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Center of Materials Science (CMAT)

Nanotechnikum Weinberg, since 2008, 1800 m2 labs, 620 m2 cleanroom 

Central lab units (CMAT-MLU Halle)
✦ Nanostructuring: lithography, thin film deposition, device prototyping
✦ Nanoanalysis: electron microscopy, optical characterization, positron annihilation

Research disposal area (Bio–Nano Center) 
for physists, chemists, materials scientists, biologists, pharmacists
MLU, MPI, Fraunhofer, TGZ (KMU)
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Spiel und Spaß für jedermann 

Willkommen 
     zum Sport- und 

      Familienfest auf dem

Unter der Schirmherrschaft des Rektors der Martin-Luther-Universität
Halle-Wittenberg Prof. Dr. Udo Sträter laden der weinberg campus e.V. und 
die Unternehmerinitiative BFamilienfreundliches HalleD am 2. Juli 2011 zum 
Sport- und Familienfest auf dem weinberg campus ein. 

Von 10.00 Uhr bis 14.00 Uhr verwandelt sich der weinberg campus rund 
um die Heinrich-Damerow-Straße in einen Sport- und Spielplatz für Groß und 
Klein. Auch für die Verpflegung zu moderaten Preisen ist gesorgt.

Aktionen 10.00 Uhr @ 14.00 Uhr

Englisches Kindertheater EBilly on StageH

M Musical BSightseeing through HalleD 
   (12.00 Uhr, Frauenhofer Institut, Walter-Hülse-Straße 1)

Spiel und Spaß für Kids! (Gelände Heinrich-Damerow-Straße)

M Spielinsel Bwikiwiki mamokupuniD für kleine Entdecker
M Bewegungsbaustelle für kleine Handwerker 
M Schülerlabor für kleine Forscher 
M Bastelstrecke für kleine Künstler
M Überraschung für kleine Schleckermäuler
M Kinderschminken
M Polizeitruck
M Fahrradkodierung durch die Polizei Halle 
   (Eigentumsnachweis erforderlich)
M Feuerwehr zum Anfassen

Das Fest findet bei jeder Witterung statt. 

Mit freundlicher Unterstützung der Deutschen Bank.

Universität
campus e.V. und s
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Renewable energy materials

✦ Nanostructured thin film materials as 
functional elements for next-generation 
solar cells

✦ Silicon-related materials for 
thermoelectric applications 

✦ Novel supercapacitors 
as energy storage devices

–
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Substrate

0–3 dielectric

Negative electrode

Current collector

1 μm<~

gründerwerkstatt
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Equipment

✦ Various electron microscopes

✦ Raman microscopy, ellipsometry

✦ Atomic force microscopy

✦ Electrical/thermal transport measurements

AnalysisNanostructuring

Cleanroom class 10/100/10000
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Nanostructured materials

✦ Better energy storage devices are needed for sustainable 

energy supply.

✦ New materials are the key for basic improvements.

✦ Nanoscaled materials can be precisely adopted for energy 

harvesting, transformation and storage.

✦ Excellent properties for the selection of electrodes, 

electrolytes or dielectrics 

✦ Nano-scaled electrolytes, nanoelectrodes for lithium ion 

batteries, supercapacitors, fuel cells

✦ The same concept is followed for electrochemical, as well 

as for electrostatic storage devices.



Renewable energies = Direct energy from the sun

✦ Oil resources: 3 trillion barrels (4·1014 kg) ≙ energy of 2·1022 J; 

supplied from the Sun in 1½ days

✦ Amount of energy humans use annually: 5·1020 J, 

delivered to Earth by the Sun in 1 h

✦ Enormous power of the Sun continuously delivered to Earth: 

1·105 TW; human civilization uses currently 10 TW

Values after GW Crabtree, NS Lewis 2007
Video: NASA



Energy storage

✦ Renewable energy sources: highly discontinuous 

✦ Various energy storage concepts

✤ Thermal and thermochemical storage 
(water, water–gravel, latent heat)

✤ Chemical storage
(hydrogen)

✤ Mechanical storage
(fly wheel, pump storage station, compressed air)

✤ Electrochemical storage
(lead, lithium ion, redox flow, NaS battery)

✦ Advantages ↔ disadvantages 

→ no single solution for all applications
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Time scales

✦ Large time scales (seconds to weeks) 

✦ Short-time storage 
(fluctuations in the grid, grid management, guarantee of supply)

✦ Middle-range storage
(electromobility)

✦ Long-time storage
(e. g. longer periods without wind)



Need for energy storage

Example of the time dependence of the daily electrical power demand
[Huggins 2010]

residential use includes lighting, space heating and air conditioning, and often,
electric water heaters and cooking appliances.

