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Ladies and 
Gentlemen, 

 
Cordially welcome for the sixth time on the col-

umns of the Bulletin of the Polish Hydrogen and 
Fuel Cells Association!  

I would like to inform those, who for the first 
time have contact with our periodical that, almost 
seven years old, Polish Hydrogen and Fuel Cells 
Association is an initiative of polish scientific socie-
ties associated with universities, research institu-
tions, Centers of Excellence and local organizations 
concerned with preservation of natural environ-
ment. The basic aim of the Association is propaga-
tion and dissemination of the development of the 
hydrogen and fuel cells technologies as well as 
consolidation of the scientific society around prob-
lems involved in the broadly understood hydrogen 
based power industry. 

We are very pleased, that our Association is con-
tinuously developing – presently counts 157 ordi-
nary members (including over 50 professors or 
senior scientists in this figure). Polish Association 
represents huge intellectual potential and in this 
regard we distinguish as against other European 
hydrogen associations. Polish Hydrogen and Fuel 
Cells Association is a member of international or-
ganizations: European Hydrogen Association (EHA) 
and Partnership for Advancing the Transition to 
Hydrogen (PATH). 

I cherish vast hope that activity of the Associa-
tion contributes to the popularization of the ideas 
of clean, modern power technologies, including the 
hydrogen technologies.  We are pleased to inform, 
that during 6 editions of the “Best thesis in the field 
of hydrogen technology and fuel cells” competi-
tion, every year an increasing number of master 
and Ph.D. theses are submitted for the contest. 
Academic lectures at AGH Open Technical Universi-

ty in the field of hydrogen technologies are orga-
nized annually. For the 3rd time we had organized 
the Summer School of Hydrogen and Fuel Cells for 
young scientists,  Ph.D. students and power indus-
try employees. The current issue of the Bulletin 
coincides with the III Polish Forum of Hydrogen and 
Fuel Cells, which took place on the 29-30 Novem-
ber in Warsaw. This year the conference has wider 
formula - "Smart Materials for Hydrogen and Re-
newable Energy” and is a satellite to the major Stra-
tegic Energy Technology Plan Conference 2011 
(www.setplan2011.pl), which is related to Polish EU 
Presidency.  The conference is devoted to the pres-
entation of Polish achievements in the area of ma-
terials for the hydrogen technologies, fuel cells and 
renewable energy systems. In the Bulletin you can 
find the papers originating from the leading scien-
tific centers in Poland, which were presented dur-
ing the III Forum „Smart Materials for Hydrogen and 
Renewable Energy”. The contents of the Bulletin 
shows that in Poland there is significant scientific 
potential in the field of new materials for modern 
energy technologies, i.e. fuel cells and hydrogen 
technologies, solar conversion systems and energy 
storage. In Poland we have large achievements 
concerning design of functional materials for high- 
and low-temperature fuel cells, hydrogen storage, 
photovoltaics, water photolysis, Li-ion batteries and 
supercapacitors. Today it seems that nanomaterials 
are the future for modern power technologies.  

You are always welcome to visit and contribute 
to the Association website: www.hydrogen.edu.pl. 

I hope that Polish Hydrogen and Fuel Cells As-
sociation will create a solid scientific background 
and will be lobbing for development of the clean 
power technologies in Poland.  

      

 
 

Prof. Janina Molenda 
President of the  

Polish Hydrogen and Fuel Cell Association 
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EIT KIC InnoEnergy Lighthouse Innodriver on „New Ma-
terials for Energy Systems” (NewMat) - bridging a gap 
between science and industry  
 

Aleksandra Czyrska-Filemonowicz, Beata Dubiel 
AGH University of Science and Technology, International Centre of Electron Microscopy for Materials Science 
& Faculty of Metals Engineering and Industrial Computer Science,  
30-059 Kraków, Al. Mickiewicza 30, Poland 
 

The InnoEnergy Knowledge and Innovation Com-
munity (KIC InnoEnergy) was designated by 
the European Institute of Innovation and Technology 
(EIT) Governing Board on the 16 December 2009 in 
Budapest [1, 2] and the priority area which this KIC 
addresses is a Sustainable Energy. The KIC InnoEnergy 
consortium is structured in six Co-location Centres 
(CC). One of these centres is the CC Poland Plus, coor-
dinated by the AGH University of Science and Tech-
nology.  
 

Innovation in energy issues sets new challenges 
for materials development. Therefore a co-
operative “NewMat” project, the Lighthouse Inno-
driver project of the CC Poland Plus, proposes a 
new strategy for materials innovation for a better 
co-development between materials design and 
implementation in energy devices.  

The NewMat project, coordinated by the AGH 
University of Science and Technology, concerns the 
implementation of new materials for enhancement 
of the existing- and introduction of innovative 
technologies of energy production. New materials 
with improved properties should increase perfor-
mance and efficiency of clean energy production, 
but also contribute to cost savings.  

The project is structured around three types of 
activities, known as the Knowledge Triangle (Fig.1): 
research, higher education and innovation.  
 
 
 
 

 

 

 

Fig.1. The Knowledge Triangle [1]. 

At present, the NewMat consortium consists of 
ten partners from education, research and industry 
sectors, representing five Co-location Centres of the 
KIC InnoEnergy. The list of the NewMat partners is 
given in the Table 1 and presented on Fig.2. 

To solve the materials’ problems defined by in-
dustry, NewMat project offers complex interdiscip-
linary research and education based on horizontal- 
and visionary concepts. It comprises multi-scale 
material investigations in atomistic-/ nano-/ micro-/ 
meso-/ macro- and engineering scales. To develop 
the new materials, a cross disciplinary studies, in-
cluding materials science, mechanics, physics and 
chemistry subjects, are carried out. In particular, 
materials for innovative energy sources, like ad-
vanced fossil fuel power plants, clean coal technol-
ogies, nuclear power plants, renewables, smarts 
grids, membranes and energy storage are investi-
gated. Transformational advances in materials faci-
litate the targets of future energy policy.  
 
The key objectives of the NewMat project are: 
 
- to develop and share expertise of the research 

community and industry partners on new mate-
rials for clean energy systems, 

- to train a new generation of engineers and re-
searchers, 

- to solve the materials’ problems defined by 
industry by complex interdisciplinary research 
based on horizontal and visionary concepts. 
 

To reach the objectives of the activities given 
above, the NewMat project is divided into two 
stages. At present, we conduct the STAGE 1 (2011-
2014) of the NewMat project, which comprises the 
research of new materials (design, modelling, 
processing, characterization, optimisation) necess- 
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Table 1. NewMat project partners. 
 Partner Co-location Centre Organization type

1 
AGH-UST 
AGH University of Science and Technolgy 

CC Poland Plus Education 

2 
UJ 
Jagiellonian University 

CC Poland Plus Education 

3 
BZF 
Bay Zoltán Foundation for Applied Research,  
Institute for Logistics and Production Systems 

CC Poland Plus Research 

4 
IFK  
Universität Stuttgart 

CC Germany Education 

5 
UU  
Uppsala University 

CC Sweden Education 

6 
IST  
Instituto Superior Técnico Lisboa 

CC Iberia Education 

7 
INP  
Grenoble Institute of Technology 

CC Alps Valleys Education 

8 
EDP  
Energias de Portugal, SA 

CC Iberia Industry 

9 
EDF  
Electricité de France 

KIC level partner Industry 

10 
RAFAKO S.A 
 

CC Poland Plus Industry 

 
 

 
Fig.2. Pan-European NewMat consortium: ten part-
ners from five Co-location Centres. 
 
ary before production of the demonstrators made 
from new materials and their application in pilot 
components/plants (to be conducted in the STAGE 
II of the NewMat project; 2014-2017). 

The project consists of eleven Work Packages, 
including two innovation activities, seven research 
activities, one joint education activity and one 
coordination activity: 

 
WP0:  Market analysis and business opportunities 
WP1:  Materials for high efficiency „zero-

emission” fossil fuel power plants 

WP2:  Advanced materials for clean coal technol-
ogies 

WP3:  Materials for nuclear power plants 
WP4: Materials for renewable energy storage 

and conversion systems (fuel cells, Li-ion 
batteries, photovoltaics, photoelectro-
chemical cells) 

WP5:  Membranes for energy production  
WP6:  Smart grids materials 
WP7: Development of characterisation and 

modelling methods of power plant com-
ponents made from innovative materials 

WP8:  Education on materials for energy systems 
WP9:  Project coordination and promotion  
WP10: Exploitation plan  
 

On the basis of the market watch for develop-
ment of materials for energy systems, the research 
packages of the NewMat project are oriented to-
wards solving industrial problems by: 

   
− characterisation of micro/nanostructure and 

properties of new materials, 
− tailoring materials’ microstructure for desired 

properties, 
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− design by modelling and processing of new 
materials, 

− optimisation, verification, application. 
 

New methods of characterisation- and model-
ling of components made from innovative mate-
rials address dedicated microstructural characteri-
sation down to a nano-and atomic scale, measure-
ments of desired properties, modelling, monitoring 
and life-time prediction. It will be facilitated by the 
use of the one most advanced and powerful elec-
tron microscopes, Titan G2 60-300 with Cs probe 
corrector and ChemiSTEM system for analytical 
high resolution microscopy at high (300 kV) and 
low (60 kV) voltage (Fig.3), installed recently in the 
International Centre of Electron Microscopy for 
Materials Science at the AGH University of Science 
and Technology in Kraków [3]. 

 
Fig.3. Titan Cubed G2 60-300 with Cs probe correc-
tor and ChemiSTEM system for analytical high reso-
lution microscopy recently installed in the Interna-
tional Centre of Electron Microscopy for Materials 
Science at the AGH University of Science and Tech-
nology in Kraków (photo: S. Malik). 
 

Education activities within NewMat project ad-
dress the high-level education programmes in the 
field of energy in Europe. The teachers and stu-
dents mobility is designed according to common 
criteria established by InnoEnergy for the EIT label 
and implemented by the InnoEnergy partners. It 
will result in mobility of professors and students, 
on-site industrial internships, co- supervision of 
PhD students as well as transnational access to 
laboratory infrastructure. 

Organization of the Schools and Workshops is 
focused on spreading the information in Sustaina-
ble Energy among the InnoEnergy partners. Specif-

ic workshops dedicated to industry-driven objec-
tives should benefit in integration of academia and 
industry communities. 

In order to commercialize and exploit the busi-
ness opportunity of demonstration and application 
of New Materials in pilot components/ plants, busi-
ness models and business plan for technology, 
product, service and new ventures will be defined. 

The realization of the NewMat project close-
ly integrates all corners of the Knowledge Triangle 
of research, higher education and innovation and 
bridge the gap between science and industry. 
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Zinc Oxide by Atomic Layer Deposition for the second 
and third generation of photovoltaic cells  
 

Marek Godlewski1,2, Grzegorz Łuka1, Krzysztof Kopalko1, Elżbieta Guziewicz1 
1Institute of Physics, Polish Acad. Sciences, Al. Lotników 32/46, 02-668 Warsaw, Poland 
2Dept. Math. and Natural Sciences College of Science, Cardinal S. Wyszyński Univ., Warsaw, Poland 
 
Abstract 

ZnO films deposited by Atomic Layer Deposi-
tion (ALD) method at different growth conditions 
have required electron concentrations and electron 
mobilities for applications as n-type partners to p-
type CdTe (ZnO layers with a reduced free electron 
concentration) and the transparent conductive 
oxide (TCO, metallic ZnO films). In the latter case 
their electrical properties are comparable to those 
of ITO and ZnO:Al (AZO) films obtained by a sput-
tering. We also demonstrate that ZnO films depo-
sited by the ALD are suitable for construction of 
hybrid structures (semiconductor/organic material) 
for applications in novel photovoltaic (PV) panels 
based on organic materials (PV cells of the third 
generation). 

 
I. Introduction 

Photovoltaic (PV) effect and its application are 
known from the XIX century. It was discovered by 
A.E. Becquerel in 1839, whereas the first practical 
applications were proposed in 1870s by Hertz and 
in 1883 by Charles Fritts. The first modern solar cell 
was patented in 1946 by Russell Ohl. In 1954 Bell 
Laboratories developed the first PV cell (with 4% 
efficiency) based on a crystalline silicon. This led to 
a first generation of PV cells, which are based on a 
p-n junction of monocrystalline or polycrystalline 
Si. This PV generation is still dominant, accounting 
for more than 80% of the solar cell market (after 
[1]). For further development new ideas and mate-
rials are needed to reduce a payback time for the 
PV devices [1-5]. PV cells based on amorphous sili-
con and thin films of II-VI and III-V materials are now 
intensively tested. They can lower a price of PV cells 
and thus lead to a boom in solar cells industry.  

The first thin film PV cells of the second genera-
tion, based on amorphous silicon, were demon-
strated by Wronski and Carlson in 1976. Many other 
possible materials were tested (GaAs, CuInSe2, 
CdTe). Band gap of the latter materials is ideally 

suited for PV devices of an increased efficiency, due 
to optimization of the absorption with the solar 
spectrum. Moreover, a direct band gap of these 
materials results in large absorption coefficients. In 
the consequence, much thinner material is enough 
to absorb fully the solar light.  

Third (fourth in some sources) generation of PV 
cells do not rely on semiconductor-based p-n junc-
tions. Photo-electrochemical (PEC) cells and organ-
ic/polymer cells belong to this category, with mate-
rials costs reduced to a few $ per m2. The main limi-
tation is still relatively low efficiency and time sta-
bility (lifetime) of devices based on organic mate-
rials. We demonstrated recently that by coating of 
an organic material with ZnO films devices stable in 
time can be constructed. High rectification rations 
of Schottky junctions for such hybrid junctions 
were recently demonstrated by us for P3HT/ZnO 
system [2].  

In the present work we also demonstrate that 
the Atomic Layer Deposition (ALD) can be used to 
deposit TCO contacts for solar cells.  

 
II. Technique of Atomic Layer Deposition   

Atomic Layer Deposition is a self-limiting growth 
process, often claimed to be a version of Chemical 
Vapor Deposition (CVD). The main difference be-
tween the ALD and CVD is that in the ALD process 
precursors (commonly organic ones) are intro-
duced sequentially and their pulses are separated 
by purging processes with a neutral gas. Vapors of 
the second precursor react only with the first pre-
cursor adsorbed at the surface of the growing film. 
They do not react in a gas phase, as happens in the 
CVD processes. In the consequence, very reactive 
precursors can be used, since they will not pre-react 
in a gas form. Moreover, thermal decomposition of 
the precursors is not required. This results in the 
two very attractive properties of the method: 
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1) ALD enables growth at a low temperature.  
2) ALD enables very uniform covering of 3D struc-

tured surfaces.  
 

For example, ZnO with good structural proper-
ties can be grown at a very low temperature, well 
below 200 oC [6-10]. The most effective zinc precur-
sors turned out to be diethylzinc (DEZn) and dime-
thylzinc (DMZn) with deionized water used as an 
oxygen precursor. Growth temperature could be 
reduced to about 100 oC, which enabled us con-
struction of hybrid structures of the type 
ZnO/organic material [2,11]. This is very important 
advantage of the ALD method, important for appli-
cations in PV devices based on organic materials. 

 
III. Results and discussion 
A. CdTe/ZnO PV cells 

Use of material with a low band gap (such as sil-
icon) enables absorption of light in a wide range of 
energies, but results in a low produced voltage. 
Therefore, for optimum PV devices we should use 
direct band gap materials with a band gap ~1.5 eV. 

CdTe exhibits a forbidden gap of 1.45 eV at 
room temperature, which is spectrally close to the 
one required for a material with a maximum of 
solar energy conversion efficiency. In the conse-
quence, the predicted light conversion efficiency is 
relatively large (27% [4]) for CdTe-based PV devices. 
This is why thin films of CdTe (PVs of the second 
generation) are intensively studied for PV applica-
tions.  

Use of CdTe in PV devices was difficult due to 
problems with contacts to p-type CdTe [4]. The best 
back-contacts were prepared by using materials 
such as Sb2Te3 or As2Te3 or graded CdTe/ZnTe 
structures. Importantly, it was demonstrated re-
cently that coating with heavily n-type ZnO can 
help to solve problems with a back contact [12]. 
This results from an alignment of CdTe, ZnTe and 
ZnO bands. Due to this favorable alignment carriers 
can easily tunnel from CdTe/ZnTe region to metal 
contact via a conduction band of ZnO [12]. This is 
the first reason why ZnO is an interesting partner of 
CdTe for PV applications. The second relates to the 
fact that as-grown CdTe is of p-type. CdTe can be 
doped for n-type using Al, In, Ga. However, in the 
case of polycrystalline thin films these dopants 
segregate at the grain boundaries giving rise to 
metallic paths that shunt the CdTe layers [4]. Thus 

in PV devices only p-type CdTe is used and n-type 
partner is needed to construct p-n junctions. Even 
though most of the works concentrated on use of 
CdS, ZnO is still considered as an attractive n-type 
partner of CdTe in PV cells [4].  We tested such pos-
sibility by depositing of lightly n-type doped ZnO 
by the ALD process on top of as-grown p-type CdTe 
layers. The p-n junction constructed by us had a 
rectification factor of 104 and a good photo-
response under the solar light illumination. 

 
B. ZnO grown by ALD as the TCO material 

Another important approach to reduce costs of 
PV devices concentrates on introduction of alterna-
tive transparent contact materials. The presently 
widely used In2O3:Sn (ITO) becomes too expensive, 
which is due to a rapidly increasing price of indium. 
Several alternative TCO materials were tested [13], 
with ZnO being the best candidate for the ITO re-
placement [13]. ZnO films doped with aluminum 
(or indium) produced by the sputtering show re-
quired properties for the TCO applications [4,13]. 
Doping may cause some problems, since the 
ZnO:Al layers may not be stable in time due to Al 
diffusion [4,14]. Electron mobility in these films is 
limited by scattering at grain boundaries [15].  

In the present work we tested if the TCO layers 
can be deposited by the ALD method. We report 
that ZnO films deposited by the ALD have desired 
electrical parameters. A high free electron concen-
tration, relatively high mobility (as for polycrystal-
line films), and high transparency (transparency 
above 90% is achieved in a wide spectral region) 
makes them suitable for the TCO applications 
[11,16]. Relevant results are shown in Figs. 1 and 2 
for films grown using DEZn as the zinc precursor. 

 
Fig. 1: Electrical properties (electron mobility at room 
temperature) of ZnO films grown by the ALD using 
DEZn at temperature varied between 60 and 240 oC 
(see Godlewski et al [11] for further details). 
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In most of the cases films with a higher n show 
lower electron mobility, because scattering on 
ionized impurities determines carrier mobility. Scat-
tering on grains boundaries is also important. We 
can modify the role of the two dominant scattering 
mechanisms mentioned above. In fact, we could 
select growth parameters to increase carrier mobili-
ty with an increasing growth temperature. For films 
grown at such conditions the rise of free electron 
concentration is observed together with the rise in 
their mobility (see Fig. 1). These properties and a 
high transparency (see Fig. 2) makes them suitable 
for the TCO applications. Further increase of layers 
conductivity we achieved by doping ZnO with Al.   

 
Fig. 2: Transmission spectrum of 215 nm thick highly 
conductive ZnO film (with free electron concentration 
at room temperature n=2x1020 cm-3 and mobility 25.5 
cm2/Vs) grown by the ALD on a sapphire substrate 
(see Godlewski et al [11] for further details).  
 
C. ZnO grown by ALD for PV cells of the third genera-

tion  
Organic materials show several attractive prop-

erties for applications in solar cells of the third gen-
eration. Their wider use is limited by time stability 
of the devices. Fortunately, their coating with 
transparent wide band gap materials can improve 
time stability [17]. For coating of organic materials a 
low thermal budget of growth and the post-growth 
treatment processes is required. This makes the 
ALD technique and the ALD deposited ZnO films 
very attractive. We tested several possible configu-
rations of PV cells covered by the ALD with ZnO 
films. Pentacene, OPV8 and P3HT (Poly (3-
Hexylthiophene)) were used as organic materials. 
The so-obtained diodes showed good rectifying 
properties (104) [2] and a very good PV response. 
Films coated with ZnO are stable in time. 
 

IV. Conclusion 
We demonstrate suitability of the ALD method 

for construction PV devices of the second and third 
type. ZnO films obtained by the ALD can act as the 
TCO material. They can also be used as the n-type 
partner in CdTe-based solar cells. Importantly, a 
very low growth temperature enables construction 
of hybrid ZnO/organic structures. This opens the 
chances of constructing several PV devices belong-
ing to the third generation of solar cells. 
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Smart photocatalysts for solar energy conversion  
 

Wojciech Macyk 
Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Kraków, Poland 
 
Heterogeneous photocatalysis – what is it? 

Renewable energy sources have become very 
trendy, so more and more efforts are undertaken to 
utilize solar energy in various processes, in particu-
lar related to its conversion into electrical or chemi-
cal energy. The use of photovoltaic cells is limited 
by the variability of sunlight, high dispersion of 
solar energy, efficiency of conversion processes and 
the cost of the equipment itself. The issue of con-
verting solar energy into the chemical one is even 
worse. Attempts of hydrogen photogeneration or 
artificial photosynthesis of fuel compounds gener-
ally did not go far beyond the walls of laboratories 
and the process of plant photosynthesis remains 
still an unequalled design. So should the attempts 
to use solar energy be abandoned? I am convinced 
that solar energy could and should be used to eve-
ryone’s benefit, and photocatalysis is one of the 
ways to reap the benefit. 

It all began in the 1960s with several articles 
showing oxidation of organic substances in the 
presence of titanium dioxide irradiated with UV 
light. However, those works did not focus too much 
attention and it was not until the seventies when 
research data on photocatalytic decomposition of 
water initiated the rapid development of heteroge-
neous photocatalysis. Unfortunately, to date re-
searchers failed to develop a photocatalyst that 
could be readily applied in hydrogen production. 
Nevertheless, the work carried out over the years 
have resulted in many important discoveries and 
technologies. 

Heterogeneous photocatalysts are usually ox-
ides and sulfides of transition metals. The basic 
processes resulting in the photocatalytic effect are 
shown in Figure 1. Absorption of light leads to the 
generation of hole and electron in the valence and 
conduction bands, respectively (process 1). Those 
charges may migrate within the semiconductor 
particle, and can be trapped at surface sites (er

–, hr
+; 

process 2). They can also participate in the interfa-
cial electron transfer processes involving the mole-
cules of electron acceptor A and donor D (process 
3). Subsequent reactions of primary reduc-

tion/oxidation products, A•– and D•+, lead to stable 
end products Ared and Dox. The unwanted side proc-
esses include: charge recombination (processes 4 
and 5) and redox reaction between A•– and D•+ re-
sulting in reproduction of the acceptor and the 
donor (process 6). 

 

 
Fig. 1. Primary physical and chemical processes occur-
ring in the presence of irradiated  photocatalyst. 
 

So much for basic theory. How can it be used in 
practice? If the processes 3 in the Figure 1 would 
stand for the reactions of water reduction and oxi-
dation, then they could be used for hydrogen pro-
duction. This is a difficult task and so far cannot be 
realized with satisfactory efficiencies in purely 
photocatalytic systems (vide infra). If the reactants A 
and D in the process 3 are organic substances, the 
reaction generates free radicals, which can com-
bine to form new C-C or C-N bonds. Such "photo-
synthesis" can be performed with fairly good effi-
ciency and selectivity in the presence of cadmium 
or zinc sulfides as photocatalysts. But most fre-
quently oxygen and water play the role of A and D, 
respectively. In this case usually titanium dioxide or 
zinc oxide are used as photocatalysts, while super-
oxide anion (O2

•–) and hydroxyl radical (OH•) are the 
primary redox products. Those reactive radicals are 
responsible for most of the oxidation of organic 
substances. Importantly, oxidation under these 
conditions is usually complete, giving H2O and CO2 
as the final products. The reactions can therefore be 
used in the processes of water, air or surface purifi-
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cation. Since microorganisms also find the reactive 
radicals difficult to bear, ZnO and TiO2 can be useful 
in photodisinfection. 

 
How to “paint” the photocatalyst? 

One key feature of TiO2 and ZnO should be em-
phasised: those materials can absorb only ultravio-
let radiation (photon energy above ~3.2 eV), and 
this fact significantly limits their application in 
photocatalysis. However, there are methods of 
"activation", or photosensitization of TiO2 towards 
visible light – then the photocatalyst gains a colour. 

In our work carried out at the Faculty of Chemis-
try, Jagiellonian University and a fellow group of 
Professor Horst Kisch at the University of Erlangen, 
we have successfully applied a number of methods 
for TiO2 photosensitization. One of them is based 
on synthesis of TiO2 in the presence of various or-
ganic compounds that are precursors of highly 
unsaturated carbon compounds. Excitation of such 
materials with visible light (e.g. blue or green) re-
sults in generating holes in the valence band and 
electrons in the conduction band, which in turn 
reduce the adsorbed oxygen molecules. Redox 
reactions produce a number of reactive oxygen 
species at the surface of the material. The discovery 
of carbon-doped TiO2 (that is how this type of ma-
terials is usually called) in 2001 initiated an inten-
sive development of other TiO2-based photocata-
lysts of this type. Such photocatalysts have already 
been applied as ingredients of the photoactive 
paints for indoor painting, where the intensity of 
ultraviolet light is negligible. 

Looking closer at the photosensitization process 
one can consider titanium dioxide crystal with 
some dopants which introduce donating or accept-
ing electron levels (Figure 2a). Depending on the 
dopant nature light absorption can result in elec-
tron excitation from the donor level to conduction 
band, or from the valence band to the acceptor 
level. Carbon-doped TiO2 obeys the former mecha-
nism. The photogenerated hole is a weaker oxidant 
than that formed in the latter case, but the elec-
trons from conduction band are capable of molecu-
lar oxygen reduction. This is a very important proc-
ess, because it leads to generation of so called reac-
tive oxygen species presented in the Figure 2. An-
other approach to titanium dioxide painting (pho-
tosensitization) involves synthesis of hybrid materi-
als composed of two semiconductors – TiO2 and 
another one (e.g. CdS) characterized by a narrower 
band gap, and energy of electrons in its conduction 
band suitable for the electron injection to titanium 
dioxide. Although charge separation in such sys-
tems prevents from an efficient and unwanted 
charge recombination, usually such systems suffer 
unacceptable photocorrosion processes which lead 
to loss of photoactivity in a relatively short time. 

Surface coordination compounds may also in-
fluence spectral and redox properties of the semi-
conductor particle – photosensitization towards a 
lower photon energy, as well as shift of the band 
edges, may be achieved. A specific class of surface 
complexes formed at titanium dioxide comprises 
titanium(IV) complexes synthesized upon chemi-
sorption of organic or inorganic ligands onto TiO2. 

 
 

 
 

Fig. 2. Photosensitization of titanium dioxide achieved by: a) doping with electron donating or accepting levels; b) 
hybrid of two semiconductors. In both cases electrons from conduction band of TiO2 can be used for reduction of 
oxygen to superoxide (O2

•–) and further to hydrogen peroxide (H2O2) and hydroxyl radical (OH•). 
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The ligands particularly easily chemisorbed at TiO2 
surface belong to the following groups: carboxylic 
acids, chelating ligands (derivatives of catechol, 
phthalic acid or salicylic acid), fluorides, cyanides, 
phosphates etc. (Figure 3). Similar moieties may 
also be used as anchoring groups binding external 
complexes to the surface. Ligand-to-metal charge 
transfer excitation (LMCT) in this case is equivalent 
to the injection of electron to the conduction band 
– in both cases the TiIII species is formed. Therefore 
in such situation the photoinduced charge transfer 
can be described as a ligand-to-band charge trans-
fer (LBCT) instead of LMCT (Figure 4a). This mecha-

nism is valid also for TiO2 sensitized with chemi-
sorbed cyanide complexes of FeII, RuII, OsII, MoIV, WIV 
and ReIII. An effective photosensitization of titanium 
dioxide by surface complexes can be achieved only 
under certain circumstances: (i) the energy of LBCT 
is lower than the bandgap energy of TiO2 (<3.2 eV) 
and (ii) absorption coefficient of the LBCT transition 
is high (allowed transition). However, practical ap-
plications of such materials are determined by effi-
ciency of back electron transfer and stability of the 
surface complex. We have developed a series of 
transparent colloids of TiO2 photosensitized by 
derivatives of catechol, phthalate and salicylate.  

 

 
Fig. 3. Coordination modes of selected chelating ligands: a) oxalate; b) salicylate; c) phthalate. Various structures 
may be distinguished: bidentate chelating (I), bidentate bridging (II), monodentate with possible stabilization by 
hydrogen bonds (III). 

 

 
 

Fig. 4. Mechanisms of titanium dioxide photosensitization achieved by surface modifications: a) direct photosensi-
tization (optical charge transfer) observed in the presence of surface LMCT TiIV complexex; b) dye-
photosensitization involving electron injection to the conduction band from the excited photosensitizer (typical for 
dye sensitized solar cells). 
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The most important features of these yellow to 
brown colloidal solutions are: (i) good stability in 
aqueous solutions at neutral pH (usually colloids of 
titanium dioxide are stable in strongly acidic solu-
tions) and (ii) high efficiency of photocatalytic 
processes induced by visible light. We have dem-
onstrated an efficient bacteria inactivation in the 
presence of these colloids upon visible light irradia-
tion. The results of bacteria inactivation tests made 
in the presence of modified nanocrystalline TiO2 
show a big potential for further development of 
these systems. Although photostability of materials 
modified with organic ligands is limited, these 
photocatalysts may find broad applications wher-
ever disinfection is required (single-use equipment 
in hospitals, households) or even as photoactivated 
antibiotics. 

Photosensitization of TiO2 by surface complexes 
is based on the interaction of adsorbed or chemi-
sorbed photosensitizer (S) with the semiconductor 
support (Figure 4b). The excited state energy (S•+/S* 
redox pair) should be higher than the energy of 
conduction band edge of the semiconductor. The 
electron injection from the excited state S* to the 
conduction band takes place with concomitant 
formation of S•+ transient species. Regeneration of 
the photosensitizer is assured in the presence of an 
electron donor D. Electrons from the conduction 
band reduce adsorbed oxygen thus generating 
reactive oxygen species. TiO2 photosensitization 
according to this mechanism takes place in the case 
of platinum(IV) chloride complexes chemisorbed at 
the TiO2 surface or in dye sensitized solar cells con-
taining TiO2 modified with derivatives of 
[Ru(bpy)3]2+ complex. 

 
Photocatalysis – solar to electrical energy conver-
sion 

Photosensitized titanium dioxide may find ap-
plications not strictly associated to photocatalytic 
oxidation processes. An example may come from 
modern photovoltaic devices. Colourless titanium 
dioxide with attached deeply red or brown ruthe-
nium(II) complexes is used to construct quite effi-
cient dye sensitized solar cells (DSSC). Such material 
being in a good contact with a transparent elec-
trode is excited with visible light (Figure 5). Upon 
excitation the photosensitization process (analo-
gous to that from Figure 4b) takes place. Instead of 
oxygen reduction, the electron transfer to the con-

ducting electrode results in the photocurrent flow. 
On the other hand, the oxidized form of ruthenium 
complex (RuIII) is reduced back to RuII by iodide 
anions present in the electrolyte solution. The re-
versible I3

–/I– redox pair transmits electrons be-
tween the platinum electrode and the photosensi-
tizer. Possible structures of ruthenium(II) complexes 
playing the role of photosensitizers are shown in 
Figure 6. A similarity between the interfacial redox 
processes taking place in DSSC and photocatalytic 
oxidation of organic pollutants should be stressed: 
the main difference between these two applica-
tions of photosensitized systems consists in re-
versibility of these reactions. While irreversible 
oxidation of organic matter is achieved in the proc-
ess of water or air detoxification, completely re-
versible redox processes should govern operation 
of DSSC. 

 
 
Fig. 5. Mechanism of photocurrent generation in dye 
sensitized solar cell. 
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It should be mentioned, that DSSC is not only an 
academic concept born from research on photo-
voltaic or photocatalytic systems. Dye sensitized 
solar cells are working devices introduced already 
to the market. Their main weakness is associated to 
a limited stability of the dye – in the presence of 
even traces of oxygen organic ligands of ruthenium 
complexes decompose. 

Conversion of light to electricity can also be ap-
plied in information processing. Photosensitized 
TiO2-based materials may be used for construction 
of photoelectrochemical logic gates and switches. 
Photoelectrochemical properties of titanium diox-
ide sensitized by binuclear [LnFe-CN-TiLn] com-
plexes are particularly interesting. This group of 
materials, involving hexacyanoferrate and penta-
cyanoferrate moieties bound to the surface of TiO2, 
shows the PEPS effect (PhotoElectrochemical Photo-
current Switching, Figure 7). The direction of photo-
current generated at the electrode covered by such 
material depends on the applied potential (and 
therefore on the oxidation state of iron), on wave-
length of incident light and composition of the 
electrolyte. Only the reduced form of iron moiety 
(FeII) can contribute to cathodic photocurrent gen-
eration. Presence of the oxidized surface complex 
changes the behaviour of the material – it behaves 
then like unmodified TiO2. Excitation of the photo-
electrodes made of titanium dioxide modified with 
surface binuclear complexes within the metal-to-
band charge transfer bands (MBCT) results in most 
cases in generation of cathodic photocurrents (Fig-
ure 7b, photocurrents marked in red), while a direct 
excitation of the semiconductor (UV light) results in 

either cathodic or anodic photocurrents, depend-
ing on the photoelectrode potential (Figure 7a). 

The switching potential at which the photocur-
rent direction changes correlates very well with 
redox potential of the iron moiety. At potentials 
higher than E½ of the surface complex the excita-
tion of the surface species does not take place – 
under these conditions only excitation of the semi-
conductor matrix with ultraviolet light may result in 
photocurrent generation (anodic, Figure 8a). Excita-
tion of the reduced surface species generates an 
electron in the conduction band as a result of 
FeII→TiIV charge transfer. Due to a significant nega-
tive polarization of the electrode the electron trans-
fer from the conduction band to the electrode is 
not favoured, what facilitates the reverse process, 
i.e. reduction of the electron acceptor in the elec-
trolyte and a concomitant electron transfer from 
the electrode to the photochemically oxidized 
surface species (Figure 8b). These processes are 
responsible for the cathodic photocurrent genera-
tion. In the case of air-equilibrated systems oxygen 
molecule plays the role of the electron acceptor 

(EO2/O2
– = –0.16 V vs. NHE). A direct excitation of the 

semiconductor also results in cathodic photocur-
rents (Figure 8c). Switching of the photocurrent 
direction by changes in either electrode potential 
or colour of incident light (photon energy) may be 
used for construction of chemical switches. Input 
values are attributed then to high or low potentials 
(input 1) and high or low photon energies (input 2). 
Anodic or cathodic photocurrents correspond to 
various output values. 
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Fig. 8. The mechanism of photocurrent generation at electrodes made of TiO2 modified with iron cyanide com-
plexes upon UV (a, c) and visible (b) light generation. High electrode potentials (a) ensure presence of FeIII surface 
species, while FeII prevails at low potentials (b, c). 
 
Photocatalysis – solar to chemical energy conver-
sion 

Let us come back to the roots of photocatalysis. 
Its primary goal was to facilitate water splitting and 
enable cheap, efficient and environmental-friendly 
production of hydrogen. After almost five decades 
we know, that this challenging task is much more 
difficult to be brought into life than anybody could 
expect. Research on water splitting (Figure 9) fo-
cuses on two main redox processes: water reduc-
tion (Figure 9a) and oxidation (Figure 9b). The latter 
one appears particularly difficult since water oxida-
tion to molecular oxygen is a four electron process. 
Catalysts facilitating it must decrease activation 
energy, but also work as a sink of holes available for 
this multielectron reaction. Combination of water 
reduction and oxidation at a single photocatalyst 
particle (Fig. 9c) still remains an unattainable chal-
lenge. 

 
 

 
Reduction of water appears an easier task. It can 

be realized, for instance, at the surface of zinc sul-
phide (Figure 10). This material, engineered by 
Kisch et al., offers a particularly low reduction po-
tential of electrons excited to the conduction band. 
Although quantum yields of hydrogen generation 
are relatively high, the oxidation path of this system 
requires an expensive sacrificial electron donor, like 
e.g. 2,5-dihydrofuran, which is consumed in the 
process. The choice of this donor arises from a good 
stability of generated allyl radicals which undergo 
coupling or dismutation reactions. On the other 
hand, the overall reaction taking place in this sys-
tem involves H2 production and C-C coupling (de-
hydrodimer formation). Both products store chemi-
cal energy that can be released during combustion 
reaction. Solar energy absorbed by semiconductor 
particles is therefore converted into chemical en-
ergy. 
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Fig. 10. Photocatalytic water reduction at ZnS in the 
presence of 2,5-dihydrofuran as an electron donor. 
 

Another example of photocatalytic C-C or C-N 
coupling reactions is based on CdS photocatalyst 
(Figure 11). Redox properties of this semiconductor 
facilitate generation of two organic radicals, which 
upon coupling reaction form bigger, sometimes 
quite complex molecules. Although products of 
these reactions cannot be used as fuels, presented 
method offers a unique way of fine chemicals pro-
duction. It is worthy to mention that both, yields 
and selectivity of product formation, facilitate prac-
tical application of such systems. 
 
 
 
 
 

What will the future bring? 
Presented examples of photocatalytic systems 

show a huge potential use of photocatalysts in 
solar energy utilization processes. Some of them 
evolved already from laboratory experiments to 
practical applications, however predicting future is 
– as usual – not easy. One has to keep in mind, that 
solar energy is dispersed. This implies a necessity of 
large areas to get sufficient number of photons 
required to produce considerable amounts of fuels 
or chemicals. Application of artificial light sources 
cannot solve any energy production issues, how-
ever they can be considered when production of 
high-value chemicals (e.g. pharmaceuticals) can be 
realized in photocatalytic systems. Future research 
will be focused on development of new photocata-
lysts and co-catalysts, engineered to improve quan-
tum efficiencies of solar energy conversion and to 
extend response of photoactive materials to a 
broader range of solar spectrum. It is evident, that 
photocatalysis can be a bright tool to use solar 
energy in an elegant way. 
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Fig. 11. Photocatalytic C-C and C-N coupling reactions performed at cadmium sulphide surface. 
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Hydrogen, its generation, storage, transporta-
tion and sensing have been recently recognized as 
the most promising scientific issues to undertake in 
order to work out the way to overcome the eco-
nomic and ecological problems associated with the 
overwhelming use of fossil fuels. In order to replace 
traditional fuels with non-polluting, environmental-
ly friendly energy carrier such as hydrogen, a great 
deal of research has to be done especially in the 
field of material science. Since the publication of 
the pioneering paper of Fujishima and Honda [1] in 
1972, the photoelectrolysis of water in a photoelec-
trochemical cell (PEC) with titanium dioxide pho-
toanode has been recognized as a promising me-
thod of hydrogen generation. The main factor limit-
ing the practical application of this method is its 
low conversion efficiency, at this moment less than 
10%.  

 
1. Photoelectrolysis of water  

As shown in Fig.1, the principle of the photoe-
lectrochemical decomposition of water, i.e., water 
splitting, involves creation of an electron-hole pair 
upon interaction with light according to the follow-
ing reaction: 

 

•+→ h'eνh
2TiO

 (1) 
 

A photon with an energy hν, equal or higher 
than the band gap energy, Eg, of a semiconductor 
(e.g. TiO2) is absorbed promoting electrons e’ into 
the conduction band (CB) and electron holes h• into 
the valence band (VB). 

The photoelectrochemical cell (PEC) is com-
posed of two electrodes, immersed in an aqueous 
electrolyte. The photoanode is made of an n-type 
semiconductor exposed to light. Metallic cathode is 
usually based on Pt covered with a Pt-black layer.  

The electric field at the electrode/electrolyte in-
terface prevents the recombination of the photoin-
duced electron-holes pairs, i.e., the rate of the reac-
tion (1) in the opposite direction is low.  

Photoinduced holes participate in the anode 
reaction at the semiconductor/electrolyte interface: 

 

+• +→+ H2O
2
1OHh2 22  (2) 

 
Gaseous oxygen evolves at the photoanode 

while hydrogen ions H+ are transported to the ca-
thode through the aqueous electrolyte. Electrons 
migrate over the external circuit to the cathode 
where they reduce hydrogen ions to gaseous hy-
drogen according to: 

 

)gas(2H'e2H2 →++  (3) 

  
Photon energy necessary to split water into hy-

drogen and oxygen can be calculated from the 
overall reaction: 
 

)kJmol237.14(Δ

O
2
1HOH

1o

2(gas)2(gas)(liquid)2

−+=

+→

G
 (4) 

 
The change of standard free enthalpy of the 

reaction (4), ΔGo, is +237.14 kJmol-1 or 2.46 eV per 
H2O molecule. As two electron-hole pairs are in-
volved in the splitting of one water molecule, the 
energy required for one electron-hole pair (or one 
absorbed photon) is 1.23 eV. Taking into account 
the overvoltage losses and an excess of energy in 
order to drive the process at a reasonable rate, the 
threshold energy of photons for the photoelectro-
lysis increases to 1.7 – 1.9 eV [2]. Thus, in practice, 
the band gap energy of the semiconductor photoe-
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lectrode of about 1.7 – 1.9 eV is sufficient for the 
process to take place and as a consequence even 
the narrow band gap semiconductors could be 
used.  

 
            semiconductor       electrolyte    metal 
 
Fig. 1. Photoelectrochemical cell for water photo-
electrolysis.  
 
2. Photoanodes based on TiO2  

Fundamental requirements for an efficient 
photoactive semiconductor can be summarized 
[3,4] as follows: 

 
a) high stability and resistivity to corrosion and 

photocorrosion; 
b) low cost and availability; 
c) conduction band CB minimum and the dopant 

states above H2/H2O level;  
d) effective absorption of photons over the visible 

range, i.e., 1.6-2.5 eV; 
e) sufficient overlap between the intragap and 

band states of a photocatalyst in order to pro-
vide a fast transfer of photoexcited carriers to 
the reactive states at the surface within their 
lifetime. 

 
As opposed to III-V semiconductors, e.g., GaAs 

that are not irresistible to corrosion and photocor-
rosion,  TiO2 meets almost all conditions. Biological 
and chemical inertness, resistance against corro-
sion, non-toxicity, high photo-oxidation potential, 
as well as a reasonable price [3,5,6] are its important 
advantages. However, too wide a band gap of TiO2 
(3.0 eV for rutile and 3.2 eV for anatase) constitutes 
a serious obstacle on the way to reach the appro-
priate efficiency of the photoconversion process 
within the visible range of the light spectrum. 

A large variety of modifications of TiO2 have 
been proposed [7-44] in order to gain a better 
match between the absorption edge of TiO2 with 
the solar spectrum while still preserving other 
properties important for photocatalysis. Majority of 
work has been directed toward metal ion doping 
[7-14], dye sensitization [35-37], incorporation of 
noble metals [30-34], formation of solid-solutions 
[2,4-10] and hybrid structures [40-44]. Recently, one 
can observe a growing interest in anion doping 
with nitrogen, carbon, etc. [3, 15-20], and taking 
advantage of co-doping of both anion and cation 
sublattices [45]. Some examples of these modifica-
tions of TiO2 photoanodes are listed in Table 1. 

Metal-loaded, i.e. substitutional cation doped 
TiO2 has been extensively studied with a moderate 
success [7-14]. Both donor- and acceptor-type met-
als such as vanadium, molybdenum, chromium, 
niobium, iron, magnesium, tungsten, etc. have 
been reported. It has been realized [4,11,46] that 
the presence of metal ion dopants in the cationic 
sublattice of TiO2 affects considerably the charge 
carrier recombination and interfacial electron-
transfer rates. The reasons for this unsatisfactory 
behaviour of modified materials can be sought in 
the formation of localized states of a dopant, deep 
in the band gap of titanium dioxide [4,11]. 

First suggested by Asahi and co-workers [15], 
incorporation of non-metals such as carbon, nitro-
gen, fluorine, phosphorus or sulphur into the ani-
onic sublattice of TiO2 [3,15-21] offers much prom-
ise for an improvement in the photocatalytic and 
photoelectrochemical behaviour in comparison 
with unmodified TiO2, especially over the visible 
range of the light spectrum [15,16]. 

