in a mortar and transferred
into a steel ampoule under inert conditions. Following the mixture was heated to 450°C
for 2 hours at a heating ramp of 180°C/h. The final product was quenched to room
temperature with the help of compressed‐air. The sample was characterized by DTA‐TG,
XRD‐, TEM‐, Raman and elemental‐analysis. The electrodes for testing the
electrochemical behavior were prepared as described in Chapter 3.3.1. The
measurements were carried out under galvanostatic cycling in the 2.4 to 4.0 voltage
window at 50 A/kg.

3.4.2 Characterization of Carbon‐Coated LiFePO4
In Fig. 3‐20, the DTA‐TG measurement of the reaction between 0.5 Li2C2 and FePO4 are
presented. The TG‐curve does not show any mass loss in the investigated 25‐600 C
temperature interval from 25 to 600°C. The DTA curve has a minimum at 464 °C. The
absence of any additional effect let assume that this endothermic effect should present
the reaction between FePO4 and Li2C2. However, it should be noted that a similar
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endothermic peak was observed in the DTA measurement of the reaction between Li2C2
and V2O5 (466°C), too. Therefore, this endothermic peak could be also due to a
conversion of carbon material, being present in both of the samples.
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Fig. 3‐20: DTA‐TG curve of the reaction 0.5 Li2C2 + FePO4. (DTA grey, TG black).

The XRD powder pattern of the reaction product of 0.5 Li2C2 + FePO4 is presented in Fig.
3‐21. The low signal to noise ratio is caused by strong X‐ray fluorescence of iron, when a
copper X‐Ray source is used. All observed reflections match the literature pattern of
LiFePO4 [125]. Only one additional reflection at 2ϴ = 34° could not be assigned so far.
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Fig. 3‐21: XRD powder pattern of synthesized carbon‐coated LiFePO4.
The TEM‐analysis, which is shown in Fig. 3‐22, confirms the existence of a carbon‐
coating on the surfaces of LiFePO4 particles. The electron diffraction pattern can be
index according to the cell parameters of LiFePO4. Consequently, this proves that
carbon‐coated LiFePO4 has been formed. The composite only contains 5.47 wt.%
carbon, corresponding to 77 % of the expected value (Table 3‐3). The missing carbon
amount is similar to the one observed in the vanadate experiments (cf. Table 3‐2).

(001)

(200)

Fig. 3‐22: carbon‐coated LiFePO4: left ‐ TEM bright field image; right ‐ partially indexed
Bragg pattern of the coated crystallite.
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Table 3‐4: Elemental analysis of carbon‐coated LiFePO4.
Sample
LiFePO4

Carbon content expected
7.07 wt.%

Carbon content measured
5.47 wt.% (77%)

The Raman signals were measured at different points of the sample. The resulting G
peak positions and the intensity ratios were almost identical and thus were averaged. In
Fig. 3‐23 a typical Raman spectrum of carbon‐coated LiFePO4 and the structural
classification of the carbon via the diagram, reported by Ferrari and Robertson, are
presented. The curves are fitted using a Breit‐Wigner‐Fano fit. The derived values of the
G‐peak position 1571 cm‐1 and of the ration I(D)/I(G) = 1.36 match the model, because
both values refer to the same position in the diagram. In contrast to the vanadium oxide
coating, this carbon coating can be classified as graphitic.

G peak position = 1589 cm‐1
I(D)/I(G) = 0.87

Fig. 3‐23: carbon‐coated LiFePO4: left ‐ Raman spectra; right ‐ classification of the
carbon coating by Raman spectral analysis into graphitic material.
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3.4.3 Electrochemical Characterization of carbon‐coated LiFePO4
The OCV of the electrode containing coated LiFePO4 reaches 3.1 V and the initial
extraction shows a flat plateau around 3.6 V (Fig. 3‐24). The corresponding reduction
takes place between 3.4 and 2.4 V. Accordingly, the observed curves match the
expected behavior of LiFePO4. Unfortunately, the electrochemical capacity of the
prepared electrode is very poor and exhibits only 22 Ah/kg. However, the galvanostatic
test proves the presence of LiFePO4 in the electrode.

Fig. 3‐24: Discharge/Charge plot of the synthesized carbon‐coated LiFePO4
(2.4 to 4.0 V; 50 A/kg).
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3.5 Carbon‐Coated LixMoO3
In this chapter, the possibility of forming a carbon‐coated LixMoO3 via decomposition of
Li2C2 was exploited. The aim was to further prove the general applicability of carbon
coating via the decomposition of Li2C2, but did not completely work out in desired way
by the heat treatment so far, due to competing redox reactions:
20MoO

3Li C ⟶ 14MoO

6MoO

3Li O

6C

3‐4

during which part of the MoO3 is reduced to MoO2 but not lithiated while lithium
peroxide forms. But the tribochemical approach is applicable and the results will be
discussed below.

3.5.1 Experimental
All preparation steps were carried out under inert conditions. Carbon‐coated LixMoO3
samples were synthesized from MoO3 (1.438 g = 10 mmol, 99.5, Sigma Aldrich) and
(0.114g = 3 mmol) Li2C2. The precursors were thoroughly premixed in a mortar and
transferred into a ball mill in an argon filled dry glove box. The reaction was performed
at 400 rpm during 30 minutes and the resulting blue‐black sample characterized by XRD‐
, TEM‐, and elemental‐Analysis. The electrodes for testing the electrochemical behavior
were prepared, as described in Chapter 3.3.1. The measurements were carried out
under galvanostatic cycling in the 2.0 to 4.0 V window at constant current of 50 A/kg.

3.5.2 Structural Characterization of LixMoO3
The XRD‐powder pattern of the reaction product (Fig. 3‐25) exhibits the reflection set of
crystalline MoO3, but broadened and asymmetric. The (200) reflection is broadened to
lower diffraction angle, contrary to the (101) which extends asymmetrically to higher
angle. It is interesting to note, that the thermal expansion of MoO3 develops similar
shifts: the a‐lattice parameter elongates, while the c‐axes shortens [126]. A. M. Hashem
et al. investigated the lithium insertion into MoO3 by LiI treatment in acetonitrile and
found that an intercalation of less than 0.1 lithium equivalents per formula unit does
not lead to a measurable structural change, but it occurs only if more than 0.25 lithium
equivalents have been inserted. Then a new characteristic reflection at 10 °2ϴ shows up
[127]. In the sample presented, it is not distinguishable if this intercalation level forms
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during the reaction, because the (200) reflection becomes so broad, that it overlaps
with the characteristic reflection of Li0.25MoO3. However, the combination of the
broadening, and the shift of the reflections (related to the thermal expansion) indicates
dimensional changes of the structure which change in different domains indicating to a
non‐homogeneous lithium insertion into the MoO3 host via the tribochemical reaction
with Li2C2 .
STOE Powder Diffraction System
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Fig. 3‐25: XRD powder pattern of synthesized Li0.3MoO3.
In Fig. 3‐26, the TEM bright field of the reaction product is displayed which illustrates
the carbon coating on the LixMoO3. The coating is not as regular as found for the heat
treated samples. This is well anticipated by considering the different reaction
conditions. The temperature treatment provides constantly high activation energy for
carbonization while, the ball mill produces only local hotspots for a very short time.
Consequently, the coating grows in intervals which lead to a less homogeneous layering
than observed for the heat treated samples. The carbon content of the ball‐milled
sample was determined to 1.37 wt.% (57% of the theoretically expected value, Table
3‐5).
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Table 3‐5: Elemental analysis of carbon‐coated LixMoO3
Sample
Li0.3MoO3

Carbon content expected
2.41 wt.%

Carbon content measured
1.37 wt.% (57%)

Fig. 3‐26: TEM‐bright field image of ball‐milled reaction product carbon‐coated LixMoO3.
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3.5.3 Electrochemical Characterization of LixMoO3
Charges/discharge behavior of LixMoO3 samples is presented in Fig. 3‐27. The initial
oxidation of 22 Ah/kg reaches only 39 % of the expected value. This corresponds to
around 1/3 of the initially employed amount of lithium. Nevertheless, the thereafter
observed extraction proves the chemical lithiation via Li2C2. However, it must be stated
that the overall electrochemical performance does not succeed but the specific charge
as well as the cycling behavior is much poorer compared to examples found in literature
[128].

Fig. 3‐27: Cycling of carbon‐coated LixMoO3 (2.0 to 4.0 V; 50A/kg).
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3.6 Carbon Coating of H2V3O8
H2V3O8 [28] is an ideal cathode material for the new carbon‐coating method due to its
high theoretical capacity combined with poor cyclability, and low thermal stability up to
only 250°C. Furthermore, the propensity of Li2C2 to react in specific ways with hydroxyl
groups and with structural water could eventually help to discriminate between these
two which has not yet been achieved by other methods.

3.6.1 Experimental
All preparation steps were carried out under inert conditions. The precursors H2V3O8
and Li2C2 were thoroughly premixed in a mortar and thereafter transferred into the ball
mill in an argon filled dry glove box. The reaction was performed at 400 rpm during 30
minutes. The resulting black sample was characterized by XRD‐, elemental‐analysis, and
TEM. The electrodes for testing the electrochemical behavior were prepared, according
to the description given in Chapter 3.3.1. The measurements were carried out under
galvanostatic cycling in the 2.0 to 4.2 V window at constant current of 50 A/kg.

