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Preface

Welcome to Saint-Petersburg, to ISRS-18, the 18" International
Symposium on the Reactivity of Solids!

The International Symposium on the Reactivity of Solids is a platform for
discussing various aspects of chemistry and physics of solid compounds
and materials, both from the basic and applied points of view. The ISRS
series is not intended for a closed society of devoted members, it
spreads to a broad community of active researches, combining the
efforts in the field of solid state, inorganic, organic, polymer and physical
chemistry, electrochemistry, physics of condensed matter,
crystallography, nanoscience and nanotechnology and other
subdisciplines. In recent years the ISRS focuses more and more on the
demands of materials science.

Following the trends in modern science, the ISRS-18 will cover basic
and applied aspects of new materials design, advanced methods of
preparation and characterization, mechanisms of reactions involving
solids, structure-property relations, and new horizons of the materials
application. It brings together scientists from academic, industrial and
governmental research institutions all over the world to extend current
knowledge, discuss future trends and developments, encourage new
contacts, stimulate scientific insights, and help promoting young
scientists into independent researches in academia or industry.

The scientific program of ISRS-18 consists of 6 plenary lectures, 18
invited lectures, 37 oral presentations, and 93 poster presentations on
various topics concerning synthesis, structure, properties, and reactivity
of solid compounds and materials. The program is not limited to the
official time table of the symposium. Expression of different opinions and
points of view and informal discussions are particularly welcome.

Saint-Petersburg University will host ISRS-18. Established in 1724 by
the Russian tsar Peter the Great, the University is one of the largest and
renowned academic establishments in Russia. It combines a great
history glorified by works of Lomonosov and Mendeleev, to name just a
few, with rapid development and achievements in sciences. Its historical
Twelve Collegia building will be a venue of ISRS-18.

Organizing and Program Committees
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Reactivity of Solids. Retrospect and Prospects.
V.V. Boldyrev®”

% Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia;
® Novosibirsk State University, Novosibirsk, Russia.

The International Symposium on the Reactivity of Solids in S-Petersbourg continues
a long series of the international meetings which started in 1948 in Paris. Since that time,
ISRS take place every four years, alternating location between Europe (dominates), USA
(twice) and Asia (once, in Japan). Although Russia was always one of the leading centers of
the research in the field of reactivity of solids, and the author of this contribution even served
a term as an elected President of the ISRS Advisory Committee (1992 — 1996), an ISRS
never took place in Russia untill 2014. In this respect, this is a notable event, and | am very
happy that I can evidence it at least remotely.

I entered the field of reactivity of solids in the late 1940s, and I could see how this
field developed with time. | would like to use this occasion to share my memories, thoughts
and concerns with the younger generation who enters the field now.

The initiative of uniting the researchers involved in studying the reactivity of solids
belonged to J. Bénard. The idea was to have a discussion on various topics related to the
reactivity of solids, focusing on those aspects of the reactions which make reactions in the
solid state different from the reactions of gases or liquids. The main focus areas at the first
symposia were i) the mechanisms and kinetics of reactions in the solid state, the main factors
influencing reactions of solids (introducing impurities and different types of defects,
preliminary treatment by various types of radiation, crystal structure), ii) various practical
applications, in particular — in the fileds of preventing corrosion of metals, processing
inorganic minerals, preparing inorganic materials and catalysts, fast ionic conductors, solid-
state inorganic synthesis (ceramic methos, sol-gel synthesis, precursor technique). Thermal
decomposition (in particular — dehydration of crystal hydrates), reactions between solids and
gases, reactions in the solid mixtures were considered. There was evidence that a solid “has a
memory”, i.e. its reactivity depends on its prehistory — method of synthesis, conditions of
storage, preliminary treatment. Different types of defects were shown to have different, often
— opposite effect on reactivity. This was used to study the elementary stages of the
transformations and to control reactivity of solids. The reactions in solids were shown to be
heterogeneous, and studying their kinetics (“topokinetics”) was complicated enormously by
the necessity to take into account the size and shape of the interface between the initial
reactant(s) and the product(s). It was shown that reactivity of a solid can increase during
phase transitions (Hedvall effect). The molecular structures of the products of the
photochemical reactions in organic solids were shown to be predetermined by the
juxtaposition of the neighbouring molecules in the parent crystal structure (*Schmidt-Cohen
topochemical principle”). The concepts of “topotactic reactions” and “precursor selection
method” were introduced and developed. For quite a long time the dominating topics were
the role of defects in inorganic solid state reactions and the role of crystal structure in the
reactions of organic and coordination compounds.
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Comparing the scope of the ISRS in different years one can notice interesting trends.
In the first decades, the main emphasis was on understanding the phenomena, in order to
achieve a better control over reactivity, to be able to vary on purpose the reaction rate, spatial
propagation, as well as the chemical composition, the molecular and crystal structures of the
product, the texture of the product samples, the size and shape of the particles in powder
products. This was the period of hot scientific discussions, questions, comments and answers
being documented in the ISRS Proceedings. There was no large gap between inorganic and
organic solid state chemitry: different research groups could understand each other quite well
and were often using similar methods and applying similar general concepts to reactions in
the solids of different chemical nature.