Theoretical calculations followed by experimen-
tal results have shown that the shift in the funda-
mental absorption edge towards the visible range 
can be achieved in the case of nitrogen doped 
anatase polymorphic form of TiO2 [15,47]. Asahi 
attributed this shift to the narrowing of the forbid-
den band gap due to the mixing of N 2p with O 2p 
orbitals in the valence band [15]. This interpretation 
has been contested by the group of Di Valentin [47] 
on the basis of spin-polarized DFT calculations that 
yielded the presence of localized N 2p level in the 
forbidden band gap of TiO2 even at high concentra-
tion of nitrogen.  
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Table 1. Modifications of TiO2 photoanode materials. 
Modiffication  References

Bu
lk

 m
od

ifi
ca

tio
n 

Cationic site Al3+, Co2+, Cr3+, Fe3+, Mn2+, Mn3+, Nd3+, 
Ni2+, Mo5+, Nb5+, W6+,  

7-14

Anionic site N, C, S 3, 15-21

Non-
stoichiometric  

TiO2-x 22-24

Solid-solutions TiO2-VO2, TiO2-SnO2 25-29

Nanocermet Ag, Au, Pd, Pt, Ru 30-34

Su
rf

ac
e 

m
od

ifi
ca

tio
n Organic dyes 

Discontinuous 
noble metal 
 
 

cyanine, rhutenium(II) complex, rose bengal 
Ag, Au, Pd, Pt, Ru 
 

31, 35-39

H
yb

rid
-

st
ru

ct
ur

e  TiO2/CdSe
TiO2/CdS 
TiO2/SnO2 

TiO2/ZnO 

40-44

 
It is believed that simultaneous occurrence of N 
impurities and oxygen vacancies may be responsi-
ble for a synergetic effect in the enhancement of 
photoactivity. According to [48,49] oxygen defi-
ciency, through its significant influence on the N-
doping configuration, affects the visible light 
photocatalysis.  

However, the increased charge recombination 
and trapping, inherently related to any sort of 
modification of TiO2 still remain the most important 
problem as far as an efficiency of the energy con-
version is concerned. High expectations for im-
provement are due to the emerging nanotech-
nologies that yield functionalized nanomaterials. 

Applications of nanomaterials to photocatalysis 
and photoelectrochemistry is based on the general 
belief that transport properties could be affected 
by the size, form and geometry of the nanostruc-
tures: nanotubes, nanorods, nanowires, nanograins, 
etc. Shorter distance to the surface or interface 
providing faster diffusion of charge carriers can 
reduce the charge recombination [6,50-52]. 
Nanosized TiO2 particles generally demonstrate 
higher photocatalytic activity than those with lar-
ger particle sizes, thanks to the enhanced redox 
potential of photogenerated electrons and holes.  

 

3. Concise overview of the own work 
Our research on the application of TiO2-based 

materials for water splitting started in 2002 with the 
work on TiO2-VO2 [26]. Since then, we have been 
involved in numerous investigations on: non-
stoichiometric thin films and polycrystalline ceram-
ics, anatase/rutile polymorphic forms, cation and 
anion doping of TiO2, nanocermets, and solid solu-
tions. Photocatalytic decomposition of organics has 
been a subject of several papers as well [29, 53,54]. 
Recently, we focus our attention on the nanomate-
rials. 

Thin films were deposited by dc-pulsed magne-
tron and rf sputtering [20,21,23,26,29-31,53,56]. Sol-
gel and co-precipitation as well as Flame Spray 
Synthesis were used for nanopowders and poly-
crystalline ceramics. The methods of analysis of the 
properties of the synthesized materials are given in 
Table 2. 

In the case of powder TiO2-x samples [24] we 
have demonstrated that slight nonstoichiometry 
enhances the photocurrent response in the photo-
electrochemical cell for water splitting. Deviation 
from stoichiometry towards oxygen deficiency in 
TiO2-x causes a decrease in the electrical resistance 
which is important in the case of electron-hole 
transport from the bulk to the surface [24,55]. Im-
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provement in the photoelectrochemical behaviour 
has been reported by our group for FSS-made 
TiO2:Cr nanopowders in [53]. Controlled prepara-
tion of nitrogen-doped nanosized TiO2 thin films 
has been achieved [56]. TiO2-x films with small de-
viation from stoichiometry are considered the most 
promising for substitutional N-doping. The photo-
current response of the system Ti-N-O over the full 
compositional range has been investigated.  

 
Table 2. The methods of analysis of the properties of 
TiO2 photoanode materials. 

Property Thin films, ceramics 
and nanopowders 

Chemical composition  
and structure 

RBS, NRA, XPS,
GID XRD 

Morphology AFM, SEM, TEM
Optical  spectrophotometry-

classical configura-
tions and with an 
integrating sphere  

Electrical  conductivity (four-
point-probe), imped-
ance spectroscopy 

Photoelectrochemical I
ph

(V), I
ph

(λ) , I
ph

(t)

 

Fig. 2 demonstrates the columnar growth of 
thin films and close correspondence between the 
images provided by AFM and SEM. In order to study 
the influence of nitrogen flow rate ηN2 on the opti-
cal spectra of stoichiometric and nonstoichiometric 
titanium dioxide thin films the wavelength λ corre-
sponding to the transmittance T equal to 60% has 
been plotted as a function of ηN2. The red-shift to-
wards the visible range is more pronounced for 
nonstoichiometric TiO2-x:N than for stoichiometric 
TiO2:N thin films. It has been shown that doping 
with nitrogen improves the photoelectrochemical 
properties over the visible range of the light spec-
trum in the case of nonstoichiometric samples. 

The most fundamental problem of charge re-
combination, detrimental to the PEC device per-
formance requires the basic studies of the nature of 
the recombination centres that can be addressed 
by the application of more advanced techniques 
available at synchrotron facilities. Such studies are 
now in progress. 

Moreover, the use of thin films of ZnO and 
ZnO/TiO2 for photoanodes is underway. ZnO thin 
films grown with a preferred crystallographic orien-
tation to the substrate have shown a considerable 
photocurrent over the UV range.  
 

 
Fig. 2. AFM, SEM images of the columnar growth in nonstoichiometric TiO2-x thin films and influence of nitrogen 
flow rate ηN2 on the optical spectra of stoichiometric and nonstoichiometric titanium dioxide thin films; T – optical 
transmittance; λ – wavelength corresponding to T=60%. 
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vehicles applications  
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The paper reviews material issues of development 
of Li-ion batteries for vehicles application. The most 
important of them is safety, which is related to appli-
cation of nonflammable electrolyte with large electro-
chemical window and possibility of forming protective 
SEI (solid/electrolyte interface) to prevent plating of 
lithium on carbon anode during fast charge of the 
batteries. The amount of electrical energy, which a 
battery is able to deliver, depend on the electromotive 
power of the cell as well as on its capacity – both these 
factors are related to the chemistry of electrode mate-
rials. Nanotechnology applied to electrode materials 
may be a breakthrough for Li-batteries performance 
due to extreme reactivity of nanoparticles in relation 
to lithium. The electrode-electrolyte interface pheno-
mena are decisive for a cell lifetime. Review of physi-
cochemical properties of intercalated transition metal 
compounds with layered, spinel or olivine-type struc-
ture is provided in order to correlate their microscopic 
electronic properties, i.e. the nature of electronic 
states, with the efficiency of lithium intercalation 
process, which is controlled by the chemical diffusion 
coefficient of lithium. Data concerning cell voltage 
and character of discharge curves for various mate-
rials are correlated with the nature of chemical bond-
ing and electronic structure. Proposed electronic 
model of the intercalation process allow for prediction 
and design of operational properties of intercalated 
electrode materials. Proposed method of measuring 
the LixMaXb potential on the basis of the measurement 
of the electromotive force of the Li/Li+/LixMaXb electro-
chemical cell is a powerful tool of solid state physics 
allowing for direct observation of the Fermi level 
changes in such systems as a function of lithium con-
tent. 
 
Keywords: Li-ion batteries; Electric vehicles; Ca-
thode materials; Intercalation. 

 
 
 

1. Introduction 
The market of reversible electrochemical cells 

(rechargeable batteries) is flourishing at present 
due to a huge interest of car manufacturers in using 
them in electrically driven (Battery electric vehicles 
BEVs) and hybrid cars. Popular Ni-Cd and NiMH 
batteries have already reached their technological 
limits. Li-ion battery technology seems, however, to 
have a bright future ahead, given the recent re-
markable development in the field. It has already 
dominated portable electronics market and it is 
now fighting to access electric drive vehicles mar-
ket. The required capacity of a Li-ion battery for 
vehicle applications is much bigger than for porta-
ble electronics – 20-100 kWh. The security of usage 
of that kind of batteries is an important issue. The 
bigger the capacity, the more energy is accumu-
lated – therefore, more strict security measures 
must apply. This raises numerous challenges to 
develop new material technologies – cell compo-
nents with a better chemical and thermal stability, 
as well as to solve problems such as heat dissipa-
tion dependent on the cell housing system. The 
lack of experimental data on real lifetimes of Li-ion 
batteries in changeable climatic conditions – from 
+40°C to -40°C (the required lifetime of batteries is 
ten years for vehicles and 1-4 years for laptops) 
constitutes also a big problem. Furthermore, high 
capacity Li-ion batteries may play an important role 
in managing renewable energy. The fact that the 
output power of renewable energy sources such as 
solar cells or wind power plants depends on meteo-
rological conditions causes problems when it 
comes to connecting them directly to an electricity 
distribution system. Unstable supply causes electric 
current frequency to fluctuate and decreases the 
power quality. If the power generated from renew-
able sources were stored in high capacity Li-ion 
batteries, it could be then transferred to the elec-
tricity distribution system with stable operating 
parameters. 
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High capacity Li-ion batteries are packs compris-
ing a series chain of cells. In the present paper 
however, we will only examine active materials in a 
single Li-ion cell, that is to say – electrode materials 
and electrolyte. In particular, methods of enhancing 
their operational parameters, including increased 
stability will be scrutinized. 

 
2. Fundamentals of Li-ion batteries 

Li-ion batteries use the capability of transition 
metals compounds MaXb (M = transition metal; X = 
O, S) with layered or tunnel structure to reversibly 
insert lithium (one or more mol Li per mol MaXb) at 
room temperature without significant changes in 
their crystallographic structure.1-3 In this process, 
the basic elements of the structure do not undergo 
any changes, except for minor reversible variations 
of lattice parameters. Stability of structure during 
the whole process is due to strong ionic and cova-
lent bonds between M and X atoms. The intercala-
tion of lithium (which is always a combined ionic-
electronic transport process, involving insertion of 
Li+ ions and an equivalent number of electrons) to 
transition metal compounds MaXb can be put down 
as follows: 

 
xLi+ + xe- + MaXb = LixMaXb. (1) 

 
This reaction makes use of deep d-type energy 

levels in transition metal compounds, with the 
energy of several eV/atom, which can accumulate 
the energy of several kWh/kg; thus enabling con-
struction of a power supply with significant volu-
metric and gravimetric energy density. 

Fig. 1a shows adjustment of electronic struc-
tures of electrode materials and an electrolyte in a 
perfectly reversible Li-ion cell with conducting 
electrodes, which guarantees thermodynamic sta-
bility of the cell. Energy gap (electrochemical win-
dow) of an electrolyte, Eg, should be wider than 4 
eV. The electrochemical potential of electrons 
(Fermi level, EF) of both electrode materials should 
be situated within the electrochemical window of 
the electrolyte. At the same time, Fermi level of the 
anode material should be situated below the bot-
tom of the electrolyte conduction band (below 
LUMO – Lowest Unoccupied Molecular Orbital – 
level). This prevents transfer of electrons from the 
anode material to the electrolyte (electrolyte will 
not undergo reduction and anode material will not 

undergo oxidation). As for Fermi level of the ca-
thode material, it should be situated above the top 
of the electrolyte valence band (HOMO – Highest 
Occupied Molecular Orbital – level) in order to pre-
vent electron transfer from the electrolyte to the 
cathode material (electrolyte will not undergo oxi-
dation, cathode material will not undergo reduc-
tion). In reality, the desired adjustment of cell com-
ponents (electrode materials and electrolyte) from 
the point of view of their electronic structures is not 
achieved (Fig. 1a). For any element anodes (Li, Si, 
carbon) Fermi level is situated above the electrolyte 
LUMO level, practically for all known non-aqueous 
electrolytes.4 The use of such anode is possible 
owing to the formation of a passive SEI (Solid Elec-
trolyte Interface) layer which is a result of reaction 
between the electrolyte and anode material. The 
layer prevents further anode–electrolyte reaction 
and capacity loss. Good properties of SEI layer in 
the case of Li anode are obtained when the electro-
lyte is based on ethylene carbonate (EC).5 The SEI 
layer lets only the lithium ions pass and protects 
the electrolyte from reduction. However, the SEI 
layer itself is very fragile and easy to destroy. Upon 
charging of a cell with metallic lithium, the SEI layer 
is destroyed and lithium ions moving towards the 
anode undergo reduction to metallic lithium in the  
electrolyte (without the SEI layer, electrons can 
easily be transferred from anode material to the 
electrolyte). This results in the formation of lithium 
dendrites which short-circuit the cell.  

This mechanism caused that Li/Li+/LixTiS2 cell 
technologies were withdrawn from the market in 
the 70’ties of the XX-th century. In 1991, a new 
generation of lithium batteries, i.e. Li-ion batteries, 
was commercialized by Sony Corp. The metallic 
lithium anode was replaced with graphite, which 
has the ability to reversibly intercalate lithium and 
has a reasonably low potential versus lithium. Simi-
larly as in lithium, the electrochemical potential of 
electrons (EF) in graphite is also above the LUMO 
level of the electrolyte (Fig. 1b) and proper func-
tioning of the cell is dependent on the formation of 
the SEI layer. It has been proven5 that adding VC to 
the electrolyte (EC, DEC, DMC) helps to reconstruct 
the destroyed SEI layer upon cell charging.  Never-
theless, the rate of lithium ions transfer through the 
SEI layer towards the anode and the rate of SEI layer 
reconstruction (healing) still limit the charging rate 
of the carbon anode and consequently that of the 
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Li-ion batteries. Graphite is still thought to be the 
best anode material. Its layered structure with three 
strong covalent bonds with sp2 hybridization on a 
graphite plane and the half-filled pz orbital perpen-
dicular to the graphite plane which interacts with 
lithium 2s orbital, effectively limit graphite swelling 
upon lithium intercalation but also limit the overall 
quantity of inserted lithium (maximum of 1 lithium 
atom per 6 carbon atoms). Still, its capacity (approx. 
380 mAh/g) is by far bigger than the capacity of the 
best cathode materials. Silicon has a significantly 
higher capacity for lithium intercalation, but its 
increase in volume during the process reaches 
300% which effectively destroys the SEI layer. Fur-
thermore, the reaction between the electrolyte and 
silicon proceeds continuously, which eliminates 
this material from practical use. 

 
a) 

 
b) 

 
 

Fig. 1. Electronic structures of electrode materials and 
an electrolyte in (a) a perfectly reversible Li-ion cell 
and (b) cell with passive layers at electrode-electrolyte 
interfaces. WA and WC denote work function of ca-
thode and anode materials respectively. 

A similar situation leading to the formation of a 
passive SEI layer can be observed at the cathode 
material/ electrolyte interface (Fig. 1b). The SEI layer 
constitutes an energy barrier for electron transfer 
from the electrolyte to the cathode material and 
prevents further electrolyte – cathode material 
reactions. The formation of SEI has also some nega-
tive effects: it limits the electric contact between 
active particles of the cathode material and the 
current collector when the electrolyte penetrates 
along the cathode material grain boundaries. This 
effect can be significantly diminished by covering 
the active particles of cathode material with carbon 
or nanoscale amorphous oxides (such as Al2O3, 
ZnO, Bi2O3, MgO) and other,6,7 which gives rise to 
discontinuities in the SEI layer (carbon or other 
foreign particles will not form the SEI because they 
have much lower potential versus HOMO of the 
electrolyte). The discontinuities in the SEI layer 
provide spots for charge transfer to and from the 
cathode material during the cell charging and dis-
charging. 
 
3. parameters of Li-ion batteries 

Li-ion batteries LixC6/Li+/Li1-xMaXb principle pa-
rameter, i.e. energy density – per unit mass or vo-
lume, dependent on the cell electromotive force 
and its capacity, is defined by electronic and crystal-
lographic structure of both electrode materials in 
relation to lithium intercalation reaction 
on anode: 

 
C6 + xLi+ + xe- ↔ LixC6.  (2) 

 
and on cathode: 

 
Li1MaXb ↔ Li1-xMaXb + xLi+ + xe-.  (3) 

 
Current density of the cell depends on ionic-

electronic transport properties in both electrode 
materials (ambipolar diffusion). Consequently, the 
cell voltage, capacity, energy density and current 
density are defined by properties of the cathode 
and anode materials. The number of charge and 
discharge cycles and cell lifetime are significantly 
conditioned by processes taking place on electrode 
material/electrolyte interfaces. Cell safety depends 
on thermal and chemical stabilities of electrode 
materials and electrolyte. It has been shown,8 that 
graphite anode does not limit Li-ion batteries oper-
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ational parameters such as current density or vol-
tage. Therefore, better performance of the Li-ion 
batteries can be achieved by development of better 
cathode materials. 

 
4. Electronic aspect of Li-ion batteries 

Author’s long-term research into numerous Lix-

MaXb systems, such as: LixTiS2,9 LixVO2,10 LixCoO2,11 
LixNbSe2,12 LiNiO2,13 LixWO3,14 LixWSe2,15  
LixYBa2Cu3O7,16 LixBi2Sr2CaCu2O8,17 LixMn2O4,18,19 
LixFePO4,20 Li–graphite,8 has shown that electronic 
structure of an intercalated material plays an im-
portant role in the intercalation process. Electrons 
introduced to the cathode material during the elec-
trochemical intercalation (together with the 
equivalent number of lithium ions) occupy the 
available electronic levels and raise Fermi level 
according to the state-density function. Variations 
of the electromotive force of Li/Li+/LixMaXb cell (Fig. 
1a), for which the anode potential is constant (con-
stant Li+ ion concentration in the electrolyte), cor-
responds to the variations of electrochemical po-
tential of electrons (Fermi level) in the cathode 
material. This is because the changes in lithium ions 
chemical potential in the intercalated structure are 
small, i.e. of the order of kBT (kBT at room tempera-
ture equals ~0.025 eV).19 The changes in electrons 
electrochemical potential may be equal to the 
bandwidth, i.e. 1 eV or more. This approach to the 
description of the intercalation process makes it 
possible to predict and design the cathode material 
  
 

 
 
Fig. 2. Relationship between density of states of the 
cathode material (N(ε)) and dependence of electro-
motive force (EMF) of Li/Li+/LiMaXb cell on composition 
of the cathode material (xLi). 
 

operational properties on the basis of its electronic 
properties. High monotonous density of states at 
Fermi level of the cathode material and delocalized 
states lead to a weak (favorable for the envisaged 
application) dependence of the cathode potential 
on composition (xLi), wide range of lithium non-
stoichiometry (high cell capacity) and to high cur-
rent density as a result of fast cathode material 
relaxation (Fig. 2a). 

A discontinuous state-density function N(ε) and 
the related occurrence of localized electronic states 
near Fermi level constitute a kinetic barrier for li-
thium intercalation (lithium ions and electrons 
ambipolar diffusion), which effectively lowers cur-
rent density and does not permit to use full capaci-
ty of the cathode material (Fig. 2b). The nature of 
electronic states near Fermi level of the cathode 
material is thus crucial for the effectiveness of the 
intercalation process because charge transfer is 
performed at Fermi level. 

Operational parameters of Li-ion batteries 
which are based on the energy of d-electrons of 
transition metal, are by their very nature limited. A 
pristine cathode material, which on one hand 
would have high energy density (high potential 
versus lithium and high capacity), and on the other 
hand high current density, is impossible to develop. 
This negative correlation is illustrated in the elec-
tronic diagram (energy vs. density of states) of 
commercial cathode materials with indicated Fermi 
level versus lithium and resulting electromotive 
force of the cell (Fig. 3). 

 

 
 
Fig. 3. Electronic diagram (energy vs. density of states) 
of commercial cathode materials with indicated Fermi 
level versus lithium and resulting electromotive force 
of the cell. 
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The best electron transport properties appear 
for layered TiS2 due to the wide d (t2gTi) band and 
delocalized electronic states near Fermi level. Good 
ionic and electronic transport properties lead to 
high current densities, however, the Li/Li+/LixTiS2 
cell voltage reaches only 2 V. LiCoO2 shows worse 
electronic transport properties. The t2gCo band is 
significantly narrower, electronic states are loca-
lized and in order to obtain the required current 
densities, the macroscopic conductivity of the Li-
CoO2-based cathode material needs to be im-
proved by addition of conductive carbons. The 
LiCoO2 cathode cell voltage is high, reaching 3.9 V. 
As for the manganese spinel LiMn2O4 and 
LiMn1.5Ni0.5O4, during lithium intercala-
tion/deintercalation processes the energy is ob-
tained from even deeper electronic levels (egMn, 
egNi) that have a higher localization degree (pola-
ron states), which results, on one hand, in a high 
cell voltage, of 4.2 and 5 V respectively, and on the 
other hand, in a much lower current densities. Fig. 4 
shows the cell voltage and electrical conductivity of 
the cathode material at cell operating temperature 
(300K). The higher the cell voltage, the lower the 
electrical conductivity of the cathode material 
(lower current densities). Modification of the ca-
thode material chemical composition can increase 
the cell voltage whereas grain refinement to na-
nometric-size significantly improves current densi-
ty, which is due to shortening of the effective diffu-
sion path for lithium. 
 
5. Commercial cathodes 

Investigations on cathode materials for Li-ion 
batteries conducted by Molenda21-24 show that 
electrochemical properties of cathode materials 
based on Li(Co,Ni,Mn)O2 layered oxides, their 
chemical stability and reversible capacity can still 
be significantly improved. LiCoO2 uses only half of 
its theoretical capacity.  

This is due to the fact that lithium electrochemi-
cal intercalation/ deintercalation is reversible only 
in the compositional range LiCoO2 – Li0.5CoO2, 
which results in low capacity of 130 mAh/g. Upon 
electrochemical deintercalation of lithium in the 
range Li1CoO2 – Li0.5CoO2, electrons are extracted 
from the t2gCo band (together with the equivalent 
number of Li+ ions) (Fig. 3). Electron holes are 
formed in the t2gCo band and the Fermi level is 
located within this band.21 Further lithium deinter-

calation implies lowering of the Fermi level within 
the t2gCo band. When the Fermi level reaches the 
top of oxygen 2p band (Fig. 3), electrons are ex-
tracted from this band, oxygen is oxidized (O2- ions) 
and leaves the LixCoO2 structure. Oxygen reacts 
with the organic electrolyte (exothermic reaction) 
and causes a danger of battery explosion. The ex-
amination of lattice parameters, oxygen content 
and the average cobalt valency in samples at high 
degree lithium deintercalation confirms this mod-
el.21 Author’s extensive research21-24 on optimization 
of cathode materials on the basis of layered transi-
tion metal oxides aims at improving their chemical 
stability through introduction of manganese (LiNi1-

y-zCoyMnzO2). It is deemed possible because of the 
electron configuration of Mn3+/4+ ions (t2g

3 eg
1/0) and 

shift of the oxygen 2p band beyond the range of 
Fermi level variations (Co3+/4+, Ni2+/4+) in the interca-
lation/deintercalation process. Furthermore, the 
studies underway aim at establishing optimal ionic 
and electronic transport properties, which are in-
dispensable for the intercalation reaction to be 
highly effective. 

 

 
Fig. 4. Correlation between cell voltage and electrical 
conductivity of the cathode material at cell operating 
temperature (300K). 

 
The manganese spinel LiMn2O4 – a cathode ma-

terial considered very promising – undergoes 
phase transformation2,18,19,25 near the cell working 
temperature (290 K) and it progressively looses 
capacity with increasing number of charge / dis-
charge cycles. This is due to its limited chemical 
stability versus the liquid electrolyte, which causes 
its partial dissolution and decomposition related to 
the disproportionation reaction: 

 
2Mn3+(s) → Mn4+(s) + Mn2+(l).   (4) 



Functional Materials Letters 
Vol. 4, No. 2 (2011) 107–112 

©World Scientific Publishing Company 

31 

 

An increase in chemical stability of the manga-
nese spinel versus the electrolyte may be attained 
by surface modification with a carbon (or LiCoO2) 
coating or by modification of its chemical composi-
tion, e.g. substitution of oxygen by fluorine or sul-
fur.26,27 It has been shown19 that substitution of 
manganese by transition metal ions (Cr3+, Fe3+, Co3+, 
Ni2+, Cu2+) eliminates the undesirable phase trans-
formation, and that in the case of substitution by 
copper, the electrical conductivity increases by two 
orders of magnitude. 

LiFePO4 with the olivine structure (commonly 
known as phospho-olivine)28,29 is also seen as very 
promising because of several important advantag-
es: high theoretical capacity (170 mAh/g), the high-
est of all known cathode materials chemical stabili-
ty, which guarantees cell security, and stable capac-
ity which does not decrease with the increasing 
number of work cycles. Its hexagonal close-packed 
oxygen sublattice has one-dimensional channels, 
which constitute potential fast diffusion paths for 
lithium ions. However, due to the specific crystal 
structure (FeO6 octahedra linked via corners lead to 
a significant, 3.8 Å, Fe-Fe distance, while the M-M 
distance for conductive oxides is below 3 Å) phos-
pho-olivine is practically an electronic insulator. Its 
electrical conductivity at room temperature (i.e. at 
the cell working temperature) is very small as for a 
cathode material, and equals 10-9 S/cm (several 
orders of magnitude smaller than that of LiCoO2). 
The conditions set forth above explain why the 
observed mechanism of LiFePO4 delithiation is not, 
unfortunately, a diffusional mechanism, which 
would be described by the following reaction: 

 
LiFePO4 - xLi+ - xe- ↔ Li1-xFePO4.  (5) 
 

and which would lead to a homogenous material 
with a variable lithium content. Lithium extrac-
tion/insertion into LiFePO4 during the 
charge/discharge process is based on the coexis-
tence of two phases – one which contains lithium 
and the other - completely lithium-free: 

 
LiFePO4 - xLi+ - xe- → xFePO4 + (1-x)LiFePO4.       (6) 

 
Reversibility of charging and discharging 

processes is due to high similarity of LiFePO4 and 
FePO4 structures (the same space group) and a 
minor difference in volume – 6.81%. This behavior 

of the cathode material is highly disadvantageous, 
since only the surface of grains works effectively, i.e. 
current density of the cell is low. The low ionic-and-
electronic conductivity is the principal reason of the 
two-phase delithiation mechanism. 

Much hope for commercial Li-ion batteries is as-
sociated with Chiang’s revolutionary report on 
phospho-olivine doping,30 indicating a possibility of 
electrical conductivity increase by a factor of 107. 
According to some theoretical studies, it is possible 
to obtain metallic conductivity of phospho-olivine. 
However, examination of doped phospho-olivine 
surfaces by Molenda et al.31,32 and the results pub-
lished by Nazar33 have proved that the high values 
of conductivity of doped phospho-olivine are not 
due to bulk metallic properties but due to the for-
mation of metallic iron phosphides on the surface 
of phospho-olivine grains, which are the effect of 
partial reduction of LiFePO4 to Fe2P during the syn-
thesis. Current efficiency of the cell is not improved 
significantly because the bulk ionic-electronic 
transport has not been activated. 

The most challenging issue in the search for ca-
thode materials based on phospho-olivine is to 
develop phospho-olivine with mixed ionic-
electronic conduction. This should activate the 
diffusional mechanism of the intercala-
tion/deintercalation process and improve current 
efficiency, being at present the only drawback of 
lithium cells based on phospho-olivine. Enhance-
ment of the LiFePO4 electrical conductivity is there-
fore crucial for the technological development of 
cathode materials based on phospho-olivine. 

Intensive studies on the improvement of trans-
port properties of phospho-olivine, i.e. on the de-
velopment of phospho-olivine with mixed ionic-
electronic conduction,32,34 conducted by Molenda 
et al. indicate that the goal can be achieved 
through iron substitution by a transition metal with 
relevant electronic configuration versus iron, so 
that the electron transfer from ion to ion could be 
generated. It seems, that still other possibilities are 
available to increase the ionic-electronic transport, 
e.g. through substitutions in iron sublattice or in the 
polyanion (PO4)3-. Probably the best solution to 
improve electrochemical effectiveness of the ca-
thode based on phospho-olivine would be through 
the synthesis of nanostructured material as it might 
lead to shortening of the effective diffusion path for 
lithium and to better current efficiency. Finally, it is 
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worth-while to note that materials engineering 
methods allow obtaining electrochemically very 
active nanograins with “open” fast diffusion paths 
for lithium.35 
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Introduction 

High performance lithium ion batteries require 
electrode (cathode and anode) materials showing 
high enough ionic and electronic conductivities as 
well as high chemical stability. Currently, the stan-
dard composite cathodes used in Li-ion cells are 
prepared as physical mixture of powders (active 
material, carbon and binder) [1]. Thus, aggregation 
of the fine carbon particles may occur, increasing 
heterogeneity of the cathodes and lowering the 
reversible cell capacity due to limitation in the 
charge transport [2]. Higher performances of ca-
thode as well as anode materials may be achieved 
by lowering the size of active material grains. Nano-
sized grains reveal better electrochemical proper-
ties and also lower chemical stability towards elec-
trolyte [3, 4]. The latest may provide dangerous and 
uncontrolled self ignition of a cells. Coating of ac-
tive material by conductive carbon layers (CCL) 
increased the chemical stability and safety of the 
composite cathode [5]. Many reports points to 
improvement of electrochemical performances of 
the cathode materials caused by carbon coating [6-
12]. There are several trials to improve the carbon 
coatings, starting from mechanical mixtures of 
various resins, carboxylic acids, or sugars solutions 
with the active materials, carbonized further to get 
the final composites. However, the morphology of 
these layers was not discussed in detail. Characte-
ristic of the carbon coatings deposited on elec-
trodes is that they react with the electrolyte there-
by giving rise to the formation of passive insulating 
layers. To avoid these destructive effects, the car-
bon conductive layers (CCL) should stick well to the 
electrode material and be able to reduce an inter-
face area of the electrode/electrolyte composite. 
This is needed for optimal formation of solid elec-
trolyte interface (SEI) that is responsible for the 
magnitude of ion transport across the interface. In 
view of the above, the formation of micro canals in 
the CCL (the appropriate porous structure) can 
provide suitable pathways for the transport of ions 
(e.g. Li+) from the electrolyte to active material and 
vice versa. Such a composite material should assure 

also a sufficient electrical conductivity. On the other 
hand, the carbon matrix is applied in silicon, tin or 
antimony based high capacity composite anodes 
[13-17]. In such composites the carbon coating act 
as electrically conducting and stress buffering 
agent compensating volume changes. The volume 
changes during lithium insertion-deinsertion from 
active anode material (e.g. Sn, Si) may reach 300%, 
thus the electrical contact in the composite may be 
lost and cell damaged. A high capacity anodes 
requires a nano-sized grains of active materials 
which reveal high chemical reactivity thus compo-
sites preparation is difficult. A novel method of 
preparation of conductive carbon layer with con-
trolled morphology on fine particle powders, based 
on direct polymer deposition, has been proposed 
in recent works [18-21].  

The goal of the work was to show applicability 
of the CCL composite idea in preparation of ca-
thode as well as anode composites for Li-ion batte-
ries in water mediated process using hydrophilic 
polymers as carbon precursor. The influence of 
polymer precursors composition, conditions of 
deposition and pyrolysis process on morphology 
and electrical properties of the formed CCL was 
studied on model composite system CCL/α-Al2O3. 
CCL cathode composites were prepared from 
LiMn2O4-ySy (0≤y≤0.1) lithium manganese spinel 
materials while anode composite was prepared 
from nano-sized tin(IV) oxide obtained by reverse 
microemulsion method. The textural, chemical as 
well as electrical properties of the obtained elec-
trode composites were characterized and dis-
cussed. 

 
Experimental 

Schematic process of CCL/α-Al2O3 composite 
preparation is presented in Fig. 1. Two methods of 
the composite precursors formation were applied. 
In the first, the free-radical precipitation polymeri-
zation of freshly distilled acrylonitrile (AN) was per-
formed in the presence of α-Al2O3 grains (POCh, 
Poland, 99.99 %, SBET = 24 m2 g-1). The details of pro-
cedure was described in previous paper [19]. In 
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brief, α-Al2O3 grains were suspended in water solu-
tion of AN (7 wt%) and the polymerization was 
initiated by 2,2’-azobis(isobutyramidine hydrochlo-
ride) (Aldrich), upon which the obtained PAN/α-
Al2O3 samples were washed, filtered and dried in 
the vacuum at 50°C. In the second method , the α-
Al2O3 grains were wet impregnated with polymers 
in water solutions. The polymers used, were poly-N-
vinylformamide (PNVF) obtained by radical-free 
polymerization from N-vinylformamide (Aldrich) [5] 
and modified by pyromellitic acid (PMA) (5-10 wt%) 
PNVF (MPNVF) [20, 21]. To achieve the impregna-
tion, α-Al2O3 grains were suspended in the solutions 
of respective polymers in water (8-15 wt%). The 
suspensions were stirred continuously until the 
solvent evaporated and the viscosity of the solu-
tions became high enough to avoid sedimentation. 
Then the samples were dried in an air drier at 90°C 
overnight. To obtain CCL/α-Al2O3 composites, fol-
lowing the preparation, the PAN/α-Al2O3, PNVF/α-
Al2O3 and MPNVF/α-Al2O3 composite precursors 
were pyrolysed in a tube furnace under the flow of 
99.999 % argon (5 dm3/h) at 550° and 600°C for 24h. 
The CCL/α-Al2O3 composites obtained were deep 
black with foamed slag-like structure, the one pre-
pared from the MPNVF precursor being special in 
that it looked glassy and lustrous like a graphite. 
The composites had their carbon content deter-
mined by temperature programmed oxidation 
(TPO) using thermal-gravimetric analysis (TGA) [19].  

Lithium manganese spinel LiMn2O4-ySy (0≤y≤0.1) 
materials for CCL composites were prepared by sol-
gel method [5]. The grains of cathode material were 
coated by MPNVF polymer precursor in wet im-
pregnation process (Fig. 1). Then the obtained 
MPNVF/LiMn2O4-ySy composite precursors were 

carefully pyrolysed under controlled conditions (10 
dm3/h Ar 99.999%, 400°C/6h), to avoid the oxide 
decomposition providing carbon layer combustion. 
The optimal conditions of the pyrolysis process 
were determined by thermal analysis techniques 
(EGA-TGA/DTG/SDTA) [18]. 

Carbon/tin anode composites were prepared in 
following process. As tin precursor a nano-sized 
Sn(OH)4 obtained by reverse (w/o, water in oil) mi-
croemulsion method. Two w/o microemulsions 
were prepared. They contained 22% wt. of water 
phase, 48% wt. of cyclohexane (POCh) as oil phase 
and 30% wt. of surfactant (Triton X-100, Aldrich) 
and co-surfactant (n-Hexanol, POCh) with a ratio 2:1 
by weight. In the water phase of the first micro-
emulsion tin (IV) chloride (SnCl4⋅5H2O, POCh) was 
dissolved. The water phase of the second micro-
emulsion contained the precipitating agent tetra-
propylammonium hydroxide ((CH3CH2CH2)4NOH, 
Aldrich). The obtained two transparent w/o micro-
emulsions were mixed together for 24h. After pre-
cipitation of tin (IV) hydroxide the resulting mixture 
was centrifuged and washed with acetone and 
water (2:1) several times providing a white powder. 
The nano-sized tin (IV) oxide was obtained after 
calcination performed under air flow at 450°C for 
3h. Then, the obtained SnO2 grains were coated by 
polymer carbon precursor–poly(N-vilnylformamide) 
modified with 5-10 wt.% pyromellitic acid (MPNVF 
precursor) - in wet impregnation process (Fig. 1). 
The obtained MPNVF/SnO2 composite precursors 
were pyrolysed under Ar (99.999%, 10 dm3/h) flow 
at 800°C for 3h. The optimal conditions of calcina-
tion and pyrolysis process were determined by the 
thermal analysis methods (EGA-TGA/DTG). 

 

 
Fig. 1. Process schematic of water mediated CCL/Al2O3 composite formation performed by polymer precipitation 
polymerization in suspension (1) or by wet polymer impregnation (2). 
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Thermal gravimetric analyses (TGA) coupled 
with mass spectrometry analysis of evolved gas 
(MS-EGA) were performed in a Mettler-Toledo 851e 
thermo-analyzer using 150 μl corundum crucibles 
under flow of air or argon (80ml/min), within tem-
perature range 30-1000°C and heating rate 
10°C/min. The simultaneous MS-EGA was per-
formed using on-line joined quadruple mass spec-
trometer (QMS) Thermostar (Balzers). The 17, 18 
and 44 m/z mass lines, ascribed to the OH, H2O and 
CO2 species respectively, were collected during the 
TGA experiments. The carbon content in the com-
posites was determined by the temperature pro-
grammed oxidation (TPO) [19]. 

The differential scanning calorimetry (DSC) ex-
periments were performed in Mettler-Toledo 821e 
equipped with intracooler Haake, in 40μl aluminum 
crucibles under constant flow of argon (80 ml/min). 
The measurements of chemical stability of the 
composite cathode towards electrolyte (1M LiClO4 
in EC:DMC) were performed within temperature 
range +25÷+500°C with heating rate of 10°C/min.  

The Raman spectroscopy measurements were 
performed on thin pellets containing 10 mg of the 
carbon sample and 200 mg of KBr. The carbon 
samples were prepared by pyrolysis under the 
same process conditions as those applied in the 
composites preparation. The spectra were recorded 
at room temperature using a triple grating spec-
trometer (Jobin Yvon, T 64000) equipped with a 
liquid nitrogen cooled CCD detector (Jobin Yvon, 
Model CCD3000). The spectral resolution of 2 cm-1 
was set. An excitation wavelength at 514.5 nm was 
provided by an Ar-ion laser (Spectra-Physics, Model 
2025). The laser power at the sample position was 
about 20 mW. Raman scattered light was collected 
with a 135° geometry, and 5000 scans were accu-
mulated to ensure acceptable signal-to-noise ratio. 

The crystal structure of the obtained carbon 
composites were characterized at room tempera-
ture by powder X-ray diffraction (XRD) method in a 
PW3710 Philips X’Pert apparatus equipped with a 
graphite monochromator using Cu Kα1 radiation. 
The average crystallites size was calculated from 
reflections broadening using the Scherrer equation.  

The specific surface area measurements of the 
composites were performed in Micrometrics ASAP 
2010 using the BET isotherm method. For that 
about 500 mg of each sample was degassed at 250-

300°C for 8 h under a pressure of 0.26-0.4 Pa and 
subjected to N2 sorption at -195.8°C. The pore size 
distribution was determined using the BJH method. 

Electrical conductivity was measured using the 
ac (33Hz) 4-probe method within temperature 
range of  40÷55°C. The carbon coated composite 
powders were elastic that the standard preparation 
of pellets was impossible. The fine powder samples 
were placed into a glass tube and pressed by a 
screw-press between parallel gold disc electrodes 
(∅=5mm) till the measured resistance remains 
constant.  

Transmission electron microscopy investigation 
was performed using TECNAI G F20 (200 kV) cou-
pled with an energy dispersive X-ray spectrometer 
(EDAX). In order to fully describe morphology of 
obtained composite grains, the analysis was carried 
out in a bright filed (BF) and high resolution (HREM) 
modes. 

  
Results and Discussion 
Model CCL/α-Al2O3 composites 

The results of the Raman spectroscopy (RS) 
measurements are presented in Fig. 2. The degree 
of carbon materials graphitization was characte-
rized using the intensity ratio D/G, where the D 
band (defect mode; at about 1350 cm-1) corres-
ponds to sp3 diamond-like carbon structures and 
the G band (about 1600 cm-1 ), to sp2 graphitic struc-
tures [23-26]. It was found that the graphitization 
degree increased with a decrease in the D/G ratio. 
The lowest value of the D/G ratio was observed for 
MPNVF precursor. This indicates the formation of 
the highest amounts of the graphene domains in 
the carbonized sample compared to the other pre-
cursors. Also, the G peak of the carbonized MPNVF 
precursor was downshifted and its width de-
creased, which suggests 2D ordering (1st phase of 
graphitization) [24]. Thus, the modification of PNVF 
by pyromellitic acid improves the polymer carboni-
zation and the carbon layer formation. This may 
result from the fact that the planar structure of the 
PMA molecules serves as a nucleus of the graphene 
domains, which compete with the formation of the 
disordered structures. Likewise, for the same pre-
cursor the highest carbonization efficiency (the 
lowest loss of the carbon atoms from the precursor) 
was achieved (Table 1). 
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Table 1. Mass ratios of polymer precursors to α-Al2O3 applied in the composite precursors preparation, and the 
carbon content in the resulting C/α-Al2O3 composites. 

Polymer precursor 
(PP) 

PP/α-Al2O3 ratio 
Carbon content in  
C/α-Al2O3, wt% 

Carbonization effi-
ciency, wt% 

PAN 

0.4 
0.8 
1.2 
1.6 
2.0 

1.6
5.1 
10.3 
20.6 
37.2 

4.0 
6.9 
9.6 
16.3 
29.6 

PNVF 

1.0 
1.2 
1.4 
1.6 
2.4 
3.2 
4.8 

6.6
8.1 
9.6 
11.5 
25.3 
31.9 
47.7 

7.0 
7.3 
7.5 
8.1 
14.1 
14.6 
14.7 

MPNVF 

0.2 
0.4 
0.6 
0.8 
1.1 
1.8 
3.3 

2.0
5.6 
9.7 
13.5 
17.4 
23.8 
40.0 

11.7 
16.0 
18.2 
18.7 
18.6 
17.4 
20.0 

 

 
Fig. 2. Raman spectra of pyrolysed carbons derived 
from PAN, PNVF and MPNVF precursors. 

 
The results of the electrical conductivity mea-

surements carried out on the CCL/α-Al2O3 samples 
are presented in Fig. 3. As expected, the electrical 
conductivity of the composites increased with an 
increase in carbon loading. For the PNVF precursor, 
however, this increase was found much slower 
above 12 wt% of C. Such an effect was not ob-
served for the CCL obtained from the PAN and 
MPNVF precursors. By contrast, the activation ener-

gy of electrical conductivity remained nearly con-
stant in the range of carbon content studied, sug-
gesting a preservation of the conductivity mechan-
ism of the CCL. Of the samples examined, the best 
electrical properties, i.e. the highest conductivity 
and the lowest activation energy, were revealed by 
the composite based on the MPNVF precursor. 
Taking into account the results of the RS measure-
ments, it may be concluded that the improvement 
of the electrical conductivity arose from the action 
of the pyromellitic acid modifier facilitating the 
achievement of the 2D ordered graphene structure. 
This way the desired value of the electrical conduc-
tivity of 10-2 S cm-1 was achieved. Simultaneously, 
the lowest activation energy (about 0.08 eV) of the 
electrical conductivity for these composite mate-
rials was observed. 

The change in specific surface area with carbon 
content of the CCL/α-Al2O3 composites is presented 
in Fig. 4. For all the samples studied the specific 
surface areas increased linearly with carbon loading 
up to 25-30 wt%, the rate of this increase being 
dependent on the polymer precursor. This suggests 
that the initial porous structure of the CCLs was 
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preserved regardless of the carbon content. Inte-
restingly, for the PNVF precursor the surface areas 
measured in the low carbon loading region were 
found much higher than those for MPNVF. This 
difference means that the modification of PNVF 
with the PMA modifier resulting in MPNVF, brought 
about the formation of another type of CCL, where 
most probably the formed graphene domains are 
locally arranged in a manner that they limit the 
formation of disordered carbon. 

 

 
Fig. 3. Electrical properties of CCL/Al2O3 composites 
affected by composition of polymer precursor. 

 

 
Fig. 4. Specific surface area of CCL/Al2O3 composites 
derived from different polymer precursor. 