3.6.2 Structural Characterization of carbon‐coated LiH2V3O8
The color of the reaction product is black which may already be indicative for carbon
formation. The powder pattern of the composite, presented in Fig. 3‐28, shows only
weak Bragg reflections. Thus, the majority of the sample is amorphous. Such strong
amorphization is typical and has been observed for all chemical lithiation reactions via
tribochemistry. Nevertheless, all observable reflections can be assigned to the set of the
H2V3O8 host structure. Additionally, all (h00) reflections are slightly shifted towards
higher and all (00l) reflections towards lower angles (inset Fig. 3‐28) indicating to a
shortening of the a‐axis and an elongation of the c‐lattice parameter. These changes are
traced back to the lithiation, as described by Mettan [28].
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Fig. 3‐28: XRD powder pattern of LiH2V3O8

The elemental analysis confirms that the material remains to contain two hydrogen
equivalents per V3O8 after the reaction. Since structural water always causes C2H2
evolution, these protons are not likely to belong to structural water. The volatile
acetylene would take away hydrogen as well as carbon from the composite.
The carbon content determined by elemental analysis though reaches only 45% of the
expected value. H2V3O8 fibers may adsorb reasonable amount of water while exposed to
air. Such water molecules behave like structural water and react to C2H2 and Li2O. This is
quite likely the reason for the analytical carbon difference with respect to the
attempted reaction. Consequently, very carefully dried H2V3O8 would be necessary in
order to repeat the reaction of Li2C2 and H2V3O8.
Table 3‐6: Elemental analysis of carbon‐coated LiH2V3O8
Sample
LiH2V3O8

C expected
3.94 wt.%

C measured
1.76 wt.% (45%)

H expected
0.67 wt.%

H measured
0.67 wt.% (100%)

It is difficult to determine from the HR‐TEM bright field images (Fig. 3‐29), if the
particles are carbon‐coated or not. In the overview (left), the particles seem to be
covered by shells containing only light elements, which appear as lower contrast areas.
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In the HR‐TEM image one can clearly see the misalignment of only scarcely crystalline
patches in the 5 nm range. It is difficult to determine whether carbonaceous material is
present between these patches.

Fig. 3‐29: HR‐TEM bright field images of the as‐synthesized LiH2V3O8/C composite.
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3.6.3 Electrochemical Characterization of carbon‐coated LiH2V3O8
In Fig. 3‐30 the discharge/charge behavior of an electrode containing the ball‐milled
LiH2V3O8 carbon composite is displayed. The OCV is found at 3.3 V, and the initial charge
gains 81 Ah/kg (corresponding to 55% of the full lithium transfer). Pristine H2V3O8 does
not exhibit any discharge capacity above 3.5 V. Due to the chemical pre‐lithiation the
first reduction delivers 48 Ah/kg above 3.5 V. The strong amorphization observed in the
XRD and TEM studies, reflects in the course of the potential by the absence of flat
plateaus which are typical for crystalline H2V3O8 electrodes. The low initial charge of
only 55 % of qth relates to the analytical carbon content of 45 % of the maximum value).
Obviously one half of the employed Li2C2 reacted to uncharacterized side products,
most probably to Li2O and to C2H2. The composite electrode exhibits a good cyclability
with capacity retention of 85 % after 30 cycles, respectively 47 % after 90 cycles.
It can be stated that the lithiation/carbonization reaction with Li2C2 clearly improves the
cycling behavior in comparison to pure H2V3O8 electrodes.

Fig. 3‐30: Galvanostatic cycling of a LiH2V3O8 carbon composite
(2.0 to 4.2 V; 50 A/kg)
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As illustrated in Chapter 2, the main problem of the all glasses are the big particle sizes,
which give rise to long ionic diffusion pathways and electronic blocking because of high
bulk resistances. According to broad experimental evidence, a carbon coating should
improve the electronic conduction considerably. Only a low temperature carbon coating
method is usable for the glasses, because the glass transition takes place around 220 °C
(depending on the composition). Therefore, the carbonization by Li2C2 via the
tribochemical route is better suited. Moreover, a difference of the reactivities between
V2O5*P2O5 and V2O5*Li3PO4, respectively, and Li2C2 should occur if the orthophosphate
model is correct.

3.7.1 Experimental
All preparation steps were carried out under inert conditions. The precursors
89V2O5*11P2O5 glass, respectively 89V2O5*11Li3PO4 glass and Li2C2 (one lithium
equivalent per V2O5) were thoroughly premixed in a mortar and transferred into a ball
mill in an argon filled dry glove box. The reactions were performed at 400 rpm during 30
minutes. The resulting black samples were characterized by XRD‐, TEM‐, and elemental
analysis. The electrodes for testing the electrochemical behaviors were prepared, as
described in Chapter 3.3.1. The measurements were carried out under galvanostatic
cycling in the 2.4 to 4.0 voltage window at 50 A/kg.

3.7.2 Structural Characterization of the glass‐carbon composites
The reaction products of both experiments are black, which indicates a successful
decomposition of Li2C2. In Fig. 3‐31 the XRD powder pattern of the reaction product
between 89V2O5*11P2O5 glass and Li2C2 is presented. All observed reflections can be
assigned to a main phase which is V2O3 and a V3O5 side phase. Moreover, the
background is high and indicates the presence of an additional amorphous or not well
crystallized material. The stoichiometry of the reaction excludes a complete conversion
of the V2O5 to V2O3. Thus, the high background is most likely caused by unreacted glass.
The reduction of the 89V2O5*11P2O5 glass does not undergo a Li‐uptake reaction,
because the observed reduced vanadium species (V2O3, V3O5) are lithium free.
Interestingly, there is no indication of Li3PO4 formation, as it would be expected from
the orthophosphate model as outlined in Chapter 2. However, the XRD analysis of the
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discussed reaction evidences that a phase separation occurs during lithium insertion in
xV2O5*yP2O5 glasses. By contrast, the XRD powder pattern of the reaction between
89V2O5*11Li3PO4 and Li2C2 does not exhibit any Bragg reflections (Fig. 3‐32).
Consequently, the 89V2O5*11Li3PO4 glass takes up lithium with preservation of the
vitreous network. It makes sense, that these different reactivities of the V2O5*P2O5 and
V2O5*Li3PO4 glasses accompany their different electrochemical behaviors.
89V2O5*11P2O5 + Li2C2
V2O3_64786
V3O5_16445
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Fig. 3‐31: XRD powder pattern of the reaction product of 89V2O5*11P2O5 glass + Li2C2
(one lithium equivalent per V2O5).
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Fig. 3‐32: XRD powder pattern of the reaction product of 89V2O5*11Li3PO4 glass + Li2C2
(one lithium equivalent per V2O5).

Table 3‐7: Elemental analysis of carbon‐coated Li89(V2O5)89*11Li3PO4 glass.
Sample
Li89(V2O5)89*11Li3PO4

Carbon content expected
5.58 wt.%

Carbon content measured
5.20 wt.% (93%)

The carbon content determined for the Li89(V2O5)89*11Li3PO4 glass composite matches
the expected value (Table 3‐7). In the right TEM‐bright field image (Fig. 3‐33) an
agglomeration of strong contrast differences appears pointing to different materials.
The HR‐TEM image (right) confirms the low crystallinity of the particles showing up as
domains in the 5 nm size range. Only for some of these domains lattice planes are
visible. The distinction between carbon and glass regions is not possible due to the low
differences in contrast.
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Fig. 3‐33: HR‐TEM images of the reaction product of carbon‐coated Li89(V2O5)89*
11Li3PO4 glass.

3.7.3 Electrochemical Characterization of the Glass‐Carbon composites
In Fig. 3‐34, the initial cycles of the reaction products between Li2C2 and 89V2O5*11P2O5
glass (left), respectively 89V2O5*11Li3PO4 glass (right) are displayed. The OCV of both
electrodes are clearly lower than those of the uncoated glasses. The electrode of the
89V2O5*11P2O5 glass reaches an OCV of 2.8 V, and the first extraction gains only 17
Ah/kg (corresponding to 12 % of the theoretically expected value). Moreover, the first
reduction shows a specific charge of 27 Ah/kg. This poor electrochemical activity can be
explained by the known electrochemical inactivity of V2O3 in this voltage window [129].
The electro active material can only consists of 50 % V2O3 due to the stoichiometry of
the reaction. Therefore, the V2O3 particles formed seemingly on the surfaces of the
vitreous precursor, and they are consequently blocking the unreacted core. The
lithiated 89V2O5*11Li3PO4 glass reaches an OCV = 3.0 V, and the initial oxidation exhibits
104 Ah/kg, which corresponds to 80 % of the theoretical value. The initial reduction
achieves 204 Ah/kg specific charge down to 2.0 V and 330 Ah/kg when cycled to 1.5 V.
The lithiated and coated 89V2O5*11Li3PO4 glass behaves similarly to the virgin glass,
average reduction voltage is 2.41 (2nd cycle) with an overpotential of 0.35 V compared
to 2.41 V with η = 0.37 V (Chapter 2.4.2). Even, the average discharge voltage changes
of both samples (coated and uncoated) are identical: 2.46 V and η = 0.41 V compared to
2.46 V and η = 0.39 V (10th cycle).
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104
Ah/kg

17 Ah/kg
27 Ah/kg

204 Ah/kg

Fig. 3‐34: Comparison of the first cycles of the reaction products between Li2C2 and
89V2O5*11P2O5 (left) and 89V2O5*11Li3PO4 glasses (right), respectively.
Notably , the cyclability improved as chemically lithiated and coated glass reaches 88 %
capacity retention after 20 cycles (virgin glass: 80 %) and 64 % after 90 cycles. The
development of the irreversible specific charge is again comparable to the virgin glass: a
cathodic irreversible process (5 Ah/kg) is observed during the first five cycles, followed
by a region with a strong anodic irreversible charge (10 Ah/kg, 6‐25th cycle), and in the
long run, the cell shows an anodic irreversible charge of 4 Ah/kg between the 26 and
90th cycle.