The magnitude of the electrical power demand also varies with the time of the
year. There is more power used in the winter for heating, and in the summer for air
conditioning. The variation with time during the day is also generally greater in the
summer than in the winter.

The use of energy also varies with the day of the week in many cases. Whereas it
is easy to understand that there is a daily pattern of energy use, the needs are not the
same every day of the week because many activities are different on weekends than
they are during workdays. This can be seen in Fig. 1.2, which shows a typical
pattern of weekly energy use [2].

Whereas both the time-dependence and the magnitudes can vary appreciably
with the location, weather, and time of year, these general patterns are almost
always present, and pose a serious problem for the electric utility firms that both
supply and manage the transmission and distribution (T&D) electric power grid.

The electric utilities can supply this power to the grid from a number of different
sources. There are often two or three different technologies, depending upon the
load level. The least expensive is the use of coal or oil in large base-load facilities.
Thus, the utilities try to cover as much as possible of the need from such sources.
However, they are not very flexible, requiring 30–60 min to start up. In addition,
utilities typically have a modest amount of operating reserve, additional capacity
that is available to the system operator within a modest amount of time, for

Fig. 1.1 Example of the time dependence of the daily electrical power demand

4 1 Introduction

Licensed to Hartmut Leipner<hartmut.leipner@cmat.uni-halle.de>
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Electrical storage

✦ Characteristics

✤ Energy density, power density, storage time, voltage

✤ Industrial processing, prize, weight

✦ Electrochemical devices (batteries, accumulators) mainly used

✦ Disadvantages

✤ Limited lifetime, temperature range

✤ Memory effect

✤ Problems with overloading, deep discharge

✤ Low charging speeds

 

Selfdischarge  Battery:                             1 – 5 %  per year 
   

  Accum:  Li Ion:                  2 %  per month 
   Lead:          2 – 30 %  
   NiCd:        15 – 20 % 

 



Lithium ion battery

Scheme of a classical LIB
[Wallace 2009]

LixM$↔$M$+$x Li+$+$x e–

(M – metal)

Classical electrode process
(Intercalation)

Nanoelectrodes: energy conversion and storage   REVIEW 
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electrodes in PEM fuel cells. This kind of novel nanostructured electrode 
has the potential to improve the durability and stability of PEM fuel cell 
performance.

Other non-carbon catalyst supports (metal oxides) have been used 
in PEM fuel cell. For example, nanostructured titanium dioxide (TiO2)64 
electrodes display high stability when used in a PEM fuel cell as the 
cathode in acidic environments. Kamat et al.65 found that the use of 
nanostructured TiO2 as a substrate improves the performance of Pt-Ru 
catalysts for methanol oxidation. Recently, Song et al.66, 67 demonstrated 
that the use of TiO2 nanotube supports for Pt/C enhances the catalytic 
activity and mitigates against electrode poisoning by CO during 
methanol oxidation.

A recent exciting development is the cathode based on an 
intrinsically conductive polymer PEDOT which has been shown to 
have electrocatalytic activity for oxygen reduction at least matching 
Pt when a thin layer is deposited onto a porous, breathable polymer 
substrate such as Goretex68. This electrode was shown to be stable 
to CO poisoning and does not suffer from particle agglomeration. 
Undoubtedly the nanostructured surfaces encountered at the 
PEDOT – Goretex interface contributes to this perfomance.

Nanostructured electrodes for energy storage
Lithium-ion batteries
Commercial Lithium ion batteries have emerged in last decade 
as one of the great success stories of materials electrochemistry. 
They can provide high energy density coupled with long cycle life69. 
On charging, Li+ deintercalates from the cathode material and 
intercalates into the anode (Fig. 7). Discharge of the battery reverses 
this process. 