 
The N2-adsorption-desorption isotherms and 

pore size distributions of CCL/α-Al2O3 composites 
are presented in Fig. 5. The observed shapes of the 
isotherms (Fig. 5a-5c) correspond to the mixed I 
and IV types of isotherms (according to IUPAC no-
menclature). Such shapes indicate the presence of 
micro- and mesopores within the CCLs. The hyste-
resis loops of the H4 type (IUPAC) suggest the slot-
ted pores located within the intergranular spaces. 
The textural properties of the composites on the 
other hand are generally similar, but there are dif-

ferences in the pore size distribution (Fig. 5d-5f). 
The smallest pores were found in the composite 
obtained from the PAN precursor. This fact can be 
related to the applied preparation method, i.e. the 
precipitation polymerization resulting in filling of 
the pores by carbon particles. Unlike the PAN de-
rived composite, the PNVF derived composite (Fig. 
5b and 5e) revealed a highly porous structure with 
a relatively high number of micro-pores (about 
30%), this morphology being in agreement with 
the highest specific surface area (Fig. 4). By contrast, 
the composite derived from the MPNVF precursor 
showed a very uniform distribution of the meso-
pores with sizes within the range of 3-4.5 nm (Fig. 
5f). Also, the specific surface area of this composite 
that is lower by about 50 % than that of the unmo-
dified precursor (PNVF) (Fig. 4) suggests that a tigh-
ter carbon film with a lower content of the disor-
dered carbon was formed in this sample. These 
morphological properties together with the elec-
trical properties (Fig. 3) classify the MPNVF derived 
composite as the optimal preparation. 

Based on the electrical and morphological 
properties determined for the CCL/α-Al2O3 compo-
sites derived from the polymer precursors under 
investigation, the following structural model of 
these materials may be proposed (Fig. 6). The CCL 
obtained from the PAN precursor (Fig. 6a) consists 
of tightly packed small carbon particles, while that 
obtained from the PNVF precursor (Fig. 6b) is built 
of carbon whiskers, this latter structure being re-
flected in a high specific surface area and a high 
share of the micropores in this sample. This same 
PNVF precursor, when modified with pyromellitic 
acid (MPNVF precursor), strongly diminishes the 
specific surface area of the resulting composite, 
which is due to the formation of a tight, highly 
conductive carbon film with the defined porous 
structure that is dominated by mesopores with a 
narrow size distribution (Fig. 6c). 

The sample result, of the performed HR-TEM 
studies on CCL/α-Al2O3 composites obtained from 
MPNFV precursor, is presented in Figs. 7. It is ob-
served a uniform dispersion of well sticked nano-
sized carbon coatings on ceramic grains. 
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er, the increase of electrical conductivity of the 
composites is observed with increase of carbon 
loading, what suggests that the formed carbon 
layer is conductive. 

 
Fig. 8. Electrical Properties of CCL/LiMn2O4-ySy cathode 
composites obtained from MPNVF precursor. 

 
The chemical resistance of the composites to-

wards electrolyte (1M LiClO4 in EC/DMC) was tested 
using DSC method. The results are presented in Fig. 
9. The carbon coated materials exhibited better 
chemical stability in comparison to pristine ones. 
The heat effects related to exothermic redox reac-
tion is shifted up toward higher temperatures of 
about 30-40°C. This should results in higher stability 
and safety of the CCL composite cathodes. The 
dependence of DSC heat effects of the composites 
on carbon content are presented in Fig. 10. The 
increase of carbon loading in the composites pro-
vided decrease of the heat of reaction of 25% at 
least. However, for the sulphur modified and car-
bon coated spinel this effect is much greater, in 
comparison to pristine LiMn2O4 cathode material 
(45% decrease). This strongly suggests that surface 
modification of the cathode material grains by CCL 
may significantly increase the safety of Li-ion batte-
ries, especially in case of use of nano-sized grains of 
the materials. 

Dependence of the specific surface area and 
pores size distribution on the carbon content are 
presented in Table 2. There is an increase in the 
specific surface area related to carbon coating, 
what was expected. An example of the BET N2-
isotherms and pores size distribution of the 
CCL/LiMn2O4-ySy composite are presented in Figs. 
11. The observed shapes of the isotherms (Fig. 11a) 
correspond to the mixed I and IV type of the iso-
therms (according to IUPAC nomenclature). Such 
shapes indicate the presence of mesopores within 

the CCL’s. Moreover, the carbon film with very uni-
form mesopores distribution, sizes within the range 
of 3-4.5 nm, was observed (Fig. 11b). The hysteresis 
loops of the H4 type (IUPAC) suggests the slotted 
pores located within the intergranular spaces. Such 
mesopores should provide fast path ways for li-
thium ion transport into cathode material. The 
observed morphology of the CCL/LiMn2O4-ySy com-
posites prepared from MPNVF precursor revealed 
similar behavior than that for the model CCL/Al2O3 
composites derived from the same precursor. This 
leads to conclusion that the morphology of the 
CCLs is related only to polymer carbon precursor 
while the overall composite morphology results 
from the host material texture as well. 

 

 
Fig. 9. Chemical stability towards electrolyte 
CCL/LiMn2O4-ySy cathode composites obtained from 
MPNVF precursor. 

 
Fig. 10. Dependence of heat of reaction on carbon 
content in CCL/LiMn2O4-ySy cathode composites ob-
tained from MPNVF precursor. 
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Table 2. Textural properties of the LiMn2O4-ySy cathode composites. 

Sample 
Carbon 
content 

[%] 

BET specific surface area 
[m2g-1] 

Maximum of pores size distribution
[nm] 

LiMn2O4 0 6.1 - 
C/LiMn2O3.97S0.03 18.6 10.2 3.4 
C/LiMn2O3.97S0.03 32.5 12.5 3.3 
C/LiMn2O3.95S0.05 21.1 9.1 3.3 
C/LiMn2O3.9S0.1 19.8 9.6 3.4 
C/LiMn2O3.9S0.1 30.5 8.4 3.4 

 

 
Fig. 11. BET N2-isotherms (a) and pores size distribu-
tion (b) of CCL/LiMn2O4-ySy cathode composites. 

 
CCL/Sn anode composites 

The thermal analysis of the MPNVF/SnO2 com-
posite precursor decomposition process performed 
in argon atmosphere is presented on Figs. 12. The 
observed TGA curve (Fig. 12a) is very complex, 
however in principle two main stages can be dis-
tinguished. The first stage which started above 
200°C and is related to polymer pyrolysis and for-
mation of carbonaceous materials. Simultaneously, 
the evolution of water and carbon dioxide is ob-
served in EGA curves (Fig. 12b). Above 450°C the 
reduction of tin (IV) oxide to metallic tin (by formed 
carbonaceous material) begins what is accompa-
nied by carbon dioxide evolution. It seemed that 
formation of C/Sn nano-composite from 
MPNVF/SnO2 precursor may be possible in simple, 

 
Fig. 12. Thermal decomposition of MPNVF/SnO2 com-
posite precursor of CCL/Sn composite. 
 
coupled process of pyrolysis and carboreduction, 
preserving the tin nano-grains against fusion. 

The results of X-ray diffraction measurements of 
CCL/Sn anode composites revealed that the as-
sumed composites were obtained. An example of 
XRD pattern of 18% C/Sn composite are presented 
in Fig. 13. The pattern reveals characteristic feature 
of metallic tin, without any reflexes related to car-
bon material, what suggests that carbon layers 
were amorphous. Only small amounts of SnO im-
purities was observed, what was related to incom-
plete carboreduction of SnO2. The calculated from 
reflexes broadening average crystallite size of me-
tallic tin was in the range of 130-140 nm. This sug-
gests that tin nano-grains were preserved against 
fusion, moreover, tin nano-grains were encapsu-
lated by CCLs. 
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Fig. 13. XRD pattern of CCL/Sn anode composite. 

 
The electrical properties of the obtained CCL/Sn 

composites are presented in Fig. 14. The results 
showed that the continuous path for electrical 
conductivity through CCL is achieved above 15% of 
carbon loading, and this is close to results obtained 
for C/Al2O3 model composites. Below 15% of car-
bon content in the composite, the formation of 
percolation path for electrical conductivity is ob-
served. The activation energy of the electrical con-
ductivity is low and not affected by carbon loading 
in the CCL/Sn composites, that suggests that elec-
trical conductivity occurs only through graphite-
like CCLs. 
 

 
Fig. 14. Electrical properties of CCL/Sn anode compo-
sites affected by carbon loading. 
 

The dependence of the specific surface area on 
the carbon content of the C/Sn composites are 
presented in Table 3. There is a strong increase in 
the specific surface area related to carbon coating, 
what was expected in relation to nature of the car-
bon precursor used (MPNVF). An example of the 
BET N2-isotherms and pores size distribution of the 
C/Sn anode composite are presented in Figs. 15. 
The observed shapes of the isotherms (Fig. 15a) 
correspond to the mixed I and IV type of the iso-

therms (according to IUPAC nomenclature). Such 
shapes indicate the presence of micro- as well as 
disordered mesopores within the CCL’s. The calcu-
lation of the pores size distribution (Fig. 15b) re-
vealed two types of mesopores. The uniform pores, 
within sizes 3.5-5 nm, are related to pores in CCLs, 
while the large, disordered ones of sizes 8-18 nm 
are related to composite grains.  

 
Table 3. The textural properties of the C/Sn anode 
composites. 

Sample 
Carbon 
content 

[%] 

BET specific surface area 
[m2g-1] 

C/Sn-1 1.6 25.0 
C/Sn-2 15.3 65.8 
C/Sn-3 18.0 107.5 
C/Sn-4 22.5 79.7 
C/Sn-5 48.3 161.4 
C/Sn-6 50.2 108.8 

 

 
Fig. 15. BET N2-isotherms (a) and pores size distribu-
tion (b) of CCL/Sn anode composites. 
 

The sample HR-TEM images of C/Sn anode 
composites are presented in Figs. 16. Uniform dis-
persion of crystalline tin nano-grains in amorphous 
carbon matrix is observed what correlates well with 
XRD and BET results. 



 

 

Fig. 16. HR
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Introduction 

The present work is not intended to be a gener-
al overview of the electrolytes studied for lithium 
and lithium-ion battery technologies. For these 
purposes there are recent excellent reviews availa-
ble dealing with liquid [1], polymer [2] and ionic 
liquids [3] systems. Readers are welcome to use 
them for further extension of their knowledge re-
garding each group of electrolytes used. In the 
present paper an authorative report based on opi-
nion of the group of experts working in the field of 
electrolytes for battery application is presented. 
This will be followed by the presentation of ideas 
which in our opinion open new fields of research 
possibly leading to an improvement of the battery 
performance in the future. 
 
State of art  

In the pursuit for high performance batteries, 
alkali metals have been recognized as good candi-
dates for electrode materials owing to their low 
standard potentials and densities. Among them, 
lithium was the most attractive. It has the lowest 
standard potential among all metals, being the 
lightest metal in the periodic table and its cation is 
very small giving it a chance to diffuse quickly in 
solids. Alkali metals are reactive with water, giving 
the metal hydroxide and hydrogen gas. Therefore 
as early as in the 1950s electrochemistry of lithium 
in nonaqueous solvents was established. Its stabili-
ty in certain liquids was attributed to the formation 
of protective passive films that is also responsible 
for stability of stainless steel or aluminum in oxidiz-
ing conditions. The first primary lithium cells ap-
peared on the market where they keep their well-
established position until the present days. But still 
there was a lot of effort made to develop lithium 
technology as to introduce secondary lithium cells. 

The problem was the plating of lithium during the 
recharge. Highly inhomogeneous nature of the 
lithium-electrolyte interface provoked growth of 
lithium dendrites. Their erratic shape caused their 
dissolution and disattachment from the electrode 
on discharge, leading to capacity losses (that could 
be overcome by putting excess lithium in a new 
cell). Even worse was the presence of finely divided 
metallic lithium inside the electrolyte, that com-
bined with this dendritic growth could lead to 
short-circuits and thermal runaway. For years dif-
ferent electrolyte compositions were examined in 
the hope of finding one that could lead to uniform 
lithium deposition. An ether-based electrolyte was 
introduced into the market in 1980s,  which oper-
ated satisfactorily for over 300 deep cycles, howev-
er these batteries were still not perfect and several 
cells failures in 1989 finished the commercial viabil-
ity of lithium metal/liquid non aqueous electrolyte 
secondary cells. 

Safety issues related to the lithium metal elec-
trode stimulated researchers to look for new nega-
tive electrodes for lithium technology. Looking at 
the lithium cell one can see, that the positive elec-
trode chemistry is of the guest-host type, i.e. li-
thium cations are introduced into/removed from 
the stable structure of the host. At the same time 
electrons are injected into/removed from the high-
est energy bands of the material. All that happens 
at a certain potential. This class of materials (TiS2, 
LiMn2O4, and LiCoO2) was introduced by Whittin-
gam and Goodenough back in the 1970’s. These 
materials were cycled vs. metallic lithium electrode 
where it is plated/stripped. Extending the approach 
to the positive electrode into the negative one 
would lead to something called a “rocking-chair”, 
shuttle-cock” or “swing” battery in which lithium 
exists only in ionic state. The battery operation 
results from transfer of lithium between two mate-
rials of different Fermi levels combined with cor-
responding transfer of electrons. First materials 
tested were lithiated oxides: Li6Fe2O3, LiWO2 that 
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were cycled vs. WO3, TiS2 and V2O5. Such cells, de-
spite being very safe and offering long cycle life 
were not able to enter the market because of low 
energy and power density as compared with other 
technologies. It was only at the beginning of the 
1990’s when Li-ion cells were marketed thanks to 
the application of petroleum coke as the negative 
electrode material. Cokes and graphitic materials 
offer relatively high gravimetric capacities, operat-
ing potential very close to the one of lithium metal 
and most of all, low price. 

The general trends observed recently is the 
search for new electrode materials are ruled by the 
demand for safe, cheap and well-performing cells 
for automotive industry. Use of rare and expensive 
elements is expected to be minimized in order to 
lower the price and allow large-scale production; 
operating potentials of the electrodes should lay 
within the stability domain of the electrolyte in 
order to minimize the safety hazards that in case of 
large cells/battery packs are an important issue; 
also the cycle life should be long enough to guar-
antee up to 10 years operation. Of course these 
cells should offer as good capacities and power 
capabilities as possible, however these cannot be 
traded for the safety or unreasonably high price. 
The most explored materials are LiNiO2 (and its 
intermediates with LiCoO2 and LiMnO2), LiMn2O4 
and LiFePO4. 

Apart from optimization of electrodes materials, 
that are not to be discussed here, a lot of effort was 
devoted to the development of electrolytes, tai-
lored to the specific electrochemical system. 

The role of electrolyte is two, or sometimes 
threefold: 

 
• It should provide ionic contact between elec-

trodes allowing to close the circuit when the cell 
is operational 

• It should assure electronic and spatial separa-
tion of the positive and negative electrode in 
order to avoid short-circuit and as a result – self 
discharge of the cell, which in some cases can 
be very spectacular (as those of failed high 
power Li-ion cells). 
 
In case of electrochemical systems where elec-

trode components are not the only reactants ap-
pearing in the overall cell reaction, the electrolyte is 
the source (storage) of the remaining ones. 

In lithium–ion technology generally three 
groups of electrolytes are considered for ambient 
and moderate temperature application. These are: 
liquid systems (solutions of lithium salt in aprotic 
solvents), polymeric electrolytes (solid or gel sys-
tems) and solutions of lithium salts in ionic liquids.  

Generally an ideal electrolyte solvent should 
meet the following criteria: 

 
• be able to dissolve lithium salts to sufficient 

concentration 
• its viscosity should be low  so fast ion transport 

can occur within electrolyte 
• be inert to all cell components especially anode 

and cathode materials 
• it should remain liquid in a wide temperature 

range (low melting and high boiling tempera-
ture are desirable). 
 
 The choice of solvent for electrolyte dedicated 

for practical lithium cell (consisting of very low 
potential negative and very high potential positive 
electrode) is rather limited. Electrolyte should be 
characterized by high dielectric constant and ability 
to complex at least one of the ions coming from the 
dissociation of the electrolyte salt. In aprotic sol-
vents (because protic ones are unstable at low 
potentials) we lose the ability to complex anions 
first of all. Then – in order to get a high dielectric 
constant only a limited number of polar groups to 
choose from remain (many of them can be easily 
oxidized/reduced at the electrodes) i.e. carbonyl, 
nitrile, sulfonyl, ester and ether groups. Some hete-
rocyclic compounds can be considered as well as 
long as they lack acidic protons and are stable 
against oxidation and reduction. Compounds that 
offer high dielectric constant and form low energy 
complexes with lithium cations were found to be 
cyclic organic carbonates. Many lithium salts can be 
dissolved in ethylene and/or propylene carbonates. 
The problem is that these solvents are characte-
rized by high viscosity and often high melting point 
therefore they are solid at room temperature. In 
order to decrease the viscosity (and in this way 
increase the conductivity) and melting point – sim-
ple (linear) alkyl carbonates are usually mixed with 
the cyclic ones. These acyclic carbonates offer low 
viscosities, however their dielectric constant is also 
low. Furthermore their boiling and flash points are 
also low thus limiting the safety margin of the prac-
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tical cell. Mixtures of organic carbonates are the 
solvents of choice for the commercial cells anyway.  

 
Coming into solutes, properties of the salt used 

for battery applications are as follows: 
 

• it should be able to completely dissolve in the 
applied solvent at desired concentration and 
ions should be able to transfer through the solu-
tion 

• anion should be stable towards oxidative de-
composition at the cathode 

• anion should be inert to electrolyte solvent 
• both anion and cation should be inert towards 

other cell components 
• anion should be nontoxic and remains thermal-

ly stable at the battery working conditions. 
 
As can see the choice of an appropriate electro-

lyte salt is not easy.  First of all the cation is fixed i.e. 
we need lithium cation as the electro active species 
in the electrolyte. The choice of anion is restrained 
by several factors. First of all the dissociation free 
enthalpy of its lithium salt should be as low as poss-
ible so that the dissociation constant is high and so 
is the maximum concentration of lithium cations. 
The anion should be stable at low and high poten-
tials therefore not all the polar groups can be used 
to make up the anion. It should also be non-
reactive towards carbonate solvents. Small and 
simple anions such as O-2 or F- cannot be used be-
cause their small ionic radius induces low dissocia-
tion constants. Use of softer anions like S-2 or I- is 
prohibited because of their low oxidation poten-
tials. In order to get an anion with well-distributed 
charge, simple fluorine or chlorine anions were 
combined with strong Lewis acids such as PF5, AsF5, 
BF3 or AlCl3 in order to get PF6-, AsF6-, BF4- and AlCl4-, 
respectively, which are stable at low and high po-
tentials and are highly soluble even in low dielectric 
media. Since these acids are so strong, their com-
plexation with weak bases like fluoride or chloride 
does not neutralize their activity and they can react 
with cell components like electrolyte solvent, cur-
rent collectors and electrode active materials. De-
pending on the anion the structure and properties 
of electrode-electrolyte interfaces differ (it’s not 
only the electrolyte solvent that determines the 
interfacial properties).  

Another class of anions is the one based on the 
Pearson’s theory of soft and hard acids/bases. Ac-
cording to it, soft acids are likely to form stable salts 
with soft bases, as well as hard acids with hard 
bases. LiF is a combination of hard acid (Li+) with a 
hard base (F-). Therefore its solubility is low in low 
dielectric solvents. If we combine hard acid with a 
soft base (formal charge localized at soft centre) in 
which charge is well-delocalized (strong electron 
withdrawing groups attached to the centre by co-
valent bonds) a well-soluble salt of high dissocia-
tion constant should be obtained. After a new acid 
based on imide with 2 electron withdrawing 
groups (trifluoromethanesulfonyl) had been re-
ported in 1984, in 1989 Armand et al. proposed 
using it in its lithiated form as an electrolyte. De-
spite excellent intrinsic properties of electrolytes 
based on LiTFSI and its analogues they have never 
been applied in commercial cells because of corro-
sion problems. The aluminum current collectors are 
stable at high potentials because of passive layer 
protecting the metal against corrosion. Many fluo-
rinated anions like TFSI or Tf provoke aluminum 
corrosion and inhibit their application. 

 

 
 

Fig. 1: Lithium salts known before the introduction of 
lithium-ion batteries onto market.  
LiClO4 - lithium perchlorate; LiAsF6 - lithium hexafluo-
roarsenate; LiTf - LiSO3CF3 - lithium triflate - lithium 
trifluoromethanesulfonate; LiBF4 - lithium tetrafluoro-
borate; LiPF6 - lithium hexafluorophosphate. 

 
Apart from salts known before 1990 (LiClO4, 

LiAsF6, LiPF6, LiBF4 or LiCF3SO3) – see Figure 1, so far 
there were very few promising introductions of 
new anions for lithium salts. Examples include LiTF-
SI (LiN(SO2CF3)2) , then methide ones, LiC(SO2CF3)3 , 
LiC(SO2CF3)2(RCO) and LiN(SO2C2F5)2 (LiBETI). Unfor-
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tunately, all of them, including LiTFSI, LiBETI (Fig. 2) 
and methide anion salts had the crippling draw-
back of being unable to form a passivation layer on 
Al current collectors when applied to a cell. 
LiN(SO2CF3)2 and LiC(SO2CF3)3 were also claimed to 
be too expensive for commercial application. 
Meanwhile, a whole class of sulfone-imide and 
methide-imide salts was designed and synthesized 
with no bigger success claimed since their intro-
duction. 

 
 

Fig. 2: New lithium conductive salts created for appli-
cation in lithium-ion batteries.  
LiTFSI - Li[N(SO2CF3)2] - lithium bis(trifluoromethane 
sulfone) imide; LiBETI - Li[N(SO2CF2CF3)2] - lithium 
bis(pentafluoroethanesulfone)imide;  
LiFAP - Li[PF3(CF2CF3)3] - lithium fluoroalkylphosphate; 
LiBOB - Li[B(C2O4)2] - lithium bis(oxalato)borate;  
LiTFAB - Li[B(OCOCF3)4] – lithium tetrakis (trifluoroace-
toxy) borate. 
 
The ALISTORE solution new family of immidazo-
lium salts  

The novel, promising concept of the application 
of new anions is based on the application of so 
called “Hückel anions”. The name came from the 
transposition of the Hückel rule predicting the sta-
bility of the aromatic systems. One of the most 
common examples of this type of anions is 4,5-
dicyano-triazole (DCTA) (Fig. 3) [4]. This particular 
structure is completely covalently bonded and 
shows very stable 6π (or 10π electron if CN bonds 
are involved in calculations) configuration. It can be 
produced from commercially available precursor 
and even more importantly does not comprise 
fluorine atoms. Salts of this type of anion were 
found to exhibit high (~300oC) thermal stability. 
LiDCTA was successfully tested in PEO matrices 

systems as a promising, improved electrolyte for 
lithium ion batteries. Unfortunately DCTA failed as a 
component of the EC/DMC (1:1) battery electrolyte. 

To sum it all up, after almost 20 years of applica-
tions of lithium ion cells there is still a lack of poten-
tial substitutes for LiPF6, which is definitely not 
flawless. Among the most important drawbacks of 
the LiPF6 use in electrolyte system is the formation 
of HF in the cell, which destroys the cell from inside 
after certain time, but also LiPF6 and HF toxicity. 

 

 
 
Fig. 3: LiDCTA - Hückel type salt: LiDCTA - lithium 
4,5-dicyano-1,2,3-triazole. 

 
The constant seek for more cheap, environ-

ment-friendly and easy to handle materials made a 
gap to fill. List of parameters for lithium salts to 
fulfill in order to become new predominant salt on 
market of lithium ion cells is not very long, but no 
existing salt fulfills it. Transference number above 
0.5 (or at least better than LiPF6 that in optimized 
carbonate solvent mixtures has transference num-
ber of 0.3-0.4), conductivity higher than 1 mS·cm-1 
(10-3 S·cm-1), no decomposition in range of 0-4.5 V 
vs. Li and no aluminum corrosion in this range, low 
price (at least lower than LiPF6, but the lower, the 
better), non-toxicity, moisture-proof (and air proof 
– stability in room atmosphere – easiness of han-
dling), thermal stability up to at least 100°C and low 
association rate lower than LiPF6 or very weakly 
associating LiClO4 is what is necessary to obtain by 
researchers. 

With this on mind the new “tailored” anions es-
pecially for application as lithium electrolytes in 
lithium ion cells have been designed and investi-
gated. 

Main idea was to design structure that would 
not have disadvantages of big bulky anions causing 
high viscosity when dissolved in organic solvents, 
therefore a decrease in conductivity. Also, ions of 
new salts should not form agglomerates after dis-
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solution, due to ion pairs’ and triplet’s negative 
effect on conductivity of an electrolyte, mechanism 
of lithium cations insertion into the electrodes (in 
both charging and discharging process) and trans-
ference number of a lithium cation. 

Newly designed immidazole derivatives seem to 
perfectly fit into this scheme. These new salts were 
synthesized, using the procedure shown in Figure 
4. 

Molecular modeling studies showed that immi-
dazolide anions show a typical behavior of hetero-
cyclic anion alternatives to PF6

-: if tailored correctly 
they offer more dissociative lithium ion pairs com-
pared to LiPF6

-, but are not as electrochemically 
stable. The latter is, however, not crucial as long as 
the anions exceed the stability window for the 
intended application, for Li-ion batteries ~4.2 V. 

Two anions brought to focus very recently are 
the 4,5-dicyano-2-trifluoromethyl immidazole (TDI) 
and its 2-pentafluoroethyl analogue (PDI). The li-
thium salts of these anions have by some of us 
been characterized in model polymer electrolytes 
[5] and stressed as “tailor made” salts for lithium 
battery applications [6]. Of these salts, the synthesis 
of LiTDI has been shown to be the most facile. The 
first report of this salt appeared five years ago [7], 
when it was prepared in good yield in connection 
with the finding of a new, improved synthesis route 
for the protonated (uncharged) form of TDI, known 
since the mid 70´s [8]. In Table 1 properties of the 
electrolytes ranging from solid polymer to ionic 
liquids systems in which both above mentioned 
salts are incorporated are summarized. The follow-
ing features of the new electrolytes should be hig-
hlighted: 

 
 
 

• thermal stability of salt  
• high lithium transference number compared to 

previously used systems (this is particularly well 
seen in case of ionic liquid based electrolytes) 

• ease of electrolyte preparation 
• low cost of the newly design systems. 
 

The Chalmers group [9] used LiTDI and LiPDI as 
templates and screen for further synthesis candi-
dates by means of computational ab initio methods. 
New anions are proposed by first extending the 
heterocyclic imidazole ring to a benzimidazole ring, 
with two or four cyano groups symmetrically posi-
tioned on the ring, and secondly by also looking at 
alternatives where the fluoroalkyl substituent is 
replaced by a smaller, less flexible group. Ion pair 
configurations and dissociation energies, together 
with anion stabilities towards oxidation are eva-
luated. Information is obtained about the sensitivity 
of these properties with respect to ring size (imida-
zole or benzimidazole), the number and position-
ing of –CN groups, and the choice of substituent (–
CF3, –C2F5, or –CN) at position 2 of the heterocyclic 
ring. Particularly cyano substituted benzimidazoles 
were found to be a very promising candidates from 
the viewpoint of possible application in the battery 
technology. However they are more difficult to 
synthesize than their imidazole cousins. Successful 
finishing of the synthetic procedure will give us 
more information about the reaction yield and 
possibilities of scaling it up. 
 
 
 
 
 

 
 

 
 

Fig. 4: Synthesis scheme for LiTDI. 
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Table 1. Exemplary parameters of novel salt systems used as various types electrolytes in lithium-ion batteries.  
Electrolyte form\Salt Parameter LiTDI LiPDI 

Pristine salt (not as an 
electrolyte) 

Thermal stability (commercial salts have stability limit 
around 100˚C): 

 
257˚C 

 
260˚C 

Liquid (modern batte-
ries for cell phones, 

watches) 

Ionic conductivity (at least 1mS in 25˚C): 
Li+ transference number up to 

(commercial salts have up to 0.3): 
Electrochemical stability up to (highest existing electrodic 

materials need 4.0 V): 

7 mS/cm 
 

0.5 
 

4.7 V 

6 mS/cm 
 

0.5 
 

4.7 V 
Gel (for more expen-
sive batteries or for 

safety-requiring appli-
cations like notebooks 

or EVs) 

Ionic conductivity (at least 1mS in 25˚C): 
Li+ transference number up to 

(commercial salts have up to 0.2): 
Electrochemical stability up to (highest existing electrodic 

materials need 4.0 V): 

1.3 mS/cm 
 

0.35 
 

4.3 V 

1.0 mS/cm 
 

0.55 
 

4.3 V 
Solid Polymer (proto-

typic and small battery 
series, future applica-
tion in EVs and note-

books) 

Ionic conductivity at 25˚C (at least 0.1mS below 60˚C for EV 
applications): 

 
Electrochemical stability up to (highest existing electrodic 

materials need 4 V): 

0.05mS/cm 
0.1 in 40˚C 
(suitable 

pacemaker 
4.0 V 

0.05mS/cm 
0.1 in 40˚C 

for 
batteries) 

4.0 V 
Ionic Liquids (nearest-

future batteries) 
Ionic conductivity (at least 1mS/cm in 25˚C, commercial ILs 

have up to 1mS/cm): 
Li+ transference number up to 

(commercial ILs have up to 0.04): 
Electrochemical stability up to (highest existing electrodic 

materials need 4.0 V): 

 
3 mS/cm 

 
0.14 

 
4.8 V 

 
N/A 

 
N/A 

 
N/A 

Ionic conductivity limits are given according to battery manufacturers requirements for battery components. 
 

Summary  
In the preceding section example of perfor-

mance of LiTDI and LiPDI in all solid as well as in 
liquid electrolyte based batteries were shown. Al-
though, the preliminary results are promising fur-
ther studies in various electrode configurations 
need to be performed. It should be emphasized 
that the use of organic salts will extend the range of 
possible solvent combinations which can lead to 
the improvement of safety as well as reduction of 
environmental impact. It is also worth to mention 
that organic salts can be used as components in the 
synthesis of ionic liquids. In such a case no addi-
tional lithium salt will be required as a component 
of electrolyte. So far addition of the salt reduces the 
conductivity range of ionic liquids based electro-
lytes. As was shown before [5,6] addition of TDI to 
PEO based polymer electrolytes enhances the am-
bient temperature conductivity of these systems. 
However, as it can be concluded on the basis of the 
review of properties of modified polymeric electro-
lytes it is hardly to achieve the level of conductivity 
exceeding 10-4 S/cm at ambient temperatures.  
 
 

References 
1. K. Xu, Chem.Rev., 104 (2004) 4303-4418.  
2. F.M. Gray, Polymer Electrolytes, RSC Materials 

Monographs, (1997).  
3. M. Armand, F. Endres, D.R. MacFarlane, H. Ohno, 

B. Scrosati, Nat Mater, 8 (2009) 621-629.  
4. M. Egashira, B. Scrosati, M. Armand, S. Beranger, 

C. Michot, Electrochem.Solid-State Lett.; Electro-
chemical and Solid-State Letters 6 (2003) A71-73  

5. L. Niedzicki, M. Kasprzyk, K. Kuziak, G.Z. Żukow-
ska, M. Armand, M. Bukowska, M. Marcinek, P. 
Szczeciński, W. Wieczorek, J.Power Sources, 192 
(2009) 612-617.  

6. L. Niedzicki, G.Z. Żukowska, M. Bukowska, P. 
Szczeciński, S. Grugeon, S. Laruelle, M. Armand, 
S. Panero, B. Scrosati, M. Marcinek, W. Wieczo-
rek, Electrochim.Acta, In Press, Corrected Proof.  

7. M. Bukowska, P. Prejzner, P. Szczecinski, Polish J. 
Chem., 78 (2004) 417.  

8. R.W. Begland, D.R. Hartter, F.N. Jones, D.J. Sam, 
W.A. Sheppard, O.W. Webster, F.J. Weigert, 
J.Org.Chem., 39 (1974) 2341-2350.  

9. J. Scheers, P. Johansson, P. Szczecinski, W. Wiec-
zorek, M. Armand, P. Jacobson, Journal of Power 
Sources, 195 (2010) 6081 



Manuscripts 

 

50 

 

New electrode materials for hydrogen storage in  
batteries  
 
Zbigniew Rogulski1,2, Mariusz Łukaszewski1, Piotr Piela2, Andrzej Czerwiński1,2 
1Warsaw University, Department of Chemistry, Pasteura 1, 02-093 Warsaw, Poland 
2Industrial Chemistry Research Institute, Rydygiera 8, 01-793 Warsaw 
 
Introduction 

Hydrogen is one of the most promising energy 
carriers, which is considered for various applica-
tions, e.g. in power electric vehicles or hybrid elec-
tric vehicles. The main advantage of hydrogen is no 
direct emission of CO2 and NOx during its using as a 
fuel. The main problems that limit wide application 
of hydrogen are its transport and storage. H2 gas is 
highly inflammable and therefore is dangerous in 
confined spaces. One of the promising method of 
safe hydrogen storage is its chemical or physically 
combined storage in other materials e.g. metal 
hydrides. The metal hydride can hold between 1% 
and 7% of hydrogen by weight, depending on the 
alloy composition [1]. As a hydrogen storage ma-
terial, the metal hydride is very efficient and deliv-
ers much better volumetric efficiency than hydro-
gen stored in a liquid state. The performance of the 
metal hydride electrode depends on the composi-
tion and the microstructure of the active material. 
In consequence, the majority of the studies on 
improving the MH electrode performance are fo-
cused on these aspects. In our Laboratory we inves-
tigate new useful materials for hydrogen electro-
chemical storage. Our works are divided into two 
fields: modification of electrode materials for nick-
el-metal hydride batteries and preparation of new 
multi metal alloys for low temperature fuel cells 
and supercapacitors. 
 
Modification of hydrogen storage alloy 

Lithium ion/polymer batteries together with the 
nickel-metal hydride (Ni-MH)  represent the most 
important energy carriers. Although the Ni-MH 
batteries are excellent for powering of many porta-
ble devices and hybrid (HEV) and/or electro (EV) 
vehicles, in low temperature  the current densities 
are not sufficient for power of many electric devices 
[1-3]. This limitation prohibits effective replacement 
Ni–Cd batteries which are more effective in low 
temperatures in comparison with Ni-MH system. A 

huge variety of metal hydride materials has been 
examined for application in NiMH batteries. Some 
of them cannot be applied in industrial scale due to 
high hydrogen equilibrium pressure at room tem-
perature or instability when in contact with the 
electrolyte. The most promising are Magnesium-
Metal hydrides, the materials today known only 
from the thin film technologies [2,4].  

 

 
Fig. 1. A scheme of charging-discharging processes in 
metal hydride (Ni-MH) cell . 

 
The hydrogen sorption process for a single-

hydride-phase material is depicted in Fig. 2 [5]. The 
background used for symbols in the figure is an 
SEM image of a particle of a standard AB5-type MH 
alloy. For the whole electrode to work well, the 
following sub-processes must proceed unhindered: 

 
a) mass/charge transport outside the alloy particle 

characterized by 
‐ the effective diffusion coefficient of OH- ions, 

Di, and the related ionic conductivity of the 
alkaline electrolyte, σi, 

‐ the effective diffusion coefficient of water, 
Dw, and 

‐ the electronic conductivity, σe, (governed by 
the quality of inter-particle contact); 

b) charge transfer at the surface of the particle 
characterized by the potential-dependent rate 
constants, k1 and k-1; 
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c) phase transfer of hydrogen between the surface 
and the bulk of the particle characterized by the 
potential-independent rate constants, k2 and k-2; 

d) hydrogen transport inside the particle characte-
rized by the effective diffusion coefficient of hy-
drogen in the alloy, DH. 

 
In addition, the hydrogen storage capacity of 

the particles, CH, must be high. The parameters 
characteristic of the alloy particles themselves, 
namely k1, k-1, k2, k-2, DH, and CH, are the core perfor-
mance parameters of an MH material. In the case of 
MH materials with a distinct α ↔ β phase transition, 
the kinetics of the phase transition inside the par-
ticle must be additionally considered.  
 

 
Fig. 2. The metal-hydride anode electrode process 
depicted on an SEM image of a LaMm–
Ni4.1Al0.3Mn0.4Co0.45 alloy particle. 
 

The most common way of characterizing MH al-
loys electrochemically is studying the behavior of 
electrodes prepared by pressing a certain amount 
of active material mixed with an binder material. 
The general question is: has the binding material 
influence for electrochemical performance of MH 
alloy? One of the method of determination of the 
intrinsic electrochemical properties of hydrogen 
absorbing alloy is using techniques developed in 
our laboratory called Limited Volume Electrodes 
(LVE) technique. The Limited Volume Electrode is 
an electrode containing a thin layer of a hydrogen 
storage material attached, e.g by electrochemical 
deposition or pressing, to a matrix which is neutral 
in respect to hydrogen absorption processes and 
acts as a current collector [6]. Fig. 3 presents a SEM 
image of a freshly prepared LVE electrode contain-
ing AB5-type hydrogen storage alloy (LaMm-
Ni4.1Al0.3Mn0.4Co0.45). The image is combined with an 
EDS linear scan for Au shown on the bottom of the 
Figure. We observe that the active alloy mass fills 

hollows of Au net with some uncovered parts of the      
net exposed to the ambient. The presence of unco-
vered Au was confirmed by EDS analysis showing 
an increase in Au net counts over the bare parts of 
Au wire net. 

 

 
Fig. 3. SEM image and EDS linear analysis of a LV type 
electrode containing standard AB5 alloy. EDS analysis 
for gold was performed along the line indicated on 
the image. Vertical scale of EDS spectrum is a net 
count number in arbitrary units. Magnification 500×. 

 
However, due to electrochemical neutrality of 

gold, this not affects results obtained for hydrogen 
absorption in MH alloy electrodes. An analysis of 
the electrode cross-section indicates the thickness 
of pressed alloy layer of ca. 50 μm.  This value cor-
responds to the diameter of AB5 alloy particles and 
indicates formation of an alloy layer with the thick-
ness of a single particle. This way, ca. 25 000 single 
particles of hydrogen storage alloy are arranged in 
a single layer and each separate hole of gold matrix 
is filled by ca. 200-250 particles of the standard 
alloy. The borders between separate particles are 
well visible indicating that the particles do not form 
a bulk, continuous material and the process of hy-
drogen absorption/desorption in each of the par-
ticles proceeds independently. This way, hydrogen 
sorption/desorption in the electrodes studied may 
be treated as the one taking place in a particle with 
a spherical shape and under the conditions of a 
finite volume diffusion. In consequence, discussed 
type of limited volume electrodes exhibits the elec-
trochemical behaviour similar to that observed for 
single particle metal alloy electrodes [5,6].  

The LVE technique has been used as a main me-
thod for determination of electrochemical parame-
ters (hydrogen diffusion coefficient, hydrogen ca-
pacity) of new metal hydride alloy developed in the 
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HydroNanoPol project (FP6). The practical specific 
hydrogen capacity obtained for standard and mod-
ified AB5 alloys for 25˚C, and calculated for constant 
current discharging on the basis of transition time 
and applied desorption current, reach the values of 
265 mAhg-1 ± 5% and 258 mAhg-1 ± 6%,  respective-
ly. These values are within the error range and cor-
respond to ca. 85% of theoretical capacity reported 
by the manufacturer for the metal hydride alloy 
studied. Fig. 4 presents diffusion coefficient values 
calculated on the basis of chronopotentiometric 
and chronoamperometric experiments as a func-
tion of the state of charge of the electrode, SOC.  

 

 
Fig. 4. Hydrogen diffusion coefficients of a LVE type 
electrode containing standard AB5 alloy and calcu-
lated for constant current desorption (45mAg−1) and 
constant potential desorption (-600 mV) as a function 
of the state of charge (SOC), T=25˚C. 
 

In general, D values obtained by both tech-
niques are very close and differ by less than 15 %. 
We observe that for both techniques D decreases 
with an increase in SOC reaching a constant value 
for SOC > 50%. For SOC equal to 100% D values are 
4.9∙10-9 and 8.1∙10-9  cm2s-1, for CA and CP mea-
surements, respectively. The influence of SOC on 
the value of hydrogen diffusion coefficient in vari-
ous hydrogen absorbing materials is very often 
reported and discussed in the literature [7-9]. One 
of the explanations assumes that during diffusion 
hydrogen jumps between empty nearest-
neighbour absorption sites (vacancies), in the direc-
tion determined by the concentration gradient. The 
occupation of these absorption sites by hydrogen 
increases when SOC increases. Hence, the higher 
the SOC the smaller the number of vacancies avail-
able for hydrogen transport and diffusion process is 
impeded. Influence of SOC on D can be also attri-

buted to hydrogen concentration dependent inte-
ractions between absorbed hydrogen or to a phase 
transition between various phases of alloy/metal-
hydrogen systems and taking place when concen-
tration of absorbed hydrogen increases [10].  

One of the most important results of HydroN-
anoPol project was preparation of new metal hy-
dride alloy that has improved hydrogen storage 
capability in low temperatures. Fig. 5 presents the 
influence of temperature on the hydrogen capacity 
of the standard and modified alloy.  

 

 
Fig. 5. A comparison of a constant current (45mAg−1) 
discharge capacity calculated for LV electrodes con-
taining standard and modified AB5 alloy recorded at 
various temperatures. 

 
For temperatures below -10˚C the capacity of 

the modified alloy is much higher than that of the 
standard one. Due to the peculiarities of binder free 
LV electrode construction we can conclude that the 
very high capacity recorded for modified alloy at -
30˚C is connected only with the intrinsic properties 
of the alloy and is not related to the properties of 
binding agents or conductive materials which are 
simply absent in LVE. The results presented above, 
confirmed by independent measurements per-
formed in Varta Microbatteries (Germany) labora-
tory (coordinator of the project) allow to prepare 
pilot set of button MH batteries with improved 
thermal resistance.  

 
Application of metal hydrides in electrochemical 
supercapacitors  

Pd and its alloys represent a large class of hy-
drogen-absorbing materials, which are important 
for chemical/electrochemical power sources [1]. 
Similar systems with less expensive metals systems 
can be applied in batteries, fuel cells or for hydro-
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gen storage [2, 11]. Moreover, since hydrogen can 
be electrochemically inserted into and extracted 
from Pd-based electrodes, such materials can be 
treated as phase charging-discharging systems for 
electrochemical capacitors. 

This type of devices usually utilize the capacit-
ance of electrical double layer of various carbon 
materials or pseudocapacitance connected with 
reversible redox processes like insertion of atomic 
species into the crystal structure of bulk solid elec-
trodes, e.g. conducting polymers or transition met-
al oxides (e.g. RuO2, IrO2, MnO2) [12-15]. Due to high 
currents generated during hydrogen uptake and 
removal as well as their good practical reversibility, 
thin Pd-based layers electrolytically loaded with 
hydrogen seem particularly promising for that pur-
pose. 

Fig. 6 shows typical voltammetric and chro-
noamperometric responses recorded during hy-
drogen desorption after earlier saturation of a Pd 
electrode with hydrogen. These curves are typical 
of hydrogen extraction form thin Pd-based layers 
and were described in detail in earlier reports [16-
22]. By the integration of hydrogen oxidation cur-
rents the amount of absorbed hydrogen was ob-
tained. 

The amount of hydrogen absorbed in Pd-based 
materials can be recalculated into units commonly 
used for description of energy storage systems, i.e. 
pseudocapacitance per mass unit. Under voltam-
metric conditions specific pseudocapacitance is 
obtained according to the equation: 

 
C = Qox

Habs / (ΔE · mM)  (1) 
 
where Qox

Habs is charge due to the oxidation of ab-
sorbed hydrogen, ΔE is the potential range in 
which absorbed hydrogen is completely oxidized, 
and mM is mass of the hydrogen-absorbing material 
(i.e. the mass of Pd or Pd alloy deposit). The para-
meters used in the calculation are illustrated in Fig. 
6a. 

Other parameters used for the characterization 
of supercapacitors are specific power and specific 
energy. Specific energy can be obtained as: 

 
E = (Qox

Habs · ΔE) / mM  (2) 
 

An average value of specific power can be ob-
tained under conditions of chronoamperometric 
hydrogen oxidation according to the relation: 

 
Pav = [(Qox

Habs / t) · (Eabs– Edes)] / mM  (3) 
 
where Qox

Habs is charge due to the oxidation of ab-
sorbed hydrogen, t is a period required for a com-
plete hydrogen desorption and Eabs– Edes is the dif-
ference between absorption and desorption poten-
tials in chronoamperometric experiments (here 
0.50 V).  

 

Fig. 6. (a) Voltammogram (scan rate 0.01 V s-1) and (b) 
chronoamperogram (polarization at 0.45 V) recorded 
during hydrogen desorption from a Pd/RVC electrode 
after saturation with hydrogen at –0.05 V in 0.5 M 
H2SO4 at 25˚C. Parameters used in Eqns. 1-4 are indi-
cated. 
 