Fig. 3‐35: Reaction product between Li2C2 and 89V2O5*11Li3PO4 glass: left ‐
discharge/charge curves; right – cycling.
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3.8 Conclusion and Outlook
In this chapter, a new approach of combining chemical lithiation and carbon coating of
transition metal oxides in high oxidation states is presented. The decomposition of Li2C2
on the surface of highly oxidizing particles leads to the formation of elemental carbon as
well as to a lithium intercalation. In summary:


Two different preparation methods are presented: heat treatment and a
tribochemical route.



The various possibilities of the new reactions are illustrated for the complex
LiXV2O5 system where different lithiated phases were synthesized: ε‐LiXV2O5,
β‐LiXV2O5, and γ‐LiXV2O5. Furthermore, an almost amorphous intercalation
product was also found.



The reactions are intriguingly versatile and cost efficient and allow yielding
highly interesting materials.



It is exemplified that carbon coatings of LiFePO4, LiXMoO3, and H2V3O8 particles
are achieved.



The reactions may help to understanding crystal structures and their binding
situations (distinction between OH‐ and H2O groups) in a wider sense.



Clearly, the Li2C2 reactivity towards V2O5*P2O5 and V2O5*Li3PO4 glasses,
respectively, are different and correspond to the different electrochemical
behaviors.



It is shown that the lithium intercalation into V2O5*P2O5 glass leads to phase
separation into reduced V2O3 and an amorphous phase.



In contrast, the V2O5*Li3PO4 glass intercalates lithium under preservation of the
vitreous network.



The electrochemical behaviors of all synthesized materials are intensively
discussed. As expected, an initial oxidation is indeed observed for every chemical
intercalated compound.

The main drawback of the presented reaction is the occurrence of side reactions
which may be overcome by optimization of furnace and temperature profiles as well
as altered tribochemical conditions for every compound separately.
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The new carbon coating method is a very promising approach compared to other
established methods because of easy handling, environmental friendliness (atom
economy) and cost‐efficiency. It may find applications beyond those for cathode
materials in high oxidation states.
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4.1 Introduction
The ambivalent character of the phosphacyanate anion (OCP‐) opens a wide field of
chemical opportunities. For example, internal coupling reactions, originating from a
partially oxidation, can appear. Furthermore, the MO states of the OCP‐ anion are highly
delocalized allowing for different chemical attacks. The oxidation products of LiOCP
were investigated by G. Becker et al. [130]. Amongst others, the authors described the
formation of a tetramer [(PCO)4]2‐ from oxidation of LiOCP by SO2. In 2003,
Westerhausen et al. investigated the alkaline earth metal phososphacyanates and
reported that the decomposition accompanies oligomer formation, via an internal redox
reaction [131]. These oligomers relate in many aspects to sections of polyethylenoxid
(PEO), which hitherto is the basis for most of the solid electrolytes in LIBs. Being similar
system to PEO, electrons (PCO)n strands are more delocalized, thus they could become
very interesting materials for lithium ion conductors.
In this chapter, the oxidation of NaOCP on the surface of the cathode materials V2O5
and MoO3 is presented. The molecular precursor forms a not yet identified polymeric
shell around and at the same time reduces and intercalates the transition metal oxide
by sodium through a contact reaction.

4.2 Experimental
NaOCP(dioxane)y≈2.5 was prepared in a three step synthesis, according to the method
described by Grützmacher et al [132]. Vanadyl oxalate was synthesized via refluxing
V2O5 and oxalic acid, followed by drying. Nanoparticles of V2O5 were synthesized from
vanadyl oxalate and nitric acid via a sol gel method. The gel was formed by drying a
solution of 1 g VOC2O4 and 0.58 ml 65% nitric acid (Merck) at 80°C over night. Finally the
gel was decomposed at 280 °C during 5 h to achieve the V2O5 nano particles. The nano
particles were characterized by XRD and SEM, and elemental analysis (C,H,N).
All following reaction steps were carried out under inert conditions in an argon filled dry
glove box at room temperature. A solution of 93 mg (0.2 mmol) NaOCP*2.5 dioxane in
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2 ml THF was added dropwisely to a suspension of 188 mg (1mmol) V2O5 in 2 ml THF
under continuously stirring. The reaction was monitored by in situ 31P‐NMR. After two
days stirring at room temperature, the solution was NMR silent, and accordingly the
conversion was regarded to be complete. The solvent was removed in reduced
atmosphere, and the product was dried in vacuum for one day. The reaction between
MoO3 (1mmol) and NaOCP(dioxane)y≈2.5 (0.2mmol) was performed under similar
conditions. The dried products were characterized by XRD‐, Elemental‐ and TEM‐
analysis.

4.3 Results and Discussion V2O5
The reaction can be followed by its flamboyant color change from orange to green (Fig.
4‐1). The orange color is characteristic for V5+, and the green color results from mixed
valence V5+/V4+ states. Accordingly, a reduction of the V2O5 happens. As mentioned in
the introduction, oxidation of NaOCP leads, in a first step, to a tetramer (δ31PA = 87 ppm;
δ31PB = 416 ppm; 2J(PAPB) = 32 Hz) [133], the subsequent polymerization product could
not be fully characterized, yet. The tetramer intermediate is always observed during the
reaction:
0.3

Start

.

48 h, RT
THF

after 1 min

4‐1

.

after 5 min

after 2 days

Fig. 4‐1: Color changes in the course of the reaction of V2O5 + 0.2 NaOCP.
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The XRD‐powder pattern (Fig. 4‐2) exhibits the typical reflection set of V2O5 though with
slight changes. The strongest observed intensity occurs for the reflection (001), but for
(110) in literature reports. Furthermore, the (001) reflection is slightly shifted to lower
angle (from 20.27 to 20.17 2ϴ). The same observations were already discussed in
Chapter 3.3.2, and support the assumption of a metal intercalation into V2O5. The very
small shift of the (001) reflection may be interpreted by a maximum of 0.2 sodium
equivalents intercalated per V2O5 (compare Chapter 3.1). The elemental analysis via ICP‐
OES confirms the estimated intercalation level of 0.2 Na per formula unit. The V:P:Na
ratio is determined to be 1 : 0.21 : 0.22.
STOE Powder Diffraction System
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Fig. 4‐2: XRD powder pattern of polymer coated Na0.2V2O5.

In Fig. 4‐3, a typical HR‐TEM bright field image of the synthesized composite and the
corresponding partially indexed electron diffraction pattern are presented. Apparently,
the nano particle (70*40nm) shown has a homogeneous polymer shell of approximately
4 nm thickness. The inter lattice distances of 5.8 Å (002) (determined from the Fourier
transformation) evidence that the crystallite is isostructural to the known phase
NaxV2O5 (x<0.2). The coating appears to be very uniform and of amorphous character,
as expected for such a polymer formation. In the left part of the TEM image, a top view
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of an enclosed oxide particle is displayed. The strong contrast differences at the edges
are caused by different materials, i.e. polymer shell and crystalline core. In addition, the
surface of particle looks similar to the coating in the top view. This strongly indicates to
particles which are fully covered by the polymeric shell.

Top view
Cross section

(002)

Fig. 4‐3: HR‐TEM bright field image and partially indexed electron diffraction of polymer
coated Na0.2V2O5.
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4.4 Results and Discussion MoO3
The redox reaction between NaOCP and MoO3 also proceeds with a color change from
white grey via grey to blue‐grey (Fig. 4‐4). The blue color is characteristic for a mixed
Mo6+/Mo5+ oxidation state. The end of the reaction was indicated by the deep blue‐grey
color and confirmed by in situ

31

P NMR measurements. The solution was NMR silent

after two days.
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Fig. 4‐4: Color changes during the reaction MoO3 + 0.2 NaOCP.

117

4.3 Results and Discussion MoO3

The XRD powder pattern of the product is shown in Fig. 4‐5. All measured reflections,
excluding one, match the known pattern of crystalline MoO3. Only neglectable shifts of
some intensities are observed. The reflection at 2ϴ = 10.04 ° may be assigned to a
Li0.25MoO3‐phase as reported by A. M. Hashem [127]. This crystal phase was synthesized
under similar conditions, by reaction of MoO3 and LiI in acetonitrile, than the ones
presented. Hashem reported that in his experiments, an intercalation of less than 0.1
lithium equivalents did not change the MoO3 lattice constants at all. As already outlined
in Chapter 3.5.2 an intercalation of up to 0.3 lithium equivalents is accompanied by a
strong broadening of the measured XRD powder patterns of LixMoO3. Taking all this into
consideration, it seems most reasonable to assume that the presented composite
contains a major phase of LixMoO3 with x<0.1 and a minor one with x>0.25 indicating to
a non‐continuous phase width.

STOE Powder Diffraction System
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Fig. 4‐5: XRD powder pattern of polymer coated NaxMoO3.
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In Fig. 4‐6, a typical HR‐TEM bright field image of NaxMoO3 and the corresponding
indexed electron diffraction pattern are shown. The bright field image illustrates core
shell particles. The contrast changes originates from the difference in atomic number of
the elements present in the core (Na,Mo) and in the shell (P,C,O). The coating appears
amorphous in the high resolution image, and the core is crystalline. The indexed
electron diffraction pattern evidences that the core consists of NaxMoO3 (x<0.1).