The use of nanostructured electrodes in lithium ion batteries 
(for example, using mesoporous β–MnO2) allows reversible lithium 
intercalation and deintercalation without destruction of the rutile 
structure. The use of nanostructures also increases the rate of 
lithium insertion/removal due to the short lithium ion transport 
path, enhances electron transport, increases the contact area with 
the electrolyte and provides an ability to deal with volume changes 
associated with intercalation70.

Cathodes: Lithium transition metal oxides and metal oxides 
are the two most commonly used cathode materials in lithium 
ion batteries. Nanostructured LiFePO4 powders have been used as 
cathode materials and provide a specific capacity of 125 mAh.g−1 
and 157 mAh.g−1 at discharge rates of 10 C and 1 C with less than 
0.08% fade per cycle71. Nanostructured LiFePO4/C nanocomposites 
consisting of monodispersed nanofibers of the LiFePO4 electrode 
material mixed with an electronically conductive carbon matrix have 
also been used as cathode materials. This unique nanocomposite 
delivers almost 100% of its theoretical discharge capacity at a 
high discharge rate of 3 C, and 36% of its theoretical capacity at 
the enormous discharge rate of 65 C. The performance of these 

nanocomposite electrodes is attributed to the nanofiber morphology 
overcoming problems associated with slow Li+-transport in the solid 
state, and the conductive carbon matrix overcomes the inherently 
poor electronic conductivity of LiFePO4

72.
Vanadium oxides also have useful properties as lithium cathode 

materials. Recent work73 has synthesized nanostructured vanadium 
oxides in the form of nanoribbons and nanowires and shown these to 
have excellent cycling properties. The material also shows very good 
cycling properties against ionic liquid electrolytes which hold great 
promise in improving the safety of lithium ion devices in large scale 
applications such as electric vehicles74. 

Recently we have also shown that nanostructured electrodes based 
on intrinsically conducting polymers (ICP) such as poly(aniline) or 
poly (methylthiophene) and CNTs are excellent cathode materials 
for lithium ion and lithium metal batteries75. The CNT structure is 
believed to provide a higher electronic conductivity while the ICP 
provides the electrochemical process required for the cathode. Battery 
efficiencies close to 100% with discharge capacities of 120mAh.g−1 
were achieved with Li metal and an ionic liquid electrolyte using these 
composite electrodes. 

Anodes
Although the theoretical capacity of metallic anode materials are very 
high for lithium-ion rechargeable batteries, large volume expansions 
after the lithiation process results in pulverization of the electrodes76. 
Metal alloys are alternative materials produced when particles of the 
reactive metal are finely dispersed within a solid mixed-conducting, 
metallic matrix. The inactive matrix reduces the relative volume 
expansion of the electrode and serves as a reinforcing material. By 
reducing the metal alloy particles to nanodimensions the phase 
transitions becomes more facile and the cracking within the electrode 

V
e 
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e 

Discharge

Electrolyte
Charge

Anode Cathode
Fig. 7 Schematic representation of the charge/discharge cycle for a lithium-ion 
battery.

Li
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Capacitors

ε0 dielectric constant ≈ 9·10−12 F/m

εr relative static permittivity of the dielectric 
(sometimes called dielectric constant)

Capacitance C = Amount of charge stored per unit voltage

Energy stored:



Dipole moment

✦ Induced dipole moment of a single atom by the external electric field

! Pa = qd 

✦ Polarisation of a dielectric crystal (dipole moment per volume)

! P = Nqd
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Dielectric crystal made of 
atomic dipoles. The result of 
the external field ist a surface 
charge on both terminals.
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Ferroelectrics

✦ Materialials with a finite polarization, even 

without an external field 

✦ Name misleading: no iron; properties 

resemble ferromagnetic solids

✦ Hysteresis in the polarization



Arrangement of dipoles

Metallelektrode

Ferroelectric hystereses with 
the arrangement of the dipoles

[Askeland 1996]



Structure of barium titanate

Metallelektrode

Ti4+

O2−

Ba2+

Compared to the ideal cubic 

arrangement, the positive and 
negative ions are shifted by a 

distance of d± ≈ 0.01 nm.

 d±



Design of a ceramic capacitor

Examples of ceramic capacitors. Single-layer ceramic capacitor (plate capacitor) 

and multilayer capacitor (stacked ceramic layers).