Additionally, maximum specific power accessi-
ble during hydrogen extraction can be calculated 
from the maximum value of hydrogen oxidation 
current (iox

max), i.e. at the very beginning of hydro-
gen extraction in a chronoamperometric experi-
ment (see Fig. 6b): 

 
Pmax = [iox

max · (Eabs– Edes)] / mM  (4) 
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The calculations of specific pseudocapacitance, 
power and energy have been performed for hydro-
gen-saturated  limite volume electrodes (thickness 
ca. 1 micrometer) of Pd and its alloys (Pd-Pt, Pd-Au 
and Pd-Rh) at various temperatures (10-55˚C). 
These results for room temperature (25°C) are 
shown in Fig. 7. It is visible that for Pd-rich Pd-Rh 
alloys the specific pseudocapacitance is higher 
than that for pure Pd, reaching a maximum for 88-
95% Pd. For these alloy compositions the pseudo-
capacitance is by ca. 40-50% greater than for pure 
Pd. The increase in pseudocapacitance for Pd-rich 
Pd-Pt alloys is smaller than for Pd-Rh alloys and 
after a weaker maximum (pseudocapacitance by up 
to 25% greater than for Pd) for ca. 90-95% Pd, the 
capacitance markedly drops for lower Pd contents. 
In the case of Pd-Au alloys a monotonic capacity 
loss with increasing Au bulk content is observed.  

 

 
Fig. 7. Influence of alloy composition on specific pseu-
docapacitance (per mass of electroactive material) of 
hydrogen-saturated Pd alloys with Au, Pt and Rh in 0.5 
M H2SO4 at 25˚C.  

 
The influence of alloy bulk composition on the 

values of specific power and energy (per mass of 
the deposit) for Pd alloys with Au, Pt or Rh is pre-
sented in Figs. 8 and 9. It is demonstrated that for 
Pd-rich Pd-Pt alloys both average and maximum 
values of specific power exceed those for pure Pd, 
with a maximum corresponding to Pd bulk content 
around 90%. For these alloy compositions the spe-
cific power is markedly higher (ca. by 70%) than for 
pure Pd. For other alloys average specific power is 
not higher than for Pd. However, for Pd-Rh alloys 
the values of maximum specific power are inter-
mediate between those for Pd and Pd-Pt alloys, 
with a maximum between 90 and 95% Pd. The 

values of specific energy decrease with increasing 
content of all the alloying metals. 

 

 
Fig. 8. Influence of alloy composition on specific ener-
gy (per mass of electroactive material) of hydrogen-
saturated Pd alloys with Au, Pt and Rh in 0.5 M H2SO4 
at 25˚C. 

 

 
Fig. 9. Influence of alloy composition on: (a) average 
specific power, (b) maximum specific power (per mass 
of electroactive material) of hydrogen-saturated Pd 
alloys with Au, Pt and Rh in 0.5 M H2SO4 at 25˚C. 
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Electrochemical capacitors for quick harvesting energy  
 

Elżbieta Frąckowiak, Krzysztof Fic, Mikołaj Meller, Grzegorz Lota 
Poznan University of Technology, Institute of Chemistry and Technical Electrochemistry, Piotrowo 3, 60-965 
Poznan, Poland 
 

Electrochemical capacitors store the energy 
mainly by fast charge accumulation in electrical dou-
ble layer. Typical electrostatic nature of this process 
allows their charging and discharging in a very short 
time and over thousands of cycles [1]. Because they 
are characterised by high power rates they are suc-
cessfully applied in such devices as Hybrid Electric 
Vehicles (HEV) where they serve as power delivery 
devices during acceleration or rise covering, in planes 
as emergency systems and in city buses or trams as 
alternative and efficient power sources [2]. Addition-
ally, electrochemical capacitors can be easily dis-
charged at high current regimes (even at 50 A g-1), 
therefore, they can serve as great protectors for other 
power sources like batteries, e.g. in mobile devices 
such as laptops, cameras or mobile phones. Their 
main disadvantage is relatively low energy density, 
especially in comparison to batteries. On the other 
hand, batteries are characterised by relatively poor 
power rates, have a short cycle life and discharging by 
high current regimes is for batteries very harmful and 
makes their cycle life significantly shorter.  
 

Energy released by electrochemical capacitors 
can be expressed by the following formula 
 

E = 0.5CU2 (1) 
 
where C is capacitance and U is the operational 
voltage range. Therefore, supercapacitor energy 
density improvement can be realized by two ap-
proaches, i.e. the capacitance enhancement or 
operational voltage range increase.  

The activated carbons with a well developed 
specific surface area (SBET 1000-2500 m2 g-1), being 
most frequent electrode material for supercapaci-
tors because of their satisfying electrochemical 
properties [3-4], reveal the capacitance about 150-
200 F g-1. This value is related with the total charge 
amount accumulated at the electrode/electrolyte 
interface [5]. Because there is no great discrepancy 
in capacitance values of carbon electrodes with 
different surface area, it might suggest that capaci-

tance is independent of the electrode area esti-
mated directly from nitrogen sorption. On the other 
hand, it rightly suggests that a significant part of 
this surface area is quite inert in the charge storage 
process. Probably, hydrophobic character of carbon 
surface and poor wettability by electrolyte is re-
sponsible for such situation. Hence, the improve-
ment of the electrode wettability by surfactant 
addition to electrolyte [6] is a reasonable pathway 
for more efficient usage of the total carbon surface. 
Slight enhancement of wettability is observed 
when oxygen functional groups are introduced 
onto carbon surface, however, one might conclude 
that increase in capacitance is mainly caused by 
some redox reactions between functional groups 
and electrolyte [7]. Apart from oxygen functional 
groups onto carbon surface, improvement of car-
bon electrodes wettability may be realized by sur-
factant addition to electrolyte solution. It is well 
known that water solutions have relatively high 
surface tension, mainly due to strong interactions 
between water molecules. Surfactants, with their 
amphiphilic properties arising from the molecule 
structure, i.e., hydrophilic ‘head’ and hydrophobic 
‘tail’, can effectively reduce high surface tension. 
Hence, they enable better electrolyte penetration 
into electrode structure, therefore, elec-
trode/electrolyte interface can be significantly de-
veloped. Considering potential industrial applica-
tion, well-known, cheap and widely applied com-
pounds like sodium or lithium dodecyl sulphates, 
tetrapropylammonium bromide and iodide as well 
as Triton® X-100 were selected for further experi-
ments. The molecule shape and dimensions are 
given in Figs. 1,2. The capacitance properties and 
other supercapacitor characteristics of the elec-
trodes operating in alkaline (6 mol L-1) electrolytes 
modified by surfactant addition were studied by 
galvanostatic cycling at current densities from 0.2 
to 50 A g−1, cyclic voltammetry at voltage scan rates 
from 5 to 100 mV s−1 and electrochemical imped-
ance spectroscopy in frequency range from 1 mHz 
to 100 kHz using VMP3/Z Biologic, France. 
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(A) 

 

(B)
Fig. 1. Molecular structure of (A) tetrapropylammonium bromide (TPAB) with a quasi-spherical shape 1.232 nm 
and (B) tetrapropylammonium iodide (TPAI) with diameter 1.521 nm. 
 

 

Fig. 2. Molecular structure of Triton X-100 with diameter of 0.525 nm and length of 3.621 nm. 
 
Two-electrode capacitors were assembled in a 
Swagelok® system with pellets of comparable mass. 
Each electrode was composed of 85 wt. % of car-
bon, fully characterized in Ref. [8]. The investiga-
tions were performed in alkaline (6 mol L-1 KOH) 
solutions using gold current collectors, just to avoid 
corrosion and to preserve comparable experimen-
tal conditions. The capacitance vs. current load 
dependence, obtained by galvanostatic charg-
ing/discharging of the capacitor in current density 
range 0.2 - 50 A g-1 is shown in Fig. 3. In a range of 
small discharging current densities, i.e. 0.2 - 2 A g-1 
no significant difference between pure electrolyte 
and those modified by surfactant addition is ob-
served. The capacitance revealed by carbon elec-
trode operating in 6 mol L-1 is placed in range 160-
180 F g-1 for the smallest discharging current densi-
ties (0.2 Ag-1) and is almost independent on applied 
type of surfactant. Some difference is observed at 5 
A g-1 discharging current density, capacitance of 
carbon is almost the same for pure KOH solution 
and those modified by SDS while slightly lower 
values are observed for KOH solution with TPAB or 

LDS. Significantly higher (ca. 20%) capacitance 
values are observed both for KOH electrolyte with 
Triton® X-100 and TPAI additive. Furthermore, for 
those electrolytes in higher current densities, i.e. 
above 10 A g-1 capacitance remains almost stable, 
being still above 100 F g-1 even for extremely high 
current density like 50 A g-1, whereas for pure KOH 
and those modified by other surfactants is deter-
mined to be ca. 60 F g-1. For capacitor operating in 
alkaline solution modified by Triton® X-100 it is 
possible to operate in voltage range higher than 
1.23 V. Cyclic voltammograms shown in Fig. 4 
clearly prove that this electrolyte is stable and not 
decomposed even at 1.6 V. The explanation of this 
intriguing phenomenon consists in the fact that 
electrolyte with lower surface tension probably 
creates a thin film on pore walls and onto carbon 
surface in electrode bulk, therefore, the pressure 
prevailing in not fulfilled spaces in pores exert to 
electrolyte film and is too high to allow hydrogen 
or oxygen evolution. Stability of electrolyte was 
investigated during typical cycling and significant 
decrease of capacitance was not observed for ca-
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pacitor operating at 1.6 V after 5,000 cycles of gal-
vanostatic charging/discharging process. Unfortu-
nately, for other surfactants positive influence on 
operational voltage range was not achieved. 

 

 
Fig. 3. Capacitance of carbon operating in 6 mol L-1 
KOH without and with surfactants at different current 
loads. 

 
Fig. 4. Cyclic voltammetry for capacitor operating in 6 
mol L-1 KOH with non-ionic surfactant in wider voltage 
range. Scan rate 10 mV s-1, step wise 100 mV. 

 
Enhancement of the capacitance value could be 

also realized by providing additional charge origi-
nating from faradaic reactions which can increase 
the capacitance of the electrodes (called pseudo-
capacitance) even by one order of magnitude. Elec-
trode materials providing pseudocapacitance are 
mainly composed of transition metal oxides such as 
MnO2, Fe3O4, InO2, SnO2, V2O5 or RuO2 and may be 
assembled both as pure materials in asymmetric 
configuration e.g. with carbon electrode [9-13] as 
well as in transition metal oxide/carbon material 
composites [14] in typical symmetric configuration 
which is much more promising for commercial 

application, mainly due to the relatively high price 
of pure compounds, especially in case of InO2 or 
RuO2 [15]. Other promising materials providing 
pseudocapacitance are carbon materials enriched 
by heteroatoms like oxygen or nitrogen [16]. In 
these materials pseudocapacitance originates from 
redox reactions of functional groups as well as from 
local changes in electron density of carbon matrix 
being enriched by heteroatom. The nitrogen pres-
ence has a profitable effect on the capacitance 
values [11, 17], as well as for good capacitor per-
formance at drastic current loads. However, an 
excess of nitrogen (presumably over 15%) will defi-
nitively aggravate the conducting properties, and 
in turn, the capacitance characteristics and super-
capacitor cyclability. The form in which N partici-
pates in the carbon network is especially important. 
It seems that the effect of -NH2 groups outside of 
the matrix, with N chemically bound to the carbon 
network (“chemical nitrogen”), will be of less impor-
tance and most probably such groups could block 
the entrance to the pores. Nitrogen substituted to 
carbon (“lattice nitrogen”) in the periphery as pyri-
dinic groups could play some useful role according 
to the reversible redox reaction shown in the 
scheme. The donor properties are responsible for 
filling the conduction band by electrons, in turn, 
more ions can be sorbed in the electrical double 
layer, especially for composites where carbon is 
optimally substituted by nitrogen. Some trials were 
undertaken to correlate N content in nitrogenated 
carbons with the electron density states from mo-
lecular quantum calculation. The energy gap, i.e., a 
difference between Highest Occupied Molecular 
Orbital (HOMO) and Lowest Unoccupied Molecular 
Orbital (LUMO) is tightly connected with a conduc-
tivity of material. The calculation of the gap be-
tween conduction and valence band was based on 
the Hartree-Fock method and the Koopmans the-
ory. A few different compositions was assumed 
with varying N% content. The results showed that 
for the compositions with nitrogen exceeding 14% 
N, the gap starts to increase. Model of carbon ma-
trix with pyridinic nitrogen of 11.88% N is shown in 
Fig. 5. From molecular calculation the energy gap is 
equal to ca. 4 eV. HOMO and LUMO are presented 
in Fig. 5 as transparent, colored surfaces. The orbi-
tals being charged positively are colorized in red, 
the orbitals being charged negatively, are colorized 
in green.  
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values exceeding 1840 F g-1. As opposed to typical 
pseudocapacitance effects, which are often charac-
terized by some diffusion limitations and observed 
only at moderate regimes, our two-electrode sys-
tem can be loaded until 50 A g-1 supplying still 125 
F g-1. Amazing capacitance of carbon/iodide inter-
face has also been confirmed during long-term 
cycling (over 10 000 cycles). For the first time, such 
an innovative electrochemical system was success-
fully used for supercapacitor performance. The 
iodide ions play a useful dual role, i.e. electrolytic 
solution with a good ionic conductivity as well as a 
source of pseudo-capacitive effects. The application 
of this novel carbon/iodide electrochemical system 
is very original and it is a significant breakthrough 
in supercapacitor development. This bi-functional 
iodide electrolyte, which ensures ionic conductivity 
and supplies pseudocapacitive effects, has great 
advantages because it is inert, neutral and envi-
ronmentally friendly. A good reversibility of differ-
ent iodine redox couples allows reaching perfect 
cycling. It is necessary to stress that our system is 
not yet fully optimized, even though striking values 
10 times exceeding typical capacitance values are 
observed for the positive electrode, the negative 
electrode imposes the final capacitor performance. 
It seems that asymmetric configuration with a dif-
ferent negative electrode should be considered. 
Undoubtedly, practical application of these stable 
reversible reactions based on iodide is relevant for 
supercapacitor progress. 

Another possibility of supercapacitor energy in-
crease is to apply organic electrolyte based on ace-
tonitrile or ionic liquids. These electrolytes remain 
stable even in operational voltage range 0.0 – 4.0 V 
[20-22]. However, ionic liquids and other organic 
electrolytes are usually characterised by poor con-
ductivity and high viscosity [23] which significantly 
hinders their penetration in the electrode structure 
and aggravates the charge propagation. Hence, the 
capacitance of the capacitors operating in such 
electrolytes usually does not exceed 100 F g-1 per 
electrode and they are characterised by poor power 
rates. On the other hand, applying protic ionic liq-
uids, which allow occurring the quinine / hydro-
quinone surface redox reactions [24], slightly 
higher capacitance values and better power rates 
may be achieved [25]. Anyway, organic electrolytes 
are usually environment-unfriendly and the price of 
the capacitors operating in organic medium is still 

relatively high, due to demanding and complicated 
assembling process. 

From this point of view, aqueous medium 
seems to be much more promising because it is 
cheap and ecological electrolyte. However, opera-
tional voltage range of capacitors operating in such 
electrolytes is thermodynamically limited to 1.0 V 
due to water decomposition at 1.23 V. Depending 
on electrode material, mainly applied aqueous 
electrolytes are 1 mol L-1 H2SO4  and 6 mol L-1 KOH 
solutions [26-27]. Contrarily to organic electrolytes, 
they are characterised by high conductivity and low 
viscosity, accompanied by good charge propaga-
tion and power rates of capacitor. Unlike pseudo-
capacitive systems, where fast transfer of ions into 
electrode/electrolyte interface is needed for quick 
redox processes, simple charging and discharging 
of electrical double layer in EDLCs does not need 
very high ion mobility. When porous structure of 
the electrode is well-saturated by electrolyte, ions 
already located on electrode/electrolyte interface 
are attracted and pushed off from electrode on a 
small distance. Hence, high mobility might aggra-
vate fast and efficient charge propagation. Results 
obtained for three alkali metal (Li, Na, K) sulphate 
solutions proved clearly this assumption. Molecule 
dimensions, both for cations and anion are pre-
sented in Fig. 7. For relatively slow scan rate (1 mV 
s-1) the difference in charge propagation is not sig-
nificant for all three solutions, however, the capaci-
tance value is the highest in case of Li2SO4 (170 F g-

1) when compared to 105 F g-1 for Na2SO4 and 78 F 
g-1 in case of K2SO4; at moderate scan rate (10 mV s-

1) Li2SO4 still seems to be the most promising elec-
trolyte, taking into account charge propagation 
and capacitance value (147 F g-1). At fast scan rate 
(100 mV s-1), quite resistive character of voltammo-
grams suggests some difficulties in charge propa-
gation, anyway, the highest value of capacitance - 
76 F g-1 is still preserved for Li2SO4, being signifi-
cantly higher than for Na2SO4 (28 F g-1) and K2SO4 
(23 F g-1). Such promising results obtained for 1 mol 
L-1 Li2SO4 solution as electrolyte for carbon|carbon 
electrochemical capacitor induced to further inves-
tigation. Among five values: 0.1, 0.5, 1.0 1.5 and 2.5 
mol L-1, the concentration 1 mol L-1 seems to be the 
most effective one. It might be a little bit contradic-
tory taking into account conductivity vs. molar 
concentration dependence, where maximum of 
conductivity value is found to be for 2.5 mol L-1,
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Sulphate anion, SO4
2- 

Hydrated: 7.33 Å 

Lithium cation, Li+ 

Hydrated: 3.81 Å 

Sodium cation, Na+ 

Hydrated: 3.59 Å 

Potassium cation, K+ 

Hydrated: 3.34 Å 

Fig. 7. Ion shape and dimensions in aqueous solutions. The scale between pictures is not preserved; the mesh 
around sulphate anion represents the molecular orbitals. 
 

 
  

Fig. 8. Cyclic voltammetry at scan rate of 10 mV s-1 with a gradual 100 mV shift (A) and cyclability (±1 A g-1) at vol-
tage range of 2.2 V (B) and 2.5 V (C). Electrolyte solution: 1 mol L-1 Li2SO4 . 
 
however, it was proven that increasing conductivity 
not always improves electrochemical behaviour of 
capacitors. In this case one should take into ac-
count a lot of specific interactions between ions, 
ions and solvent and solvent-solvent molecules, 
some sterical hindrances, e.g., solvated structures 
of lithium cations, related with high solution con-
centrations that can aggravate capacitor perform-
ance. The highest capacitance values (e.g. 170 F g-1) 
and charge propagation, observed for 1 mol L-1 

confirms such assumptions. Additionally, for more 
diluted solution (0.1 and 0.5 mol L-1, some resistive 
character of cyclic voltammograms can be ob-
served, but it is related mainly with poor conductiv-
ity of the solution. Capacitors operating with these 
solutions revealed also lower capacitance (50 F g-1 

and 62 F g-1 for 0.1 and 0.5 mol L-1, respectively). On 
the other hand, resistive character of cyclic volt-
ammograms for higher concentrations (1.5 and 2.5 
mol L-1) might be explained by discussed sterical 
hindrance caused by hydrated molecules. Addi-
tionally, it is worth to note, that capacitance values 

and voltammogram courses are almost the same 
for these two higher concentrations. It proves that 
electrode/electrolyte interface is saturated with 
ions and increasing concentration does not cause 
any positive effect. For diluted solutions (0.1 and 
0.5 mol L-1) capacitance values are significantly 
lower than for more concentrated solutions. At 
smal discharging current density, i.e., 200 mA g-1, 
capacitor operating in 0.1 mol L-1 revealed the ca-
pacitance of 106 F g-1; slightly higher capacitance 
values, i.e., 114 F g-1 were observed for 0.5 mol L-1. 
For higher electrolyte concentrations capacitance 
values in low current density range (200 mA g-1 - 10 
A g-1) were very similar what suggests that above 1 
mol L-1 electrode/electrolyte interface is saturated 
with ions. Anyway, 1 mol L-1 Li2SO4 solution as elec-
trolyte for electrochemical capacitor seems to be 
the most promising one, with satisfying capaci-
tance values, i.e., 180 F g-1 for 200 mA g-1, about 100 
F g-1 at 10 A g and 80 F g-1 at 50 A g-1 accompanied 
with a good charge propagation.  
 

Voltage window: 2.2 V 
 Voltage window: 2.5 V 

Capacitance decay 

Max. operational 
voltage 
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Taking into account that operational voltage 
range is one of the crucial and most important 
factor influencing energy released by capacitor, 
performance at wide voltage seems to be very 
promising. To confirm our assumption, cyclic volt-
ammetry and galvanostatic cycling at extended 
voltage were applied for capacitor operating in 1 
mol L-1 Li2SO4 solution. Cyclic voltammetry per-
formed at scan rate of 10 mV s-1 and voltage shift of 
100 mV in the range from 0.8 V to 1.6 V did not 
reveal any significant distortion of voltammogram 
even at 1.6 V (Fig. 8). It means that electrolyte is not 
being decomposed. Further investigations have 
been performed to determine a maximal voltage 
range for capacitor operating in neutral aqueous 
medium, i.e., 1 mol L-1 Li2SO4 solution. This value 
reaches 2.2 V.  
 

In conclusion, new trends for enhancement of 
capacitor performance have been shown:  

 
 Positive effect of some surfactants in electrolytic 

solution, e.g. Triton 
 Significant increase of capacitance through 

pseudocapacitance effects from heteroatoms 
(N, O) incorporated into carbon matrix  

 Electrolytic solution based on halides (e.g. io-
dides) as a source of enormous capacitance  

 Extension of operating voltage in neutral me-
dium, e.g. 1 mol L-1 Li2SO4 solution. 
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Abstract 

New trends in the field of thermoelectrics are 
discussed for PbTe-based semiconductor thermoe-
lectric materials exhibiting density of states engi-
neering effects strongly enhancing thermoelectric 
power (PbMnTe) and spontaneous formation of 
nano-scale two-phase crystal structures (PbTe-
CdTe) – technologically scalable realization of elec-
tron crystal - phonon glass concept of new ther-
moelectric materials.  

 
1. Introduction – current trends in thermoelectrici-
ty 

The search for new materials for thermoelectric 
generators is primary driven by the idea to gener-
ate electricity using heat lost during the operation 
of combustion engines and industrial processing. 
Fuel economy envisioned is about ten percent on a 
global scale [1-3]. The expansion of thermoelectric 
devices from the well known niche applications in 
space missions, autonomous power supplies or 
Peltier coolers to a broad scale market requires 
development of new thermoelectric materials with 
largely improved figure of merit parameter ZT=2-3 

[1-3]. Here the parameter Z=α
2
σ/κ=PS/κ, where α is 

the thermoelectric power, σ – the electrical con-
ductivity, κ – the thermal conductivity, and T - the 
operating temperature of a device. The thermoe-

lectric power factor PS=α
2
σ depends on electronic 

parameters only and determines maximum power 
generation conditions [4]. In currently used semi-
conductor thermoelectric devices based on Bi2Te3, 

Si-Ge, CoSb3 or PbTe alloys, the dimensionless 
thermoelectric figure of merit parameter ZT≈1 in 
(specific to each material) optimal temperature 
regime [4]. Due to the usually encountered ther-
moelectric mismatch between n- and p-type legs of 
a couple the effective figure of merit parameter of a 
typical device is even lower ZTeff≈0.5 [4]. This im-
poses severe limitations to possible applications of 

semiconductor thermoelectric devices [1-4]. All 
materials should also comply with increasingly 
important economic and environmental criteria, 
e.g. concerning the limited global resources of 
tellurium [5]. 

New materials science and physical ideas for 
better thermoelectrics concern, in particular, al-
ready well known thermoelectric materials pre-
pared in novel forms. These are, e.g., bulk nano-
composite materials engineered to suppress heat 
conduction while preserving good electrical con-
ductivity, the so called electron crystal – phonon 
glass systems [4, 6-8]. It was also recently demon-
strated that using special resonant doping centers 
one can substantially enhance electronic density of 
states at the Fermi level [9]. It results in an increase 
of thermoelectric power factor and energy selectiv-
ity of charge carrier scattering processes. The alter-
native direction is to search for new classes of un-
conventional thermoelectric materials, like oxides, 
intermetallic compounds, correlated electron sys-
tems or magnetic materials with spin entropy con-
tribution to thermoelectricity. 

In nanostructures composed of canonical ther-
moelectric materials the large increase of the figure 
of merit parameter Z is expected because of the 
qualitative changes of electronic density of states in 
quantum wells, wires, and dots [10,11]. The nano-
scale variations of crystal lattice potential in such 
heterostructures result also in a reduction of their 
thermal conductivity. Increased Z values were al-
ready observed in various low dimensional nano-
structures, like quantum wells or coupled semicon-
ductor quantum dot systems of PbTe or Bi2Te3 , e.g., 

[6-11]. The broad scale applications of such struc-
tures would, however, critically require the devel-
opment of proper nanomaterials and industrially 
scalable manufacturing procedures. A versatile 
solution to this problem is to exploit self-
organization phenomena observed in semiconduc-
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tor alloys, e.g., spinodal decomposition of ternary 
alloys into coherent clusters with varying chemical 
composition or spontaneous formation of nanoin-
clusions of second crystalline phase in semiconduc-
tor matrix (the case of immiscible materials). Ther-
modynamic phase diagrams of several thermoelec-
trically relevant pseudo-binary alloys, with the ca-
nonical examples of PbTe-PbS and PbTe-GeTe, 
reveal the spinodal decomposition regions. In his 
report we examine PbTe-CdTe pseudo-binary sys-
tem. It is motivated by the recent discovery [12,13] 
that PbTe-CdTe heterostructures and nanometer-
sized clusters (quantum dots) can be grown in the 
form of monocrystalline epitaxial multilayers with 
atomically sharp interfaces.  

New materials may also be designed by smart 
tailoring their electronic and thermal properties, 
e.g. by increasing the density of electron states in 
the vicinity of the Fermi level via resonant doping. 
It results in an increase of thermoelectric power and 
electrical conductivity. The reduction of thermal 
conductivity, even below the values expected for 
an alloy, may be achieved by incorporating in 
thermoelectric materials special defects or nanoin-
clusions, which scatter phonons resonantly. In this 
work, we discuss Pb1-xMnxTe semiconductor mixed 
crystals, a solid solution of the well known ther-
moelectric IV-VI semiconductor PbTe and a mag-
netic semiconductor MnTe. Upon increasing Mn 
concentration, the band structure of PbMnTe 
changes favorably for its thermoelectric properties 
[14,15]. An increase of the bandgap and a decrease 
of the energy separation between the light hole 
and the heavy hole valence bands results in a large 
increase of thermoelectric power. It offers the pos-
sibility to control the thermoelectric figure of merit 
parameter ZT and the optimal operating tempera-
ture of PbMnTe-based thermoelectric generators. 
One could even envision the replacement of cur-
rently used multi-materials designs for both p- and 
n-type thermoelectric legs [4] by Pb1-xMnxTe alloy 
with varying composition (Fig. 1 and Fig. 2).  
 
2. PbTe-based new thermoelectric materials 

We experimentally verified the applicational po-
tential of Pb1-xMnxTe (x<0.08) alloys by studying 
thermoelectric properties of bulk crystals grown 
from the melt by two techniques: the standard 
vertical Bridgman method (typical crystal shown in 
Fig. 3 – upper panel) and the two stage method 

involving the rapid quenching followed by the long 
term re-crystallization. The X-ray diffraction (XRD) 
analysis of the rock salt crystal structure as well as 
and the energy dispersive X-ray fluorescence 
(EDXRF) analysis of the chemical composition 
showed that in the PbMnTe crystals grown by both 
methods the distribution of Mn content along the 
ingot reveals only a moderate segregation effect. In 
the range of studied Mn content x≤0.1 no second 
crystalline phase inclusions were detected. 

 

 

 
Fig. 1. Upper panel illustrates the concept of a p-n 
thermoelectric couple employing only n- and p-type 
doped Pb1-xMnxTe alloys with Mn content x varying in 
order to optimize thermoelectric performance over a 
broad temperature range. Lower panel present a 
model of Mn concentration dependence of band 
structure of Pb1-xMnxTe crystals. 

 
In PbMnTe crystals Mn 2+ ions substitute Pb 2+ 

ions at cation sites and remain electrically inactive. 
The usually observed p-type conductivity of these 
crystals is due to native defects (Pb vacancies). By 
doping with Bi or I (for n-type) and with Na or Ag 
(for p-type) as well as by controlling the crystal 
stoichiometry with post-growth annealing both p- 
and n-type Pb1-xMnxTe (x≤0.08) crystals were suc-
cessfully prepared with carrier concentration in the 
range 1018 – 2*1019 cm-3. In p-type PbMnTe crystals 
we observed very high thermoelectric power at 
room temperature α=300-600 μV/K. This was not 
observed for n-type crystals, which show thermoe-
lectric power as expected from the, so called, Pisa-
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renko plot for reference n-PbTe crystals. This clearly 
points to the important differences between the 
PbMnTe conduction and valence band. In the latter 
a remarkable, Mn-content dependent, influence of 
heavy hole band is expected (Fig. 1 and Fig. 2). 
These effects, originally proposed by us for  

Pb1-xMnxTe were recently experimentally found to 

dramatically improve high temperature thermoe-
lectric parameters of PbTe1-xSex semiconductor 
alloys [16]. Applying the Harman method (based on 
differences between electrical resistivity measured 
in dc and ac regimes) we experimentally found the 
maximal value of the parameter ZT=0.7 for both n- 
and p-type PbMnTe crystals with Mn content 
x=0.05-0.06 at temperatures about T=400-500 K 
(Fig. 4). 
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Fig. 2. Experimentally observed strong increase of 
thermoelectric power in p-PbMnTe alloys and its theo-
retical explanation based on the band structure mod-
el presented in figure 1 (upper panel). Calculations of 
conducting carriers and Mn content dependence of 
the thermoelectric figure of merit parameter ZT at 
room temperature (lower panel). 

 
 
 

 
 

 
Fig. 3. Examples of thermoelectric bulk crystals grown 
in Institute of Physics PAS by various methods. Upper 
figure: Pb1-xMnxTe:Na crystal (x=0.01) grown by the 
Bridgman method (shown is about ½ of the total 
length of a typical ingot). Lower figure: Pb1-xCdxTe 
(x=0.01) monocrystal grown by self-selecting physical 
vapor transport method with mirror-like natural (100) 
crystal facets. 
 

The practically total immiscibility [12,13,17] and 
excellent matching of cubic lattice parameters of 
PbTe and CdTe offers a unique possibility to manu-
facture monocrystalline two-phase thermoelectric 
bulk nanocomposites (Fig. 5) of the rock-salt PbTe 
matrix with coherently embedded zinc-blende 
CdTe nanoinclusions. For the growth of PbTe-CdTe 
nanocomposites we applied several growth tech-
niques. In the Cd composition range x≤0.05 homo-
geneous (polycrystalline) Pb1-xCdxTe solid solutions 
were grown by the re-crystallization and the 
Bridgman methods. Single phase Pb1-xCdxTe (x=0-
0.12) bulk monocrystals (Fig. 3 – lower panel) of 
about 1 ccm volume were obtained by (self-
selecting) vapor transport growth technique 
[18,19].  
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Fig. 4. Temperature dependence of the thermoelectric 
figure of merit parameter ZT in n-type (blue symbols, 
upper panel) and p-type (red symbols, lower panel) 
crystals of PbTe (open symbols) and PbMnTe with 5-6 
at. % of Mn (full symbols). The parameter ZT was de-
termined experimentally by the Harman method with 
thermal radiation correction determined at room 
temperature. 

 
 

 
Fig. 5. An illustration of an idea of PbTe-CdTe ther-
moelectric bulk nano-composite. 

 

In homogeneous Pb1-xCdxTe crystals (x≤0.05) 
grown by the Bridgman and the re-crystallization 
methods both p- and n-type conductivity was ob-
served in as-grown materials with typical carrier 
concentration of 1018 cm-3. We attribute the appear-
ance of the n-type conductivity to Cd interstitials 
and the p-type conductivity to native defects (ca-
tion vacancies). This conclusion is supported by the 
experimentally observed smaller slope of the Ve-
gard lattice parameter composition dependence 
a0(x) found in these crystals as compared to the 
reference monocrystals [19]. The two-crystal phase 
composite systems were obtained for crystals with 
intended Cd content x=0.1. The XRD structural 
analysis revealed in these materials zinc-blende 
CdTe inclusions occupying about 10 % of volume in 
the Pb0.99Cd0.01Te rock-salt matrix. This observation 
was confirmed by the chemical composition analy-
sis of the ingots showing the large differences be-
tween the total Cd content measured by the X-ray 
fluorescence (EDXRF) method and the XRD lattice 
parameter measurements (primarily sensitive to the 
concentration of substitutional Cd ions). Our data 
point to important conclusion that PbTe-CdTe na-
nocomposites grown from the melt consist of rock-
salt Pb1-xCdxTe crystalline matrix (thermoelectrically 
active material) and lattice matched zinc-blende 
CdTe inclusions. We also carried out the experi-
ments with controlled formation of PbTe-CdTe bulk 
crystalline nanocomposites by applying a proper 
thermal annealing regime to PbCdTe monocrystal-
line alloys. The formation of zinc-blende nanodots 
of about 10 nm in diameter that are coherently 
embedded in the rock-salt PbCdTe matrix was ob-
served in high resolution transmission electron 
microscopy (TEM) studies. Recently, in bulk PbCdTe 
composites grown from the melt, the ZT≈1 figure of 
merit parameter was reported at temperature 
T=900 K [20]. 

Technological and experimental research activi-
ties on PbTe-CdTe nanostructures reported in lite-
rature concern almost exclusively the system of 
narrow bandgap PbTe quantum dots in wider 
bandgap CdTe matrix. This materials system, well 
known for its excellent mid-infrared optoelectronic 
properties, is of no thermoelectric relevance due to 
the insulating properties of undoped CdTe matrix. 
We developed technological procedures to prepare 
new layered thermoelectric material composed of 
the zinc-blende CdTe dots embedded in the rock-
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Development of nanostructured hybrid materials for 
application as catalysts in low-temperature polymer-
membrane fuel cells: electrooxidation of ethanol at pla-
tinum supported on gold admixed with titanium oxide  
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Department of Chemistry, University of Warsaw, Pasteura 1, PL-02-093 Warsaw, Poland  
 
Abstract 

A concept of utilization of titanium dioxide ma-
trix in electrocatalysis (ethanol oxidation in acid 
medium for potential application in a low tempera-
ture fuel cell cell) by admixing it with polyoxome-
tallate (phosphomolybdate) stabilized gold nano-
particles is described here. By dispersing platinum 
black over the Au-containing TiO2, the electrocata-
lytic activity of Pt nanoparticles towards oxidation 
of ethanol has been significantly enhanced. Re-
markable increases of electrocatalytic currents 
measured under diagnostic voltammetric and 
chronoamperometric conditions are reported here. 
The most likely explanation takes into account 
improvement of overall conductivity (due to the 
presence of nanostructured gold) at the electroca-
talytic interface (utilizing TiO2 support), as well as 
and possibility of specific Pt-TiO2 or Pt-Au electronic 
interactions and existence of active hydroxyl 
groups (on titanium dioxide or polyoxometallate 
surfaces) in the vicinity of catalytic Pt sites. 

 
Introduction 

There has been growing recent interest in de-
velopment of the low-temperature direct alcohol 
fuel cells as an alternative technology for the sys-
tems utilizing hydrogen. Alcohols as fuels have 
several attractive features in comparison to the 
hydrogen: relatively low cost of production, easy to 
handle, storage and transport, high solubility in 
aqueous solutions. Among potential alcohols, me-
thanol is so far the most promising organic fuel 
because it has several advantages in comparison to 
hydrogen: high solubility in aqueous electrolyte, 
low cost, possibility of easy handling, transporta-
tion, storage, and high theoretical density of energy 
(6 kWh/kg). Other alcohols that include ethanol, 
ethylene glycol, propanol etc. have also been con-
sidered for use in low-temperature fuel cells but, 

until now, only very few examples of direct alcohol 
fuel cells have been demonstrated [1]. It should be 
remembered that methanol is unfortunately fairly 
toxic, inflammable with a low boiling point (650C), 
and it is neither a primary fuel nor a renewable fuel. 
Therefore many alcohols, particularly those coming 
from biomass resources, have recently been consi-
dered as alternative fuels [2]. Ethanol is an example 
of an attractive fuel that is less toxic than methanol. 
Moreover, ethyl alcohol has the additional advan-
tage that it can be obtained from biomass. Under 
such conditions, the use of bio-ethanol as the fuel 
should not change the natural balance of carbon 
dioxide in the atmosphere in contrast to the utiliza-
tion of fossil fuels [3]. These reasons as well as high 
theoretical efficiency, have led to the increased 
interest in research on the development and opti-
mization of electrocatalytic systems for oxidation of 
ethanol in acid media for potential use in low tem-
perature fuel cells utilizing protonically conducting 
(e.g. Nafion) membranes. An ultimate goal of this 
research is not only to replace methanol as a fuel 
but also to develop a technology based on a com-
monly available renewable bio-fuel. 

Ideally, ethyl alcohol can be oxidized to carbon 
dioxide thus delivering 12 electrons and producing 
theoretically the cell open circuit potential (with 
oxygen cathode) of 1.14 V.  In other words, the 
overall reaction occurring in a fuel cell should ideal-
ly proceed as follows: 

 
CH3-CH2OH + 3O2 → 2CO2 +3H2O 

 
Realistically, electrooxidation of ethanol is a com-
plex process, and its reaction mechanism requires 
cleavage of the C-C bond in the ethanol molecule. 
Thus the reaction rate is rather low at ambient con-
ditions [7-9]. Consequently, large amounts of unde-
sirable toxic intermediate products, acetaldehyde 
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and acetic acid are formed during electrooxidations 
at commonly considered Pt-containing catalytic 
systems [4-6]. These parallel reactions cause consi-
derable problems in practical applications of direct 
ethanol fuel cells not only by lowering the fuel 
capacity but also by producing undesirable toxic 
by-products. 

Nanostructured platinum is so far the best-
known and the most active catalyst for the activa-
tion of small organic molecules via their specific 
adsorption and interfacial dissociation. However, 
the ability of platinum to break effectively the C–C 
bonds is largely limited by side poisoning effects 
originating from the strong adsorption of COads on 
Pt surfaces at low (below 60 or even 80 oC) tem-
peratures. Several two-carbon containing mole-
cules have been reported as undesirable interme-
diates during ethanol oxidation at polycrystalline Pt 
[9-13], most of them requiring relatively high po-
tentials for complete oxidation [7]. It has also been 
suggested that the partial blocking of platinum 
surface by those intermediates results in slow de-
cay with time of the ethanol oxidation currents.  

For ethanol, the mechanism of its electrooxida-
tion is different and more complex than in a case of 
methanol [1-13]. It is commonly accepted that the 
highest efficiency for electrooxidation of ethanol 
was achieved at nanostructured carbon-supported 
bimetallic PtSn or PtRu catalysts and, more recently, 
very promising result were obtained with PtRh type 
systems. Despite the relatively good performance 
of such bimetallic Pt-based anodes, the overall 
efficiency is still poor when compared to oxidation 
of hydrogen (at Pt) or even methanol (at PtRu). The 
main products remain acetaldehyde (2-electron 
oxidation) and acetic acid (4-electron oxidation) 
thus further modification of existing catalysts is 
necessary to obtain higher efficiency. There is a 
need to remove not only the poisoning CO adsor-
bates but also to activate the ethanol molecule and 
to break C-C bonds effectively. As already men-
tioned, modification of the platinum-based surface 
is often achieved by adding the second additive 
namely by introducing the second alloying metal. 
This additive or modifying agent as well as a carrier 
(support) must be also characterized by good sta-
bility in addition to desired activity.  

Gold nanoparticles have attracted attention as 
an alternative or complimentary (to platinum) met-
al in catalytic applications [14]. While gold is rather 

inactive as a bulk metal, gold nanostructures, e.g. 
Au nanoparticles, were demonstrated to exhibit the 
size and support dependence during the gas-phase 
oxidation of carbon monoxide [14,15]. The systems 
composed of gold and platinum were found to 
produce highly reactive bimetallic catalysts. It was 
postulated for Pt-Au catalysts that the degree of 
CO-poisoning of Pt sites was largely diminished 
through the interracial oxidation of CO to CO2 by 
the surface oxo species existing on Au sites. In par-
ticular, Au-Pt bimetallic nanoparticles were found 
to exhibit high activity during CO oxidation thus 
making the systems more CO-tolerant, in compari-
son to bare (pure) Pt or Au nanoparticles [16-18]. 
Furthermore, the use of Pt-decorated Au nanopar-
ticles favored markedly direct oxidation of formic 
acid to CO2 by inhibiting formation of undesirable 
CO-type poisoning species through so called “en-
semble effect” [19]. To fabricate stable (ultra-thin 
film protected) gold nanoparticles, most of re-
search concerns organic ligands including alkano-
thiols and their derivatives that can be successfully 
employed to obtain monolayer coverages on gold. 
We have recently modified noble metal nanopar-
ticles with inorganic monolayers of a Keggin-type 
polyoxometallates. Heteropolyacids of molybde-
num and tungsten are able to adsorb irreversibly 
on metals and to undergo reversible stepwise mul-
ti-electron transfer reactions of importance to elec-
trocatalysis. Attractive features of the polyoxome-
tallate stabilized and activated noble metal nano-
particles in electrocatalysis have been recently 
demonstrated [20-23]. We have also developed and 
described a unique chemical method of fabrication 
of PMo12O40

3- stabilized gold nanoparticles (Au-
PMo12) [24,25]. We utilize such functionalized or 
activated gold clusters as supports for dispersed 
platinum (Fig. 1) and show their usefulness during 
electrocatalytic oxidation of ethanol.  

Recently, some attention has been paid to the 
possibility of immobilization and activation of the 
platinum-based nanoparticle catalysts in such an 
active matrix as nanostructured metal oxide, e.g. 
titanium dioxide [26,27], and tungsten oxide [28]. 
Titanium dioxide (TiO2) has been studied because 
of its unique optical, electronic and chemical prop-
erties as well as its low cost [29,30]. TiO2 is known to 
be stable in acidic and alkaline solutions [31] and, 
due to its high porosity, large surface area [32] and 
non-toxic properties, titanium dioxide has been 
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widely considered as the catalyst support. The in-
crease of the activity of platinum during oxidation 
of ethanol by dispersing it in TiO2 support has been 
ascribed in terms of the Pt–TiO2 interactions capa-
ble of changing electronic properties of the Pt cata-
lyst (the electronic effect) [33,34]. In addition, the so 
called bi-functional mechanism [35] is operative in 
the presence of titanium dioxide, and poisoning of 
platinum surface by CO passivating adsorbates 
(that are formed during oxidation of alcohols), 
tends to significantly decrease. TiO2 is believed to 
activate interfacial water molecules to form oxy-
gen-containing species (OHads) on Pt at lower po-
tentials than on bare platinum. These hydroxyl 
species react with CO-like intermediates, form CO2, 
and release the catalytic active sites for the further 
alcohol oxidation (Fig.2). In addition TiO2 matrix 
enhances the stability of the immobilized platinum 
nanoparticles by preventing their agglomeration. 

 

 
Fig. 1. Cartoon of gold nanoparticle stabilized with 
PMo12 monolayer modified with platinium nanopar-
ticles. 
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Fig. 2. Cartoon of titanium dioxide to use as active 
matrix. 

In the present work, we impregnate titanium 
dioxide matrix with gold nanoparticles and com-
bine them with catalytic nanostructured platinum. 
Bimetallic Au-Pt nanoparticles are of significant 
interest to the field of electrocatalysis. For example, 
a synergistic effect was reported for the Pt-Au na-
noparticles during electrooxidation of methanol 
[36-39]. The size of bimetallic Au-Pt nanoparticles 
played an important role in the overall electrocata-
lytic activity [38]. It was also found that addition of 
gold tended to shift the onset potential for metha-
nol electrooxidation towards lower values [40]. 
Further, gold was believed to provide sites for oxi-
dizing poisonous CO-like species to CO2 [41,42].  