Fig. 4‐6: HR‐TEM bright field image and corresponding electron diffraction pattern of
polymer‐coated NaxMoO3 (x<0.1).

4.5 Conclusion and Outlook
V2O5 and MoO3 were successfully coated with a new polymer shell by decomposition of
NaOCP. In both cases, the sodium intercalation was proven by XRD analysis. The
composition of the polymer shell is still under investigation. A support for the polymer
model may be the occurrence of Na2(OCP)4 tetramer intermediates. The prepared core
shell particles are further examples for the powerful concept, that homogeneous
coatings of solids can be achieved by decomposition of a redox active molecular
precursor on the surface of the redox active core particle by contact reaction.
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5.1 Introduction
The energy density of LIBs is currently limited by the voltage window of the electrolyte
and the relatively low capacities of the cathode materials. Layered transition metal
oxides (LiCoO2, Li2Mn2O4) or phosphates (LiFePO4) are typically employed (Chapter
1.6.3). The maximum theoretical capacities of these transition metal oxides are
275Ah/kg and of transition metal phosphates 170Ah/kg, based on an average oxidation
state change of ±1. Allowing for oxidation state changes ±2 or higher, would boost the
theoretical specific charge correspondingly. That multiple oxidation states are accessible
in LIBs has been demonstrated for vanadium oxides (illustrated in Chapter 2 and 3).
Other suitable transition metals multiple electron transfer reactions are especially
chromium and manganese.
Which manganese oxidation states are accessible in LIBs? Inspection of the crystal
structure database (ICSD FIZ Karlsruhe) yields several examples of manganese oxides or
lithium manganese oxides for all oxidation states from II to +VII (Table 5‐1). In LIB
manganese was almost exclusively cycled between +II to +IV oxidation states, though.
Extending this range induces problems of different coordination geometries for
Mn+2,+3,+4 (octahedral) and Mn+5,+6,+7 (tetrahedral) for the oxides. The pronounced
changes occurring for the hypothetical oxidation from Mn+4 (octahedral coordinated) to
Mn+5 (octahedral coordinated) has been addressed in Chapter 1.7.
Table 5‐1: Selected crystal structures of Mn‐oxides or Li‐Mn‐oxides containing Mn in
different oxidation states.
Mn‐oxidation State
+II
+III
+III/+IV
+IV
+V
+VI
+VII

Compound
MnO
Li2MnO2
Mn2O3
LiMn2O4
MnO2
Li2MnO3
α‐Li3MnO4 (LT)
β‐Li3MnO4 (HT)
K2MnO4
Mn2O7
LiMnO4

Space Group
F m‐3m
P ‐3m1
P bca
F d‐3m
P nam
C 1 2/c 1
P mn21
P nma
Pnma
P 1 21/c 1
C mcm

StructureType
NaCl
La2O3
Mn2O3
Al2MgO4
VO2
Li2SnO3
Wurtzite
Li3PO4
K2SO4
β‐CrO4

Reference
[134]
[135]
[136]
[137]
[138]
[139]
[140]
[140]
[141]
[142]
[143]
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However, the chemistry of the tetrahedral coordinated permanganate anion and its
redox chemistry to tetrahedral manganite(V) anions are well described in literature
[144]. The theoretical capacity of the hypothetical redox system Li3Mn(V)O4/LiMn(VII)O4
amounts to 426 Ah/kg. The expected average voltage (estimated from the tabulated
redox potentials in solution [79]) is estimated to be around 3.5 V. These numbers lead
to an outstandingly high theoretical specific energy of approximately 1500Wh/kg.
Saint et al. simulated the electrochemical behavior of Li3MnO4 as cathode material by
computational studies, predicting that the oxidation to LiMnO4 as well as the reduction
to Li5MnO4 are feasible [145]. But his electrochemical tests showed that both processes
are not directly reversible in real test cells, because the electrochemistry of Li3MnO4 is
dominated by the disproportionation of Mn5+ to Mn4+ and Mn7+. The permanganate
anions are highly soluble in the electrolyte and thus, they shuttle to the anode followed
by an irreversible reduction (“internal chemical short cut”). The reaction products are
blocking the anode and the capacity fades strongly. That is why pure LiMnO4 and
Li3MnO4 are not usable as a cathode material in LIBs, yet.
It should be noted that the high temperature structure β‐Li3MnO4 is isostructural with
Li3PO4 (Table 5‐1) and that phosphate and tetrahedral manganite groups may be
mutually exchangeable. The focus of the following chapter is to probe substitution of
MnO43‐ by the isostructural PO43‐ in order to form a Mn5+ compound that is not
dissolving in the electrolyte after oxidation to permanganate. The phosphate group
should act as a binder for the manganite anion. Interestingly, in 2010 Deiseroth et al.
[146] published the lithium‐rich agyrodites Li6PO5Br and Li6PO5Cl (both space group
F‐43m) which may serve as model structures for such an exchange. The two compounds
are good lithium‐ion conductors ( ̴10‐6 Scm‐1 at 518 K).

The theoretical specific charge of a hypothetical compound Li3Mn1‐xPxO4 with
sufficiently low x appears to be very attractive:
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x=0.5:

qth: 210Ah/kg

est. specific energy: 735Wh/kg

x=0.25:

qth: 300Ah/kg

est. specific energy: 1050Wh/kg
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Further experiments will outline the replacement of LiMnO4 by Ca(MnO4)2 or
Mg(MnO4)2.
Another issue of this chapter is the investigation of the thermal decomposition of
LiMnO4*3H2O. Thermal decompositions of K, Rb and Cs(MnO4) were intensively
investigated by Both et al. in 1980 [147], not so for LiMnO4*3H2O. D. Fischer was able to
extract the crystallization water at 60°C in vacuum and he determined the crystal
structure with the help of neutron powder diffraction data to be orthorhombic (space
group Cmcm, [143]). A. Andriiko investigated the thermal decomposition products of
LiMnO4*3H2O in the 300‐700°C temperature range in normal air [148] and observed the
formation of Li2Mn2O4 (spinel) at all temperatures below and formation of Li2MnO3 at
temperatures above 650°C. In this chapter, the thermal decomposition products of
LiMnO4*3H2O under a constant oxygen flow at 220°C will be further analyzed.

5.2 Experimental
Synthesis of the Lithium, Calcium and Magnesium permanganate
Lithium, magnesium and calcium permanganates were synthesized by metathesis
reaction from silver permanganate [149] which was precipitated via adding a solution of
silver nitrate (5.0963 g, 30mmol AgNO3 in 20 ml H2O) to a potassium permanganate
solution (4.7419 g, 30mmol KMnO4 in 100 ml H2O). It is very important that the
suspension is stirred for at least 4‐5 hours to complete the cation exchange reaction.
Otherwise potassium cations will always carried to the next reactions steps. The
AgMnO4 was filtered and washed carefully three times with cold deionized water. The
purity of the permanganate was proven by powder XRD experiments (Fig. 5‐1).
⟶
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Fig. 5‐1: XRD powder pattern of synthesized AgMnO4.

All permanganates were synthesized according to the procedure described for the
lithium salt. Lithium permanganate was synthesized by adding 6.8092 g, 30 mmol of
Ag(MnO4) to a solution of 1.1869 g, 30 mmol of LiCl in 100 ml deionised water. AgCl was
separated by centrifugation and the remaining lithium permanganate was crystallized
through evacuation of the solvent [150]. Lithium, magnesium and calcium
permanganates (Chapter 5.5) contain crystal water. The purities of the as‐synthesized
compounds were proven by powder XRD experiments (Fig. 5‐2) and by elemental
analysis proving the absence of silver and potassium cations in the products.
⟶
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Fig. 5‐2: XRD powder patterns of as‐synthesized LiMnO4*3H2O (top) and
Mg1.06(MnO4)2 *6H2O (down)

Drying and Decomposition of LiMnO4*3H2O
All three permanganates were dried under a constant oxygen flow at 80°C. The dry
LiMnO4 was used for solubility tests. The thermal decomposition was done under a
constant oxygen flow at 220°C. The products were characterized by powder XRD and
TEM. Working electrodes were prepared by mixing 70 wt.% of the active material
22 wt.% with Super P (Timcal) and 8 wt.% PVDF in a Toluene:THF (4:1) mixture. The
electrode mixtures were ground in a mortar for 5 min. Subsequently, the slurries were
dropped on a titanium current collector and dried at room temperature for about 5 min
followed by drying at 85 C over night. The electrochemical behaviors were tested under
galvanostatic cycling conditions in 2.3 to 4.1 V (electrolyte LP30) and 2.0 to 4.5
(electrolyte LF30) voltage windows at 50 Ah/kg, respectively.