[Askeland 1996]

Metallelektrode



Double-layer capacitor

Anode CathodeElectrolyte
Separation foil

Discharge

Charge

[Abruña 2008]
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Charged double-layer capacitor with two double layers in series 

(i. e. the interfaces electrode–charged layer and charged layer–
electrolyte) with a large specific surface.

[Scherson, Palenscár 2006]

(p$pore$radius,$a0$effective ion size)



Capacity

Graphite particles with  a large specific surface
[Takamura et al 2007]

10 µm



Commercially available standard capacitors

Ceramic capacitors
based e. g. on barium titanate

Thin-film polymer capacitors
e. g. PET, PP

+ high permittivity
+ thermal stability
+ allow high frequencies

– brittle

+ high voltage
+ low conductivity
+ simple shapes

– low permittivity

Composite capacitors



Composite dielectrics

Oxide particle
polar, hydrophilic

Polymer matrix
nonpolar, lipophilic

Polymer 
Polymer

Oxide OH Polymer 

Surfactant



Mixing rules

✦ Serial or parallel connections 

✦ Isotropic statistic distribution of spherical particles in a homogeneous matrix

Simple models

εr Matrix εr Nanoparticle

100 nm

TEM

 → Permittivity of the composite ε’

Permittivity ε’ as a function of the frequency ν for different 0–3 composites

ν in Hz



Composite capacitors

Nanopartikel  
keramischer  
Dielektrika wie BaTiO3 

spezifische Ober- 
flächenbeschichtung 

Einbettung 
in Polymer-/ 
Glas-Matrix  

Verarbeitung zu dünnen  
Filmen und 
elektrische Kontaktierung 

Nanoparticles of 
ceramic dielectrics 
like BaTiO3

Specific surface 
coating

Embedding in 
polymer or 
glassy matrix

Processing to thin films 
and electric contacting

Single capacitor Multilayer capacitor Assembly Module



Advantages of composite supercapacitors

✦ Robust, negligible aging, high lifetime

✦ High charging voltages

✦ Thermal stability (operation temperatures > 60 °C possible

✦ No cooling

✦ High charging or discharging rates

✦ High efficiency

✦ Modular structure

✦ Environmentally friendly

✦ Reasonable energy and power density



Ceramic particles

✦ BaTiO3

✤ Ferroelectric, εr > 2 000

✤ Phase transitions

✦ CaCu3Ti4O12

✤ Non ferroelectric 

✤ Giant εr > 100 000

✦ Different synthesis routes

✤ Oxide mixing, Pecchini, 
Oxalate, Sol–Gel

✤ Particle size 50…100 nm

Permittivity ε’ of single crystal CCTO as a function 
of the temperature T and the frequency ν

[Lunkenheimer et al 2010]

Cooperative Phenomena in Solids with Electronic Correlations 71

Fig. 4. Temperature- and frequency-dependent dielectric constant of single-crystalline CCTO with
silver-paint contacts.

3 Colossal dielectric constants: Experimental results

In the following, we provide an overview of results from broadband dielectric spectroscopy on
various materials with CDCs as collected in the Augsburg dielectric group during recent years,
also including new, so far unpublished data. For details on the dielectric experiments and sample
preparation, the reader is referred to our earlier publications, e.g., [11,28–30,52,126,127].

3.1 CaCu3Ti4O12

As mentioned above, CaCu3Ti4O12 is the most prominent material showing CDCs. The three-
dimensional representation of Fig. 4 provides a convenient overview of the temperature and
frequency dependence of its dielectric constant. Most investigations on CCTO reported in lit-
erature were performed on ceramic samples and there were also various efforts to prepare high-
quality thin films as a first step to application [128–130]. However, the measurements of Fig. 4
were obtained on single-crystalline CCTO, which is only rarely investigated so far [2,27,28]. As
pointed out in the original publications [1,2,4], in contrast to ferroelectric materials the CDC
of CCTO remains unchanged in a relatively broad temperature range. In Fig. 4 this region cor-
responds to the plateau formed by the yellow, orange and red data points. Indeed at the lowest
frequencies of the order of several Hz, this plateau extends over the complete temperature range.
However, at higher frequencies, this range becomes successively restricted and at frequencies
above some 100MHz no CDCs are observed at all, even at room temperature [11,27]. The rea-
son for this behaviour is the strong relaxational mode typically observed in CCTO. It leads to
a step-like decrease of ε′(T, ν) with decreasing temperature or with increasing frequency. Such
characteristics is commonly found also in materials with intrinsic relaxations due to dipolar
degrees of freedom [96]. For example, it closely resembles the findings in glass forming liquids
with dipolar molecules as, e.g., glycerol, the only difference being the very large values of the
static dielectric constant reached at low frequencies and/or high temperatures [131].
In Fig. 5(a) data on the same single crystal, but now using sputtered contacts are provided