Our research aims at investigation of the influ-
ence of the hybrid TiO2-support admixed with gold 
nanoparticles (ca. 30-40 nm) on the activity of the 
nanostructured Pt catalyst towards electrooxida-
tion of ethanol. Highly effective electrocatalytic 
systems have utilized phosphododecamolybdate-
modified (stabilized) gold nanoparticles introduced 
to TiO2 matrix. In the present work, impregnation of 
TiO2 with nanostructured gold has been followed 
by deposition of conventional platinum black na-
noparticles (ca. 7-9 nm). Electrochemical diagnostic 
experiments have involved cyclic voltammetric and 
chronoamperometric measurements in the ethanol 
acid solutions. Ethanol is which which oxidation is a 
complex process requiring development of highly 
efficient electrocatalytic systems. 

 
Fabrication and Characterization of Electrocata-
lytic Material 

Fig. 3 show a transmission electron microscopic 
image (TEM) of gold nanoparticles modified with 
PMo12 (A) and titanium dioxide modified with Au-
PMo12 nanoparticles (B). It is apparent from the TEM 
data (Fig. 3A) that the Au-PMo12 nanoparticles were 
highly monodisperse and characterized by diame-
ters on the level 30-40 nm. In Fig. 3B we expect that 
particles of dark appearance stand for gold clusters 
whereas those of light appearance should be corre-
lated with less dense structures, namely with dis-
persed titanium dioxide.  

We can see that good dispersion of Au and TiO2 
nanoparticles may be attributed to the presence of 
anionic PMo12 monolayers assembled on gold fa-
voring not only their attachment to the positively 
charged surfaces of titanium dioxide but also being 
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responsible for electrostatic repulsion between 
themselves thus preventing their agglomeration.  

 
a) 

50 nm  
b) 

50 nm50 nm
 

Fig. 3. TEM examination of PMo12-protected gold na-
noparticles (A) and titanium dioxide modified with 
Au- PMo12 nanoparticles (B). 

 
We prepare catalytic layers composed of nano-

structured TiO2 containing gold nanoparticles (Au-
PMo12) and platinum nanoparticles. First, 0.04 g of 
TiO2 powder was weighed and subsequently dis-
persed in 2 cm3 of deionized water using an ultra-
sonic bath. The suspension of TiO2 (1 μdm3) was 
next deposited on surface of the glassy carbon disk 
electrode (GC) and let dry in air at room tempera-
ture (22oC) for 30 min. Later, 1 μdm3 of the suspen-
sion of (Au-PMo12) was placed onto the previously 
described TiO2 layer and dried in air as mentioned 
above. In the following step, 1 μdm3 of the colloidal 
suspension of bare platinum nanoparticles (pre-
pared by dispersing 0.071 g of commercial plati-
num black through sonication for 30 min in 2 cm3 

of distilled water to obtain a homogenous mixture) 
was introduced onto the nanostructured film of 
TiO2 and Au-PMo12 nanostructures. For comparison, 
we also considered the catalytic system containing 
bare platinum black dispersed over TiO2 nanopar-
ticles prepared as above, i.e. as for the electrocata-
lytic film composed of titanium dioxide, Au-PMo12 
and platinum black. In all cases, the platinum load-
ing was equal to 500 μg·cm-2 after depositing each 
catalytic system on glassy carbon electrode. As a 
rule at the end, we were covered the films by ultra-
thin layers of Nafion polyelectrolyte by depositing 1 
μdm3 of the Nafion solution (prepared by introduc-
ing 5 mass% of the commercial Nafion solution into 
ethanol at 1 to 10 volume ratio).  
 
Electrochemical Diagnostic Experiments – Oxida-
tion of Ethanol 

Our initial diagnostic experiments (permitting 
evaluation of utility of the catalysts designed by us 
for potential application in alcohol fuel cells) have 
involved cyclic voltammetric monitoring of redox 
reactions of interest. Fig. 4 illustrates cyclic vol-
tammetric responses of bare platinum black nano-
particles (black line), Pt black nanostructures im-
mobilized within titanium dioxide support catalyst 
(red line), and platinum black nanoparticles depo-
sited onto TiO2-supported Au-PMo12 (green line) 
recorded in 0.5 mol dm-3 C2H5OH + 0.5 mol dm-3 
H2SO4 solution. An important issue is that the etha-
nol oxidation process was characterized by the 
highest currents following dispersion of platinum 
black within the TiO2 support containing Au-PMo12 
(Fig. 4, green line). We can see that the onset po-
tential of ethanol oxidation was shifted to the less 
positive values in comparison to its behavior at 
bare platinum black (black line) and at Pt nanopar-
ticles dispersed within Au-free TiO2 (red line). 

Further diagnostic experiments have been 
based on monitoring and examining current-time 
(chronoamperometric) characteristics at certain 
applied potentials (as low as possible having in 
mind potential operation in a low-temeperature 
fuel cell as anode).  Fig. 5 illustrates the long-term 
chronoamperometric responses of platinum black 
(black line), Pt nanoparticles supported onto TiO2 
(red line), and Pt nanoparticles supported onto TiO2 
admixed with Au-PMo12Pt (green line) upon appli-
cation of 0.2 V (Fig. 5A) and 0.1 V (Fig. 5B). These 
data show that, under such conditions, the meas-
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ured currents for the oxidation of ethanol are rela-
tively the highest for Au-PMo12-containing samples. 
If we compare black and red lines in Fig. 5 we can 
indicate that TiO2 matrix seems to be an attractive 
support for platinum during the ethanol oxidation 
process. The main role of nanostructured gold car-
riers is, in addition to the already mentioned possi-
ble interactions with platinum, to improve the 
overall charge distribution at the electrocatalytic 
interface.  On the whole,  the increased catalytic 
efficiency shall be related to improved removal of 
poisoning species such as COads from the platinum 
active sites. So far there is no evidence for en-
hanced C-C bond splitting necessary for the oxida-
tion of ethanol. The activation effect may also in-
volve direct specific interactions (chemical or elec-
tronic) between titania and Pt or even Au sites. It 
cannot be excluded that interactions between 
platinum or gold and titanium oxide may result in 
changes in the surface electronic structures and 
thus in changes in the adsorption  energies of car-
bon monoxide or even ethanol on these surfaces. 
Further research is along this line. 
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Fig. 4. Cyclic voltammetric curves for ethanol elec-
trooxidation at simple Pt black (black line), Pt nano-
particles supported onto TiO2 (red line), and Pt nano-
particles supported onto TiO2 admixed with Au-
PMo12Pt (green line) deposited on glassy carbon. Elec-
trolyte: 0.5 mol dm-3 C2H5OH + 0.5 mol dm-3 H2SO4. 
Scan rate: 10 mV s-1.  
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Fig. 5. Chronoamperometric responses recorded at 0.1 
V (A) and 0.2 V (B) vs. Ag/AgCl for the oxidation of 
ethanol at simple Pt black (black line), Pt nanopar-
ticles supported onto TiO2 (red line), and Pt nanopar-
ticles supported onto TiO2 admixed with Au-PMo12Pt 
(green line) deposited on glassy carbon. Electrolyte: 
0.5 mol dm-3 C2H5OH + 0.5 mol dm-3 H2SO4.  
 
Conclusions 

Application of the titanium dioxide-supported 
Au-PMo12 matrix for dispersed Pt nanoparticles has 
led to the highest activity in terms of shifting po-
tential for ethanol oxidation towards more negative 
values and increasing electrocatalytic currents un-
der both voltammetric and chronoamperometric 
conditions. It is reasonable to expect that incorpo-
ration of nanometric gold structures into semi-
conducting TiO2 increases the oxide conductivity 
due to the possibility of hopping electron transfers 
between gold sites. Dispersion of gold within TiO2 is 
facilitated by the fact that anionic phosphomolyb-
date modified Au nanoparticles are likely to be 
electrostatically attracted by positively charge oxo-
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cationic species existing on titanium dioxide in acid 
media. 

Finally, it should be noted that dispersion of 
gold within TiO2 is facilitated by the fact that anio-
nic phosphomolybdate modified Au nanoparticles 
are likely to be electrostatically attracted by posi-
tively charge oxo-cationic species existing on tita-
nium dioxide in acid media. Further, the capping 
layers of Keggin-type phosphomolybdates, which 
are known to undergo fast stepwise multi-electron 
redox processes as well as to activate Pt-based 
electrocatalysts during ethanol oxidation [21], may 
also contribute to the overall enhancement effect. 
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Introduction 

Lowering of the operation temperature of Solid 
Oxide Fuel Cells from present 1000°C down to an 
intermediate range of 600–800°C (so called IT–
SOFC) is considered as a strategic goal for devel-
opment and commercialization of SOFC technolo-
gy. Operation at lower temperatures requires an 
application of suitable cathode material, which 
possesses high catalytic activity towards an oxygen 
reduction process in that temperature range. In 
classical SOFC with zirconia–based electrolyte, 
working at 1000°C, La1-xSrxMnO3 oxide plays role of 
the cathode. This compound exhibits perovskite 
structure and is usually referred to as LSM. LSM is 
characterized by a high, practically purely electron-
ic conductivity at high temperatures (> 900°C). 
However, at 600–800°C the efficiency of LSM ca-
thode is significantly decreased [1, 2]. 

Among numerous compounds considered for 
application in IT–SOFC (as cathode materials, but 
also as electrolyte or anode materials), majority 
crystallize in cubic or pseudo–cubic perovskite 
structure [3]. Such structure is typical for ABO3–type 
oxides and is often a building block for more com-
plex structures (e.g. double perovskites AA'B2O6 
and A2BB'O6,  Ruddlesden–Popper An+1BnO3n+1–type 
oxides and others) [4]. Majority of perovskite and 
perovskite–related materials show presence of 
some type of structural distortion, which is related 
to BO6 octahedra tilting and / or distortion of AO12 
and BO6 polyhedra. Perovskite structure is also 
responsible for the effective transport of electrons, 
owing to the overlapping 3d orbitals of transition 
metal B present in octahedral position with 2p or-
bitals of oxygen atoms. The ionic transport is also 
possible and it occurs via oxygen vacancies. The 
possibility of high, mixed ionic–electronic is highly 
desirable, because it may improve effectiveness of 
the cathode performance in SOFC in the interme-
diate and low temperature range [5]. 

 

There are many strict requirements for a suc-
cessful candidate cathode material, among them 
the following seem to be particularly important [1, 
2, 5, 6]:  

 
• high temperature thermal and chemical stability 

in the oxidizing atmosphere, 
• high chemical stability in relation to used elec-

trolyte and interconnector, 
• Cr tolerance in case of usage of Cr containing 

interconnectors, 
• CO2 tolerance, 
• high total electrical conductivity (> 100 S·cm-1), 
• in case if the material is used in IT–SOFC, high 

mixed ionic–electronic conductivity (MIEC) with 
as high as possible ionic transport, 

• high catalytic activity for the oxygen reduction 
reaction, 

• adequate thermomechanical properties, ther-
mal expansion coefficient (TEC) matched with 
that of electrolyte and interconnector, 

• possibility of preparation of cathode layers with 
appropriate porosity, adhesion and mechanical 
strength, 

• as low as possible cost of substrates for synthe-
sis and effective preparation method, 

• environmental friendliness. 
 

Oxides having perovskite structure have been 
recently a subject of extensive studies [7–13] and 
the main research activities concentrate on their 
functional properties, i.e.  application as cathodes 
in IT–SOFC. It has been found [2] that kinetics of the 
cathode reaction (oxygen reduction) may limit the 
electrochemical effectiveness of SOFC. Despite that 
the microscopic mechanism of the catalytic process 
of the oxygen reduction has not been yet entirely 
explored, it has been established that the rate of 
oxygen adsorption on the cathode material de-
pends on the concentration of oxygen vacancies 
and electrons in the cathode. A deviation from 
stoichiometry towards the oxygen deficiency intro-
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duces donor centers, ionization of which leads to a 
change in the concentration of charge carriers. 
Therefore, the oxygen nonstoichiometry and the 
presence of dopants shift position of the Fermi 
level, which, according to electronic theory of ca-
talysis is a vital factor for catalytic activity of the 
cathode material [5]. 
 
Overview of the considered cathode materials  

Literature data concerning possible cathode 
materials allows to present the following overview 
for the main groups of studied compounds (italic 
font – positive aspects, underlined font – negative 
aspects) [1–3, 7, 8]:  
 
manganites – Ln1-xAxMnO3±δ (Ln = La – Yb, Y; A = 
Ca, Sr, Ba, Pb) 
 
• are suitable for a high temperature SOFC with YSZ 

electrolyte, 
• possess high electronic conductivity at tempera-

tures above 900°C,  
• have excellent thermomechanical properties and 

stability, TEC = 10–12·10-6 K-1, 
• are suitable for composite cathodes (e.g. LSM–

YSZ), 
• have good long term and microstructural  

stability, 
• partial substitution of Mn with other stable-

oxidation-state cations improves stability and 
sometimes improves oxygen transport, 

• moderate addition of variable-valence cations 
decreases polarization resistance of the  
material, 

• nano-sized particles of catalytically active MIEC 
significantly improve LSM cathode performance at 
lower temperatures, 

• the overpotential of Ln0.6Sr0.4MnO3 manganites 
decreases in the following way Y > Yb > La > Gd 
> Nd > Sm > Pr, 

• the effectiveness of the manganite-based ca-
thode below 900°C is strongly limited, 

• materials exhibit negligible ionic conductivity 
up to 900°C, 

• their electrical conductivity varies strongly, 
depending on the preparation technique, 

• the solid solution range of doping with A2+ ca-
tions is limited (x = 0.4–0.7), 

 
 

ferrites and cobaltites – Ln1-xAxCo1-yFeyO3-δ 

 
• are suitable for the intermediate temperature 

SOFC (600–800°C ) with ceria-based (e.g.  
Ce1-xGdxO2-x/2 – CGO)  or La1-xSrxGa1-yMgyO3-(x+y)/2 
(LSGM) electrolyte, 

• possess high mixed ionic-electronic conductivity 
at 600-800°C  range (depending on the composi-
tion σe = 100-1000 S·cm-1; σi up to 0,75 S·cm-1 at 
800°C),  

• have high catalytic activity at lower tempera-
tures, 

• are suitable for composite cathodes (e.g. LSCF-
CGO), 

• their long-term structural, microstructural and 
chemical stability is only partially studied, 

• despite high values of  oxygen diffusion coeffi-
cient D (10-6–10-5 cm2s-1) and surface exchange 
coefficient k (10-5–10-3 cm·s-1) for La1-xSrxCo1-

yFeyO3-δ (LSCF) at ~800°C, literature data shows 
no general, composition related tendencies, 

• there are contradictory data on the activation 
energy for the oxygen diffusion and the oxy-
gen exchange reactions, 

• mechanism of the cathodic reaction is still 
poorly understood,  

• kinetics of the cathodic reaction is also poorly 
understood, 

• due to the low values of ionic transference 
number (10-7–10-3) the actual measurements of 
this value are problematic, 

• the materials have high thermal expansion, 
which is increasing with A and Co amount (TEC 
= 15–25·10-6 K-1),  

• high chemical expansion related to the oxygen 
vacancy formation is observed, 

 
other perovskites, brownmillerites, Ruddles-
den–Popper–type and other oxides 
 
• possess promising, high mixed ionic–electrical 

conductivity, but usually lower than in case of 
LSCF oxides, 

• have significantly lower thermal expansion (es-
pecially LaFe1-xNixO3 and Ruddlesden–Popper–
type oxides), 

• further studies are needed to clarify their 
chemical, structural and long–term stability, 

• there is a lack of comprehensive data for a wide 
range of chemical compositions. 
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Among the mentioned materials perovskites 
from La1-xSrxCo1-yFeyO3-δ (LSCF) group seem to be 
particularly interesting in terms of their possible 
application. In the following section a discussion of 
selected issues regarding structural properties, 
oxygen nonstoichiometry and transport properties 
of LSCF oxides is provided. 
 
Structural properties of LSCF perovskites 

In La1-xSrxCo1-yFeyO3-δ (0 ≤ x ≤ 1; 0 ≤ y ≤ 1; 
0 ≤ δ ≤ 0,5) system an existence of single phase 
solid solutions is observed in whole chemical com-
position range (x, y) and in a relatively wide δ range 
[14]. At room temperature LaCoO3 possesses 
rhombohedral symmetry with R-3c space group. 
Strontium substituted compounds have identical 
structure for compositions with x ≤ 0.5 in  
La1-xSrxCoO3. For higher Sr content these perovs-
kites adopt regular symmetry. An especially broad 
range of oxygen nonstoichiometry, 2.29 < 3–δ  
< 3.00, is observed for SrCoO3-δ. However, synthesis 
of fully stoichiometric SrCoO3 is difficult and so far 
the best results were obtained by electrochemical 
oxidation. In oxygen deficient samples there is a 
strong tendency for oxygen vacancy ordering. On 
the other side of the chemical composition dia-
gram, LaFeO3 possesses Pnma orthorhombic sym-
metry in wide temperature range. With the increas-
ing x in La1-xSrxFeO3 initial orthorhombic symmetry 
(0 ≤ x ≤ 0.2) is replaced by rhombohedral (0.4 ≤ x ≤ 
0.7) and for even higher strontium content cubic 
structure is observed. Oxygen vacancy ordered 
samples were observed in case of LaCoO3-δ, 
La0,5Sr0,5CoO2,5, SrCo1-yFeyO3-δ and La1-xSrxFeO3-δ. In 
contrast to this, there is no literature evidence of 
ordered oxygen sublattice in case of La1-xSrxCo1-

yFeyO3-δ (0 < x < 1; 0 < y < 1; 0 < δ < 0.5). This might 
be explained by the existence of disorder in both 
cationic sublattices as cobalt / iron and lanthanum / 
strontium are statistically placed. 

Exemplary structural data for La1-xSrxCo0.2Fe0.8O3-

δ series (0 ≤ x ≤ 0.8) are presented below. Fig. 1 
shows dependence of normalized (to pseudo–
cubic perovskite) unit cell parameters as a function 
of Sr amount. In case of LaCo0.2Fe0.8O3-δ material 
orthorhombic structure was observed. For mate-
rials with 0.2 ≤ x ≤ 0.6 rhombohedral structure was 
identified, however in case of La0.4Sr0.6Co0.2Fe0.8O3-δ 
compound the degree of the distortion was so 

small that for its proper identification neutron dif-
fraction (ND) studies were required (Fig. 2). 

 
Fig. 1. Dependence of normalized unit cell parameters 
for La1-xSrxCo0.2Fe0.8O3-δ (0 ≤ x ≤ 0.8) as a function of 
chemical composition. 

 
Fig. 2. ND diffractogram for La0.4Sr0.6Co0.2Fe0.8O3-δ with 
clearly visible R-3c–related reflections.  
   

Frequently, perovskite materials show structural 
phase transitions from lower symmetry to higher 
symmetry during heating. One of the typical exam-
ples is Pnma → R-3c transition, which, due to the 
structural aspects, is of the first order. On the other 
hand, another typical one, R-3c → Pm-3m, is conti-
nuous. In order to avoid occurrence or minimize 
effects of the possible phase transition (which af-
fects thermomechanical properties of the cathode) 
high temperature structural studies of the consi-
dered material are required. Nevertheless, usage of 
materials having high symmetry at room tempera-
ture is advised, so in the case of La1-xSrxCo0.2Fe0.8O3-δ, 
compounds with x ≥ 0.6 are preferential. However, 
high amount of strontium causes unwanted effects 
related to the chemical expansion, as discussed 
below.   
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Oxygen nonstoichiometry and chemical expan-
sion of LSCF  

Fig. 3. shows thermogravimetric (TG) measure-
ments of "as prepared" La1-xSrxCo0.2Fe0.8O3-δ mate-
rials. Due to the preparation technique (soft chemi-
stry, EDTA–based method) an initial small decrease 
of mass may be attributed to the oxidation of resi-
dual carbon and / or desorption of CO2. For 
La0.4Sr0.6Co0.2Fe0.8O3-δ and La0.2Sr0.8Co0.2Fe0.8O3-δ pe-
rovskites, above ~200°C an increase of mass occurs. 
Depending on the composition, at higher tempera-
tures a decrease of the mass was recorded. The 
magnitude of this effect increases with the increas-
ing Sr content; for sample with x = 0.2 is almost 
nonexistent. These both effects may be explained 
as a result of changes of the oxygen stoichiometry: 
the "as prepared" samples were relatively fast 
cooled down after synthesis at high temperature, 
therefore the high-temperature oxygen nonstoi-
chiometry was partially preserved in the samples 
having high Sr amount. During slower heating 
these materials equilibrated and oxygen uptake 
was visible. At higher temperatures the oxygen was 
again released, creating oxygen vacancies. 

On the basis of thermogravimetric measure-
ments (performed in air as well as TG reduction 
studies) the equilibrium concentration of the oxy-
gen vacancies in air as a function of temperature 
was estimated. In Fig. 4 Arrhenius–type plot of such 
dependence is presented. One can see that for 
samples with higher Sr content the formation 
energy of oxygen vacancies significantly decreases. 
High concentration of mobile vacancies should 
greatly intensify ionic conductivity, but on the oth-
er hand has strong negative impact on the ther-
momechanical properties of the materials. Oxygen 
leaving the material causes reduction of 3d metals 
(Co and Fe), and in consequence, causes the in-
crease of their ionic radii: 
 
ܱை ൌ ைܸ

••  2݁ି  0.5ܱଶ ՛ 
,ܥሺܯ2 ሻସା݁ܨ  2݁ି ൌ ,ܥሺܯ2  ሻଷା݁ܨ
 

This in turn is observed as a significant increase 
of the thermal expansion of the sample (so called 
chemical expansion). In case of La0.2Sr0.8Co0.2Fe0.8O3-δ 
material average TEC increases from 15.9·10-6 K-1 in 
100–500°C range to 32.8·10-6 K-1 in 600–800°C range 
[15]. Such high values of TEC cause major problems 
with adhesion at cathode | electrolyte interphase 

and may induce decohesion during repetitive heat-
ing – cooling of the cell. 

 
Fig. 3. Thermogravimetric measurements (relative 
changes of mass as a function of temperature) per-
formed in air for "as prepared" La1-xSrxCo0.2Fe0.8O3-δ 
materials. Heating rate was 2.5 deg·min-1. 

 
Fig. 4. Equilibrium concentration of oxygen vacancies 
for La1-xSrxCo0.2Fe0.8O3-δ as a function of temperature in 
air. Ea – enthalpy of formation. 
 
Electrical properties of LSCF oxides 

Literature data concerning ionic conductivity of 
LSCF perovskites indicate that even for the opti-
mized materials it is about three or more orders or 
magnitude lower than the electronic one. The elec-
tronic conductivity of these materials may be very 
high, well above 100 S·cm-1. Fig. 5 presents results 
of electrical conductivity measurements versus 
temperature for considered oxides in a wide tem-
perature range up to 950°C. At lower temperatures 
(< 500°C) the activated type of conductivity was 
observed. At higher temperatures, depending on 
the chemical composition of the sample, a maxi-
mum on the σ(T) dependence appears, which cor-
responds quite well with the temperature at which 
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oxygen vacancies are created (Fig. 3). The decrease 
of the electrical conductivity above this tempera-
ture is related to breaking of M–O–M double ex-
change mechanism due to the formation of the 
oxygen vacancies and also due to the changes of 
the average oxidation state of Co and Fe. The tem-
perature at which characteristic maximum of elec-
trical conductivity is observed has important tech-
nological meaning: it indicates formation of oxygen 
vacancies, which are catalytic centers for oxygen 
reduction. With higher strontium content in LSCF 
this temperature decreases and higher catalytic 
activity of the cathode material may be expected. 

 
Fig. 5. High temperature electrical conductivity of  
La1-xSrxCo0.2Fe0.8O3-δ perovskites. Data from [5] and 
[16]. 
 
Conclusions 

Among many considered candidates, LSCF ca-
thode materials show attractive properties in terms 
of their application in IT–SOFC cells. Their physico-
chemical characteristics are strongly dependent on 
the amount of Sr2+ cations, which allows for optimi-
zation of the materials in order to obtain desired 
properties. 

Due to the size of this paper, many important is-
sues, which are crucial for the successful cathode 
material, were not discussed (e.g. chemical stability 
towards electrolytes and interconnects, issues re-
garding porosity, mechanical properties, manufac-
turing of cathode layers, usage of composite ca-
thodes). Interested reader may find discussion re-
garding these topics in literature [1–3].  
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The IV. generation vessels for hydrogen storage applied 
in vehicles. Modelling, technology and experiment 

 
Wojciech Błażejewski, Paweł Gąsior, Jerzy Kaleta and Marek Rybaczuk  
Wrocław University of Technology, Poland 
 
I. Introduction  
Role of gaseous fuels, particularly hydrogen in auto-
motive applications 

The role of gaseous fuels (mainly: methane, hy-
drogen) in transport, especially automotive, is stea-
dily growing. There are known many reasons for 
this situation, including economic, environmental, 
operational, political, etc. The increasing impor-
tance of hydrogen begins, both to power internal 
combustion engines and fuel cells. In recent years, 
the EU carried out, or still continue  many projects 
(eg: StorHy, HyWay, HyComp, HyCube), aimed at 
dissemination of hydrogen in the automotive in-
dustry. The dominant technology, especially in cars, 
is the storage of hydrogen in high-pressure tanks, 
which are labeled as CH2 (Compressed Hydrogen). 
Hydrogen is stored in the vessels of the latest (4-th 
generation) at the nominal working pressure equal 
to 700 bar. 

 
High pressure vessels. Application, advantages, re-
quirements 

The introduction at large-scale lightweight, 
highly stressed composite vessels for hydrogen 
requires an effective solution of  many problems. It 
is necessary that the distance which car can be 
overcome by a single refueling, was not less than 
600 km. This results in necessitate of increasing the 
vessels operating pressure up to 70 MPa. Modern 
high pressure vessels for compressed hydrogen 
storage are made of composite materials (usually 
carbon-epoxy). Their great popularity is connected 
with a significant reduction in weight of the com-
posite vessels, compared to steel ones, while ensur-
ing a sufficiently high mechanical strength. Other 
advantages of composite vessels are: 
• no sparks with abrasions and impacts, 
• lack of splinters in the event of the destruction 

of the tank (eg overshoot, burst), 
• high chemical resistance, 
• lack of a plastic-brittle transition at low temper-

atures. 

 
Presently in the world, research and develop-

ment works are focused on two main directions, 
namely: 
• optimization of manufacturing technology in 

order to reduce weight, and thus production 
costs, enabling in turn the mass use of vessels, 

• ensure the safe use of vessels during the 10 to 
15 years of operation. 

 
The following some examples of authors scien-

tific activity are presented, including results from 
participation in national and European projects (eg 
StorHy, InGas, HyComp, HyCube) and research for 
industrial partners. 

 
II. Composite high pressure vessels. Manufactur-
ing technologies 

Composite high pressure vessels for gaseous 
fuels storage are produced by following tech-
niques: winding technology; braiding technology. 
 
Winding technology 

The main production method of vessels is 
winding. This technology is well described in the 
literature and will not be discussed in detail here. In 
winding technology the type of the curve called 
isotensoide has been applied to form bottoms in 
composite tanks. They form determining fibre 
wound over bottom, i.e., the form of bottom, has 
been chosen in a way making stresses in composite 
strength wall equal at every point. Results of 
authors presented in [1, 2, 3, 4] indicate that the 
structure of wound composite elements (the way in 
which bands are arranged) has influence onto 
initiation and development of defects and onto 
final strength of material. The notion of structure 
has wider meaning comparing with anisotropy 
since the structure depends not solely on angle of 
architecture but also on their arrangement. Fig. 1. 
presents axonometric view of chosen fragments 
indicated by frame.  
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Fig. 1. The axonometric views of the fragments of winds Nr. 1, 2 and 5 marked by frames. 

 
The following steps are proposed during manu-

facturing of the prototype of each composite tank 
using winding technology:  
• acceptance of approximate linear sizes of tank, 
• choice of wind making use, for example, of the 

above mentioned table method, 
• acceptance of the width of rowing beam ex, 
• acceptance of the number and sequence of 

layers  wound of wind, 
• estimation of strength, 
• determination of winding parameters (including 

ratio of rowing beams, number of winds, length 
of winding), 

• model tries of winding, 
• designing and manufacturing of liner, 
• manufacturing of tank prototype, 
• verifying tests, 
• analysis of results of research and return to ini-

tial stage if necessary. 
 

Braiding technology 
The method of braiding is a simple, but at the 

same time extremely effective process for the 
manufacture of semi-closed profiles, or finished 
products from the long fibers. The main advantage 
of the braiding process comparing to unidirection-
ally reinforced or laminated composites is the abil-
ity to adapt to the unusual shapes of cores and fiber 
continuity when changing core diameter. This al-
lows the preparation  of oval, rectangular and other 
made-cutting shapes. In the case of triaxial braiding 
it is possible to perform cross-sections of heteroge-
neous elements, where the process takes place 
simultaneously in three planes. An important ad-
vantages of braiding technology is speed and full 

automation of the process, reduction of labour 
costs associated with fiber laying, and finally the 
preforms are produced much more accurately and 
faster than by winding technique. Since labour 
comprises from 60 to 80% of the total cost of most 
manufactured composite elements, the reduction 
due to braiding method can significantly reduce 
the price of the final product. 

Another advantage of this method is the use of 
dry fibers, so that it is unnecessary to use "pre-
pregs", which may double the price of production. 
Low costs of materials used as well as labour, pre-
destine this method to perform the composite 
reinforced elements with continuous fibers, espe-
cially in the case of pipes, fittings and pressure 
vessels. 

In the process of vessels braiding, authors have 
used 5-axis KUKA robot and braiding frame HER-
ZOG 288-1 (both devices at the disposal of the TU 
Dresden). Below the process of braiding of carbon 
fiber vessel is presented. The whole process was 
done completely automatically. The vessel was 
maintained in the robot gripper, which is also re-
sponsible for the displacement of the object rela-
tively to the so-called convergence point of the 
fibers. Application of a robot arm which is characte-
rized by high rigidity allows for the attachment of 
the vessel’s liner and manipulate it at all directions. 
Generating the composite structure of the vessel 
was done automatically by the movement of spools 
(bobbins) of fiber in a circle bearing. Both the ro-
bot's movements and the bobbins are pro-
grammed so as to eliminate the influence of the 
operator on the process.  
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Fig. 2. Scheme and view of braiding frame with manipulator (Institut  fűr Leichtbau und Kunstofftechnik (ILK), 
Technische Universität Dresden). 

Following braided layers were obtained without 
interruption of work, only by changing the direc-
tion of the object (the robot gripper). On the braid-
ing frame 288 bobbins were installed. They moved 
at a controlled rate. In this way the collected fibers 
intertwined with each other, creating a preset 
composite structure. The braiding geometry (pat-
tern) can be modified by changing the number of 
spools and their location on the frame as well as by 
movement of the robot arm. Such produced tanks 
were infiltrated by epoxy resin and put into test 
campaign. 
 
III. Modelling of strain state and damage accumu-
lation of composite vessels 

Examination of running damage process and 
current damage level may be effectively performed 
as an effect of some hybrid procedure, i.e. it should 
consist of well verified numerical model (of the 
multi-scale type) of vessel together with local mea-
surements making use of well located limited 
number of sensors. 

Good numerical model (for every type of vessel) 
should allow: 
• description of winding geometry (so called 

parquet problem, described above), 
• the constitutive equation of composite (making 

use of some homogenization procedure for ex-
ample), 

• description of the stress and strain states in 
vessel (applying the model of continuum and 
FEM), 

• formulation of the problem of initiation of ma-
terial damage, 

• acceptance of quantity responsible for damage 
accumulation (measure of damage) and formu-
lation of fatigue hypothesis.  

The model should indicate location of sensors 
and their number what constitute basis for experi-
ment. 

Modeling of materials with complicated internal 
structure (corresponding to sufficiently short scales 
or equivalently to sufficient magnifications of ob-
servations) remains still an open problem. Modern 
constructional materials like fiber reinforced com-
posites constitute a challenge. The basic problem is 
to find the correspondence between visible micro-
scopic structure and material properties, mainly 
mechanical ones, responsible for macro scales 
usually put forward in engineering applications.  

The identification of material parameters based 
on experimental measurements has the key mean-
ing. The experiment should allow:  
• local measurements of strain at places indicated 

by the model (here, application of optical fibers 
sensors is preferred), 

• measurement of quantity correlated with accu-
mulation of damage of vessel (registration of AE 
for example), 

• modelling and experiments for vessels (expen-
sive ones) may be preceded by modelling and 
experiments for tube specimens. 

 
Especially useful in modelling of composite 

structures applied in tanks construction ap-
proaches are listed below [5, 6, 7, 8]: 
• modelling making use of nonstandard models 

of continual media (using homogenisation), 
• modelling in terms of cellular automata, 
• modelling applying theory of dynamical sys-

tems. 
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Fig. 3. The structure and quarter of Representative Volume Element (a) and division of a quarter of unit cell into 
subcells in plane material properties homogenisation (b) [17]. 
 

The main purpose of modelling of composite 
materials is establishing of constitutive equations 
describing entire large specimens due to known 
structure and material properties of separate 
phases forming composite as well as architecture of 
fibres (transition from micro- through meso- to 
large scales). The homogenisation method allows 
determination of material properties (for example 
Young modulus) and it consists in suitable averag-
ing over chosen volume and over separate phases 
properties. At macro level, the structure of compos-
ite becomes invisible but one knows the stress-
strain dependence which in fact corresponds to 
phase and fibres properties. It is possible to assume 
that fibre reinforced polymeric composites have 
periodic structure what enables establishing of the 
Representative Volume Element (RVE) – Fig. 3. 

We predict the behaviour of composite making 
use the found RVE and the homogenisation proce-
dure. According to distribution of fibres the RVE 
may be decomposed into sub cells (Fig. 3b) and the 
homogenisation procedure may run in few steps.  

In turn application of fractal geometry methods 
allows modelling of acoustic emission (AE). Nu-
merically simulated acoustic events may be com-
pared with acoustic events registered during ex-
perimental examinations of specimens and pres-
sure vessels.  

 
IV. Safety of high pressure vessels. Integrated 
structural monitoring systems 

The ever increasing popularity of composite 
structures is first of all due to the considerable re-
duction in weight in comparison with metal struc-
tures, at an appropriately high mechanical durabil-
ity. Nevertheless, the safety requirements require 
that the stress-strain state of composite structure 
be monitored.  Standard NDE methods such as 

radiography, interferometric holography, ultrasonic 
scanning or visual inspection are usually not effec-
tive in on-line monitoring. Even if they were used 
for periodic checks, they would not be able to de-
tect promptly defects critical to the condition of the 
monitored structure. Moreover, conventional 
measurement devices, such as electrical resistance 
strain gauges, often get damaged in adverse envi-
ronmental conditions. 

State-of-the-art measuring methods based on 
optical fibre technology are increasingly often used 
to monitor the structural health of industrial ob-
jects. Optical fibre sensors have many advantages 
over the conventional devices [9]. These sensors 
can be easily inbuilt in the structure of composite 
or can be installed on the outer surface without 
changing its mechanical properties. Moreover, 
sensors are spark less and resistant against elec-
tromagnetic disturbance. They have large range of 
measurements and can work in adverse conditions 
(high dust concentration, high temperature, high 
pressure, significant deformations).  

Thanks to their high potential for multiplexing it 
is possible to create a nervous system of the object 
being monitored, enabling health and damage 
assessment. In addition, optical fibre based sensors 
ensure spark-proof safety which is an important 
consideration for inflammable applications [10].  

Optimal solution requires hybrid approach what 
means the both numerical model of composite 
tank and measurement system are required. The 
numerical model allows an optimal arrangement of 
sensors reducing their number and current com-
parison of measured strains with values derived 
from model. The original FEM model required ap-
plication of so-called homogenisation procedures 
and it enabled determination of strains within vari-
ety of length scales as well as damage accumula-
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Fig. 6. Burst test of high pressure vessel in the test range conditions. 

 

 
Fig. 7. High pressure vessel during the penetration test. 

 

  
Fig. 8. The bonfire test of high pressure vessel and view of the vessel after this test if PRD failed. 

In Institute of Materials Science and Applied 
Mechanics (IMSAM) Wroclaw University of Technol-
ogy (WRUT) different kinds of test in a range of 
pressure vessels for scientific and industrial part-
ners are implemented (including: EIT/KIC pro-
gramme, 6th FP and 7th FP of EU projects). In IMSAM 
among other things following test are realized: 
cycling test in a pressure range 2÷140 MPa 
(at ambient temperature and extreme conditions, -

40 °C and 85 °C with 90% humidity), burst test 
(with maximum pressure 240 MPa), impact damage 
test, penetration test, accelerated stress rupture 
test as well as high temperature creep test. Short 
descriptions of the most critical tests are presented 
below. 
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Ambient temperature pressure cycling 
Before the pressure cycling test the test tank is 

filled with a non-corrosive fluid such as oil, inhi-
bited water or glycol, and then pressure cycled 
between not more than 2 MPa and not less than 
1,25 times the working pressure (that is 87.5 MPa 
for 70 MPa hydrogen vessels) at a rate not exceed-
ing 10 cycles per minute. The fuel tank is pressure 
cycled until failure or to a minimum 45000 cycles. 
View of the hydraulic test setup at IMSAM is pre-
sented in Fig. 5. 

 
Hydrostatic pressure burst test 

The tested fuel tank before the burst test is filled 
with a fluid such as water and then pressure is 
gradually increased until its failure. It is necessary to 
ensure that the pressure measuring device is moni-
toring the true value of tank pressure, particularly 
when the pressurization rate exceeds 0.35 MPa/s. 
For this purpose, it is possible to make a five second 
hold at the minimum design burst pressure. For a70 
MPa type vessel, a burst pressure shall exceed 164.5 
MPa. An example of the burst test realized at the 
test range conditions is presented in Fig. 6. 
 
Extreme temperature pressure cycling 

First part of this test is realized at extreme high 
conditions, what means the temperature not less 
than 85 °C, and 95 % or greater relative humidity. 
After 48 hour of conditioning vessel is pressure 
cycled between not more than 2 MPa nor less than 
1,25 times the working pressure (87.5 MPa) at the 
same conditions for 22500 cycles. Then tank with 
working fluid is conditioned for next 48 hours at -40 
°C or lower as measured in the fluid and on the fuel 
tank surface. Finally it is pressurized from not more 
than 2 MPa to not less than the working pressure 
(70 MPa)  for next 22500 filling cycles at extreme 
low temperature conditions. 

 
VI. Summary 

The paper presents the results of own research 
in the field of modelling, technology, manufactur-
ing and testing of high pressure composite vessels 
for hydrogen storage as an automotive fuel. 
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INTRODUCTION 

Photovoltaic devices based on semiconducting po-
lymers are a promising route to low-cost solution-
processed solar cells. Being into consideration the poly-
mer structure used as an active layer in the construction 
of photovoltaic devices mainly polythiophenes and 
poly(p-phenylene vinylene)s blended with [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) are investigated [1-
3]. 

In this paper the photovoltaic properties of devices 
based on poly(3-hexylthiophene-2,5-diyl, regioregular) 
(P3HT) were investigated. The photovoltaic properties of 
P3HT were tested by fabrication the organic photovoltaic 
devices with the three kinds of configurations: 
ITO/P3HT/Al, ITO/P3HT:PCBM (1:1, w/w)/Al and 
ITO/PEDOT:PSS/P3HT:PCBM (1:1, w/w)/Al. For the con-
structed devices impedance spectroscopy were analyzed. 
The main goal of the paper was investigation of influence 
of aluminium electrode preparation via thermal evapora-
tion and the magnetron sputtering on power conversion 
efficiency (PCE) of polymeric solar cells.  
 
EXPERIMENTAL  

Solar cells were fabricated on an indium tin oxide 
(ITO)-coated glass substrate in air atmosphere. PE-
DOT:PSS was spin cast from aqueous solution to form a 
film on the ITO substrate. A solution containing a mixture 
of P3HT:PCBM in chloroform solution with weight ratio 
1:1 was then spin cast (10000 (or 2000) turns per minute, 
25 sec.) on top of the PEDOT:PSS or ITO layer. Then, an 
aluminum electrode (~100 nm) was deposited by ther-
mal evaporation (5×10-4 Torr) or magnetron sputtering 
(~50 nm). For the preparation of Al electrode by magne-
tron sputtering high purity aluminium target with a 
diameter of 107 mm and thickness of 3 mm was used. 
Before deposition, the working chamber was evacuated 
to a base pressure of 5×10-4 Pa using turbo molecular 
pump and then backfilled with pure argon. The total 
pressure during the process was 3×10-1 Pa. The substrates 
temperature was below 50°C during deposition. Before 
starting the experiment, the target was pre-sputtered 
with a shutter located in between the target and the 
substrates.  

Current density–voltage (J–U) characteristics of the 
devices were measured using a Keithley 6517B electro-
meter and DC microvoltmeter V623. Solar cell perfor-
mance measurements utilized a xenon lamp with an 
illumination of 100mW/cm2 with an AM1.5G. The area of 
one photovoltaic pixel was about 4.5 mm2. The devices 
were measured with impedance spectroscopy (IS) by 
Solartron precision LCR meter Model SI1260 in the fre-
quency range of 1 Hz to 1 MHz with 20 mV test signal.  

The photovoltaic properties of P3HT were investi-
gated by fabricating the polymeric photovoltaic devices 
with ITO as anode, the blend polymer with PCBM in 
weight ratio 1:1 as active layer, and Al as cathode. Poly-
mer was applied as donor in polymeric photovoltaic 
devices, while fullerene was used as an acceptor. PE-
DOT:PSS was used in two-layer devices as a hole trans-
porting layer. The devices comprising PEDOT:PSS with 
P3HT:PCBM (1:1, layer spin cast with 10000 turns per 
minute) showed the best photovoltaic parameters such 
as a VOC of 0.60 V, JSC of 4.61 mA/cm2, FF of 0.21, and PCE 
of 5.7×10-1 %. The device comprising P3HT:PCBM layer 
spin cast with 2000 turns per minute showed lower pho-
tovoltaic performance. For devices lack of PEDOT:PSS 
layer or lack of PCBM, photovoltaic parameters were very 
low and similar to the parameters obtained for device 
with Al electrode prepared by magnetron sputtering. For 
example, device ITO/PEDOT:PSS/P3HT:PCBM (1:1)/Al 
(with Al electrode prepared by magnetron sputtering) 
showed a VOC of 0.34 V, JSC of 2.16 mA/cm2, and a FF of 
0.19, giving a PCE of 1.4×10-4 %.  
 
CONCLUSIONS 

Our study showed that exist influence of Al electrode 
preparation and kind of devices along with thickness of 
the active layer on photovoltaic parameters and imped-
ance spectroscopy. The best photovoltaic parameters 
were obtained for device ITO/PEDOT:PSS/P3HT:PCBM/Al 
with the Al electrode prepared by thermal evaporation. 
For all devices depressed semicircles, or partial semicir-
cles, were identified by IS. Resistances of device prepared 
by magnetron sputtering are in general lower than for 
device prepared by thermal evaporation, which gives 
significantly shorter relaxation times. This is ascribed to 
the micro contacts, which could be the result of electrode 
fabrication by magnetron sputtering. Energetic ions 
bombarding polymer layer could enter deep into it and 
even reach the bottom electrode. Moreover, the struc-
ture of polymers could be altered during this process, 
what changes their electrical properties.  
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INTRODUCTION 

Increasing requirement on the portable devices for 
energy storing is stimulating research on lithium ion 
batteries. The industry’s main requirements with regards 
to Li ion batteries are their safety, stability and effective-
ness of the charge/discharge process, which mainly 
depends on the used cathode material. Among cathode 
materials for the lithium ion batteries, the layered oxides 
stand out because of the high electrical conductivity, that 
is maintained during lithium intercalation / deintercala-
tion process, that provides into higher current gained 
from the cell and shorten the charging time.  
 
RESULTS 

LiNi0.65Co0.25Mn0.1O2, LiNi0.63Cu0.02Co0.25Mn0.1O2 and 
LiNi0.55Co0.35Mn0.1O2 cathode materials were synthesized 
by a soft chemistry EDTA - based method. All synthesized 
compounds have a well developed layered structure with 
trigonal R-3m symmetry. Increase in cobalt content cau-
ses that a lattice parameter is decreasing.  Higher content 
of cobalt in LiNi0.9-yCoyMn0.1O2 suppress the cation mixing. 
Similar effect is observed for Cu-substituted  Li-
Ni0.63Cu0.02Co0.25Mn0.1O2 and LiNi0.63Cu0.02Co0.25Mn0.1O2 
oxides.  