The fundamental knowledge of the reactivity of solids achieved by 1980s was widely
exploited in materials sciences and chemical engineering. And, as it often happens, reactivity
of solids became “a victim of its own success”. The situation was very well characterized by
B. Delmon in his plenary lecture presented at the ISRS-9 in Cracow in 1980. He noted that
“chemistry of solids and, more precisely, research on the reactivity of solids, is far from
having a place it deserves. There is some sort of a pause after the development experienced
between 1930s and 1960s. Indeed, the discovery of new structures and of materials with new
exciting properties continues at a rapid pace. But relatively little is done on reactivity. The
words “chemistry of solids” and “reactivity of solids” tend, nowadays, to describe rather
research on structures or physical properties than on kinetics, on the mechanism by which
solids react or on possibilities one has to control the way they react... Nevertheless, those still
working in the field think that chemistry of solids, namely the science of chemical
transformations of solids, must develop. The requirements of energy saving already spurs
research on processes occurring at lower temperatures. More selective reactions are necessary
for saving natural resources or for exploiting lower grade ores. New materials, when they
have proved useful, must be mass produced, and, correspondingly, the emphasis must be
displaced from materials to processes.” This advise was not followed for almost three
decades, and the situation became only worse with time, as can be clearly seen from the
materials presented at the ISRS after Cracow, especially — after Dijon. Reactivity of solids
with a wide scope and deep insight into the control over properties and processes was
practically substituted for inorganic materials sciences (with dominating focus on the
synthesis), while organic solid state chemistry practically disappeared from the scope of the
ISRS. This was reflected also by the fact that Proceedings of the ISRS were no longer
published as separate volumes, but as special issues of Solid State lonics. At the same time,
research in the field of organic solid state chemistry continued very successfully, but was
discussed at another series of conferences — ICCOSS (International Conferences on the
Chemistry of Organic Solid State). The number of participants of the ISRS started
decreasing, and the interest to these — formely highly prestigious — meetings declined.

However, in the last few years we can see some new trends which can be considered
with a “cautious optimism” as a slow revival of the reactivity of solids. In particular,
interesting papers discussing the mechanisms of mechanochemical and photochemical
reactions in solids, the origin of photo- and thermo-mechanical effects, the methods of
controling selectively the reaction products and the propagation of solid state reactions in
time and space are being published not only in the “traditional solid-state chemistry journals”,
but also in such “main-stream editions” as ACIE, JACS, Nature, Science, Green Chemistry.
Molecular materials, including pharmaceuticals, MOFs, high-energy materials,
supramolecular machines; new inorganic and hybrid materials for energy storage and
generation, etc. are now not only described as such, but the reactions resulting in their reliable
and reproduceable synthesis and exploitation are studied in details. The program of the ISRS
here in S-Petersbourg also reflects this positive trend. New experimental techniques open
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prospects that could not be even imagined when reactivity of solids emerged. They give high
space and time resolution and allow one not only to follow various static characteristics of
reactants and products before and after the reaction, but also to monitor the dynamic
processes, even very fast ones, in situ and at various locations in a solid. What is important
now is that these really exciting experimental facilities are complemented by a careful design
of experiments. Decades ago, when an optical microscope, a rather primitive X-ray powder
diffractometer, DTA and TGM instruments were the main tools of research, the ideas of
experiments were often so clear and elegant, that their results can still serve as a source of
inspiration and fundamental knowledge. One more quotation, also dating back to the 1980s,
but no less actual today, belongs to J.D. Dunitz: “Time to ponder the significance of the
results is a luxury that few present-day researchers can afford. One might have hoped that the
increased ease and rapidity of getting experimental data would have left more time for
thinking, but the contrary seems to be true. The facts may be trying to tell us something, but
we have no time to listen. Another long-overdue paper is waiting to be written” [J.D. Dunitz,
X-ray analysis and the structure of organic molecules, Cornell University Press, Ithaca and
London, 1979, 302-303]. | must confess that this comment is applicable to many papers
published nowadays. At the same time, a new positive trend is that a profound interest in the
mechanisms of the processes seems to recover.