in a conventional graph showing the temperature dependence of ε′ for measurements at differ-
ent frequencies [28]. The step-like decrease of ε′(T ) with low values at low temperatures arises
from a combination of the Debye frequency-dependence shown in Fig. 2 and the semiconductor



Matrix and shell components

✦ Polymer films

✤ PVDF

✤ P(VDF-HFP) 

✤ Poly(bisphenol A-carbonate)

✦ Glasses

✦ Preparation methods

✤ Sintering, spin coating, spray deposition

✦ Surface coating

✤ Passivation of the surface, block 
aggregation/percolation, minimum of 
leakage current, high breakdown voltage

✤ Phosphonic acids; E-glass

BaTiO3 

BaTiO3 –Partikel (50 nm) umhüllt von Phosphonsäure (1-2 nm) 

P

I

O

OSiMe3
OSiMe3

+ 2H2O
P

I

O

OH
OH

- 2 SiMe3(OH)

P

OH
OH

O

F

F

F

F

F

Perfluorobenzylphosphonsäure 

Iodbenzylphosphonsäure 

 

Umhüllte Partikel liegen in Pulverform in ausreichender Menge (0,2 g) vor 

Wünschenswert ist ein Phosphor-Spektrum mit P-O-M Signal, um 
festzustellen ob Phosphonsäure an BaTiO3 bindet. 



Thin film preparation

✦ Single films, lab stage

✤ Spin coating

• Established for homogeneous solutions

• More difficult for composites

• Thickness profile may become inhomogeneous

• Problems with rectangular substrates, geometry effects

✤ Molding, pressing sintering

✦ Large areas with linear coating, spray deposition

✦ Transition to multilayers

homogeneous, reproducible, scalable, cheap
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Energy density of a capacitor

✦ Max. voltage given by the break-down voltage

✦ Storage density

✦ Typical no. for a polymer dielectric: ≈ 0,3 kWh m-3

✦ Storage efficiency of capacitors → 1

Ub = Ebd



Application of supercapacitors

✦ Control of the pitch angle of the rotors in wind turbines – big 

variation in T, independent of the grid, no maintanace

✦ Start of microturbines or fuel cells working as UPS requires 

usually some 100 kJ electrical energy within ca. 10 … 20 s

✦ Energy storage for photovoltaics; capacitors can supply periodic 

power with higher currents as coming directly from the solar 

modules

✦ Recuperation of brake energy in cars



✦ Brake which regains the electrical energy from the motor 

acting as a generator during braking (grid, energy storage)

✦ Since the 1920ies in the Swiss Krokodil

✦ Hybrid cars: electrical energy into the battery, storage 

capacitors or fly wheel

SBB Ce 6/8II electrical locomotive 
“Krokodil”, working in the 
Gotthard railway until the 1980ies

recuperare (lat.) = regain

Recuperation



✦ Regain of kinetic energy when idling or braking and feeding 

into the battery

✦ During acceleration all energy consumers which are not 

necessary are separated from the power train

✦ strong generator + electronic regulation: „dynamo” not working 

permanently

✦ Commercials: Efficieny dynamics, brake energy regain

Fuel saving in the car



Benefits of capacitors for energy storage

✦ Maintanance free, relative low weight

✦ Resistent to temperature variations

✦ Long lifetime

✦ More than 500 000 charge–discharge cycles

✦ No destruction by deep discharge



Conclusions

✦ Present energy density of capacitors low, but high power density

✦ Possibilities of short-term storage (e. g. grid stabilization, 

automotive applications, sensors) 

✦ High development potential with the overcome of materials 

science problems

© All rights reserved CMAT Halle 2013
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“Did anyone call for high-power, infinitely 

rechargeable electrical energy storage?”
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