Low temperature electrical conductivity and ther-
moelectric power results are presented. Higher electrical 
conductivity and higher number of effective charge 
carriers in pristine LiNi0.9−yCoyMn0.1O2 oxides are corre-
lated with the increase of concentration of the Ni3+ ions.   

Increase of manganese amount to 0.2 mol in Li-
Ni0.2Co0.6Mn0.2O2 decreases the electrical conductivity few 
orders of magnitude and arises the activation energy to 
0.3 eV (from 0.18 eV for LiNi0.65Co0.25Mn0.1O2).  

The observed decrease of a parameter with lithium 
deintercalation is mainly related to the compensation of 
the charge and oxidation of nickel ions: Ni2+→Ni3+→Ni4+. 
c parameter is increasing due to increasing electrostatic 
repulsion between ((Ni,Co,Mn)O2)n sheets, when Li 
amount is decreasing. Below the critical concentration of 
the lithium in the deintercalated oxides the c parameter 
starts to decrease and the a parameter starts to increase 
what is involved with structural instability of the deinter-
calated oxides. 

Decrease of electrical conductivity during lithium 
deintercalation is related to the decrease of carrier con-
centration in the egNiCo band.  

In the transition metals oxides containing cobalt the 
charge compensation during deeper lithium deintercala-
tion occurs via formation of holes in the oxygen 2p band 
[1-3]. The obtained results show that the the structural 
instability of deintercalated materials occurs until whole 

amount of nickel is oxidized to Ni4+ ions. Ones can  expect 
that during deeper deintercalation of lithium the oxygen 
ions participate in the charge compensation and as a 
result some part of nickel ions remain in the 3d7 configu-
ration (Ni3+). The obtained results of electrical conductiv-
ity and the results showing the changes of structural 
parameters in deintercalated materials indicate that 
more stable cathode material based on 
LiNi0.9−yCoyMn0.1O2, is that with lower concentration of 
cobalt, i.e. LiNi0.65Co0.25Mn0.1O2. LixNi0.65Co0.25Mn0.1O2  re-
tains structural stability up to xLi=0.35 mol. 

Doping of LiNi0.63Cu0.02Co0.25Mn0.1O2 oxide with Cu im-
proves electrical conductivity. Electrical conductivity of 
LiNi0.63Cu0.02Co0.25Mn0.1O2 is better than that of the most 
often investigated LiNi1/3Co1/3Mn1/3O2 [4]. In additional, 
similar to LiNi0.65Co0.25Mn0.1O2 oxide, 
LiNi0.63Cu0.02Co0.25Mn0.1O2  retains structural stability up to 
xLi=0.35 mol. 

The electrochemical tests show that the discharge 
capacity of the LixNi1-yCoyMn0.1O2 (y = 0.25, 0.35) cathodes 
is improved with decreasing cation mixing effect, i.e. with 
lower nickel content. Poor capacity retention in the first 
cycle for the cell Li/LixNi0.63Cu0.02Co0.25Mn0.1O2 is observed, 
however the capacity retention during the next cycles is 
equal 100 %. 
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INTRODUCTION 

Alternative energy sources such as sun, wind and 
nuclear require effective energy storage technologies. 
One of possibilities is chemical energy storage in rechar-
geable Li-ion batteries, which offer the highest gravime-
tric and volumetric energy density among currently used 
electrochemical power sources [1]. Another application 
of lithium batteries, which is in common use nowadays, is 
power supply for portable electronics, such as notebooks, 
digital cameras, mobile phones etc. If certain issues con-
cerning capacity, safety and cost are overcome, lithium 
batteries could be used in power grids, hybrid and elec-
tric vehicles, and possibly many other functions will be 
found. The most promising cathode material for lithium 
cells is lithium iron phosphate LiFePO4 with olivine-type 
structure. The main advantages of LiFePO4 are its high 
theoretical capacity, high discharge potential (~3.5 V vs. 
Li),  high thermal stability, which guarantees safety of use 
and stable capacity after numerous work cycles, moreo-
ver it is environmentally benign and of low cost. Howev-
er, phospho-olivine possesses low ionic and electronic 
conductivity which results in low lithium chemical diffu-
sion coefficient, and in turn low charge/discharge rates. 
Consequently, thorough modification of the material is 
needed in order to obtain effectively working Li-ion cell 
cathode. Macroscopic transport properties can be im-
proved on two main ways: by decreasing the lithium-ion 
diffusion path length within LiFePO4 particle, which can 
be achieved by reduction of particle size, or by covering 
of LiFePO4 grains with highly lithium and electron-
conducting layer such as carbon [2-4]. Preferably, both 
methods should be implemented at the same time. 
 
EXPERIMENTAL 

Nano-sized LiFePO4 powder was obtained by a low 
temperature method developed by Delacourt et al. [5]. 
The method is based on precipitation from water-
ethylene glycol solution containing  LiOH, FeSO4 and 
H3PO4. Obtained powder was dried in vacuum at 50°C 
and annealed at 300-800°C for 12 h under H2/Ar mixture 
flow. Crystal structure of the obtained material was cha-
racterized using X-ray diffraction (XRD) method with 
Panalytical X'Pert Pro diffractometer. Powder microstruc-
ture was examined by SEM microscopy. Electrochemical 
properties of the cathode materials were studied in a 
Li/Li+/LiFePO4-type cell [6,7]. 
   
RESULTS AND DISCUSSION 

XRD measurements confirmed single phase phos-
pho-olivine Pnma structure of the obtained samples.  The 
highest discharge capacity was received for LiFePO4 
annealed at 300°C. Comparison of discharge capacity 
values for LiFePO4 annealed in inert and reducing atmos-

phere showed superior effect of the latter. The observed 
behavior can be rationalized by presence of Fe3+-
containing contamination, which was detected in the as-
prepared samples by Moessbauer spectroscopy. H2/Ar 
mixture turned out to be highly capable of reducing Fe3+ 
to Fe2+, and in turn increasing material’s electrochemical 
capacity.  
 
CONCLUSIONS 

Grains size and electrochemical properties, especially 
discharge capacity dependent on the final heating tem-
perature of the material. 
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INTRODUCTION 

The purpose of the presented research is to elaborate 
a capacitor model which is characterized by the possibly 
smallest sizes and mass and which can accumulate a big 
amount of energy. This requirement results from the 
target application of the device in supply systems of 
mechanical vehicles both for hybrid electric vehicle (HEV) 
and electric vehicle (EV). This application, where the 
combustion engine produces waste heat, brings about 
the necessity to comply with other requirements for 
supercapacitors: efficiency and reliability in higher work-
ing temperatures. It is particularly important that this 
application can be safely used in means of transport – it is 
non-toxic and non-explosive. 

All of these requirements make it necessary to em-
ploy electrolytes on the basis of room temperature ionic 
liquids (RTILs). They are non-volatile, non-flammable and 
non-toxic, thus improving their features as an electrolyte 
in higher temperatures [1,2]. Moreover, they are charac-
terized by a high value of the so called potential window 
due to which they are able to accumulate more energy 
per mass or sizes than supercapacitors which use other 
typical electrolytes. 
 
EXPERIMENTAL  

The research plan comprised: 
 

• choice of electrolyte – physical and electrochemical 
examinations of chosen ionic liquids in higher tem-
peratures, 

• choice of electrode material - physical and electro-
chemical examinations of chosen carbon materials, 

• choice of separator material – examinations of wet-
tability and model electrochemical examinations, in-
cluding resistance. 
 
In the subsequent research stages, the following are 

to be carried out: 
  

• checking the influence of co-solvents on physical and 
electrochemical properties of ionic liquids as electro-
lytes with a particular emphasis on simultaneous in-
fluence of adding a co-solvent and higher tempera-
ture, 

• research on the choice of the current collector ma-
terial, 

• elaborating a technology of depositing electrodes 
and performing a series of test models. 
 
For the purpose of carrying out the presented cycle 

of research, six low temperature aproton ionic liquids 
were chosen which contained cations of imidazolium and 

pyrrolidinium: [BMIM][BF4], [BMIM][PF6], [BMIM][Tf2N], 
[EMIM][BF4], [EMIM][Tf2N], [PYR14][Tf2N].  

As materials for electrodes, two activated carbon 
were researched: carbon A – obtained by thermal carbo-
nization of plant originated materials. Carbon B – ob-
tained by chemical decomposition of oil materials. 

The research on the choice of separators comprised 
the materials on the basis of cellulose and woven poly-
mers: polyamide and polypropylene. 

The research cycle included: 
 

• porosity examinations and distribution of pores of 
carbon materials, 

• determination of influence of temperature (in the 
range of 25oC - 135oC) on: viscosity, electrical conduc-
tivity, electrochemical potential window of chosen 
ionic liquids, 

• research on electrochemical properties in the same 
range of temperatures of supercapacitor models with 
the employment of all combinations of the re-
searched materials: electrolytes, electrode materials 
and separators. In this way were carried out: cyclic 
voltammetry, galvanostatic charge-discharge, and 
impedance spectroscopy in the 2-elelctrode system. 

 
CONCLUSIONS 

The research results confirmed advantages of ionic 
liquids as electrolytes for applications in systems working 
in higher temperatures. 

They allowed for determination of dependencies ex-
isting between viscosity, conductivity and capacitance, 
electrical resistance and potential window of supercapa-
citor models. 

For each of the researched six ionic liquids, an optim-
al system was determined i.e. electrode material–
separator-working temperature, where the most advan-
tageous values of potential window, cell resistance and 
electric capacitance are achieved. These are the key data 
for obtaining the required values of power and energy 
density of an appliance. 
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INTRODUCTION 

Development of portable electronic devices is much 
faster than development of energy storage systems 
which power them. Recently, lithium-ion batteries be-
came the most popular portable energy source. The main 
challenge in improving Li-ion batteries characteristic is to 
find a proper cathode material with high energy density 
and appropriate chemical stability at the same time. 
Beside that cathode material should be cheap and envi-
ronmentally friendly [1]. 

Lithium manganese orthosilicate Li2MnSiO4, a mem-
ber of polyanionic cathode material family, with its high 
chemical stability due to a presence of strong covalent 
bonds Si-O, seems to be worth a closer look. Theoretical 
ability of deinsertion of two lithium ions per unit formula 
leads to very high theoretical capacity of 333 mAh/g [2]. 
Moreover, potentially low production cost and low envi-
ronmental impact of Li2MnSiO4 makes it promising cath-
ode material for lithium-ion batteries. Unfortunately 
lithium manganese orthosilicate reveals very low electri-
cal conductivity. Reducing grain size and coating the 
material with carbon can significantly improve electrical 
properties of the composite [3]. 

The aim of this work is examination of electrochemi-
cal behaviour of C/Li2MnSiO4 and CCL/Li2MnSiO4 ob-
tained by sol-gel method.  
 
EXPERIMENTAL  

The C/Li2MnSiO4 composite was produced in one-
step synthesis using sol-gel method (Pechini type) [4]. 
Controlled calcination of the obtained gel resulted in 
formation of Li2MnSiO4 nanosized grains encapsulated in 
conductive carbon matrix formed from organic com-
pounds with carbon load ca. 35 wt.%. Preparation of 
composites with different amounts of carbon required 
burning out primary carbon and coating Li2MnSiO4 with 
conductive carbon layers. CCL/Li2MnSiO4 composites 
were produced by wet polymer precursor deposition on 
active material grains and controlled pyrolysis. As a car-
bon polymer precursor poly(N-vinylformamide) with 
pyromellitic acid (PMA) additive was used [5, 6]. For com-
parison standard composite was prepared by mixing 
Li2MnSiO4 with commercial carbon black (CB) additive 
(CB/Li2MnSiO4 composite). 

Composites were studied using thermal analysis 
(TG/SDTA-EGA), X-ray diffraction (XRD), N2 adsorption 
measurements (N2-BET), electrical conductivity studies 
(EC) and transmission electron microscopy (TEM) to find 
the relations between structure, morphology and elec-
trochemical properties. 

All the obtained samples were tested in Li-ion battery 
cell. Galvanostatic charge-discharge cycling tests were 
performed in CR 2032 coin cells Li/Li+/(C/Li2MnSiO4) using 

1M LiPF6 solution in EC/DEC (1:1) as electrolyte. Tests 
were conducted within 2.7-4.7 V potential range at C/200 
and C/100 rates at room temperature. 
 
CONCLUSIONS 

C/Li2MnSiO4 composite was successfully synthesized 
in a one step process. It was found that electrochemical 
properties of obtained composites strongly depended on 
thickness and morphology of carbon layer covering the 
active material grains. The best performance revealed 
CCL/Li2MnSiO4 composites, at initial charge high capacity 
up to 227 mAh/g was observed while first discharge cycle 
resulted in 101 mAh/g.  
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INTRODUCTION 

Progress in technology related to synthesis of elec-
trode materials stimulates commercial application of 
advanced devices in both a) energy conversion from 
solar to electric and in b) electric energy storage. Nowa-
days the most popular approach in the field of solar cells 
is focused on Grätzel type systems so called dye sensi-
tized solar cell DSSC and inverted organic solar cells [1, 2]. 
All these type of devices require semiconductor film 
active under electromagnetic wave illumination with an 
appropriate position of valence and conduction bands. 
The material of the first choice is TiO2. The energy band 
gap of anatase is 3.25 eV which means that maximum on 
absorption spectra is positioned in the UV region. There 
are several ways to shift the maximum towards the red 
light. One is based on non-metal doping of titania struc-
ture. The dopants known to cause the expected red shift 
are: nitrogen, boron, iodine, sulphur, phosphorus. The 
doping triggers changes in valence state of titanium. 
New surface redox activities may  appear giving rise to 
electrode psedocapacitance. Thus, application of non-
metal doped TiO2 in electrochemical capacitors may 
occur beneficial. Expected enhanced pseudofaradaic 
current of non-metal doped TiO2 electrodes opens new 
possibilities for fast charging / discharging processes [3]. 
The aim of our work is to develop technological proce-
dures for synthesis of non-metal doped TiO2 for further 
tests and potential application in electrochemical devices 
like a) supercapacitors and b) solar cells. Focusing on new 
materials for two different applications is favourable in 
respect for possible  commercial stage of novel doped 
TiO2 synthesis technology.  
 
EXPERIMENTAL  

Non-metal doped TiO2 synthesis procedure is based 
on hydrothermal treatment of appropriate Ti(IV) complex 
containing chemical bond between Ti centre atom and 
dopant atom(s). Proposed synthesis proceeds without 
solid-state diffusion-control doping stage [4]. Ti(IV) hal-
ides (Hal) (TiCl4, TiI4) dissolve in aprotic solvents AP (AP: 
DMF, DMSO, ACN) due to formation of soluble com-
plexes. The general formula of the complexes  molecule 
can be given as Ti(Hal)4 (AP)2. Three types of “smart” 
powders have been produced [3-5]. There are N-TiO2, I-
TiO2 and S-TiO2. All of them exhibit red shift in absorb-
ance spectrum in comparison to pure TiO2. The co-
precipitation of alkali metal halides during thermal stage 
guaranties fine powder formation of a mean crystalline 
size below 20 nm [4,5]. Cyclic voltammetry measure-

ments for electrodes S-TiO2 and electrodes I-TiO2 exhibit 
redox activity in a vicinity responding to Ti(III)/Ti(II) one 
electron transfer. Appearance of this kind of redox proc-
ess is a consequence of dopand introduction. Observed 
increase in pseudofaradaic surface current allows to use 
S-TiO2 and I-TiO2 as a components in electrode materials 
for electrochemical capacitors.   

The second application of doped TiO2 aims on solar 
cells. Preliminary tests of non-metal doped TiO2 in solar 
cells (type of FTO/X/N3dye/Z-50 electrolyte/Pt/FTO) 
proves their advantages character in comparison to pure 
TiO2, as photon to electron efficiency highly increases for 
cells with doped materials, see Table below: 

  
X 

1 μm 
efficiency  

p-e /% 
Voc / V Jsc / mA cm-2 FF 

TiO2 0.54 0.64 1.49 0.57 
S-TiO2 2.45 0.75 5.95 0.55 
I-TiO2 3.18 0.76 7.26 0.58 

FF – fill factor, Voc –open circuit voltage, Jsc – short circuit 
current density 
 
CONCLUSIONS 

The synthesis method for non-metal doped TiO2 is 
found to be efficient and straightforward. All doped TiO2 
nanopowders, active under visible light illumination, can 
be effectively employed in solar cells of different configu-
ration. Moreover, S-doped TiO2 and I-doped TiO2 with 
Ti(III)/Ti(II) surface redox activity are good for application 
in supercapacitors.  
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INTRODUCTION 

Nitrogen-rich carbon adsorbents are potentially ap-
plicable to the construction of super capacitors (SC). 
Chitosan is a biopolymer obtained by deacetylation of 
another commonly accessible biopolymer, chitin. Chito-
san structure is characteristic because of amino groups 
linked to the chain of six-member saccharide rings i.e. 
poly-(D)glucosamine. The polymer is rich of nitrogen and 
possesses specific acid-base properties and chelation 
abilities directly resulting from the presence of NH2- 
groups. The similarity to cellulose suggests that chitosan 
can be transformed in an active carbon by a simple heat-
treatment in oxygen-free conditions. However, carboni-
sation of pure cellulose is a more complex case since the 
achievement of more advanced surface parameters (total 
pore volume, specific surface area) needs additional 
treatments (preliminary oxidation) and/or specific carbo-
nisation conditions (hydrothermal carbonisation) of pure 
cellulose. There is lack of work describing successful 
transformation of chitosan to an active carbon of satisfac-
tory surface parameters.  Such a carbon could potentially 
find several important applications since carbonisation of 
nitrogen-rich raw materials frequently results in a high 
content of nitrogen in the carbonizate, mostly in the form 
of nitrogen-containing base-type functional groups. If 
the concept of a direct chitosan carbonisation could 
really yield high surface-active carbons it would have 
been realised a long time ago, but in practice no satisfac-
tory results have been achieved so far. We have assumed 
that proper surface parameters are achievable provided 
the carbonisation of the considered raw material (chito-
san) is supported by an additional activating procedure, 
as in the case of pure cellulose carbonisation. Our atten-
tion was focused on less aggressive procedure involving 
the application of a bulge agent, which should help the 
development of a porous sponge-like structure of a chi-
tosan driven char. Past experience in the fabrication of 
carbon films [1] for chemical sensing applications proves 
that inorganic carbonates like Na2CO3 and/or K2CO3 act as 
bulge agents when added to the carbon matrix precur-
sor.  
 
EXPERIMENTAL  

A series of carbon samples were prepared in a similar 
manner. Dry chitosan powder was provided by Sigma 
Aldrich (75-85% deacetylation, medium molecular 
weight, CAS Number: 9012-76-4). In this form chitosan 
has limited ability to absorb water and water solutions, 
therefore HCl was used to partly depolymerise chitosan 
chains and protonate NH2- groups. Both phenomena 
help to solubilise the polymer. 10 g of chitosan was 

mixed with 45-100 cm3 of water and neutral pH of the 
slurry was noticed. Then, 3 cm3 of 1 M HCl water solution 
was added, but surprisingly the pH of the slurry did not 
change. Only the consistency of the slurry altered since 
after HCl addition it became more uniform and sticky and 
resembled a thick paste. The pH did not change because, 
as expected, protons in the acid solution chemically 
bonded to the NH2- groups in the polymer. Neutral pH let 
to admit carbonate solution (4 - 17 % Na2CO3) and no 
spectacular reaction results were visible i.e. CO2 was not 
released due to direct reaction of sodium carbonate with 
the strong acid. The concentration of sodium carbonate 
in the modifying solution and in the paste was low 
enough to avoid its instant precipitation. The chitosan-
based paste was placed in a tubular stove and subse-
quently subjected to a heat-treatment: heating from 20 
to 600 0C (10 0C / min), 600 0C (1 hour), cooling from     
600 0C to room temperature (free cooling). The obtained 
black char was subjected to several chemical analyses 
(SEM/SEM-EDX, XRD, XPS, low temperature adsorption of 
nitrogen). The samples of chitosan which originated from 
virgin char were treated with 0.1 M HCl. A spectacular 
evolution of a gas in form of fine bubbles after immersing 
the char in acid solution was observed.  
 
CONCLUSIONS 

Etched char takes up high quantities of nitrogen, 
proving the presence of a well-developed surface area 
and pore structure. BET surface area increases after etch-
ing from ca. 1 m2/g to 440 +/- 17 m2/g. PSD suggests that 
the carbon is strictly nanoporous. Elemental composition 
of the surface (XPS measurement) proves that the re-
moval of sodium is almost complete while the surface 
nitrogen level exceeds 6 % atomic. The nitrogen in the 
surface layer is chemically accessible and may reveal its 
presence in some surface processes. High-resolution N1s 
spectrum  allows to state that most of the nitrogen atoms 
are constituents of NH2- groups. The bulge agent forms 
Na2CO3 nano-crystallites. Their etching leaves empty 
cavities in the matrix, which contribute significantly to 
the total pore volume and surface area. The procedure 
allows a high level of nitrogen content to be retained in 
the surface region.  
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INTRODUCTION 

Due to better materials compatibility, better long-
term stability and reduced cost the operational tempera-
ture of Solid Oxide Fuel Cells (SOFC) must be reduce 
down to the 600-800°C. In order to minimize cathode 
polarization in this temperature range and hence obtain 
better cell performance new cathode materials with 
sufficient electrochemical properties must be found.  

Particularly,  GdBaCo2O5.5-δ  has been reported to pos-
sess very good transport properties i.e. high surface 
exchange coefficient and oxygen diffusivity what with its 
very high electrical conductivity makes it a good candi-
date for cathode material for SOFC cells. 

In this work we investigate  GdBaCo2O5.5-δ, GdBa-
Co1.7Fe0.3O5.5-δ, GdBaCo1.4Fe0.6O5.5-δ, GdBaCo1.7Ni0.3O5.5-δ and  
GdBaCo1.4Ni0.6O5.5-δ in terms of crystal structure, oxygen 
nonstoichiometry, electrical conductivity and single 
button-type SOFC cell in order to investigate effect of 
substitution of Co by Fe and Ni. 
 
EXPERIMENTAL  

All powders were fabricated via soft chemistry me-
thod using Gd(NO3)3•6H2O Ba(NO3)2, Co(NO3)2•6H2O, 
Fe(NO3)3•9H2O, Ni(NO3)3•9H2O  and citric acid as a sub-
strates.  The water solutions of substrates in appropriate 
ratios were first rapidly evaporated, subsequently ob-
tained precursors were ground thoroughly in agate mor-
tar and heated at 850°C for  4 h. Obtained powders were 
once again ground in agate mortar and heated at 1050°C 
for 8h. 

 All samples exhibit layered perovskite structure with 
doubled c parameter and either orthorhombic Pmmm 
space group symmetry (ap x 2ap x 2ap  where ap is the 
basic cubic perovskite cell parameter) or tetragonal 
P4/mmm space group symmetry (ap x 2ap x 2ap), depend-
ing on Fe and Ni content. 

From the thermogravimetric measurements it was 
found that Fe and Ni doping affects oxygen content. At 
elevated temperatures for all samples mass loss was 
observed what was ascribed to formation of oxygen 
vacancies. It was noticed that depending on the Fe and 
Ni content the oxygen release and uptake rate changes. 
The obtained enthalpies of formation of the oxygen 
vacancies are very low and indicate that examined com-
pounds are promising cathode materials for SOFC tech-
nology. 

Electrical conductivity for all samples is very high 
and changes with Fe and Ni content ( i.e. max~1000 S· 
cm-1 for GdBaCo2O5.5-δ  and  max~170 Scm-1 for  
GdBaCo1.4Fe0.6O5.5-δ). The behavior of electrical conductiv-

ity changes with temperature, and at lower temperature 
semiconductor-type behavior was observed whereas at 
certain temperature (dependent on Ni and Fe content) .  

It was noticed from results of button-type SOFC cell 
measurements that substitution of Co by Fe lead to in-
crease of obtained power density at lower temperature 
(~6000C) and its decrease at elevated temperature 
(~7500C). Ni doping improved SOFC performances in 
whole temperature range. 

In order to conduct compatibility experiments, all ca-
thode materials were mixed with Ce0.8Gd0.2O1.9 electrolyte 
in 1:1 volume ratio, put into the tube furnace, heated up 
to 1000oC and kept in this temperature for 100h.  In a 
case of Fe doping no other extra phase was observed. 
Substitution of Co buy Ni leads to formation of BaCeO3 
after annealing with Ce0.8Gd0.2O1.9 electrolyte.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig1. XRD pattern for mixture of GdBaCo1.7Fe0.3O5.5-δ + 
Ce0.8Gd0.2O1.9. 
 
CONCLUSIONS 

 GdBaCo2-xMxO5.5-δ, with M = Fe, Ni were synthesised. 
All materials exhibit layered perovskite structure with 
space group symmetry dependent on M doping. Electri-
cal conductivity as a function of temperature was meas-
ured. Compatibility tests and button-type SOFC cell 
measurements were also performed.  
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INTRODUCTION 

Unique structural properties of so called A-site 
double (or sometimes layered) perovskites of general 
formula AA'M2O6-δ (A - lanthanide, A' - almost solely Ba, M 
- one of 3d metals or their mixture), together with their 
very high, mixed ionic-electronic conductivity make 
these compounds particularly interesting for application 
as cathode materials in Solid Oxide Fuel Cells working at 
intermediate temperatures (600-800°C). A-site ordering is 
inducted by a large difference in ionic radii between A 
and A' cations, and for example is observed in GdBa-
Co2O5.5±δ perovskite [1]. 

In this report we show characterization of structural 
(XRD) and transport properties (electrical conductivity 
and Seebeck coefficient), evaluation of the oxygen non-
stoichiometry δ and chemical stability in relation to 
Ce0.8Gd0.2O1.9 electrolyte, as well as preliminary electro-
chemical properties (IT-SOFC performance and imped-
ance spectroscopy) of GdBa0.5Sr0.5Co2-xFexO5.5±δ series of 
materials. 
 
EXPERIMENTAL  

GdBa0.5Sr0.5Co2-xFexO5.5±δ (x = 0, 0.5, 1, 1.5 and 2) com-
pounds were synthesized by ceramic method with Gd2O3, 
BaCO3, SrCO3, Co3O4 and Fe2O3 used as substrates. After 
milling in high efficiency Spex SamplePrep 8000M mill, 
materials were pressed into pellets and sintered in air at 
1200°C for 100h. Structural studies were performed using 
Panalytical X’Pert Pro diffractometer with Rietveld analy-
sis. Dependence of δ on temperature was evaluated on 
the basis of TG method performed on TA Q5000IR appa-
ratus. The electrical conductivity (σ) was measured using 
four-probe DC method with simultaneous measurements 
of Seebeck coefficient (α). Chemical stability in relation to 
Ce0.8Gd0.2O1.9 electrolyte was evaluated by analyzing of 
XRD data of cathode material - electrolyte mixtures 
heated at 800°C and 1000°C in air for 100h. Electrochemi-
cal performance (voltage - current density curves and 
impedance spectroscopy) was tested in button-type, 
electrolyte-supported IT-SOFC cells. 

 
RESULTS AND DISCUSSION 

Substitution of bigger Ba2+ cations (1.61Å) by smaller 
Sr2+ cations (1.44Å) decreases the tendency for separation 
of the cations into two distinctive layers (see Fig. below). 
Nevertheless, in case of Co-rich compounds from the 
studied GdBa0.5Sr0.5Co2-xFexO5.5±δ system, we observed 
formation of A-site double perovskite structure, but with 
the increasing content of iron, the increasing amount of 

secondary phase, having simple perovskite structure 
appeared. 

 
  
Fig. below shows the variation of unit cell parameters as 
a function of x for the studied materials. 
 

 
 

The measured electrical conductivity of the samples 
is very high, for instance for GdBa0.5Sr0.5Co1.5Fe0.5O5.5±δ 
exceeds 700Scm-1 at 600°C and 500Scm-1 at 800°C. This, 
together with large oxygen nonstoichiometry and good 
chemical stability towards Ce0.8Gd0.2O1.9 electrolyte, as 
well as promising, initial electrochemical measurements 
of IT-SOFC cells based on GdBa0.5Sr0.5Co2-xFexO5.5±δ ca-
thode make these materials attractive for application.    
 
CONCLUSIONS 

Characterization of physicochemical properties of 
GdBa0.5Sr0.5Co2-xFexO5.5±δ perovskites indicates their attrac-
tiveness for application as cathode materials in IT-SOFC 
cells. 
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INTRODUCTION 

Recently, oxides from Ruddlesden-Popper series, par-
ticularly of Ln2MO4±δ type (Lnn+1MnO3+1, n = 1, Ln: lantha-
nides, M: 3d metals) have drawn a lot of attention in 
terms of their possible application as cathode materials in 
Solid Oxide Fuel Cells, especially in 600-800°C range. 
Their main advantage is related to moderate thermal 
expansion, while at the same time these materials pos-
sess sufficiently high mixed ionic-electronic conductivity 
[1]. In this report we show characterization of structural 
and transport properties, evaluation of the oxygen non-
stoichiometry and chemical stability in relation to ceria-
based electrolyte, as well as initial data showing electro-
chemical properties of Ln2CuO4±δ (Ln: La, Pr, Nd) oxides. 
The obtained results are compared to our previous report 
regarding properties of Ln2NiO4±δ (Ln: La, Pr, Nd) mate-
rials [2]. 
 
EXPERIMENTAL  

The mentioned Ln2CuO4±δ compounds were synthe-
sized using EDTA-based soft chemistry method [3]. XRD 
studies were performed using Panalytical X’Pert Pro 
diffractometer in 10-110° range with CuKα radiation. The 
x-ray patterns were analyzed using Rietveld method. The 
initial oxygen excess δ, present in the materials, and it's 
temperature dependence in air was evaluated on the 
basis of TG reduction process, performed on TA Q5000IR 
apparatus. The electrical conductivity was measured 
using four-probe DC method with Seebeck coefficient 
measurements carried out simultaneously using dynami-
cal method. Chemical stability towards Ce0.8Gd0.2O1.9 was 
evaluated by analyzing of XRD data gathered for cathode 
material - electrolyte mixtures heated at 800°C and 
1000°C in air for 100h. Electrochemical performance of 
Pr2CuO4-δ cathode was tested in button-type, electrolyte-
supported IT-SOFC cells, analyzing voltage as a function 
of current density curves and impedance spectroscopy 
data. 

Thin layers of Pr2CuO4±δ cathode material were depo-
sited using SURFACE™ PLD setup equipped with KrF 
excimer laser. The c-plane sapphire, Si (001) and fused 
silica wafers were used as substrates. The layers were 
characterized by XRD, SEM and electrical conductivity 
measurements. 

 
RESULTS AND DISCUSSION 

Structural analysis revealed that obtained Nd2CuO4±δ 
and Pr2CuO4±δ materials possess I4/mmm tetragonal 
structure, while La2CuO4±δ shows Bmab  orthorhombic 
symmetry. Additionally, electrical conductivity (σ) of 

La2CuO4±δ, which is almost temperature-independent 
(~10Scm-1) and positive values of Seebeck coefficient (α) 
are different, comparing to activated-type of σ and nega-
tive values of α for Nd2CuO4±δ and Pr2CuO4±δ. The highest 
electrical conductivity was observed for Pr2CuO4±δ, which 
exceeds 100 Scm-1 in 500-900°C range. This compound 
was selected as the cathode material for the constructed 
IT-SOFC cells. The exemplary data of the cell's perfor-
mance are shown below. The maximum power output 
was measured to be ~0.12Wcm-2 at 800°C and ~0.27W· 
cm-2 at 900°C, these values are lower, comparing to cells 
based on Pr2NiO4±δ cathode material [2]. This may be 
related to the fact that in the working range the values of 
δ are negative for Cu-based material (oxygen vacancies) 
and positive for Ni-based material (interstitial oxygen). 

 
Pr2CuO4±δ thin films exhibit similar activation energy 

as the bulk materials, with the electrical conductivity 
values varying depending on the deposition conditions 
and post situ thermal treatment. This is followed by the 
microstructure evolution, which is reflected by the sur-
face images and XRD patterns.  
 
CONCLUSIONS 

Characterization of physicochemical properties of 
Ln2CuO4±δ (Ln: La, Pr, Nd) oxides was performed, showing 
that Pr2CuO4±δ is attractive in terms of possible applica-
tion as cathode material in IT-SOFC cells.     
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INTRODUCTION 

Increasing requirement on the portable devices for 
energy storing is stimulating research on lithium ion 
batteries. The industry’s main requirements with regards 
to Li ion batteries are their safety, stability and effective-
ness of the charge/discharge process, which mainly 
depends on the used cathode material. Among cathode 
materials for the lithium ion batteries, the layered oxides 
stand out because of the high electrical conductivity, that 
is maintained during lithium intercalation / deintercala-
tion process, that provides into higher current gained 
from the cell and shorten the charging time.  
 
RESULTS 

Solid Oxide Fuel Cells (SOFC) are considered as the 
most efficient energy conversion devices, what can bring 
many source of possible applications. However, one of 
main disadvantages of the fuel cells is a high operating 
temperature (~1000 °C), related to use of YSZ (yttrium 
stabilized zirconia) as electrolyte. To reduce the operat-
ing temperature a new electrolyte material must be 
applied. One of the most promising material for this 
application seems to be lanthanide doped cerium oxide. 
Ceria doped with trivalent cations shows an adequate 
high ionic conductivity. For further SOFC applications, 
this material must reveal both the highest ionic conduc-
tivity and the lowest electronic conductivity. The high 
chemical stability under oxidizing as well as reducing 
atmospheres is also required. Moreover, this material 
should be compatible with the applied electrodes mate-
rials. Not only the chemical properties of the new materi-
als are in great importance, the physical properties must 
fulfill certain demands. For instance one of them is an 
ability to  form them into a thin, strong and gas-proof 
membrane [1-8]. Great influence on sintering properties 
and membrane formation has the powder grain size. 
High surface energy of nanomaterials leads to decreasing 
of the sintering temperature [10]. Thus application of 
nanopowders in gelcasting process (GC) may be used to 
formation of strong and non-porous ceramic shapes in 
decreased temperature [11].  

 
EXPERIMENTAL  

In the present work the cerium(IV) oxide with differ-
ent amount of dopants was synthetized by means of 
modified reserve microemulsion method [9]. The mi-
croemulsion is a thermodynamically stable system of 
nanosized water droplets, stabilized by surfactant and 
cosurfactant, dispersed in a continuous oil phase. In the 
reverse micelles (nanoreactors) a precursor of samarium 
or gadolinium doped ceria were prepared. The obtained 
precursors were calcined in 500 °C in order to form oxide 
materials. From this method the nanometric powders of 
doped ceria were produced. The morphology and the 
crystal structure of the samples were characterized by 

powder X-ray diffraction (XRD) and N2-BET surface area 
analysis as well as dynamic light scattering measure-
ments (DLS). The optimal sintering temperature of such 
nanopowder was determined by dilatometers measure-
ments and is much lower than that for conventional ceria 
powder [11]. 

Gelcasting process was applied in order to obtained 
thin, gas-proof and durable membranes. It was shown in 
our previous work that it is possible to obtain high-
quality membrane from the ceria nanopowder [11]. 

In this work the Sm or Gd doped ceria membranes 
were prepared in GC process. The obtained membranes 
were later investigated  by scanning electron microscopy 
(SEM) and atomic force microscopy (AFM). Finally high-
temperature electrical conductivity measurements (EC) 
and impedance spectroscopy (IS) were applied for char-
acterization of electrical properties of the prepared 
membranes.  
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INTRODUCTION 

There are two commonly used electrochemical de-
vices which allow of direct transformation from chemical 
energy into the electricity: batteries and fuel cells. Batte-
ries as a widely used energy container exhibit well-known 
disadvantages that lead to the limitation of performance 
and area of applications. The other are fuel cells. It seems 
to they have still become better thus are considered as a 
sophisticated substitution of batteries. From large group 
of fuel cells, mainly due to extended range of applica-
tions Proton Exchange Membrane Fuel Cell (PEM-FC) has 
to be distinguished. Particularly, high temperature PEM-
FC accomplished significant features such as more effi-
cient ORR reaction, higher exchange current density, 
desirable resistance on contaminations, improved gas 
transport and water management, better gas diffusion 
coefficient, simplified stack structure and increased 
thermal dissipation. The commonly used polymers in 
PEM-FC as a membrane are Nafion and fluorinated poly-
benzimidazoles (F-PBI) [1, 2]. Polybenzimidazoles (p-PBI 
and m-PBI) are also investigated as high temperature 
PEM-FC. However, p-PBI has very rigid molecular struc-
ture and for this reason not good solubility in common 
solvents such as DMA or NMP [1-3]. Polybenzimidazoles 
(PBI) are commonly used for PEM fuel cells due to proper-
ties such as good ion conductivity and high temperature 
operation. These polymers provide well value of such 
parameters as chemical resistance, thermal stability, ion 
conductivity and mechanical strength but they have still 
problem with processability and solubility. 

The main goal of this work was obtained p-PBI and m-
PBI for application in high temperature PEM-FC. In this 
study, we prepared acid doped p-PBI thin film using a 
sulfuric acid as a solvent in high temperature. Obtained 
polymers were investigated by TGA, FTIR and to best of 
our knowledge first time by impedance spectroscopy (IS) 
in the context of chemical characterization. 
 
EXPERIMENTAL  

All materials were purchased from Aldrich and used 
as received. p-PBI and m-PBI were synthesized by poly-
condensation of 3,3’-diaminobenzidine (DAB) with te-
rephthalic acid, TA (p-PBI) and isophthalic acid, IA (m-PBI), 
with a molar ratio of 1.25:1.25 mmol in poly(phosphoric 
acid) (PPA). The general procedure for the synthesis of 
PBI was as follows: DAB was dissolved in 12.6 g of PPA at 
about 150 °C. To the solution TA (or IA) was added, and 
the mixture was reacted at 200 °C for 24 h. Polymer was 
precipitated in distillated water and next filtrated, and 
washed with distillated water. The polymer was dried at 
70 °C for 72 h. p-PBI was obtained as brown powder, 
while m-PBI as dark green powder. 

Solubility of both polymers was tested in DMA, PPA 
and H2SO4. p-PBI and m-PBI were soluble only in H2SO4 
(95%) after heating to about 150 °C. Film was cast from 
the acid solution onto glass plate and heating from 50 to 
150 °C for 20 h. The obtained film was dark-brown or 
light brown depended on the polymer used. Both poly-
mers were insoluble in DMA and PPA even after heating 
to 160 °C. In contrary to results presented in the paper [3], 
m-PBI synthesized by us was insoluble in DMA solution. 

Solubility of PBI in strong protic acid such as H2SO4 
can be explained by protonation of nitrogen atom (-N=, 
proton acceptor) in PBI by hydrogen atom of hydroxyl 
group in H2SO4. However, lack of solubility of p-PBI and 
m-PBI in H2SO4 in room temperature is probably caused 
by very rigid structure of these polymers and probably 
very high molecular weight. Differences between para- 
and meta- PBI was observed in the time of solubility. 
Meta substitution in PBI caused immediate solubility in 
hot H2SO4, while p-PBI was soluble in hot H2SO4.after 30 
minutes of heating.  
 
CONCLUSIONS 

Synthesized with good yield two polymers were so-
luble only in H2SO4 after heating to 150 °C, what is caused 
by protonation of nitrogen atom and self-organization of 
the polymer structure. p-PBI and m-PBI membranes can 
be prepared via solution casting of polymer (in hot 
H2SO4). Polymers were analyzed by FTIR, TGA and IS. 
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INTRODUCTION 

The main objective of the 7th Framework Programme 
SUAV project is to design, optimise and build a 100-200 
W microtubular Solid Oxide Fuel Cell (mSOFC) stack. The 
mSOFC stack will be integrated with a battery into a 
hybrid power system used to generate energy in a mini 
unmanned aerial vehicle (mini-UAV) or in the future to 
feed other light-weight man-portable applications. Addi-
tional components will also be included in the hybrid 
power system such as fuel processor to generate refor-
mate gas from propane and other electrical, mechanical 
and control balance of plant. An important goal of the 
SUAV project is to achieve a significant improvement in 
miniaturisation of the mini-UAV platform and also further 
optimisation of the mission duration. 
 
EXPERIMENTAL AND MODELLING  

The lifetime of the mSOFC stack is influenced by its 
components, design and the way how it is manufactured 
and operated. In order to improve the long term stability 
of SOFC performance the investigation and understand-
ing of processes and mechanisms depending on the 
operating conditions is of major importance. Therefore 
the SUAV project involves testing and modelling of the 
individual fuel cells, stacks, seals, interconnectors and 
other system components in fuel cell operating condi-
tions. The operating parameters will include tempera-
ture, fuel composition, fuel utilization, air utilization, 
current density and transient characteristics. During the 
experimental analysis and development work the opti-
mum cell geometry will be defined and stack will be 
designed, built and tested. Hydrogen will be the fuel in 
the first instance but catalysed propane will also be con-
sidered since this is the fuel to be used in the UAV. The 
stack design will take also into consideration the unique 
electrical and thermo-mechanical characteristics of the 
individual components. In the second step, full mSOFC 
power generation system will be created by integrating 
mSOFC stack with the necessary balance of plant com-
ponents and controller. The system will be operated in 
the laboratory facilities and the required system data as 
flow, temperature, pressure for the system analysis will 
be collected.  

One of the key issues for successful transition of SOFC 
fuel cell technology to the commercial phase is elimina-
tion of the residual stress inherent to the multilayer na-
ture of the cell, thermal stress induced by uneven tem-
perature distribution in stack operation and mechanical 
interactions with the other stack components [1]. De-
tailed understanding of those mechanisms and processes 
in fuel cells and their impact on the overall system per-
formance will be achieved by developing tailored nu-
merical methodology. The numerical methodology will 
be developed based on multi-scale fuel cell modelling 

including a simulation tool such as a commercial package 
CFD ANSYS-Fluent together with the AspenONE infra-
structure.  Modelling will help to optimise the stack ge-
ometry for high fuel utilisation and acceptable thermal 
characteristics. The modelling results will support the 
development work and will identify, in terms of flow 
characteristics, pressure and temperature levels, the best 
components of the fuel cell generator (reformer catalyst, 
pre-reformer) and/or other auxiliaries (control valves, 
pumps). Numerical results will lead to cost limitations of 
the novel fuel cell generation system.  
 
CONCLUSIONS 

The SUAV project will give the following advances in 
mSOFC technology: improvements in understanding and 
modelling of micro-tubular SOFC stack transient behav-
iour and operation as well as improvements in under-
standing of integration issues for balance of plant and 
optimisation of SOFC/battery capabilities.  
 
ACKNOWLEDGMENT  

This work is supported by JTI-CP-FCH Joint Technol-
ogy Initiatives - Collaborative Project (FCH) under grant  
278629. 

Acknowledgment to the partners of SUAV: Ellart de 
Wit1, Michael Walter1, Michaela Kendall2, Kevin Kendall2, 
Tihamer Hargitai3, Fredrik Silversand3, Anna-Karin Jan-
nasch3, Marcus Lenberg3, Charlotte Karlsson3, Vincenzo 
Antonucci4, Antonino S. Arico4, Marco Ferraro4, Rene 
Langermann5, Caroline Turner6, Matthew Maynard6, Erich 
Erdle7, Pierre Tantot8, Eric Georges8, Jacques Chapius8, 
Waldemar Bujalski9, Aman Dhir9, Kate Howe9, Tom Pike9 

 

1HyGear Fuel Cell Systems B.V., Netherlands, 2ADELAN 
LTD, UK, 3CATATOR AB, Sweden 4Consiglio Nationale 
Delle Ricerche, Italy, 5EADS Deutschland GMBH, Germany, 
6EADS UK, UK, 7Erdle Erich Korad  - efceco, Germany, 
8Survey Copter, France,  9University of Birmingham, UK 
 
REFERENCES 
1. A. Nakajo, F. Mueller, J. Brouwer, J. Van herle, D. 

Favrat, T. Hocker, 2nd International Workshop on Deg-
radation Issues of Fuel Cells, Book of abstract and post-
ers JRC (2011) 33 
 



Abstracts 

 

104 

 

Trends in LT/HT-PEMFC Core Technology Components R&D 
 

Stanko Hočevar 
National Institute of Chemistry, Ljubljana, Slovenia 

 
Keywords: PEMFC 
 

The search for better catalysts of oxygen reduction 
reaction in PEMFC that will use as small as possible load 
of noble metal catalyst will be reviewed form theoretical 
as well as experimental point of view. Recent results on 
activity and durability of Pt skin-type PtCu3 alloyed car-
bon supported catalysts will be presented and discussed. 