125

5.2 Experimental

Synthesis of Li3MnO4 and related materials
Li3MnO4 was synthesized according the procedure describe by Saint et al. [145]. An
initially ground mixture of LiMnO4*3H2O and LiOH*H2O in a 1:2 ratio was introduced
into a furnace under flowing oxygen at room temperature. The mixture was heated at
80°C for 2 h to remove the structural water. The mixture was re‐ground in a ball mill
(300rpm, 30min) under argon atmosphere, and thereafter, the furnace temperature
raised by 15°C. This step was repeated three times up to a temperature of 125°C. After
1h at 125°C, heating was continued at 170°C for 2 h. The resulting green‐blue powder
shows the typical reflections of Li3MnO4 in the XRD powder pattern (Fig. 5‐3). The
compound is very sensitive to the reaction time. Further heating as well as storing in air
lead to decomposition to an amorphous brown product.
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Fig. 5‐3: XRD powder pattern of Li3MnO4.
The syntheses of the mixed permanganates phosphate materials were done according
to the procedure described for Li3MnO4. All amorphous manganite/phosphate materials
were prepared from the dried permanganates LiMnO4, Ca(MnO4)2 or Mg(MnO4)2 with
LiOH and Li3PO4. The initial mixtures were ground in a ball mill (300 rpm; 30 min) under
inert conditions. Because of the high resistivity of all samples, electronic conductivity
measurements were performed by a two point contact method only. The specimens
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were pressed into pellets with 6 mm diameter at 200°C. The applied current was 1 nA.
Since the geometry was not exactly defined, the obtained values have to be treated
with care.
Magnetic measurements were carried out using a SQUID Magnetometer MPMS 5S, in
quartz tubes.
All electrode preparation steps were done under inert conditions. The working
electrodes were prepared by mixing 50 wt.% of the active material with 40 wt.% Super P
(Timcal) and 10 wt.% PVDF 10 wt.% in a toluene:THF (4:1) mixture. The electrode
mixtures were ground in a mortar for 5 min. Subsequently, the slurries were dropped on
a titanium current collector and dried at room temperature for about 5 min followed by
drying at 85 C over night. The homemade test cells were assembled in an argon filled
dry glove box. LP 30 (Merck) served as electrolyte. The electrochemical data were
collected under galvanostatic cycling conditions in the 2.3 to 4.1 V range at 20 Ah/kg.
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5.3 Characterization of the Decomposition Product of LiMnO4
The powder XRD pattern of the LiMnO4 decomposition product shows only three broad
weak reflections, which can be assigned to Li2MnO3, as shown in Fig. 5‐4. The low
intensities and the broadening of the reflections point to a low degree in crystallinity,
which may be traced back to crystallites in the nanometer range but may also be due to
a low grade of crystallinity.
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Fig. 5‐4: XRD powder pattern of the decomposition product of LiMnO4 at 220°C under a
constant oxygen flow.

In the HRTEM bright field image (Fig. 5‐5 Left), the crystallite size can be identified to
approximately 20 nm. The indexed electron diffraction pattern is displayed in Fig. 5‐5
right. The determined d‐values are compared to literature values of Li2MnO3 [139] in
Table 5‐2. Experimental and literature data nicely match if one considers the typical
error range of electron diffraction. Consequently, the TEM analysis supports the XRD
analysis and confirms the nature of the crystallites as being Li2MnO3 in form of
nanometer sized crystallites.
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Fig. 5‐5: LiMnO4 decomposition product: left ‐ HRTEM bright field image; right ‐
indexed electron diffraction pattern.
Table 5‐2: Comparison of the experimentally determined d‐values with literature data
for Li2MnO3.
Literature d‐values of Li2MnO3 [139]
4.74 Å
2.42 Å
2.02 Å
1.42 Å

Experimental d‐values
4.68 Å
2.47 Å
1.97 Å
1.41 Å

No other crystalline material was found in the product neither by XRD methods nor TEM
analysis. However, the stoichiometry of the reaction does not allow a full conversion of
LiMnO4 to Li2MnO3 for obvious reasons. That is why an amorphous side phase, for
example MnO2, has to be postulated according to:
2

⟶

1.5

5‐3

The electrochemical behavior of Li2MnO3 and MnO2 are very characteristic, but
different. Li2MnO3 has to be activated via charging until 4.5 V [151]. The activated
species Li2MnO3‐x shows electrochemical activity above 4 V. Different from that, the
cycling of MnO2 is dominated by a flat discharge plateau around 2.9 V [152].
Furthermore, charging to high voltages results in a collapse of the MnO2 structure,
leading to a strong capacity fading [153]. Consequently, the decomposition product of
LiMnO4 is expected to show different electrochemical behaviors depending on the
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applied voltage windows (cf. Fig. 5‐6). The cycling in the smaller voltage window from
2.3 to 4.1 V is dominated by a flat plateau around 2.9 V, indicating activity of a MnO2
phase. The theoretical specific charge of MnO2 is 308 Ah/kg. According to eq. 5‐2 the
electrode material may consist of 50% MnO2 and thus should exhibit a specific charge of
154 Ah/kg in that voltage window. The electrode reaches 120 Ah/kg corresponding to
78 % of qth.
When the voltage window is extended to the 2.0 to 4.5 V range, the curves differ
strongly: 30 Ah/kg extra specific charge are gained above 4 V. In addition, the plateau at
2.9 V is shortened and decreases during cycling. The discharge capacity above 4 V
supports process of a successful activation of Li2MnO3. Furthermore, the decrease of
the plateau assigned to MnO2 is another support, because MnO2 is unstable in the larger
voltage range and is expected to undergo chemical conversion.

Fig. 5‐6: Galvanostatic cycling of the decomposition product in different voltage
windows: left ‐ 2.3 to 4.1 V; right ‐ 2.0 to 4.5 V range; at 50 A/kg.
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5.4 Li3MnO4 and Related Compounds
The electrochemical behavior of Li3MnO4 was also electrochemically tested and the
results are similar to the behavior reported by Saint et al [145]. Again, the main problem
of a successful electrochemical application is the high solubility of LiMnO4 in the
electrolyte LP30 and its reaction with the electrolyte. The color of the initially deep
purple solution is turning brown after two days. Storage of the solution in the darkness
delays the decomposition to about five days, only. Both, light sensitivity and high
reactivities mark the difficulty of finding an appropriate solvent for water‐free alkali and
alkaline earth metal permanganates, as already Hoppe mentioned [143]. Most
importantly, the dissolution of LiMnO4 has to be prevented.
Syntheses of other precursor compounds like mixed alkali/earth alkali manganites(V)
failed. All attempts, starting from LiMnO4*3H2O with Mg(OH)2, Ca(OH)2, or from
Mg(MnO4)2*5H2O with Li(OH) and Ca(OH)2, or even from Ca(MnO4)2*4H2O with
Mg(OH)2 and Li(OH) yielded brown amorphous products, in accordance with old results
from Gmelin [84].
Another attempt was the fixation of the permanganate anion in the common structure
with

phosphate

groups

as

network

former.

Indeed,

mixed

amorphous

manganite/phosphate materials were obtained, when using only one lithium equivalent
per permanganate anion. Samples of general composition Li(6+3b)‐2zMgz(MnO4)3(PO4)b
(b<1, z<3/2) have successfully been prepared. In Fig. 5‐7 the XRD powder pattern of the
starting mixture is displayed: all patterns of the educts LiMnO4, and LiOH are found and
even the Bragg reflections of the minority phase Li3PO4 are observable under the
applied XRD conditions.
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Fig. 5‐7: XRD powder pattern of the educt mixture of the reaction 3LiMnO4 + 3 LiOH + 1
Li3PO4.
In the following, XRD powder patterns were recorded after every synthesis step. After
heating at 135°C (Fig. 5‐8, top) a strong increase of the background is recorded and the
reflections of LiMnO4 have vanished, while Li3PO4 reflections have broadened. Further
heating at 145°C during 1h leads to a complete amorphization of the material (Fig. 5‐8,
down). The results of the experiments suggest a reaction according to Equation 5‐4:
3

3

1

⟶

1.5

5‐4

The resulting green product is amorphous, stable up to 240°C under inert conditions,
and decomposes at higher temperatures or during storing in air, indicated by an
irreversible color change from green to brown. The brown products are also found to be
amorphous.
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Fig. 5‐8: XRD powder patterns of the reaction product 3LiMnO4 + 3 LiOH + Li3PO4
synthesized at 135°C (top) and 145°C (down).

The reaction of LiMnO4 and two LiOH forms Li3MnO4, as described above. Interestingly,
Li3MnO4 does not merge with Li3PO4 below its decomposition temperature of 200°C,
although both compounds are isostructural [145]. The formation of the amorphous
phase Li9(MnO4)3PO4, containing phosphate and manganite groups, and the formation
of Li3MnO4 are competing reaction pathways. Consequently, employing two equivalents
of lithium yields a mixture of the amorphous phase and Li3MnO4.
Starting from Mg(MnO4)2
Mg(MnO4)2 reacts with LiOH and Li3PO4 similar to LiMnO4 Eq. 5‐4. The required reaction
temperature is 15°C higher, at 160°C, than for the reaction which exclusively utilizes
lithium containing compounds and yields a green reaction product. Its XRD powder
pattern does not show any indication for crystalline material (Fig. 5‐9), but an
amorphous product is formed as suggested in Eq. 5‐5:
3

6
⟶

2

5‐5
.

3
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Fig. 5‐9: XRD powder pattern of the reaction product 3 Mg(MnO4)2 + 6 LiOH + 2 Li3PO4
prepared at 160°C under oxygen flow.