Among the new approaches to HT proton conducting 
membranes development a special attention will be 
devoted to those that use various proton-conducting 
ionic liquids in combination with functional polymers 
and those using various heteropolyacids in combination 
with functional polymers. A comparison will be made 
with the characteristics of phosphoric acid doped poly-
benzimidazole-based membranes. 
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The main focus and aim of the present article is to 
propose materials for building one of the elements of 
fuel cells i.e. bipolar plates. Bipolar plates are also termed 
interconnectors and are the elements which separate 
electrodes with electrolyte into individual cells. Their 
mass accounts for ca. 80% of cell’s mass and they involve 
45% of costs of production. Because of a number of func-
tions performed by interconnectors for fuel cells, choice 
of materials for bipolar plates is extremely difficult.  

The proposed method of material preparation and 
product properties provide a proposal for solution for the 
problem of high costs of production of the cell and the 
problem of choice of material for interconnectors in fuel 
cells. The present project focuses on materials obtained 
by means of powder metallurgy. The method of powder 
metallurgy is attractive since it opens up opportunities 
for obtaining parts with complicated shapes, which 
eliminates the stage of final mechanical processing of 
materials and suitably selected parameters of the process 
of compaction and sintering will allow for obtaining the 
products with desired structural and strength properties 
which are resistant to corrosion.  

An important aspect of the project will be an in-
depth analysis of properties of sinters obtained in differ-
ent sintering atmosphere (dissociated ammonia, hydro-
gen, vacuum) and compacted at different compaction 
pressures [1-3]. When searching for materials which meet 
the requirements formulated by the Ministry of Energy 
(USA) [4], the authors proposed sintered alloy steels and 
graphite-based composites (the material widely used in 
technology of fuel cells, which, however, is brittle and 
difficult to be machined) with addition of steel.  

The present study presents analysis of the properties 
of sintered alloy steels in terms of their practical use for 
production of interconnectors in fuel cells. The investiga-
tions encompassed measurements of mechanical proper-
ties, microstructural examinations and analysis of surface 
profile in sintered samples. The main criterion for selec-
tion of a particular material for components of fuel cells is 
their corrosion resistance in operating conditions of 
hydrogen fuel cells. In order to determine resistance to 
corrosion in the environment of operation of fuel cells, 
potentiokinetic curves (as a function of temperature) 
were registered in synthetic solution 0.1M H2SO4 + 2 
ppmF- at 80oC. The technology also ensures that the 
obtained materials show the required and expected 
porosity.  
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INTRODUCTION 

Porous sinters made from different metals have been 
widely applied in the processes of gas and liquid filtration 
in chemical and petrochemical industries, as well as for 
the production of electrical energy and semiconductors. 
Additionally, sinters characterized by an expanded spe-
cific surface used as electrodes in electrochemical 
processes and as a catalyst or catalyst carriers [1-3]. 

The presented paper discusses a possibility of devel-
oping surface of Ni and Ni/Cu powder electrodes by 
cyclic oxidation/reduction processes for their further use 
as electrode precursors, in electrochemical processes of 
hydrogen production.  
 
EXPERIMENTAL  

The subject of the studies was the powders of the Ni 
(Alfa Products) and Ni70/Cu30 alloy (Goodfellow), both of 
99.99% purity. Taking into consideration the application 
of the obtained sinters in electrochemical process of 
industrial release of hydrogen, the selection of the 
powders depended mainly on the low overvoltage of the 
hydrogen release on these metals.  

In order to obtain a powder deposit of repeatable 
geometric parameters, forming boat-cartridge clips of 
nickel foil were made by the method described in paper 
[4].  

The cyclic oxidization/reduction of the powder sam-
ples was conducted in a tubular furnace in temperature 
of 600oC, according to the procedure described below. 
The samples were placed in a cold furnace within the 
range of constant temperature each time. The system 
was washed in argon for 90 min (volumetric flow of 
10dm3/h), in order to eliminate the air form the appara-
tus, and next the heating up process to the temperature 
of 600oC was started at the rate of 10°C/min. After the 
required temperature was reached, the sample was 
thermostated for 5min. Next, an oxidizing factor (air) was 
incorporated into the system and the heating up was 
continued for 60min. After the oxidization process had 
been finished, the system was washed in argon for 90 
min and next the reduction factor (H2) was introduced in 
to furnace. The process of reduction was conducted at 
600oC for 60min. Inertial cooling of the system was per-
formed in argon atmosphere to room temperature after 
each cycle. The cyclic oxidization/reduction was repeated 
for 8 times. 

The application of a furnace of a large diameter 
enabled the reduction of whole series of samples (25 
items) in identical conditions, with the assuring of the 
proper excess of the gases. 

The studies of a samples surface were conducted 
with the use of an FEI scanning microscope. The aim of 

morphology studies of the samples surface was to estab-
lish a qualitative assessment of its porosity and topogra-
phy. The porosity characteristic of the sinters surface was 
carried out on the basis of SEM images with the use of 
ImageTool v. 3.0– stereographic analysis software. 
 
CONCLUSIONS 

As established in the performed research, the cyclic 
oxidation reduction process of nickel and Ni/Cu alloy 
powder as the SEM study shown, leads to a considerable 
development of their surface. This creates a possibility of 
their implementation as electrode in electrochemical 
processes of hydrogen production.  
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INTRODUCTION 

In many papers the galvanostatic charge /discharge 
curves are applied to characterize the usefulness of the 
metal-hydride electrode materials [1-4]. At constant tem-
perature and pressure the plot of charge/discharge curves 
strongly depends of many factors, like applied cathod-
ic/anodic current densities [2], state of material saturation 
with hydrogen [4 ], state of activation (cycle number) [2], the 
method of electrode preparation (particle size, presence of 
conducting additions, kind and amount of binders etc) [5] 
and others. In our previous paper [6], we have shown possi-
bilities to determine some important parameters from 
charge/discharge (-i/+i) curves of massive electrodes, such 
as effectiveness of hydrogen absorption, equilibrium poten-
tial of H2O/H2 system and its exchange current density. We 
have also indicated for possibilities of determining further 
kinetic parameters for these electrodes, not only for H2/H2O 
system but also for O2/OH- one, which is very important 
from the danger of electrode overcharge point of view. 
 
EXPERIMENTAL METHOD 

Three alloys with formal formulae: LaNi5, LaNi4Zn and 
LaNi4Bi have been produced by arc-melting, the ingots 
have been ball-milled into powder and sieved. The pellets 
(φ 5 mm, h ≈ 3 mm) containing 0.030±0.001 g of the tested 
materials have been pre-pared with  20-50 μm powder 
fraction, bonded with 2% of epoxy resin and pressed (0.1 
kNcm-2). The galvanostatic measurements have been car-
ried out using CHI Instruments station. The cathodic charg-
ing with the current density of −186 mAg-1(−0.5C) lasted 
9000s in all experiments. The discharging process (+0.5C) 
has been breaking off every time when the electrode po-
tential achieved value of 0.00 V vs HgO/Hg. 
 
RESULTS AND CONCLUDING REMARKS 

In most of papers authors attach rather low significance 
to the plots of the cathodic charge curves. However, in 
early charge steps (up to ca 300s) the E(-i) potential changes 
are very evident and systematic for the following cycles. In 
order to present these changes more clearly it is conve-
nient to apply logarithmic scale for charge time axis [7]. 
Only for the first cycle (i.e. in the absence of oxides, the E(-i) 
consistently increases. This cathodic potential increase may 
be ascribed to the material mechanical degradation and its 

effective surface development resulting from hydrogen 
absorption [7]. It is possible to prove on the basis of Evans 
diagrams that E(-i) increase of 0.12V is caused by surface 
development by an order of magnitude. Thermo-dynamic 
analysis allows to ascribe the particular steps of the charge 
curves to the partial processes  of not only water reduction 
but reduction of oxide phases produced during electrode 
discharging as well. 

Knowledge of time periods found for particular reduc-
tion processes allows to determine the material corrosion 
rate. As it results from Faraday’s law, the amount of Ni3O4 
produced in anodic cycle is negligible but the amounts of 
NiO are 3.0 ⋅10-4 g which is equal to 0.8% of the initial elec-
trode mass and corresponds to the LaNi5 corrosion rate of 
0.14 mgcm-2h. Similar analysis performed for Bi substituted 
alloy indicates its greater corrosion rate (3.3 mgcm-2h) 
which is caused by presence of LaBi phase in this alloy and 
production of Bi2O3/Bi(OH)3 deposit during discharge step. 
What is more, the Bi substituted alloy absorbs much less 
hydrogen than the reference, LaNi5 compound. On the 
other hand, Zn is the addition which distinctly decreases 
the hydrogen equilibrium pressure whereas the hydride 
capacity for this alloy exceeds that for LaNi5 compound. 
The corrosion rate of Zn substituted alloy is comparable 
with that for the LaNi5 reference. 
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INTRODUCTION 

Nanocomposite C-Pd films with porous structure and 
palladium nanograins placed in/on carbon matrix are 
promising materials for hydrogen sensor applications. It 
is connected with highly developed surface area of these 
films and such properties of palladium as highly selective 
hydrogen adsorption/desorption. The sensing mechan-
ism of C-Pd films is based on the resistivity changes of Pd 
in the presence of hydrogen. Interaction between hydro-
gen and palladium nanograins begins with adsorption of 
H2 on palladium surface following homolytic dissociation 
of hydrogen molecules to H atoms. These hydrogen 
atoms diffuse into Pd nanograins and occupy the intersti-
tial sites of the lattice, forming solid solution [1,2]. At 
higher hydrogen pressure, further incorporation of hy-
drogen atoms induces a phase transition from α- to β-
phase and creating of palladium hydride characterized 
by higher resistance than metallic palladium [3]. 

 
EXPERIMENTAL  

The nanostructural C-Pd films were obtained by Phys-
ical Vapour Deposition method. In PVD process two 
separated sources containing fullerene C60 and palladium 
acetate Pd(OAc)2 were used to prepare the films on alun-
dum substrate with earlier deposited titanium electrodes. 
The structure and morphology of these films were cha-
racterized by Scanning Electron Microscopy. These stu-
dies exhibit that films are flat and composed of small 
uniform, angular grains (sizes of 200-400nm). 

Sensing measurements were performed in various 
hydrogen concentrations in nitrogen. The flow of hydro-
gen through experimental chamber caused the increase 
of the films resistance due to formation of palladium 
hydride. 
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Fig. 1. C-Pd film sensitivity versus [H2]1/2. 
 

The sensitivity (defined as relative change between 
resistance measured after exposure to hydrogen and the 
film initial resistance, ΔR/R0) reached 9% at 5000 ppm H2. 
The response time (t90%) decrease in the function of in-

creasing hydrogen concentration and achieve 90 s at 
highest examined H2 concentration. Both C-Pd film sensi-
tivity and response rate change in the function of H2 
concentration. We found the linear correlations between 
C-Pd film sensitivity (Fig.1) as well as response rate and 
[H2]1/2 (Fig. 2). Linear character of this relations is consis-
tent with Sieverts law [3]. 
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Fig. 2. C-Pd film response rate versus [H2]1/2. 

 
CONCLUSIONS 

The sensitivity and response rate of C-Pd films in-
crease with hydrogen concentration. The changes of 
these values are in good accordance with Sieverts law. 
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INTRODUCTION 

Nanostructures based on palladium nanocrystals and 
nanoporous carbon matrix are promising materials for 
hydrogen gas sensing applications. One of the factors 
which decides about using such materials in hydrogen 
detection is presence of palladium nanograins which 
absorb hydrogen. Well-developed specific surface area of 
carbonaceous matrix also could play a positive role in 
hydrogen adsorption. In literature one can find many 
examples of the use of Pd as hydrogen sensing elements 
(nanowires, nanoparticles, thin films) [1-3] because of its 
ability to adsorb/absorb large amounts of H2. 

Here we present results of studies of changes in a 
structure of C-Pd films obtained by PVD/CVD. These 
changes were caused by different temperature modifica-
tion in CVD process. The morphology, topography and 
microstructure of films were changed when the tempera-
ture was varied.  

For obtaining C-Pd films sensitive to hydrogen we 
apply two processes: 1) Physical Vapour Deposition (PVD) 
as the first stage to form the initial nanocomposite C-Pd 
films and 2) Chemical Vapour Deposition as the second 
stage to modify PVD films into porous structure and to 
extract palladium nanograins on the films’ surface. Such 
change in the structure causes better sensitivity of films 
for hydrogen present in the ambient atmosphere.  
 
EXPERIMENTAL  

Fullerene C60 and palladium acetate PdC2O4 are pre-
cursors of the initial nanocomposite films in PVD process. 
Both compounds are evaporated from two separated 
sources using different current conditions. Thin (200-
300nm) films obtained in this way on ceramic substrates 
(Fig.1a) are composed of amorphous carbon grains (80-
100nm) and Pd nanocrystals (<10nm). Next, these films 
are modified by chemical CVD method at different tem-
perature. We use xylene C8H10 as an additional source of 
carbon in transformation process. This process is per-
formed in a quartz reactor at different temperatures 500, 
550, 600, 650, 700 and 750°C. The structure and mor-
phology of these films are studied by SEM. These micro-
scopic studies show that too low temperature (~500°C) is 
insufficient to transform carbon matrix into porous struc-
ture. Palladium grains obtained at this temperature are of 
sizes 100 - 400nm (Fig.1b). At the temperature of 750°C 
carbon matrix also is not porous but Pd nanograins (with 
size of 10 - 20nm) are displaced on the all surface of film 
(Fig.1d). Only films obtained at the temperature of 600 - 
700°C are in form of carbonaceous porous matrix with 
palladium nanograins place inside the film as well as on 
its surface. It should be noticed too that Pd nanograins 
are grouped at big carbonaceous grain’s edges at low 

temperature and with increasing temperature they mi-
grate into these grains. 

Fig.1 SEM images with different magnifications of (a) PVD 
film; (b) CVD film after 500°C; (c) CVD film after 650°C and 
(d) CVD film after 750°C. 
 
CONCLUSIONS 

From SEM observation we conclude that temperature  
~ 650°C is optimal to transform carbon matrix of PVD film 
into porous structure and to obtain Pd nanograins on the 
film surface. With the temperature increase we observe 
the decrease of Pd particles sizes. 
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INTRODUCTION 

High surface area and nanopore volume are key 
properties of carbon adsorbents enabling their applica-
bility for methane and hydrogen storage. The discovery 
of a novel raw material for carbon molecular sieve fabri-
cation is described. The invention deals with the applica-
tion of widely accessible wood from Salix viminalis as a 
precursor for carbonization [1]. High temperature carbo-
nization intermediately yields carbon molecular sieves of 
very narrow pore size distribution (PSD) in the range 
below 1 nm. Two methods for PSD evaluation were em-
ployed i.e. Horvath-Kawazoe [2] and Nguyen-Do [3] ap-
proach. Each of them is based on other assumptions on 
the mechanism of gas adsorption, but in both cases slit-
like shape of pores is assumed what was widely accepted 
for active carbons. The Horvath-Kawazoe model consid-
ers a phase transition (at a specified relative pressure) in 
the layer of adsorbed gas leading finally to the filling of 
pores having a specific size. The Nguyen-Do model takes 
into account the formation of adsorbate layer on the 
pore walls. Despite the different theoretical background, 
both approaches yielded practically identical results 
pointing out a very narrow pore size distribution (PSD) 
what was the main target of the proposed approach of 
CMS fabrication (inexpensive fabrication of perfect mole-
cular sieves). The effective diameter of pores is below 1 
nm, what makes CarboSal® [4] molecular sieves a unique 
and very promising material for separation applications, 
especially for gas separation. Beside that gas accumula-
tion may be regarded as another possible field of applica-
tion. As mentioned, the study reports an unique way of 
nanoporous carbon molecular sieves fabrication using 
unconventional raw material i. e. Salix viminalis wood. 
The plant is inexpensive, easy to grow and harvest. Spe-
cific properties of Salix viminalis wood lead directly to the 
formation of carbon molecular sieves during pyrolysis of 
the raw material. Additional activation procedures are 
useful for the development of pore structure of carbon 
molecular sieves. Some typical parameters of the pore 
structure of such carbons make them similar to CNTs. It 
opens the way to wide application of novel nanoporous 
CMS in practice.       
 
EXPERIMENTAL  

CMS were fabricated from the dried wood of Salix vi-
minalis. Pieces (ca. 4 x ca. 1 mm) of the wood were at first 
preliminary carbonised at 6000C for 1 hour. A constant 
flow of nitrogen (99.99 %) was maintained during the 
whole procedure: heating to the desired temperature, 1 
hour of heating at a constant temperature and cooling. 
Then, some samples underwent a subsequent carboniza-
tion for 3 hours at 6000C.  

Pore structure and specific surface area were deter-
mined by a widely accepted method exploiting the phe-
nomenon of low temperature adsorption of chemically 
neutral gases. Nitrogen was applied as an inert adsorp-
tive. For some samples, argon was applied instead of 
nitrogen to verify the conclusions derived from the N2 
adsorption data. Nitrogen (and argon) adsorption iso-
therms were recorded at the temperature of liquid nitro-
gen (-1960C) by means of Micromeritics ASAP 2010 
equipment. The standard software provided by the man-
ufacturer of ASAP 2010 was employed for the regression 
of primary obtained adsorption data (nitrogen adsorp-
tion vs. relative partial pressure of the adsorptive).  

Chromatographic gas separation tests were per-
formed using a Schimadzu GC-14B gas chromatograph 
supplied with a TCD detector kept at a constant tempera-
ture of 1100C. The tests were performed at several tem-
peratures (70, 60, 50, 40 and 300C). The morphology of 
the carbon samples was investigated by means of an 
electron microscope (LEO 1430 VP, Electron Microscopy 
Ltd.) supplied with an EDS/EDX microspectrometer 
(Quantax 200-XFlash 4010, Bruker Ltd.). The diameter of 
most pores (ca. 0.8 nm) is comparable to the size of sim-
ple molecules, thus enabling separation. The sieving 
effect was proven in an industrially important process of 
CH4/N2 separation at 30-700C and providing effective 
accumulation of methane.  
 
CONCLUSIONS 

Separation of a methane/nitrogen gas mixture was 
investigated by means Carbon Molecular Sieves  ob-
tained from a newly discovered “green” resource: Salix 
viminalis. This plant grows quickly, yields hard wood and 
is frequently cultivated for energy purposes (renewable 
green fuel). Carbonisation of the wood  yields carbons 
with a very narrow pore size distribution.  
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INTRODUCTION 

Palladium is an ideal material for hydrogen sensing 
because of its selective absorption of hydrogen gas and 
ability of formation a chemical species known as a palla-
dium hydride. Hydrogen sensor designs rely on the fact 
that palladium metal hydride's electrical resistance is 
greater than this metal's resistance. Absorption of hydro-
gen in such film is accompanied by a measurable in-
crease in electrical resistance [1]. In case of Pd nanopar-
ticles, the increase of their volume after hydrogen ab-
sorption can lead to nanograins connection and creation 
of conductivity paths [2]. Our Pd-C film sensor is based on 
another properties that depend on the Pd nanograins 
sizes and their distribution in carbonaceous matrix. In this 
film, nanosized palladium particles swell when the hy-
dride is formed, and in the process of expanding, some of 
them form new electrical connections with their neigh-
bors The increased number of conducting pathways 
results in an overall net decrease in resistance. Depend-
ing on the structure of carbonaceous matrix (porous or 
amorphous carbon) and size and distribution of Pd na-
nograins in these film we can observe first or second type 
of changes undergoing due to hydrogen absorption. 
Here we report the topography and structure studies  of 
films that show high sensitivity on hydrogen. 

 
EXPERIMENTAL  

The nanostructural C-Pd films were obtained by Phys-
ical Vapor Deposition (PVD) method. In this process two 
separated sources containing fullerene C60 and palla-
dium acetate Pd(OAc)2 were used to prepare films. All 
films were deposited on oxidized Si substrates. The pa-
rameters of PVD process such as sources temperature (or 
current through these sources of C60 – IC and palladium 
acetate IPd), sources-substrate distance – d  and duration 
time of the process - T influence on the structure, thick-
ness and resistance of deposited film (Tab.1). 

 
Tab.1 PVD process parameters and resistance of obtained 
films. 

Sample 
no 

IC  
[A] 

IPd    
[I] 

d 
[cm] 

T 
[min] 

Resistance 
[kΩ] 

1 2.1 1.1 69 8 1000 
2 2.1 1.2 54 8 30000 
3 2.1 1.2 54 10 0.0003 

 
These films were characterised by scanning electron 

microscopy (SEM), Fourier Transformed Infrared absorp-
tion spectra (FTIR), atomic force microscopy (AFM) and 
measurement of resistance changes observed during 
hydrogen absorption. 

Palladium nanograins sizes and their distribution 
within the film were studied with transmission electron 
microscopy (TEM). 

FTIR spectra allow us for conclusion how the fullerene 
and palladium acetate were decomposited during PVD 
process. 

In these processes the carbonaceous matrix is formed 
and in this matrix Pd nanoparticles are placed. The matrix 
composes of carbonaceous grains with various sizes and 
shapes. Topography of studied films reflects a mechan-
ism of film growth. We observe islands growing layer 
after layer on the substrate (Fig.1a). Fulfilled with such 
islands surface of film is presented in Fig.1b. 

a)                                                     b) 

 
Fig. 1 a) SEM image of sample 2; b) AFM image of 

film’s 2 surface fulfilled with islands  
 

CONCLUSIONS 
We found that electric properties, structure and to-

pography of C-Pd films obtained by PVD method are 
strongly depended on PVD process parameters. Pd grains 
have different shapes, sizes and distributions within film 
depending on these parameters.  
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INTRODUCTION 

Ordered Ni3Al–based intermetallic alloys are a group 
of advanced high-temperature structural materials which 
are characterized by relatively low density, excellent 
oxidation and corrosion resistance. These properties 
make them a considerable candidate for many high-tech 
applications [1-5]. In recent years, good catalytic proper-
ties of these materials during the decomposition of 
chemical compounds such as methane and methanol 
were confirmed [3-5].   

In this respect, application of thin Ni3Al foils as micro-
channeled reactors for hydrogen production is consider-
able promising. 

Potential opportunity to use nano and ultracrystalline 
materials with attractive catalytic activity requires inten-
sive study related to their structural stability in working 
conditions. Therefore, in this paper the problem of ther-
mal stability of crystallites/grains at elevated temperature 
has been shown. 

   
EXPERIMENTAL  

Foils made of Ni3Al-based alloy (Ni-22.1Al–0.26Zr–
0.1B at.%) characterized by single-phase Ni3Al (γ’) or 
diphase (γ’+/γ+γ’/) structure was selected. The foils were 
obtained by recrystallization in argon atmosphere fol-
lowed by cold work to 98% rolling reduction at liquid-
nitrogen temperature. As a result of these processes the 
nanocrystalline structure (d0-23nm) for single and di-
phase material and ultracrystalline single-phase structure 
(d0-120nm) were obtained. More details about fabrication 
process were shown previously [6, 7]. Investigation of 
thermal stability was carried out in long-lasting annealing 
for 50 and 100 hours at the temperature 300, 400, 500 
and 600°C in air. After annealing Ni3Al foils in micro- and 
nanocrystalline form were mechanically polished to 
remove oxides formed on the surface.  

Analysis of structural stability was carried out by crys-
talline size measurements. The crystallite size was calcu-
lated from Cauchy/Gaussian approximation by linear 
regression plot using XRD diffractometer Seifert 3003. 
Additionally, grain size measurements obtained by elec-
tron backscatter diffraction technique (EDAX, Quanta 3D 
FEG), were carried out. 
 
CONCLUSIONS 

Temperature and annealing time have an impact on 
the structural stability of nano and ultracrystalline struc-
ture of investigated materials. The change course of 
crystallite/grain size measured by XRD and EBSD method 
were similar for all studied foils.  

Nanocrystalline Ni3Al sheet in all ranges of tempera-
ture didn’t show clear stabilisation of crystallites/grains 
growth. Obtained results indicate that nanocrystalline 
diphase material showed significantly better thermal 
stability in 300 and 400°C than single-phase one. Exis-
tence of second phase in diphase γ+γ’ structure signifi-
cantly inhibits grain growth of nanocrystalline structure 
up to 500°C when the participation of second phase 
decrease (below 0.5%) and material behaves similar to his 
single-phase Ni3Al (γ’) counterpart.  

The relatively stable growth of crystallites/grains in 
ultracrystalline material was observed at 300 and 400°C 
after 50 hours of annealing. Further annealing didn’t 
significantly affect structural stability of investigated 
samples. 

Obtained results showed that ultracrystalline Ni3Al-
based foil may be successfully introduced to catalytic 
system with working temperature up to 400 °C. In this 
range good catalytic activity of this material was proved 
during past experiments [5]. However, nanocrystalline 
materials possess better catalyticall properties on  activa-
tion stage when the crystallites/grains growth may pro-
mote quicker forming of active centers on the surface. 
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INTRODUCTION 

Many scientists all over the world are trying to come 
up to a solution for longer term hydrogen storage. More-
over, a lightweight high-pressure hydrogen storage 
vessel starts to become a reality for onboard hydrogen 
storage technology, while its rapid development has led 
the working pressure to be much higher than it used to 
be. As a result, the need for efficient hydrogen compres-
sors has begun to emerge.  

The two main types of hydrogen compressors are the 
mechanical and the non-mechanical. The second family 
is mainly represented by the solid-state hydrogen com-
pressor and the electrochemical hydrogen compressor 
[1]. 

Non-mechanical hydrogen compressors have several 
advantages over mechanical compressors, including 
smaller size, lower capital, operating and maintenance 
costs. Moreover the absence of moving parts eliminates 
the problems related to wear, noise and intensity of 
energy usage. Finally this type of compressors has the 
capability of high-purity hydrogen supply [1].  

It is also well known that the hydrogen absorption-
desorption plateau pressure of a metal hydride varies 
with the temperature according to Van't Hoff's equation. 
Thus, the metal hydride compressors are thermally po-
wered systems that use the properties of reversible metal 
hydride alloys to compress hydrogen without contamina-
tion [1]. They also provide the ability of connecting them 
to an outlet of an electrolyser [2] as long as the traces of 
dilute electrolyte, vapor and oxygen have been removed 
from the hydrogen produced [3]. 

Moreover, using the heat rejected by the electrolyser 
to feed the compressor will enhance the overall efficiency 
of the system [3], while the temperature of the produced 
hydrogen that exits the device is at about 90 oC. As a 
result, all the PCIs have been performed at ambient tem-
perature of 20 oC, 90 oC, and 60 oC for extra information. 
 
EXPERIMENTAL  

The alloys have been prepared from pure elements 
by melting into an induction levitation furnace, under 
argon inert atmosphere. All samples have been re-melted 
at least for two times to ensure homogeneity.  

Powder X-Ray diffraction (XRD) measurements have 
been done using CuKa radiation in a Phillips Cubix_XRD 
diffractometer.  

SEM/EDX measurements have been conducted by a 
FESEM Zeiss Ultra Plus.  

All PCI measurements have been accomplished at  
20 oC, 60 oC and 90 oC, using a high-pressure Sievert's 
type apparatus. This device is equipped with two parallel 
hydrogen circuits (one for the sample cell and one for the 
reference cell). A differential pressure gauge checks the 
pressure variations (interpreted either as H/M or H2 wt. %) 

on the sample, by comparing it to the reference empty 
cell. 

All alloys have a similar AB2 type of composition, con-
taining the same elements. The activation procedure that 
took place was exactly the same for all samples in order 
to ensure that all measurements will be conducted under 
the same conditions. Moreover, this is of crucial impor-
tance, because has been considered that the alloys must 
be activated in the same way, since they will work in a 
single device and remain in the tanks for compression 
processes to ensure pure nanopowders. 

The purpose of this study is to find alloys with suita-
ble properties in order to build a n-stage metal hydride-
based hydrogen compressor, working between 20 and 
90 oC, in the way the following in Fig.1. 

 

 
Fig.1 Operation of a 3-stage metal hydride compressor [2] 
  
CONCLUSIONS 

Structural and hydrogenation properties have been 
investigated for a series of Zr-based hydrides in order to 
be used in MHC. The plateau pressures seem to be ap-
propriate, i.e. the desorption pressure is above the ab-
sorption pressure for the next stage. The exchanging 
amount of hydrogen is low, but this is an advantage for 
the alloys for not experience ageing. 
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INTRODUCTION 

The investigation of inexpensive, low temperature 
and reversible materials that could match the require-
ments for hydrogen storage system to be used in auto-
mobile applications has been mostly focused on complex 
hydrides in the past decade. 

Especially, since the work of Chen et al.[1], Luo [2] and 
Vajo et al.[3] on mixtures of LiNH2/LiH, LiNH2/MgH2 and 
LiBH4/MgH2, there have been many publications devoted 
to complex hydrides thermodynamically destabilized by 
ball - milling with other hydrides [4-7]. 

The advantage of such reactions is that the enthal-
pies of complex hydrides can be reduced by providing an 
alternate reaction pathway that liberates hydrogen. It has 
also been found that new phases could be formed during 
the high-energy ball-milling of different ratios of known 
hydrides [2, 3]. 

Recently, it has been shown [4, 5] that the hydrogen 
desorption temperature of the composite constituent 
with the higher desorption temperature in the systems, 
substantially decreases linearly with increasing volume 
fraction of the constituent having lower desorption tem-
perature. 

In the present work the composite approach is ap-
plied to the MgH2+Ca(AlH4)2+LiCl system. The compos-
ites with various volume fractions of both constituents – 
LiCl is the residual by-product of calcium alanate synthe-
sis –   were processed by mechanical milling under pro-
tective argon atmosphere. Hydrogen desorption was 
tested using a Differential Scanning Calorimeter (DSC) 
analysis. The aim of this work is to analyze the influence 
of Ca(AlH4)2 additives on magnesium hydrogen decom-
position process. 
 
EXPERIMENTAL  

As-received commercial MgH2 (Alfa Aesar; ~98wt.% 
purity) and synthesized Ca(AlH4)2 powders were mixed to 
MgH2+X wt.% Ca(AlH4)2 compositions, where X = 5, 15 
and 25. 

The Ca(AlH4)2 complex hydride was obtained by me-
chano-chemical synthesis according to the reaction: 
CaCl2 + 2LiAlH4  Ca(AlH4)2 + 2LiCl. For the MgH2+ 
Ca(AlH4)2 composites continuous mechanical milling was 
carried out for 30 minutes in argon using planetary mill 
Fritsch 7 Pulverisette Premium Line. The balls-to-powder 
weight ratio was ~40 and the rotational speed of milling 
vial was ~600 rpm. 

Morphological examination of powders was con-
ducted with SEM Philips microscope LaB6 XL-30. The 
crystalline structure of as milled powders was characte-
rized by Seifert powder diffractometer. Monochromated 
CoKα1 radiation was used in this study. 

The thermal behaviour of powders was studied by 
differential scanning calorimetry (DSC) (SETARAM Lab-
sys™) with heating rate of 5 °C/min and argon flow rate of 
100 ml/min.  
 
CONCLUSIONS 

The DSC hydrogen desorption onset temperature of 
the MgH2 constituent in the MgH2+Ca(AlH4)2 decreases 
linearly with increasing weight fraction of complex hy-
dride component. This behaviour can be related to cata-
lytic influence of active Al, which is formed during cal-
cium alanate decomposition or interaction between Al 
and Mg affecting enthalpy of H2 realising from MgH2 
hydride. 
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INTRODUCTION 

Many intermetallic compounds  absorb reversibly 
large amounts of  hydrogen gas and are considered as 
potential materials for hydrogen storage. Whereas, for 
any practical use, the advantage of high storage capacity 
is always desirable, a too high absorption /desorption 
hydrogen pressure is not a good parameter when hy-
dride materials are  considered as negative electrodes in 
MH batteries. Fortunately, the thermodynamic properties 
of metal hydrides based on LaNi5 can be easily modified 
by partial substitution of nickel elements and the needs 
necessary for hydride negative electrodes can be fulfilled. 
In this paper,  the hydrogen  absorption  properties of  
LaNi5-xInx alloys and their electrochemical hydrogenation 
abilities are examined. Hydrogen  sorption properties of 
LaNi5−xInx   alloys have been reported  in [1] but as far as 
we know, an electrochemical investigations were not 
performed up to now. The performance of Ni-MH battery, 
measured by parameters such as current capacity, dura-
bility, discharge ability closely depends on the properties 
of the hydride forming alloy, used as the active material 
of the anode. 

 
EXPERIMENTAL  

The three samples of intermetallic compounds  La-
Ni4.9In0.1, LaNi4.8In0.2 and LaNi4.5In0.5 were studied. 
The alloys were subsequently exposed to a high purity 
(99.999N ) of hydrogen under  pressure of the order of  20 
bars at room temperature. The amount of hydrogen 
absorbed by the samples was calculated volumetrically. 
The absorption pressure-composition isotherm ( p-c-t ) 
measurements were carried out at several temperatures 
and  hydrogen pressures up to 40 bars using a fully com-
puterized PRO2000 apparatus. 
Galvanostatic charge/discharge experiments were car-
ried out  at room temperature in a three-electrode glass 
cell using a CHI 1140 A workstation. The 6M KOH, Pt wire 
and saturated calomel electrode (SCE) were used as an 
electrolyte solution, counter and reference electrodes, 
respectively. The galvanostatic cycle were performed  
charging electrodes  with  charge rate of 185 mA/g  for 
2h and then discharging at the same rate 185 mA/g. 
Hydride electrodes were manufactured from LaNi5-xInx  
powder material mixed with an  acetylene carbon black 
and PVDF as a binder. The p-c isotherms for LaNi4.9In0.1 
shows one plateau for isotherms at temperatures lower 
than T < 325 K and the two plateaus at temperatures 
higher than T > 325 K. The presence of two plateaus 

system indicates that there must exist at least three sin-
gle-hydride phases for a given conditions of  temperature 
and hydrogen pressure. Apart from the α – and β- phase 
(LaNi4.9In0.1H≈6), the new unknown hydride phase  appears 
with a hydrogen content extended over the region La-
Ni4.9In0.1H1.3-1.8. We called this a σ*- phase. The lower pla-
teau is heavily altered by the increase of indium content 
and temperature. Thermodynamic functions of the en-
thalpy, ΔH,  and the entropy, ΔS, have been calculated 
using the Van’t Hoff plots which were constructed from 
the pct middle plateau values of hydrogen pressure. The 
curves of the electrochemical discharge capacity versus 
the cycle number for the LaNi5-xInx composite electrodes 
are shown in Fig.1. 
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Fig. 1.  Discharge capacities as a function of cycle number 
of LaNi5-xInx (x= 0.1, 0.2, 0.5) alloy electrodes. 
 
CONCLUSIONS 
      Indium substitution for Ni in LaNi5 modifies the hy-
drogenation behavior, decreasing the equilibrium pres-
sure of hydrogen at the cost of the reduced hydriding 
capacity. 
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INTRODUCTION 

Palladium is an ideal material for hydrogen sensing 
because it selectively absorbs hydrogen gas and forms a 
chemical species known as a palladium hydride. Hydro-
gen sensor designs rely on the fact that palladium metal 
hydride's electrical resistance is greater than this metal's 
resistance. Absorption of hydrogen in such film is ac-
companied by a measurable increase in electrical resis-
tance [1]. Our Pd-C film sensor is based on an opposing 
property that depends on the Pd nanograins sizes and 
distribution in carbonaceous matrix. In this film, nano-
sized palladium particles swell when the hydride is 
formed, and in the process of expanding, some of them 
form new electrical connections with their neighbors [2]. 
The increased number of conducting pathways results in 
an overall net decrease in resistance. Depending on the 
structure of carbonaceous matrix (porous or amorphous 
carbon) and size and distribution of Pd nanograins in 
these film we can observe first or second type of changes 
undergoing due to hydrogen absorption. 
 
EXPERIMENTAL  

The nanostructural C-Pd films were obtained by Phys-
ical Vapor Deposition (PVD) method and next they were 
modified by Chemical Vapor Deposition (CVD) process. In 
PVD process two separated sources containing fullerene 
C60 and palladium acetate Pd(OAc)2 were used to prepare 
the initial films. The parameters of PVD process such as 
sources temperature (or current through these sources), 
sources-substrate distance and duration time of the 
process influence on the structure and thickness of depo-
sited film. CVD process with xylene as carbon’s source 
was carried out in argon flow and such parameters as 
xylene flow rate, CVD process temperature and time of 
duration of the process are reflected in the final form of 
Pd-C film. the change of other parameters (time and 
temperature). 

All films are fully characterised by transmission and 
scanning electron microscopy, Fourier Transformed 
Infrared absorption spectra, X-ray diffraction and meas-
urement of resistance changes observed during hydro-
gen absorption.  

We found that with changing parameters of PVD and 
CVD processes we can obtain several types of films that 
are composed of: 1) Pd nanograins placed in porous 
carbon matrix (Fig.1a); 2) Pd nanograins placed in amor-
phous and nano-carbon matrix (Fig.1b), 3) for film depos-
ited on alundum ceramic where the topography of alun-
dum is reflected by the film Pd nanograins are deposited 
in all volume and on a surface of big areas of alundum 
grain (Fig.1c) or 4) Pd nanograins are place an edge of big 
alundum grains (Fig.1d). 
 
 

a)   b) 

 
c)   d) 

 
 

Resistance characteristics versus hydrogen absorp-
tion depend on the type of film’s structure. 

 
CONCLUSIONS 

Manipulating deposition PVD and modification proc-
ess CVD parameters we are able to obtain many type of 
films reacting in different way on the hydrogen present 
in ambient atmosphere. We can also change the sensitiv-
ity of these films by changing their structure. 
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INTRODUCTION 

Benzimidazolium Azelate (abbreviated as BenAze) 
belongs to a large family of salts composed of heterocyc-
lic molecules and different dicarboxylic acids. In search of 
anhydrous materials, that could be applied as solid elec-
trolytes in fuel cells, we have investigated the electric 
properties of these salts in a wide temperature range 
[1,2]. Continuing our study, the 1H NMR technique as well 
as impedance spectroscopy have been used to check a 
correlation between the local molecular dynamics and 
the electrical conductivity of BenAze. The mechanism of 
the electrical conductivity was established also. 
 
EXPERIMENTAL  

Conductivity investigations were carried out by 
means of impedance spectroscopy for the powder sam-
ples, using AlphaA Frequency Analyzer from Novocontrol 
in frequency range from 1Hz to 10MHz. Measurements 
were made in wide temperature range, from 120K to 
above 360K, near melting point. 

The molecular dynamics of BenAze have been stud-
ied by means of 1H solid -state NMR. The second moment 
of the 1H NMR line (M2) as well as the slope line widths of 
the first derivative of the resonance lines were deter-
mined from the 1H NMR spectra recorded by the con-
tinuous wave method on a home made spectrometer 
operating at 25 MHz. The values of M2 found by numeri-
cal integration of the recorded experimental curves were 
corrected for the finite modulated field. Measurements 
were performed on heating in a wide temperatures range 
of (100K-380K). 

The results of 1H NMR study have been correlated 
with the ones obtained by means of the electric conduc-
tivity measurements (Fig.1). It was found that below 243K 
both conductivity and 1H NMR second moment M2 are 
almost constant what corresponds to the “rigid” structure 
of compound studied. Rigid structure was confirmed by 
calculations of M2 performed according to the formula 
given by van Vleck [3] and taking into account the struc-
tural parameters (solid line, top part of Fig.1). 

On heating above 243K the conductivity of BenAze 
increases. This process is accompanied by the reduction 
the second moment of the 1H NMR line. To interpret the 
second moment values different models of proton mo-
tions have been considered and the type of motion was 
proposed. The motions are accompanied by proton 
diffusion in the hydrogen bonds visible as an additional 
 narrow contribution of line of 1H NMR spectra. 

The presence of a very narrow line in the NMR spec-
trum, whose width does not change in a wide range of 
temperatures, indicates that the protons can undergo a 
diffusive translational motion even in low temperatures 
(above 243 K). This result demonstrates that the nature of 

the electric conduction in BenAze is fairly well explained 
in the framework of the Grotthuss type diffusion mecha-
nism of proton transport. 
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Fig. 1. The second moment of the 1H NMR line (M2), elec-
tric conductivity σac (green lines) and σdc (in red) versus 
temperature. The σdc conductivity of BenAze shows typi-
cal Arrhenius behavior, with the conductivity process 
activation energy equal to EA=2,11eV. 
 
CONCLUSIONS 

The molecular dynamics as well as the proton motion 
have been studied by means of 1H solid-state NMR in a 
wide range of temperatures. The results have been corre-
lated with the results of the conductivity studies. The 
following conclusions have been obtained: 
1. Conduction of the BenAze crystal is a cooperative 

process involving both molecular motions prior to 
the proton exchange and migration along the hydro-
gen bonded chain. 

2. A favoured type of conductivity in the compound 
studied is the protonic one.  

3. Benzimidazolium Azelate cations do not diffuse in the 
bulk of the sample even near melting temperature.( 
while the 180 flip of benzimidazole only lightly influ-
ences M2). 
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INTRODUCTION 

Ion conducting materials, independently on differ-
ences in their structure, disordered or even crystalline, 
show in different thermal conditions the same type of 
electric properties (e.g. conductivity spectra), which is 
often called “universal dynamic response” [1,2]. In this 
work we show that the same phenomenon is observed in 
crystalline proton conductors, for example in some com-
pounds synthesized from dicarboxylic acids and hetero-
cyclic substances (imidazole, 1,2,4-triazole, 2-
methylimidazoele and benzimidazole). The structure of 
these crystals promotes their proton conductivity: they 
have a layer type structure with layers held by hydrogen 
bond networks between acid and heterocyclic molecules. 
The structure and electric conductivity of many materials 
of this crystal family were recently studied in our group 
[3-5]. In this contribution we present universality of the 
conductivity spectra in some selected compounds. 
 
EXPERIMENTAL AND RESULTS  

Conductivity measurements were carried out by 
means of impedance spectroscopy (AlphaA Frequency 
Analyzer from Novocontrol) on disc samples made by 
pressing of the powdered as grown crystals.  

In figure 1, the so called first universality of the con-
ductivity spectra of benzimidazolium azelate (BenAze) is 
presented. The frequency conductivity dependence was 
scaled using the Summerfield method [6]:  
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Fig. 1. First universality for BenAze: all isotherms create 
one curve with characteristic plateau, which corresponds 
to long range movements of ions. 
 

Figure 2 shows typical low temperature behavior, so 
called “second universality” of 2-methylimidazolium 
azelate (MetImiAze).   
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Figure 2. Second universality (Nearly Constant Loss): at 
low temperatures a linear frequency dependence of the 
ac conductivity is observed independently on the tem-
perature.  
 
CONCLUSION 

Also proton crystalline conductors, similarly as other 
disordered and crystalline ion conductors, show the 
universal dynamic response.  
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INTRODUCTION 

The paper describes a novel sensing and electrode 
material consisting of a porous carbon matrix with nano-
clusters of metal oxides. The presence of metal oxide 
clusters in electrically conductive carbon matrix enables 
catalytic activity of such hybrid materials. The fresh cut 
stems of Salix viminalis preserve the ability towards capil-
lary suction of the solvent (water) and dissolved metal 
ions. Due to the capillary action the metal ions get distri-
buted over the whole stem and accumulated in cells. In 
this way one provides uniform distribution of metal ions 
in the stem and later (after carbonization of the stem) in 
carbon matrix. The raw organic matter (plant tissues) 
incorporating metal ions in cells, is subjected to a heat 
treatment in oxygen-free conditions. The organic matter 
(plant tissues) transforms into porous carbon matrix 
while metal ions transform into the metal oxide clusters 
of nanometric size. This idea is described in detail in a 
patent application submitted to a patent office. The 
obtained complex carbon based materials exhibit high 
specific surface area ranging from 400 to 1000 m2/g. The 
proposed method leads to the formation of the complex 
metal oxide which exhibits high catalytic activity in nu-
merous reactions.  Salix viminalis is an example of so-
called short-rotation coppice, planted as an easily renew-
able source of energy. The plant is widely known due to 
its contribution to “green” energy production.  

 
EXPERIMENTAL  

Fresh cut stems of Salix viminalis (ca. 20-50 cm long) 
were immersed in a water solution containing equimolar 
quantities of La(NO3)3 (0.01–0.1 M) and Mn(NO3)2 (0.01–
0.1 M). The stems retained the ability of metal ion trans-
port i. e. a gradual rise of the solution along the stems 
kept in vertical position. After saturation with La3+ and 
Mn2+ ions, the stems were dried, diminished and carbo-
nized (600–800 0C, two-step procedure) in an inert gas 
atmosphere (N2), or in vacuum. The first step consisted of 
fast heating of up to 600 0C and maintaining the temper-
ature for ca. 1 h [1]. Then, the material was cooled to 
room temperature. In the second stage, the row charcoal 
from the first stage was placed on the retort again and 
heat-treated at the desired temperature and time. After 
this, the obtained carbon material was again cooled and 
used in further experiments and tests. Beside the experi-
ment with simultaneous bio-impregnation by La and Mn 
ions we performed bio-impregnation with single ions Ti 
and Ce. In the case of Ce the impregnation followed the 
above described procedure involving La and Mn ions i.e. 
a 0.1 M water solution of Ce(NO3) was applied. The prob-
lem appeared when we tried to introduce titanium firstly 
to the plant’s cells, secondly to carbon matrix via carbo-

nization of metal ion containing Salix viminalis tissues. 
Titanium (IV) water soluble salts are characteristic be-
cause of very low pH, sometimes achieved artificially by 
an addition of concentrated HCl. Otherwise Ti4+ ions 
undergo intensive hydrolysis yielding insoluble Ti(OH)4. 
The substance in form of a white precipitate is useless for 
the wood impregnation. Additionally, strong acidic pH 
caused the denaturizing of Salix viminalis tissues. There-
fore, firstly acidic Ti4+ water solution was obtained and 
subsequently Ti4+ ions were chelated by means of an 
appropriate ligand (patent application in progress [2]). 
After chelation pH was set at 7 by means of a base water 
solution. Preliminary chelation helped to avoid the for-
mation of Ti(OH)4. Such obtained solution of chelated 
Ti(IV) ions were suitable for a successful bio-
impregnation.  Experimental data were collected by 
means of several instrumental techniques like: XRD, SEM, 
AFM, FT-IR, XPS and catalytic activity tests [1].    
 
CONCLUSIONS 

Bio-impregnation of living Salix viminalis tissues has 
been proposed as a method for a hybrid catalysts fabrica-
tion. The method exploits a natural phenomenon of 
metal ion transport in living plants. Bio-impregnated 
parts of Salix viminalis underwent carboniozation trans-
forming organic matter into carbon matrix while metal 
ions (La3+, Mn2+, Ce3+ and Ti4+

(chelated))participated at the 
formation of metal oxide nano-crystallites. Both diminish-
ing and dispersion of the crystallites were very good. The 
hybrids exhibited high catalytic activity in several reac-
tions including test processes like ketonization or dehy-
dration of n-butanol. The La/Mn, Ti and Ce containing 
hybrid materials despite of the same properties of carbon 
support, exhibited dramatically different catalytic activity 
in some test reactions 
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INTRODUCTION 

In this contribution we describe a fully automated 
system for the electrical properties studies of solids under 
extreme conditions (high pressure, high as well as low 
temperatures). The system is especially suitable for low 
temperature measurements of electric permittivity, di-
electric relaxation and phase transitions in ferroelectrics. 
Recently, the system has been utilized for the measure-
ments of the solid electrolytes. The electric conductivity 
of ionic and electronic materials can be measured as a 
function of temperature, pressure and time by means of 
impedance spectroscopy. Impedance spectroscopy 
where measurements are made over a wide frequency 
range is a particularly useful technique for conductivity 
measurements of ionic conductors as contributions of 
various processes, occurring under different external 
conditions, can be separated in the frequency do-
main.The technique is also ideally suited for studying 
ageing phenomena in solid electrolytes at constant tem-
perature as well as constant pressure. 

 
THE SYSTEM DESCRIPTION 

The pressure-temperature control system consists of 
three parts: temperature control system (based on Ox-
ford Instruments equipment), high pressure generating 
and control system and electrical measurements system. 
Data collections were made using an program based on 
Agilent Vee Pro 7.0 platform. 

High pressures are generated by means of the three 
stage IF-012 A Unipress helium gas compressor. Pressure 
was measured to an accuracy of 0.2 MPa by means of a 
manganine gauge (previously calibrated by reference to 
the pressure-induced phase transition of bismuth) with a 
Keithley 2400 Source Meter. The pressure chamber was 
made of heat-treated beryllium-copper alloy. The most 
difficult part of holding high-pressure helium gas is the 
electric plug. New structure of electric plug (especially 
suitable for low temperature measurements) based on 
corundum crystal was designed and used. The samples 
used for the dielectric or conductivity measurements 
were covered with golden electrodes and placed be-
tween two parallel golden plates. The samples of size of 
approximately 5x5x1 are sufficient for measurements. 
The pressure chamber was placed into Oxford flow cry-
ostat.  
 The temperature of the sample was set and stabilized 
using the Oxford Instruments automatic temperature 
controller ITC4. The temperature was measured with an 
accuracy to 0.01 K by means of Pt100 sensor located 
inside the pressure chamber. Measurements can be 
performed on heating and cooling with different rate. For 
example, the heating/cooling rate in the vicinity of the 
phase transition is usually equal 0.02 K/min. 

        Electrical properties of solids were measured using 
an impedance analyzer Hewlett-Packard HP 4284A or HP 
4285A for the frequencies from 100 Hz to 1 MHz and from 
75 kHz to 30 MHz respectively.  
 

 
 
Fig.1 Schematic diagram of an apparatus for conductivity 
measurements of solids under external pressure. 
 
        Due to illustration of technical possibilities of pre-
sented technique the conductivity data of selected pro-
ton conductors are presented. 
 
ACKNOWLEDGMENT  

This work was supported by the funds for science in 
Poland as a research project N N202 368 139. 
 



Abstracts 

 

121 

 

CATALYTIC PROPERTIES OF THIN Ni3Al FOILS IN METHANOL DECOMPOSITION 
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INTRODUCTION 

In the near future methanol is expected to be a prom-
ising alternative energy source (as a fuel). It can be effi-
ciently produced from a wide variety of sources, e.g. 
biomass, natural gas or coal which are more abundant 
resources than crude oil. In comparison to hydrogen and 
methane, methanol as liquid is easily stored, transported, 
and used [1,2].  

The methanol decomposition to hydrogen and car-
bon monoxide is an endothermic process and therefore it 
gives possibility to recover of waste heat from industries 
and automobile exhaust gases. Integrated heat-
exchangers/reactor can possibly realize new processing 
concept – connecting exothermic combustion with en-
dothermic methanol brake down.  

The Ni3Al intermetallics present, as compared to no-
wadays utilized nickel-based superalloys, excellent oxida-
tion and corrosion resistances and good catalytic proper-
ties [3-4]. In respect to this the Ni3Al thin foils can be used 
in high-performance applications in the form of honey-
comb structures, which have an advantage in 
lightweight, high-stiffness and high specific area surface. 
Thus far we have successfully fabricated thin Ni3Al foils by 
cold rolling of commonly casted ingots without addition-
al treatment. The proposed technology allows to obtain 
foils with thickness below 50μm and micro and nano-
structure [5,6].  

 
EXPERIMENTAL  

The nearly single-phase Ni3Al foils with chemical 
compositions Ni-22.1Al–0.26Zr–0.1B at.% were obtained 
by cold rolling at room temperature for 95 % cold work 
and next recrystallization at the temperature  up to 
1100OC for time up to 1.5 hours in an argon atmosphere. 
Thin Ni3Al foils (approx. 50μm thickness) obtained by 
mentioned processing technology were mechanically 
polished for the next step. Additionally, comparative 
analysis of catalytic activity of pure nickel thin foil was 
performed in similar conditions. 

The catalytic experiments of hydrogen production 
from methanol were carried out in the fixed-bed quartz 
tube reactor. Prior to the catalytic experiments the foils 
were annealed in reducing atmosphere (Ar + 5%H2) at 
300OC for 1 hour. The initial feed mixtures with different 
feed composition (methanol, water and argon) were 
introduced into reactor with the flow rate 30ml/min 
(1,8l/h). Feed mixtures were obtained by argon flow 
through the saturator containing pure methanol or mix-
ture of methanol and water. The catalysts were tested in 
a temperature range 250OC to 600OC. The temperature 
was increased by 50OC and each temperature was main-
tained constant by half an hour and the products were 
analyzed on-line by mass spectrometer Quadera 200. 

Additionally, the thin foils of Ni3Al or pure Ni foil were 
continuously tested for 24 hours at reaction temperature 
480OC in (95%MeOH+5%H2O) mixture. 

The surface morphology after tests of catalysis was 
observed by scanning electron microscopy (BSE and SE 
detectors). The phase structure of the surface products 
after catalysis was examined by X-ray diffraction using 
Seifert 3003 diffractometer with CuKα radiation.  
 
CONCLUSIONS 

Heavily cold rolled and recrystallized Ni3Al foils with 
microcrystalline structure demonstrated good catalytic 
properties in methanol decomposition at a temperature 
range 250-580OC - depending on feed mixture composi-
tion. 

Small addition of water (5%) to the feed mixture in-
fluences positively methanol conversion on both the 
micro and nanocrystalline Ni3Al catalysts and has also 
important influence on H2 and CO formation rate – in 
these cases almost complete conversion (approx. 100%) 
and high rate of reaction (approx. 6μmol/gcat) were ob-
served. In opposite, much less value of conversion (ap-
prox. 60%) and rate of reaction (approx. 3.5μmol/gcat) 
were observed for nickel foil catalyst at analyzed condi-
tions.  

Good catalytic stability of Ni3Al thin foil surfaces at 
long – 24 hours lasting examinations was also shown. 
Existence of carbon nanofibres and nickel nanoparticles 
forming spontaneously on the both foils surfaces during 
catalytic reactions was observed. 
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1. Introduction 

KIC InnoEnergy SE is a European Company 
(Societas Europaea – SE) established by interna-
tional consortium gathering leading European 
Universities, research centers, and important  com-
panies working in the area of sustainable energy. 
The KIC InnoEnergy consortium was built as an 
answer to the call (2nd April 2009) of the European 
Institute of Innovation and Technology (EIT) related 
to shaping new paradigms for innovation in the 
three areas: 

 
1. Sustainable Energy 
2. Climate Changes Mitigation and Adaptation 
3. Future ICT Society. 

 
Applications submitted by several European 

consortia were carefully reviewed (including re-
viewers from US) and after final selection three 
projects (one in every above mentioned area) were 
accepted for  realization starting with 1st January 

2010. Project submitted by KIC InnoEnergy was 
selected in the area of Sustainable Energy. 

The main goal of the Project is to create a persis-
tent structure and to define long term rules for 
collaboration of different institutions (research / 
business oriented) forming eco-system to achieve 
the best quality research in the area of energy, to 
make a breakthrough improvement in innovation 
and in deployment (commercialization) of research 
results, as well as to assure highest level teaching of 
students including shaping their entrepreneurial 
skills. This long term (7-15 years of co-financing) 
Project should improve development and innova-
tion in energy area, but also should apply joint 
collaboration of universities and industry based on 
common business, as well as should change men-
tality of young people by significant improvement 
of their entrepreneurship. The goal specified by the 
so-called Research – Innovation – Education trian-
gle. The triangle and tools supporting cooperation 
specified in the related vertices are shown in Fig. 1.  

 
 

 

 
 

Fig. 1. Research – Innovation – Education Triangle. 



Bulletin No. 6 (2011) 

 

124 

 

Realisation of these purposes requires several 
years. The total budget of KIC InnoEnergy is almost 
700 MEUR for 2011-2014. However, only 25% of the 
budget is supplied by EIT. The remaining 75% will 
come from KIC Partners own activities. KIC InnoE-
nergy is in fact a company with a 7 year industrial 
plan. With a strong cooperation with EIT, InnoEner-
gy Legal Entity is managing and coordinating activ-
ities performed by our partners. 

Apart from KIC InnoEnergy Project (chosen in 
domain of Sustainable Energy), EIT coordinates two 
other ones in the domain of Climate Changes 
Adaptation and Mitigation (http://eit.europa.eu/ 
kics1/climate-kic.html), and Future ICT Society 
(http://eit.europa.eu/kics1/eit-ict-labs.html). Each of 
these consortiums is composed of 5 or 6 Colloca-
tion Centers. 

 
2. Structure and main partners 

Consortium KIC InnoEnergy was coordinated in 
the preparatory phase by the Karlsruhe Institute of 
Technology (KIT) known as one of the most presti-
gious German universities. European company – 
KIC InnoEnergy SE was established as a target man-
agement structure in the 1st year of the Project run. 
The management structure consists of 2 levels (Fig. 
2), where on the upper one the KIC InnoEnergy SE 
coordinates the whole consortium. Activities within 
Collocation Centers are coordinated by lower level 
units, i.e. limited liability company or foundation 
depending on country where CC is implemented.  

 

 
Fig. 2. Management structure. 
 

Every Collocation Centre coordinates Consor-
tium’s activity in the field of its specialty. It is possi-
ble to develop common projects among a group of 
different CCs, providing that the best CC in each 
field supervises the whole work. It is worth empha-
sizing that  the KIC InnoEnergy Collocation Centres 
coordinate complementary subjects that cover all 
the priority domains in the European Energy Set 
Plan. Below you will find a list of partners (the coor-
dinating institution is underlined) and the theme 

(in bold). Additionally, we would like to mention 
that our global partners are the companies EdF and 
Total. 

 
• CC Sweden: Royal Institute of Technology 

(Stockholm), Uppsala University, Vattenfal, ABB. 
Smart European Electricity Grids and Storage  

• CC Benelux: TU Eindhoven, KU Leuven, VITO, 
TNO, EANDIS, Philips. Intelligent Energy 
Efficient Building and Cities  

• CC Germany: Karlsruhe Institute of Technology, 
U Stuttgart, SAP, INTEL, ENBW. Power from 
Fossils and Biogenic Sources  

• CC Alps Valleys: Grenoble INP & Grenoble Ecole 
de Management, Paris Tech, Grenoble, CEA 
(Commissariat a l’Energie Atomique), INSA, 
CNRS, AREVA, Schneider Electric, Alstom. 
Sustanaible Nuclear Energy and Converging 
Nuclear-Renewables Technologies   

• CC Iberia: Univeristat Politecnica de Catalunya 
(UPC – Barcelona), ESADE (Higher School of 
Business) Barcelona, CIEMAT, IBERDROLA, Gas 
Natural, Union Fenosa. Renewables: Solar (PV& 
CSP), Wind, Wave and Tidal Energy Systems 

• CC PolandPlus: AGH University of Science and 
Technology, Silesian University of Technology, 
University of Silesia, Wroclaw Technical 
University, Central Mining Institute (GIG), 
Institute of Chemical Processing of Coal 
(IChPW), Jagiellonian University, Tauron, LOTOS, 
PGNiG. Clean Coal Technologies and New 
Paradigm for Carbon Management  

 
3. Conclusion 

The KIC is a new and prospective concept for 
remarkable improvement of innovation in Europe. 
The new paradigm is based on arrangement of eco-
system, where all main actors (universities, compa-
nies) will jointly cooperate in priority areas. The 
main difference in comparison to existing frame-
works is business orientation of the collaboration. 
KIC InnoEnergy is an example of implementation of 
the general idea, where main European institutions 
(both on university and industry sides) are involved. 
The consortium is opened for collaboration with 
external partners. Please refer to the Consortium 
web page: http://www.kic-innoenergy.com for 
further details. 
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Introduction 

Titanium dioxide TiO2 is one of the best known 
wide-band gap semiconductors. It is promising in 
variety of applications such as decomposition of 
organic contaminations [1], super-hydrophilic lay-
ers [2], anodes in photoelectrochemical cells, PEC 
[3]. In the PEC with the use of water an environ-
mentally friendly conversion of the solar energy 
into the chemical energy of hydrogen is possible, 
which was demonstrated in 1972 by Fujishima and 
Honda [4] for the first time. However, undoped TiO2 
suffers from a large band gap (of about 3 eV) result-
ing low photoelectrochemical activity.  

The aim of this work was to determine the influ-
ence of selected anionic TiO2 sublattice modifica-
tion methods on its photoelectrochemical proper-
ties. 
 
Experimental 

Methods of TiO2 modification include incorpora-
tion of nonstoichiometry in polycrystalline titanium 
dioxide – TiO2-x, doping with nitrogen of 
stoichiometric and nonstoichiometric titanium 
dioxide – TiO2:N, as well as doping with oxygen of 
titanium nitride – TiN:O. Thin films of TiO2:N and 
TiN:O were deposited in the magnetron sputtering 
process from Ti target in the controlled flow of 
gaseous mixture of Ar-O2-N2. 

The effect of anion sublattice modification of 
thin films and polycrystalline titanium dioxide on 
chemical composition and structural, microstruc-
tural, optical, electrical and photoelectrochemical 
properties have been evaluated. 
 
Results and discussion  
TiN:O thin films  

Thin films of TiNxOy were sputtered with differ-
ent oxygen rate flow ηO2. XRD measurements shows 
that with an increasing ηO2 the fcc unit cell of TiN 
changes, a progressive amorphisation along with a 

decrease in lattice parameter is observed. This ef-
fect seems to have a direct consequence of substi-
tution of oxygen for nitrogen in anionic sublattice. 
Based on RBS and XPS studies the chemical compo-
sition of thin films was determined. A slight non-
stoichiometry in TiN towards nitrogen excess is 
observed. Films deposited in the highest oxygen 
rate flow are characterized by atomic composition: 
N/Ti=0.41, O/Ti=0.52 [5,6].  

An optical reflectance spectra of TiN and TiN:O 
thin films deposited onto transparent substrates 
allowed to calculate a plasma frequency ωp accord-
ing to the Drude theory. On the Fig. 1 ωp along with 
electrical conductivity as a function of oxygen rate 
flow is presented. Decrease in plasma frequency is 
observed together with ηO2 increase which is a 
direct consequence of the decrease of charge car-
rier concentration [6]. 

 

 
Fig. 1. Plasma frequency ωp calculated based on the 
Drude model adjustment to the experimental data 
and conductivity σ of TiNxOy thin films deposited with 
different oxygen rate flow ηO2. 
 
TiO2:N thin films 

TiO2:N thin film deposition conditions were cho-
sen in such a way to incorporate nitrogen into 
stoichiometric or nonstoichiometric TiO2-x with an 
oxygen deficiency. Based on XRD results it was 
suggested that TiN-TiO solid solution (titanium 
oxynitrides) is created at the high nitrogen rate 
flow. 
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In Fig. 2 influence of nitrogen rate flow ηN2 on 
N/Ti and O/Ti atomic ratio (based on XPS calcula-
tion) in case of stoichiometric and nonstoichiomet-
ric films is presented. It can be concluded that point 
defects in the form of oxygen vacancies in TiO2-x 
structure favours nitrogen ions incorporation into 
the oxygen sublattice. No such dependence is ob-
served in the case of stoichiometric films. 
 

 
Fig. 2. Dependence of thin films composition ex-
pressed as a N/Ti and O/Ti atomic ratio vs. nitrogen 
flow rate. 
 

Photoelectrochemical measurements in the PEC 
cell were carried out in white light illumination and 
in the dark. Iph-V characteristics for stoichiometric 
films are presented in Fig. 3. Nitrogen doping leads 
to the decrease in the photocurrent. The inset 
shows influence of nonstoichiometry on Iph-V char-
acteristic. Stoichiometric samples are characterized 
by much higher values of the photocurrent than 
nonstoichiometric. It is connected with point de-
fects which acts as a recombination centres. The 
positive impact of nitrogen doping on the en-
hanced contribution coming from light excitation 
at longer wavelengths was also studied. In contrast 
to the stoichiometric samples, a rise in the photo-
current Ivis(λ)/Iuv(300 nm) with the increase in the 
nitrogen flow rate is observed for the non-
stoichiometric TiO2-x:N thin films at all considered 
wavelengths. It can be concluded that doping with 
nitrogen improves the photoelectrochemical prop-
erties over the visible range in the case of slightly 
nonstoichiometric samples [7]. 
 

 
Fig. 3. Photocurrent-voltage dependence for thin films 
of stoichiometric TiO2. Inset – nonstoichiometry influ-
ence on the photocurrent-voltage characteristic. 
 
Oxidized TiN thin films and powders 

TiN samples were oxidized in air in wide range 
of temperature. Rutile phase appears between 
200oC and 300oC and TiN phase persist up to 400-
500oC. Optical absorption A (A=100-(R+T)) for thin 
films oxidized at 400ºC and 450ºC compared with 
results for anatase and TiO2 phase mixture is pre-
sented on the Fig. 4a. The fundamental absorption 
edge of a film oxidized at 450oC is shifted towards 
visible range as related to its position in the anatase 
and TiO2 phase mixture thin films. Band gap energy 
Eg and dopant energy Ed calculated based on the 
spectral dependence of reflectance are presented 
in Fig. 4b. Increase in the temperature results in the 
decrease in the band gap energy. In the range of 
400-700°C additional optical transition is observed 
[8,9]. 

 
Nonstoichiometric TiO2-x 

TiO2 powder was sintered into pellets and re-
duced in Ar/H2 atmosphere in wide range of tem-
peratures. XRD studies show rutile phase in lower 
reduction temperature and different Magneli 
phases in higher temperatures. Based on the spec-
tral dependence of reflectance R and photoelectro-
chemical measurements the values of band gap 
energy Eg was calculated. The comparison of those 
values and data obtained by other authors [10] is 
presented in Fig. 5. Increase in the nonstoichiome-
try is accompanied by increase in the band gap 
energy. Additional states in the forbidden band gap 
of TiO2-x gives supplementary absorption of pho-
tons with energy hν<Eg. 
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Fig. 4. Spectral dependence of the absorption for TiN 
thin films oxidized at 400ºC and 450ºC in comparison 
with anatase and TiO2 phase mixture (a). Influence of 
the oxidation temperature on the band gap energy Eg 
and Ed (b). 
 

 
Fig. 5. Band gap energy Eg vs. nonstoichiometry x in 
TiO2-x. Inset – schematic diagram explaining changes 
of Eg with nonstoichiometry. 
 

Current density Iph corresponding to darkness 
and to white light illumination is presented in Fig. 6 
as a function of electric bias, VB, versus saturated 
calomel electrode, SCE. The dark current assumes 
negligible values at positive potential. Exposure to 
light causes a considerable increase in photocur-

rent. The threshold potential of anodic current start 
at about −0.4V and corresponds to the flat band 
potential, VFB. The highest photocurrent is observed 
for TiO1.994 photoanode and for TiO1.954 the lowest 
values of photocurrent. This may be correlated with 
the disappearance of rutile phase with the increas-
ing deviation from stoichiometry because the pres-
ence of rutile seems to be a prerequisite condition 
for good photoelectrochemical performance of the 
photoanode [11]. 
 

 
Fig. 6. Current–voltage characteristics, Iph–VB, for TiO2 
monitored in the dark and after illumination by white 
light. Inset – flat band potential, VFB, vs. (2−x) in TiO2. 
 
Conclusions 
 Composition of the gaseous atmosphere in the 
magnetron thin films sputtering process influences 
on the structural, optical, electrical and photoelec-
trochemical properties. Thin films deposited at 
oxygen flow rate ηO2<0.5 sccm crystallize in cubic 
structure of TiN1-xOx solid solutions. For higher rates 
films crystallize in anatase structure. Changes in 
oxygen content in gaseous atmosphere allows for 
sputtering TiO2 layers with different non-
stoichiometry.  Based on the XPS analysis it was 
found that the amount of nitrogen incorporated 
into the anionic sublattice is larger in the case of 
nonstoichiometric TiO2-x:N thin films than that for 
the stoichiometric samples. This suggests that the 
nonstoichiometry in the oxygen sublattice creates 
conditions quite favourable for accommodation of 
a larger amount of nitrogen. In case of TiO2 anodes 
much higher values of photocurrent are observed 
in comparison with nonstoichiometric one. Doping 
TiO2 with nitrogen improves photoelectrochemical 
properties in the visible range of light. 
 Based on owns studies and other authors an 
update of the phase diagram proposed by Granier 
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et al. [12] for the ternary phase Ti–N–O obtained 
under equilibrium conditions was proposed (Fig. 7) 
[5]. 
 

 
Fig. 7. Ti-O-N ternary phase diagram. t.f – thin films. 
 
 TiN oxidation in the air leads to TiO2-xNx forma-
tion in rutile form and the decrease in the conduc-
tivity is a result of insulating rutile growth. TiO2-x 
polycrystalline materials demonstrate increase in 
the nonstoichiometry departure and with electrical 
conductivity along with increase of reduction tem-
perature. The energy band gap determined from 
both optical and photocurrent measurements in-
creased with an increased deviation from 
stoichiometry, x. This phenomenon could be ex-
plained by a gradual filling up of a narrow conduc-
tion band in the rutile phase. The detrimental effect 
of the reduction on the main photoelectrochemical 
parameters such as the flat band potential and the 
photoelectrochemical efficiencies was observed at 
the highest x values for which the rutile phase ex-
isted. 
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Introduction 

Reducing the operational temperature down to 
the 600-800°C has become one of the main goals in 
SOFC technology. However, in this temperature 
range the cathodic overpotential constitutes a big 
part of overall potential losses in SOFC cell. Thus 
new cathode materials with satisfactory electro-
chemical properties must be found, in order to 
obtain good cells performances. Recently, layered 
cobaltites ReBaCo2O5.5-δ (Re - rare earth element) 
have been proposed as potential cathode materials 
for SOFC applications. It was noticed that these 
compounds are formed by[CoO2][BaO][CoO2][ReOδ] 
plane sequence along the c direction. In addition if 
Re = Gd and in case of δ< 1 the oxygen vacancies 
were found to locate in gadolinium planes at 
(0,0,1/2) positions. Furthermore, at RT the coexis-
tence of two types of cobalt coordination environ-
ments with different spin state was observed: py-
ramidal CoO5 (Co3+ intermediate spin state, IS, 
t5

2ge1
g) and octahedral CoO6 (Co3+ low spin state, LS, 

t6
2ge0

g)1. Particularly, GdBaCo2O5.5-δ has been re-
ported to exhibit very good transport properties i.e. 
high surface exchange coefficient and oxygen dif-
fusivity 2,3. Moreover this compound has been re-
ported to undergo metal-insulator (MI) transition, 
which was connected with the spin state switch in 
the Co3+ ions located at the octahedra (from low 
spin t6

2ge0
g to high spin t4

2ge2
g state) and resulted in 

very high electric conductivity1,2.  
 

Experimental 
In this work the comparison between GdBa-

Co2O5.5−δ, GdBaCo1.7Fe0.3O5.5-δ and GdBaCo1.4Fe0.6O5.5-δ 
has been presented in terms of crystal structure, 
oxygen nonstoichiometry, electrical conductivity 

and single button-type SOFC cell measurements in 
order to investigate effect of substitution of Co by 
Fe. All powders were fabricated via soft chemistry 
method. The phase characterization was performed 
using a Rigaku RU-300 18 kW Bragg-Brentano dif-
fractometer coupled to a rotating anode X-ray 
source (Cu Kα source). XRD measurements were also 
performed as a function of temperature. The ob-
tained diffractograms were analyzed using Rietveld 
method.  Mass changes of samples as a function of 
temperature were studying by thermogravimetric 
measurements using STA-SDT 2960 TA Instruments 
apparatus. The initial oxygen contents were ob-
tained from reduction measurements in 5% H2 in Ar 
atmosphere. Transport properties were characte-
rized by high temperature electrical conductivity, 
measured by four-probe DC method (in air and as a 
function of oxygen partial pressure) and Seebeck 
coefficient measurements (dynamical method with 
temperature gradient equal 2-3°C). In order to in-
vestigate the influence of substitution of Co by Fe 
on the SOFC performance, electrolyte supported 
button-type SOFC cells with different cathode ma-
terials were fabricated. Button-type cell perfor-
mances were examined using home-made SOFC 
test unit. 

 
Results and discussion  

X-ray diffraction indicate that both GdBaCo2O5.5-δ 
and GdBaCo1.7Fe0.3O5.5-δ  samples exhibit orthor-
hombic Pmmm space group symmetry with 
doubled b and c cell parameters  (ap×2ap×2ap  
where ap is the basic cubic perovskite cell parame-
ter), while GdBaCo1.4Fe0.6O5.5-δ was found to exhibit 
tetragonal P4/mmm space group symmetry, with 
only c cell parameter doubled (ap×ap×2ap).  In Fig. 1 
the XRD patterns at RT for all samples are pre-
sented. Cell parameters are listed in Table 1. Those 
values show that after substitution of Co by Fe, the
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Table 1. Cell parameters for GdBaCo2-xFexO5.5-δ  
 
 
 

 
 
 
 

volume of the cell tends to increase. The radius of 
the HS Fe3+ ions is 0.645 Å and is slightly higher 
compared to the radius of the IS Co3+ (0.56 Å) at the 
pyramidal site4 what can explain observed increase 
of the volume of the cell.  
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 Fig. 1. XRD patterns at RT for GdBaCo2-xFexO5.5-δ 
 

In Fig. 2 exemplary XRD patterns as a function of 
temperature for GdBaCo2O5.5-δ  are presented. One 
can see that with increase of the temperature, XRD 
patterns change, and for higher temperatures it 
was found that crystal structure can be described as 
a P4/mmm space group symmetry (ap×ap×2ap). This 
indicates that oxygen vacancies are no longer or-
dered at (0,0,1/2) positions, additionally, it was 
found that the introduction of Fe has led to the 
lowering of the phase transition temperature. 
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Fig.2. XRD patterns as function of temperature for 
GdBaCo2O5.5-δ 

 

 

In Fig. 3 exemplary thermogravimetric measure-
ments result is shown.  
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Fig.3. TG-DTA results for GdBaCo2O5.5-δ 

 
 The temperature of phase transition from low 
temperature phase (Pmmm ap×2ap×2ap) to high 
temperature phase (P4/mmm ap×ap×2ap) is marked, 
one can notice the change of the slope of mass 
dependence as a function of temperature for these 
two phases. For high temperature phase the 
change of the mass sample decrease more abrupt-
ly, than for low temperature one. It can be ascribed 
to the different oxygen uptake/release rates in 
these two regions, with greater one for high tem-
perature phase. Additionally, it was noticed that 
enthalpies of oxygen vacancy formations at higher 
temperatures (600-800°C) are extremely small (i.e. 
0.3 eV for pO2=0.2). In Fig. 4 the electrical conduc-
tivities for all samples as a function of temperature 
are presented.  
 An increase in conductivity observed at lower 
temperatures, T < Ts (Ts-temperature of spin state 
transition) is typical for semiconductor-type beha-
vior. Furthermore at specific temperature Ts, 
change of electrical behavior was observed and for 
GdBaCo2O5.5-δ it has been attributed to the metal-
insulator transition caused by change of spin state 
of cobalt ions in octahedral environment1. It has 
been noticed that with increasing Fe content the 
temperature of this transition shifts to the higher 

Cell parameters for GdBaCo2-xFexO5.5-δ  
Fe content a [Å] b [Å] c [Å] Vp (Vp= ap

3) [Å3] 
0.0 3.8770(3) 7.8211(5) 7.5346(7) 57.11(8) 
0.3 3.8758(9) 7.8243(8) 7.5660(2) 57.36(3) 

 0.6  3.8944(1) 3.8944(1) 7.5944(4) 57.59(1) 
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values (100°C ,180°C and 300°C for x: 0.0, 0.3, 0.6 
respectively). At temperatures T > Tt (Tt-
temperature of phase transition) decrease of the 
electrical conductivity was observed. Taking into 
account results of TG measurements (Fig.3), for 
samples with Fe content x: 0.0 and 0.3 it corres-
ponds well with increase of concentration of the 
oxygen vacancies within greater oxygen up-
take/release rate regime. In Fig. 5 exemplary result 
of electrical conductivity as a function of oxygen 
partial pressure for different temperatures is 
shown. It can be noticed that with increase of the 
oxygen partial pressure electrical conductivity also 
increases, what is typical for p-type semiconduc-
tors.   
 

1.0 1.5 2.0 2.5 3.0 3.5
10

100

1000

Δ

Δ

 

σ 
[S

cm
-1

]

 GdBaCo2O5.5-δ
 GdBaCo1.7Fe0.3O5.5-δ
 GdBaCo1.4Fe0.6O5.5-δ

Ea= 0.42 eV

Ea = 0.20 eV

Ea = 0.13 eV

Δ

Ts

Tt

1000/T [K-1]

800 600 400 200t [oC]

 

 
Fig.4. Electrical conductivity as function of tempera-
ture for GdBaCo2-xFexO5.5-δ 
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Fig.5 Electrical conductivity as a function of oxygen 
partial pressure for GdBaCo1.7Fe0.3O5.5-δ for different 
temperatures 
 

In Fig. 6 exemplary voltage and power density as 
a function of current density characteristics are 
shown. As can be seen, voltage drop with increas-
ing current is almost linear, therefore indicating 
that major part in the whole electrical losses can be 
ascribed to the ohmic resistivity of the electrolyte. It 
is caused by the specific construction of the single 

SOFC cells where thick (~800μm) Ce0.8Gd0.2O2-δ elec-
trolyte was used. The obtained values of maximum 
power density of a single SOFC cell indicate that at 
high temperatures, the maximum power density 
decreases with Fe content, while at lower tempera-
ture, a slightly improved performance can be ob-
served for composition with x = 0.3 (0.029 W/cm2 at 
600°C). 
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Fig. 6. Voltage and power density as a function of 
current density characteristics for selected cathode 
materials. 
 
Conclusion 

In conclusion, all materials exhibit layered pe-
rovskite structure with space group symmetry de-
pendent on Fe content. In investigated compounds 
both structural and spin state transition occurs. 
Different oxygen uptake/release rates are present 
for low and high temperatures. High electrical con-
ductivity and very low enthalpies of oxygen vacan-
cies formation suggest that these materials are 
potential cathode materials in SOFC application. 
The highest maximum power density at 600°C was 
obtained for Fe content x = 0.3. 
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Activity of the Polish Hydrogen and Fuel Cell Association  
 

The Polish Hydrogen and Fuel Cell Association 
(PHFCA) was founded on the 19th of July 2004 at 
AGH University of Science and Technology. The 
initiatives undertaken by the Association have been 
focused on education in the field of hydrogen and 
fuel cells technology application in Poland, stimula-
tion of interest in hydrogen and fuel cell technolo-
gies and dissemination of current achievements as 
well as supporting of cooperation between indus-
try and scientific institutions in this area. The one of 
the significant achievements was creation of the 
graduate studies program entitled: “Hydrogen 
Energy” at the Faculty of Energy and Fuels at AGH 
in March 2009. This specialty is the unique one in 
Poland. During last 7 years Association has organ-
ized 3 international conferences “Polish Forum of 
Hydrogen and Fuel Cells”, 3 periodic trainings for 
students and postgraduate students – “The Sum-
mer School of Hydrogen and Fuel Cells”. Every year 
Association is organizing academic lectures at AGH 
Open Technical University in the hydrogen tech-
nology field and is organizing the contest entiled: 
“Best thesis in the field of hydrogen technology and 
fuel cells” (the abstracts of the master and Ph.D. 
theses awarded in the last edition of the contest are 
presented in the current Bulletin). Every year PHFCA 
is participating in the Science Festival, which takes 
place in May in Krakow. To date PHFCA published 6 
annals of the Bulletin of Polish Hydrogen and Fuel 
Cells Association. Bulletin contains, among other, 
lectures from the last Forum or Summer School. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The Polish Forum of Hydrogen and Fuel Cells 
conference is devoted to a presentation of Polish 
achievements and stimulation of growth and de-
velopment in fuel cells and hydrogen technology 
areas. The invited world-leading scientists pre-
sented and shared their experience in these fields. 
Forum particularly intends to discuss fundamental 
material-related issues. Forum is organized every 2 
years. I Polish Forum took place on 5-7 September 
2007 in Zakopane, Poland. The II Polish Forum took 
place in Kocierz, Poland, on 7-10 September 2009. 
Current Bulletin was dedicated to the III Polish Fo-
rum "Smart Materials for Hydrogen and Renewable 
Energy”. The event was organized on the 29-30 
November 2011 in Warsaw as satellite to major 
Strategic Energy Technology Plan Conference 2011 
(www.setplan2011.pl), which is related to Polish EU 
Presidency.  
 
The list of the invited guest on the II Polish Fo-
rum of Hydrogen and Fuel Cells: 
 
K. Funke "First and Second Universality" in disordered 
ion‐conducting materials 
L. Gauckler Design, materials and processes for micro 
solid oxide fuel cells (SOFC micro fuel cells) 
I. Kosacki Small but perfectly working ‐ novel materi-
als for energy 
M. Mogensen Nano‐scale in SOFC electrodes 
I. Riess Catalysis of electrochemical processes and the 
suppression of chemical ones are needed in mixed 
reactant fuel cells. Can this be achieved? 
J.T.S. Irvine Fuel electrodes for solid oxide fuel cells 
L. Suescun Perovskite materials for SOFC cathodes. 
Tailoring of the crystal structure 
J. Thomas State‐of‐the‐art MD simulation of PEMFC 
electrolytes 
P. Knauth Physical chemistry of proton‐conducting 
polymers 
A. Takasaki Hydrogen storage systems for automotive 
application. The case of Japan 
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The II Polish Forum in Kocierz, Poland, 7-10 September 
2009 

The Summer School of Hydrogen and Fuel 
Cells organized every two years in September 
(every year interchangeably with Forum) at AGH 
UST is dedicated to young scientists, Ph.D. students 
and power industry employees. It gives possibility 
for young researchers to get access to the actual 
state of knowledge related to the research 
achievements and application problems in the area 
of new sources of energy and methods of its trans-
formation. I Summer School took place on 6-8 Sep-
tember 2006,  II Summer School took place on 3-5 
September 2008, III Summer School took place on 
15-17 September 2010. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Posters of the Summer Schools of Hydrogen and Fuel Cells organized by PHFCA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

II and III Summer Schools of Hydrogen and Fuel Cells, 3-5 September 2008, 15-17 September 2010 
 



Bulletin No. 6 (2011) 

 

134 

 

Lectures in the hydrogen technology field 
organized at AGH Open Technical University on 
December every year serve the popularization of 
the ideas of new, ecological energy sources in the 
society and are addresses mainly to the students, 
secondary schools students and citizens of  Krakow.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  
 
 
 

Lectures in the hydrogen technology field at AGH 
Open Technical University 

 
Today the PHFCA counts 157 ordinary members 

(including over 50 professors or senior scientists in 
this figure), 2 honorary members and 12 supporting 
members: 

 
• AGH University of Science and Technology, 

Krakow 
• ETCplus SA, Ostrowiec Swietokrzyski 
• Central Mining Institute, Katowice 
• Institute of Physical Chemistry Polish Academy 

of Sciences, Warsaw 
• Electrotechnical Institute, Division of Electro-

technology and Materials Science, Wroclaw 
• Institute of Molecular Physics Polish Academy of 

Sciences, Poznan 
• Division of the Institute of Non-Ferrous Metals in 

Poznan, Central Laboratory of Batteries and 
Cells, Poznan 

• NAFCELLS Centre of Excellence, Wroclaw 
• Warsaw University of Technology, Warsaw 
• Warsaw University of Technology, CERED Centre 

of Excellence, Plock 
• The West Pomeranian University of Technology, 

Szczecin 
• The Department of Management and Quality 

Systems, Faculty of Mechanical Engineering, 
Military University of Technology, Warsaw 
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Approaching scientific conferences  
 
2011 
 
• Hydrogen and Fuel Cells Conference 

1 - 5 December 2011, Puerto Morelos, Mexico 
 
• European Fuel Cell "Piero Lunghi Conference 

14 - 16 December 2011, Rome, Italy  
http://www.europeanfuelcell.it/ 

 
• International Conference on Renewable Energy 

Technologies (iCORET 2011) 
15-17 December 2011, Coimbatore, Tamil Nadu, 
India 
http://www.psgtech.edu/icoret11/ 

 
 
2012 
 
• 2nd Annual Electric Energy Storage Conference 

10-12 January 2012, Phoenix, AZ, USA 
 
• Advanced Automotive Battery Conference 2012 

(AABC 2012) 
6-10 February, 2012, Omni Orlando Resort, Or-
lando, Floryda, USA 
http://www.advancedautobat.com 

 
• EV Battery Forum 2012  

20-22 March,  2012, Barcelona, Spain   
 
• Advanced Characterization, Theory and Me-

chanisms of Processes in Rechargeable Batteries 
Across Length Scales 
4-9 March, 2012, Ventura, CA, USA 
http://www.grc.org/programs.aspx?year=2012&
program=batteries 

 
• Advanced Lithium Ion Battery International 

Symposium 
18 - 20 April,  2012, Charlotte, NC, USA 
www.acius.net 

 
• Fuel Cells 2012 Science & Technology 

11-12 April 2012, Berlin, Germany 
http://www.fuelcelladvances.com/ 

 
• EVS- Electric Vehicle Symposium  

6-9 May, Los Angeles, California, USA 
http://evs26.org/ 

 
 
 
 

• International Symposium on Ceramic Materials 
and Components for Energy and Environmental 
Applications 
20 - 23 May 2012, Dresden, Germany 
http://www.cmcee12.de/ 

 
• Battcon 2012 – Stationary Batteries in our Mo-

bile World 
15-17 May, 2012, Hollywood, Floryda, USA 
http://www.battcon.com 

 
• WHEC 2012 19th World Hydrogen Energy Con-

ference 2012 
3 - 7 June 2012, Toronto, Canada 
http://www.whec2012.com/ 

 
• Renewable Energy World Europe 

12-14 June, 2012, Cologne, Germany 
http://www.renewableenergyworld-
europe.com/ 

 
• 10th European SOFC forum 2012 

26-29 June, Lucerne, Switzerland 
http://www.efcf.com/events/ 

 
• 7 Kongres Technologii Chemicznej (7th Con-

gress of Chemical Technology) 
8-12 July 2012, Krakow, Poland 
http://www.techem7.pl/ 

 
• International Symposium on Metal-Hydrogen 

Systems 
21-26 December, Kyoto, Japan 
http://www.mh2012.jp/ 
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New books  
 
Fuel Cells: From Fundamentals to Systems  
U. Stimming, D. Jones 
Wiley 2010 
 
Fuel Cell Science: Theory, Fundamentals and Biocata-
lysis 
A. Wieckowski, J. Norskov, S. Gottesfeld 
Wiley 2010 
 
Fuel Cell Micro 
Sh. Obara  
Springer 2010 
 
Fuel Cell Electronics Packaging  
K. Kuang, K. Easler 
Springer 2010  
 
Fuel Cell Technology: Reaching Towards Commercia-
lization  
N. Sammes 
Springer 2010 
 
Fuel Cells: Modeling, Control and Applications 
W. Gou, K. Na, B. Dion 
CRC Press 2010 
 
Advances In Solid Oxide Fuel Cells V, Vol. 30 
N. P. Bansal, P. Singh 
Wiley 2010 
 
Handbook of  Fuel Cell Modelling  
E. Fontes 
Elsevier 2010 
 
Proton Exchange Membrane Fuel Cells: Materials 
Properties and Performance 
D. P. Wilkinson, J. Zhang, R. Hui, J. Fergus, X. Li 
CRC Press 2010 
  
Modeling and Diagnostics of Polymer Electrolyte Fuel 
Cells  
U. Pasaogullari, Ch.-Y. Wang 
Springer 2010 
 
The Economic Dynamics of Fuel Cell Technologies  
B. Springer  
Springer 2010 

Analytical Modelling of Fuel Cells 
A. Kulikovsky 
Elsevier 2010 
 
Direct Methanol Fuel Cells 
A. S. Arico, V. Baglio, V. Antonucci 
Nova Science Publishers 2010 
 
On Solar Hydrogen and Nanotechnology 
L. Vayssieres 
Wiley 2010 
 
The Metal-Hydrogen System: Basic Bulk Properties 
(Springer Series in Materials Science)  
Y. Fukai  
Springer 2010 
 
Hydrogen Bonding and Transfer in the Excited State  
K.-L. Han, G.-J. Zhao 
Wiley 2010 
 
Hydrogen and Syngas Production and Purification 
Technologies 
K. Liu, Ch. Song, V. Subramani    
Elsevier 2010  
 
Renewable Energy and Climate Change 
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