The magnetic properties of this product have been recorded in order to determine the
oxidation state of manganese. The magnetic moment of the light transition metal oxides
can be described by the spin only approximation given in Eq. 5‐6. All magnetic centers
are treated as high spin centers. The theoretically expected moments μeff of Mn4+, Mn5+
and Mn6+ have been calculated in Eq. 5‐7 to 5‐9:
∗
:
:
:

5‐6

2

∗ 3 3

2

3.87

5‐7

∗ 2 2

2

2.82

5‐8

∗ 1 1

2

1.73

5‐9

The magnetic behavior of the amorphous product can be described as paramagnetic. It
deviates from the Curie‐Weiss‐Law below 100 K. This may have several reasons, most
likely collective magnetic ordering phenomena not only due to the main product but
also arising from an impurity phase, such as β‐MnO2, which has a Neél‐ temperature of
92 K [154]. Further investigations will be necessary to explain the magnetic behavior of
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the amorphous product in detail. Since the high temperature part (T > 200 K) follows
the Curie‐Weiss law, the effective magnetic moment can be calculated from the
gradient C (Curie constant) of the linear fit of the plot χ‐1 vs. T via Equation 5‐10 (z is the
number of magnetic centers in the formula unit) [155].
5‐10
2.82
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Fig. 5‐10: Temperature dependence of the magnetic susceptibility of amorphous
Mg3Li12(MnO4)3(MnO3)3(PO4)2.

With the formula weight of the reaction product, the effective magnetic moment is
calculated to be 3.02 μB according Eq. 5‐4. This value is slightly higher than expected for
a Mn(V) compound.
Regarding the stoichiometry of the reaction, half of the permanganate should react with
one lithium equivalent to a Mn(VI) material, the other half could undergo a thermal
decomposition via oxygen loss to other manganites like MgMnO3:
⟶

1.5

5‐11

Such an oxygen loss would yield a lower molecular weight of (1011.4 g/mol). To test this
hypothesis, the magnetic data were fitted with the assumed molecular weight, again.
Fig. 5‐11 displays the behavior of χ‐1 vs. T in the high temperature region but calculated
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for this lower molecular weight yielding an effective magnetic moment of 2.94 μB. This
value is in better accordance to the theoretically expected one (2.82 μB). This indicates
that the as‐synthesized materials contain mixed‐valent manganese in oxidation states
+4 and +6.
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Fig. 5‐11: Reciprocal susceptibility vs. temperature plot of Mg3Li12(MnO4)3(MnO3)3(PO4)2
and linear fit of the curve.

The electric conductivity of the amorphous product was measured (Fig. 5‐12) in the
temperature range from 305 to 354 K. A two point method was applied due to the high
resistivity of the sample. As the exact geometry of the arrangement cannot be
determined very precise, the value of σ ≈ 10‐23 Sm‐1 at 340 K should be taken with care.
In any case, the material has to be classified as an isolator. Employing materials with
such low electric conductivity for an electrode, a very good electrically conductive
network is necessary. Thus 40 wt.% of conductive additive (Super P) was used for the
electrode preparation.
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Fig. 5‐12: Electric conductivity of the amorphous material Mg3Li12(MnO4)3(MnO3)3(PO4)2.

Electrochemical Characterization of the Amorphous Materials
Mg3Li12(MnO4)3(MnO3)3(PO4)2 and Li9(MnO4)3PO4
The amorphous material Li9(MnO4)3PO4 synthesized from LiMnO4 was found to be
electrochemical

inactive.

However,

the

magnesium

containing

sample

Mg3Li12(MnO4)3(MnO3)3(PO4)2 shows an OCV of 3.4 V and some electrochemical activity.
Test cells were started under charging (Fig. 5‐13, left) as well as under discharge
conditions (Fig. 5‐13, right). Under charging conditions a plateau occurs at 3.9‐4.1 V. The
capacity of 75 Ah/kg is found to be irreversible because no reduction process happens
at the same voltage. The following reduction exhibits 93 Ah/kg specific charge. The
second oxidation then shows the irreversible process between 3.9 ‐ 4.1 V, again. The
sum of these irreversible processes is 135 Ah/kg (75 Ah/kg, first cycle and 60 Ah/kg,
second cycle). Starting with the third cycle, the test cell stabilizes at 90 Ah/kg specific
charge and a coulomb efficiency of >98%. The reductions lack any flat plateau, as it is
expected for amorphous materials, and most of the specific charge (80 out of 90 Ah/kg)
is gained above 2.8 V.
When the test cell is started under discharge conditions, the initial reduction only
exhibits 48 Ah/kg, followed by a two oxidation steps of together 154 Ah/kg. The first
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part (2.3 to 3.8 V) is a reversible cycling process of the electrode (50 Ah/kg), and the
second part (3.8 to 4.1 V, 104 Ah/kg) represents an irreversible oxidation process. After
the second oxidation, the irreversible process is completed and the cell cycles at
85 Ah/kg with a coulomb efficiency of >98%, similarly to the cell started under charging
conditions.
The irreversible process accounts for 135 Ah/kg in both cells. This corresponds to an
extraction of 0.8 Li per Mn, if a molecular mass per manganese of 168.5 g/mol is
considered. This irreversible process can be explained either by oxygen evolution
(compare activation of Li2MnO3) or by an irreversible increase in the average oxidation
state from +5 to +5.8. Oxygen loss is more probable and was observed for many
comparable oxides at a voltage around 4 V and above [156]. The amorphous materials
with the supposed composition Li9(MnO4)3(PO4) and Mg3Li12(MnO4)3(MnO3)3(PO4)2 were
not further investigated due to the strong irreversible specific charge, the low energy
content and the poor electronic conductivity.
4.0

4.0

Voltage [V]

3.5

3.0

1°
2°
10°
20°

3.5

Voltage (V)

1°
2°
5°
10°

3.0

2.5

2.5

0

20

40

60

80

Specific Charge [Ah/kg]

100

120

0

20

40

60

80

100

120

Specific Charge (Ah/kg)

Fig. 5‐13: Cycling behavior of Mg3Li12(MnO4)3(MnO3)3(PO4)2 in the 2.3 to 4.1 voltage
window at 20 Ah/kg. Left: initial charge; right: initial discharge
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5.5 Crystal Structure Determination of [Ca(H2O)4(MnO4)4/2]∞1
Surprisingly, the crystal structure of Ca(MnO4)2*4H2O has not been determined, yet.
When synthesizing Ca(MnO4)2*4H2O for the use as starting materials, I was able to grow
suitable single crystals of Ca(MnO4)2*4H2O for a XRD structure determination.

5.5.1 Experimental
The title compound was synthesized by adding solutions of 0.9072 g, 4mmol of
Ag(MnO4)[2] and 0.3409 g, 2 mmol of CaCl2*2H2O each in 25 ml deionised water. The
AgCl was separated by centrifugation. The solution was concentrated in vacuum to a
volume of 10 ml and transferred into a 20 ml scintillation vial with a 1mm hole in the
cap. Crystals large enough for a single crystal diffraction experiment were formed after
15 days.
A well‐faced single crystal was selected and mounted in a Mark‐tube together with
mother liquor on a Bruker SMART Platform with CCD‐Detector diffractometer. The
crystal was kept at 293 K during data collection. Using Olex2 [157], the structure was
solved with the XS [158] structure solution program using Direct Methods and refined
with the XL [159] refinement package using Least Squares minimization.

5.5.2 Discussion of the structure
Many of the permanganates have structurally been characterized. However, for some of
them only the unit cell parameters are known. In this chapter the crystal structure of
calcium permanganate tetrahydrate is presented. The compound crystallizes with the
orthorhombic space group symmetry Pccn (No. 56). The crystal structure consists of
/

‐chains extending along the c‐axis. The coordination

polyhedron of the Mn7+ in the permanganate anion is a slightly distorted tetrahedron.
The calcium cations are eight‐foldly coordinated by four oxygen atoms of the water
molecules and four oxygen atoms belonging to four different permanganate anions. The
resulting coordination polyhedron is best described by a distorted square antiprism. The
Ca‐O(water) distances are with 2.393(2) Å and 2.36(2) Å clearly shorter than the Ca‐
O(permanganate) with 2.520(2) Å and 2.504(2) Å.
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When allowing a maximum O‐O distance in OH···O of 3 Å, the structure can be
described as slabs of

/

‐chains linked via hydrogen bonds. These

slabs are stacked along the crystallographic a‐axis.
In the lithium permanganate, described by Hoppe and Fischer [150] cations are not
directly coordinated by the permanganate ions, as we observe it in this Ca‐
permangante, but exclusively surrounded by water molecules.

/

‐chains

are linked via hydrogen bonds (maximum OH···O‐distance of slightly less than 3 Å) to
the permanganate anions.
In calcium permanganate tetrahydrate the O‐H bond length within the water molecules
are with values between 0.72 Å ‐0.75 Å slightly too short compared to the O‐H bond
length in pure water [160]. This can be explained due to the big anisotropic
displacement of these oxygen atoms. A general rule for determining the presence of
hydrogen bonds is the O···O distance in O‐H···O which should be shorter than the sum of
the van de Waals radii of the oxygens with 2.8 Å. This is not the case in the title
compound. For instance the O1‐O5 distance is 2.965 Å. Anyhow, there are weak
hydrogen bonds due to the short distances of O1‐H6A, O1‐H5A, O1‐H5B and O5‐H6B
with 2.217 Å, 2.242 Å, 2.305 Å, 2.472 Å. These HO bond lengths are shorter than the
sum of the Van de Waals radii of HO. In addition the angles of the assumed hydrogen
bonds of O1···H5B‐O5, O6‐H6B···O5, O6···H6A‐O1 and O5···H5A‐O1 are 162.0, 168.4°,
163.1° and 166.1° are in the typical range of hydrogen bonds [78].
The very long OH···O distances between the slabs of the calcium permanganate avoid a
strong binding via hydrogen bonds. Probably, this weak bonding is the main reason for
the strong hygroscopic behavior of calcium permanganate tetrahydrate compared to
lithium permanganate trihydrate, because water molecules of the humidity can attack
these positions and the crystal structure breaks down. The crystallographic data are
given in the appendix.
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Fig. 5‐14: Crystal structure of
. The Ca2+ is eightfold
/
coordinated by 4 permanganate tetrahedrons (grey) and 4 water molecules. The
resulting chains are in b direction.
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5.6 Conclusions
The permanganates of Li, Mg and Ca as well as Li3MnO4 were successfully synthesized.
The main problem of using permanganate based cathode materials is the dissolution in
the electrolyte. One thermal decomposition product of LiMnO4 under a constant flow of
oxygen is identified as Li2MnO3. There are strong hints that the second so far
unidentified phase is amorphous MnO2, due to the characteristic electrochemical
behavior. Furthermore, amorphous materials containing manganite and phosphate
groups exist. Following the main results are summarized:
 Li3MnO4 and Li3PO4 do not form a solid solution.
 When using two LiOH equivalents per manganese, formation of an amorphous
phase and of Li3MnO4 compete.
 The reactions between LiMnO4 or Mg(MnO4)2, LiOH and Li3PO4 form green
amorphous materials, when employing one LiOH equivalent per manganese.
 The average oxidation state of Mn in Mg3Li12(MnO4)3(MnO3)3(PO4)2 is +5,
determined by magnetic measurements (μeff = 2.94 μB).
 The stoichiometry as well as the magnetic behavior suggest that the material
consist of 50% Mn6+ and 50% Mn4+. The sum formula can be written as
Mg3Li12(MnO4)3(MnO3)3(PO4)2.
 Mg3Li12(MnO4)3(MnO3)3(PO4)2 is an isolator because the electronic conductivity is
σ ≈ 10‐23 Sm/cm at 330 K.
 The amorphous material Li9(MnO4)3(PO4) does not show any electrochemical
activity.
 Mg3Li12(MnO4)3(MnO3)3(PO4)2 shows electrochemical activity. It can undergo an
oxidation as well as a reduction in the initial curve. Furthermore it exhibits an
irreversible anodic specific charge of 0.8 Li equivalents, which is probably
originated from oxygen loss.
 The crystal structure of [Ca(H2O)4(MnO4)4/2]∞1 is determined.
 The strong hygroscopic behavior of Ca(MnO4)2*4H2O compared to Li(MnO4)*3H2O
can be explained by weaker (means longer) hydrogen bonds in the structure.
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Since the first assemble of the Rocking‐chair battery by Yoshino, LIBs have become the
power source to choose for portable electronics. During the 15 years of application,
they have reached a high level of maturity and confidence. The experiences and the
ongoing improvements open the application field for more demanding tasks such as
PHEV, EV as well as stationary power grid support. However, the state of the art LIBs do
not show an energy density high enough to power a EV that has a comparable comfort
than a combustion engine car. That is why, the research on LIBs have to stay in the focus
of many groups coming from different technical communities in materials science, solid
state chemistry, organic chemistry, physical chemistry, electrochemistry, engineering,
physics, etc., because if one part of the highly complex LIB system is changed, all other
components are at least influenced or have to be replaced, too.
The present work focused on the development of new cathode materials or cathode
composites based on transition metal compounds in high oxidation states.
The problems of using a permanganate based cathode material are intensively
discussed in Chapter 5. The main problem is the high solubility of LiMnO4 in the
common electrolytes. An approach of binding the MnO43‐ anion by phosphate groups
results in amorphous products. The average manganese oxidation state is +5 in these
materials. Unfortunately, these materials show a very high electronic resistivity σ ≈ 10‐23
S/cm. In addition, the electrochemical properties are not promising for the use as a
cathode material. During the search for new cathode materials, the not yet published
crystal structure of [Ca(H2O)4(MnO4)4/2]∞1 was determined.
Several vitreous materials in the LiO2‐V2O5‐P2O5‐MxOy system were synthesized and
electrochemical characterized. A higher amount of network former (Li3PO4, LiPO3, P2O5)
leads to denser microstructure and to a reduced grinding efficiency. The resulting bigger
vitreous particles combined with a denser glass surface lowers the electrochemical
activities of the tested cathode materials. Glasses synthesized from V2O5 show similar
electrochemistry than pure V2O5, while the electrochemistry of glasses made from LiVO3
resemble the one of pure LiVO3. With the help of the electrochemical experiments it
could be shown that three Li per P atom are irreversible embedded into the vitreous
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network, which correlates to an orthophosphate formation. Further work will be
necessary to evidence the orthophosphate model with the help of different
spectroscopic methods. This reduction process leads to a correlating amount of
irreversible capacity in the initial cycles, when it is used as cathode material. In Addition
the oxidation state of the vanadium is reduced and the specific energy drops strongly
after the initial insertion. This irreversible process can be avoided when Li3PO4 is
employed as network former and modifier. The electrochemical properties of the
V2O5*Li3PO4 glasses are promising in terms of stored energy amount, but the capacity
retention is not good enough. The specific charge similarly fades to most vanadium
based cathode materials, in the literature described. The most important approach is
the particle size reduction. If this would be successful, V2O5*Li3PO4 glasses (or related
glasses) could act as the next generation cathode materials in LIBs.
In Chapter 3, a new approach of combining chemical lithiation and carbon coating of
transition metal oxides in high oxidation states is presented. The importance of carbon
coatings is demonstrated in the introduction. The decomposition of Li2C2 on the surface
of oxidative particles leads to the formation of elemental carbon as well as to a lithium
intercalation of the oxidant. This powerful method is demonstrated at various oxidants,
V2O5, MoO3 and FePO4, H2V3O8 and V2O5*P2O5*Li2O glasses. The approach could be
extended to the use of NaOCP, as reducing and insertion agent. Sodium intercalates
MoO3 or V2O5, respectively, and a polymeric shell is formed. The here presented
methodology opens a wide field of surface coatings on different substrates. Surface
coatings seem to be the best way for preventing a continuously growing SEI, which is
the main reason for capacity fading, especially of vanadium based cathode materials as
the presented glasses.
Furthermore, the electrochemical knowledge increased strongly in the last years, so
that electrochemical experiments cannot be used only for recording data, but also for
helping analyzing compounds, in terms of different chemical environments, as shown in
all chapters of this dissertation.
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8.1 Experimental Infrastructure
Powder X‐Ray Diffraction
Bruker AXS D8 PD, PSD‐50m Detector (M‐*Braun), CuKα1 = 1.54056 Å, in Bragg‐Brentano
geometry.
Stoe STADI P, equipped with Dectris MYTHEN 1k silicon strip Detector, bent Ge‐
Monochromator,CuKα1 = 1.54056 Å.
Single Crystal X‐Ray Diffraction
BrukerSMART Platform with CCD detector, MoKα1 = 0.71073 Å.
Electrical Resistivity and specific heat Measurements
Physical Properties Measurement System from Quantum Design QD‐PPMS 9.
Furnaces
Resistivity tube furnace Heraeus Ro 4/50 for syntheses up to 1100
Resistivity tube furnace GERO HTRV 40‐250 for syntheses up to 1700
Electric Arc Furnace inside a dry box with argon
Magnetic Measurements
SQUID Magnetometer MPMS 5S, in quartz tubes.
Differential‐ and Thermogravimetry
Netsch STA 409, in corundum crucibles.
Netzsch DSC 404, in corundum crucibles.
Ultrasound
BANDELIN SONOREX SUPER 10 (maximal power 410 W).
Electrochemistry
Galvanostatic and potentiodynamic measurements were monitored by Astrol, a
program from Astrol Electronic AG. A potentiostat (BAT‐SMAL battery cycler) was
connected using a serial cable to a personal computer via a serial/analog converter.
The in‐house built two electrodes cells are describe in Chapter 1.5.
Raman Spectroscopy
Roomtemperature Raman spectra were recorded from a WITec CRM200 confocal
micro‐Raman spectroscope using a 532 nm green laser delivered through a single mode
optical fiber. This type of fiber supports only a single transversal mode which can be
focused to a diffraction‐limited spot of about 400 nm (100× objective of NA = 0.8). The
backscattered light was cut by a super‐notch filter and focused into a 50 μm pinhole.
The spectrometer was equipped with a Peltier‐cooled charge coupled device (CCD)
camera. The spectral resolution was 1 cm−1.
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Electron Microscopy
Electron microscopy was performed in
 a Tecnai F30 microscope (manufactured by FEI) with a field emission gun (FEG),
Vacc = 300kV, and Cs = 1.2 mm.
 FEI Quanta 200 FEG High Voltage: 0.2‐30 kV, Emitter: Schottky Type, Detector: SE, BSE;
EDAX Pegasus EDX+EBSD, GATAN MiniCL.
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8.2 Rietveld refinement of ε‐Li0.3V2O5
The Rietveld refinements were carried out with the program PC‐GSAS. The lithium
positions were not included into the crystal structure. In case of ε‐Li0.3V2O5 two
intercalated phases were refined. NBS‐silicon was used as internal standard.
Table 8‐1: Crystallographic data and structure refinement for ε‐Li0.3V2O5.
Empirical Formula
Temperature
Crystal system
Space group
Uni cell dimensions

Volume; Z
Density
Measurement

No. Variables
final R values

LiXV2O5 (1)
298 K
orthorhombic
Pmmn Z; (59)
a = 11.44(1) Å
b = 3.566(4) Å
c = 4.467(4) Å
182.4(3); 2
3.311 gm/cm3
STOE STADIP
Ge monochromator,
DECTRIS Mythen 1K
detector
λ (Cu‐Kα1) = 1.54056Å
4
wRp = 0.0951
Rp = 0.0716
Χ2 = 2.229
R(F2) = 0.1447

LiXV2O5 (2)

Si
Cubic
F d‐3m (Z); 227
a = 5.4291(6) Å

Pmmn Z; (59)
a = 11.483(4) Å
b = 3.562(1) Å
c = 4.411(1) Å
180.50(8); 2
3.346 gm/cm3

160.02(5); 8
2.331 gm/cm3

Table 8‐2: Positional and displacement parameters Uiso /(Å2) of phase 1.
Atom
V1
O1
8O2
O3

Wyckoff
position
4f
4f
4f
2a

X

Y

Z

Uiso

occupancy

0.098(7)
0.11(2)
‐0.10(3)
0.25

0.25
0.25
0.25
0.25

0.90(1)
0.52(3)
‐0.01(6)
‐0.039(5)

0.015
0.031(5)
0.031(5)
0.031(5)

1
1
1
1

Table 8‐3: Positional and displacement parameters Uiso /(Å2) of phase 2.
Atom
V1
O1
O2
O3

Wyckoff
position
4f
4f
4f
2a

X

Y

Z

Uiso

occupancy

0.099(2)
0.111(8)
‐0.064(7)
0.25

0.25
0.25
0.25
0.25

0.891(5)
0.53(1)
0.00(1)
‐0.03 (2)

0.018(8)
0.020(2)
0.020(2)
0.020(2)

1
1
1
1
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Table 8‐4: Positional and displacement parameters Uiso /(Å2) of silicon standard
Atom
Si1

Wyckoff
position
8a

X

Y

Z

Uiso

occupancy

0.125

0.125

0.125

0.027(1)

1

Fig. 8‐1: Rietveld Refinement plot of Li0.3V2O5
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8.3 Rietveld refinement of ε‐Li0.5V2O5
Table 8‐5: Crystallographic data and structure refinement for ε‐Li0.5V2O5.
Empirical Formula
Temperature
Crystal system
Space group
Uni cell dimensions

Volume; Z
Density
Measurement

No. Variables
final R values

LiXV2O5
298 K
Orthorhombic
Pmmn Z; (59)
a = 11.41(1) Å
b = 3.562(2) Å
c = 4.507(4) Å
183.3(2); 2
3.311 gm/cm3
STOE STADIP
Ge monochromator,
DECTRIS Mythen 1K
detector
λ (Cu‐Kα1) = 1.54056Å
4
wRp = 0.0800
Rp = 0.0612
Χ2 = 5.893
R(F2) = 0.0940

Si
cubic
F d‐3m (Z); 227
a = 5.4283(3) Å

159.95(3); 8
2.331 gm/cm3

Table 8‐6: Positional and displacement parameters Uiso /(Å2) of ε‐Li0.5V2O5.
Atom
V1
O1
O2
O3

Wyckoff
position
4f
4f
4f
2a

X

Y

Z

Uiso

occupancy

0.101(2)
0.107(7)
‐0.073(6)
0.25

0.25
0.25
0.25
0.25

0.890(5)
0.54(1)
‐0.01(1)
‐0.02(2)

0.025(6)
0.04(1)
0.04(1)
0.04(1)

1
1
1
1

Table 8‐7: Positional and displacement parameters Uiso /(Å2) of silicon standard.
Atom
Si1

Wyckoff
position
8a

X

Y

Z

Uiso

occupancy

0.125

0.125

0.125

0.024(6)

1
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Fig. 8‐2: Rietveld Refinement plot of the Li0.5V2O5
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8.4 Crystallographic Data of Ca(MnO4)2*4H2O
Table 8‐8 Crystal data and structure refinement for CaMn2H8O12
Identification code

CaMn2H8O12

Empirical formula

O12H8CaMn2

Formula weight

350.02

Temperature/K

293

Crystal system

orthorhombic

Space group

Pccn (No. 56)

a/Å

13.9791(19)

b/Å

5.5404(8)

c/Å

13.3908(18)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å3

1037.1(2)

Z

4

ρcalcmg/mm3
m/mm

‐1

2.242
2.979

F(000)

696.0

Crystal size/mm3

0.5 × 0.1 × 0.1

2Θ range for data collection

5.82 to 66.66°

Index ranges

‐21 ≤ h ≤ 21, ‐8 ≤ k ≤ 8, ‐20 ≤ l ≤ 19

Reflections collected

13335

Independent reflections

1917[R(int) = 0.03322]

Data/restraints/parameters

1917/2/85

Goodness‐of‐fit on F2

1.116

Final R indexes [I>=2σ (I)]

R1 = 0.0318, wR2 = 0.0659

Final R indexes [all data]

R1 = 0.0498, wR2 = 0.0702

Largest diff. peak/hole / e Å‐3

0.42/‐0.59
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Table 8‐9 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement
Parameters (Å2×103) for CaMn2H8O12. Ueq is defined as 1/3 of of the trace of the
orthogonalised UIJ tensor.
Atom

X

Y

Z

Mn

1315.26(19)

5116.3(5)

971.56(19)

21.35(8)

Ca

2500

2500

3495.4(4)

21.03(10)

O1

860.4(11)

7809(3)

1012.6(11)

36.6(3)

O2

483.7(13)

3168(3)

897.4(14)

49.1(4)

O3

1998.7(12)

4892(3)

8.1(11)

38.2(4)

U(eq)

O4

1923.8(13)

4674(3)

1969.7(12)

44.2(4)

O5

3844.8(11)

191(3)

4053.8(12)

32.4(3)

O6

3741.1(15)

5115(4)

2970.9(14)

45.6(5)

Table 8‐10 Anisotropic Displacement Parameters (Å2×103) for CaMn2H8O12. The Anisotropic
displacement factor exponent takes the form: ‐2π2[h2a*2U11+...+2hka×b×U12]
Atom

U11

U22

U33

U23

U13

U12

Mn

23.83(13)

22.06(13)

18.17(12)

‐0.37(11)

0.07(10)

1.08(10)

Ca

22.5(2)

23.2(2)

17.35(19)

0

0

1.9(2)

O1

45.6(8)

29.9(7)

34.3(7)

‐2.1(7)

‐4.3(7)

11.8(6)

O2

41.7(9)

42.6(9)

63.0(11)

‐12.2(9)

11.0(8)

‐15.9(7)

O3

44.6(9)

42.2(8)

27.8(7)

‐8.3(7)

11.9(6)

‐3.8(7)

O4

54.7(10)

50.9(10)

27.1(7)

5.7(7)

‐11.2(7)

13.6(8)

O5

27.5(7)

40.5(9)

29.1(7)

7.2(8)

0.2(6)

6.2(6)

O6

54.9(11)

53.1(11)

28.9(8)

10.9(9)

‐6.9(8)

‐26.7(9)
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Table 8‐11 Bond Lengths for CaMn2H8O12.
Atom Atom Length/Å

Atom Atom Length/Å

Mn

O1

1.6227(15)

Ca

O4

2.5049(16)

Mn

O2

1.5895(16)

Ca

O53

2.3937(15)
2.3936(15)

Mn

O3

1.6101(15)

Ca

O5

Mn

O4

1.6031(15)

Ca

O6

1

Ca

O3

Ca

2.5201(15)

3

2.5049(16)

O3

Ca

2.5201(15)

2

O4

2.3670(18)

Ca

O6

3

2.3670(18)

O3

4

2.5201(15)

Ca

Table 8‐12 Bond Angles for CaMn2H8O12.

Atom
O2

Atom
Mn

Atom
O1

Angle/˚
109.88(9)

Atom
3

O5

Atom

Atom

Angle/˚

Ca

O4

75.24(6)

3

O2

Mn

O3

109.36(9)

O5

Ca

O4

75.24(6)

O2

Mn

O4

109.66(10)

O5

Ca

O53

143.59(8)

Ca

1

139.84(6)

2

73.31(6)

2

139.84(6)

1

73.31(6)

3

O3
O4
O4
1

O3

3

O4

O4
3

Mn
Mn
Mn
Ca
Ca
Ca

O1
O1
O3
2

O3

109.30(8)
108.67(8)
109.96(10)
73.02(8)

3

O6

3

O6
O6

O6

Ca
Ca

O3
O3

O3

2

119.48(5)

O6

Ca

O4

72.50(6)

1

119.48(5)

O6

Ca

O4

72.50(6)

O3

O3

1

3

Ca

O3

3

O4

Ca

O3

145.00(6)

O6

Ca

O4

79.44(7)

O4

Ca

O32

145.00(6)

O6

Ca

O43

79.44(7)

Ca

3

70.70(8)

O6

Ca

O5

109.95(7)

1

71.71(6)

O6

Ca

O5

81.04(7)

O4
3

O5

3

O5

O5
O5
O5
3

O5

Ca
Ca
Ca
Ca
Ca
Ca

O4

O3

2

O3

2

O3

1

O3

O4
3

O4

79.14(6)
71.71(6)
79.14(6)

3

3

O6

O6
3

O6

Ca

3

81.04(7)

3

O5

Ca

O5

109.95(7)

Ca

O6

145.48(10)

4

139.85(6)

Mn

O3

Ca

139.85(6)

Mn

O4

Ca

148.16(9)
157.53(11)
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Table 8‐13 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters
(Å2×103) for CaMn2H8O12.

Atom

X

Y

Z

U(eq)

H5A

3822(18)

‐230(40)

4586(16)

31(7)

H5B

4309(17)

780(50)

3970(20)

41(8)

H6A

3790(20)

5440(60)

2456(19)

50(10)

H6B

3860(30)

6150(70)

3270(30)

108(18)
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