As one of the eldest, though “virtual” participants of the ISRS in S-Petersbourg, I
wish the Symposium a success not only in presenting new facts and describing new materials.
I do hope that discussions will emerge which can improve our understanding of the basics of
the reactivity of solids. |1 was very pleased to see that ISRS-2014 again has a balanced
program in terms of considering inorganic and organic systems. | wish the participants
coming from different research “sub-fields” of reactivity of solids to see similarities in the
concepts and results known and used in these sub-fields, find “growth sites” for future
development and points of cross-interests for potential collaboration. There is a demand in
the “Renaissance of reactivity of solids” from industry, and this Renaissance is not possible
without developing fundamental research with well-planned, original, inventive experiments
and applying a complex of various instrumental and computational techniques. We live in a
very pragmatic time now, but investing money into basic research is the only way to optimize
usage of funds when developing new materials and technologies of their mass production.

ISRS-10, Dijon, 1984
Left (chairman) — J. Bénard, right (speaker moderator) — V. Boldyrev
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ISRS-7, Bristol, 1972
From left to right: ?, J.M. Thomas, J .G. Sheppard, E.G. Prout, V.V. Boldyrev, P.A.
Jackobs, S.R. Morrison; sitting M.D. Cohen

ISRS Symposia (retrospect)

Year Location Scope (main topics)

1948 Paris (France) General problems of the reactivity of solids; oxidation
of metals; experimental mineralogy

1952 Goteborg (Sweden) General problems of the reactivity of solids; phase

transformations; factors influencing reactivity of solids;
Hedvall effect

1956 Madrid (Spain) General problems of the reactivity of solids; defects and
diffusion in solids; correlation effects; materials for
reactors and fuel cycles

1960 Amsterdam (Netherlands) Mechanism and kinetics; diffusion and sintering;
reactions of solids with solids, gases and liquids;
allotropic transitions; phase transformations; thermal
decomposition; factors influencing reactivity; defects
and impurities; reactivity induced by irradiation;
influence of pressure on reactivity; influence of gas
atmosphere, crystal size on reactivity; influence of
crystal structure on reactivity; reactivity studies with
technical implication; methods of investigation
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Influence of structure on solid-state reactions; influence
of radiation on reactivity and catalytic activity of solids;
kinetics and mechanisms of solid-state reactions;
material transport in solid-state reactions; effect of
particle size on the mechanism of solid-state reactions

Crystal structures, surfaces, defects and diffusion
processes in chemical reactions involving solids;
nucleation and growth of new phases in the solid state;
thermal decomposition of inorganic solids; reactions of
elements, alloys and chemical compounds with gases
and solutions; production of crystalline solids from
reactants in the gaseous phase; chemical reactions
between crystalline solids; chemical reactions in vitreous
systems; chemical processes in high pressure systems;

Defect chemistry; topology of reacting crystals; vitreous
state; diffusion and diffusion controlled reactions;
amorphous materials and phase transformations;
dislocations and nucleation; reactions of the organic solid
state; surface structure and processes; reaction processes —
structural and mechanistic

New crystallographic developments applicable
in studies of reactions in solids; reactions at surfaces
and interfaces; influence of structural defects on the

reactivity of solids; defects; diffusion, non-
stoichiometry; kinetics; reactions in vitreous solids;
surface reactions; diffusion controlled solid-state
sintering, hot pressing and creep; size effects; sol-gel
technique; coupled reactions

Defects and transport; chemical vapour deposition;
surface phenomena; non-crystalline solids; phase
transitions; hybrid crystals; non-diffusional
transformations; superstructure ordering; novel
technologies

Accumulation of solid reaction products and reactivity
of solids; the role of surfaces in reactivity of solids;
ordering induced by chemical, thermal and mechanical
constraints at solid interfaces; corrosion of materials by
gaseous reactants; reactivity of non-crystalline solids;
defects and transport in solids; soft chemistry —
intercalation compounds; solid-liquid reactions; solid-
solid reactions; thermal decomposition; reactivity in the
organic solid state; mechanical activation of reactions
in the solid state; reactions in ceramics and materials
for electronics and electrochemistry; structural
relationships in solid state reactions; surface
phenomena; kinetics and kinetic models; reactivity of
solids connected with the catalyst preparation;
industrial applications of the reactivity of solids

ISRS.18

1964 Munich (Germany)
1968 Schenectady (USA)
1972 Bristol (UK)
1976 Goteborg (Sweden)
1980 Crakow (Poland)
1984 Dijon (France)
1988 Princeton (USA)

Materials chemistry; minerals and reactivity; synthesis
and reactivity; polymers and the organic solid state;
oxides and ceramics; sol-gel process; tailored solids;

films, glasses and catalytic materials; high temperature

oxide superconductors
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1992

Madrid (Spain)

Mechanochemistry; synthesis and characterization;
heterogeneous kinetics; thermal decomposition;
intercalation and soft chemistry; structure, defects and
properties; surface and catalysis; superconducting
materials and related solids

1996

Hamburg (Germany)

Novel synthesis pathways to tailor-made materials;
formation and reactivity of nanoscale and mesoscale
systems; defects and transport phenomena in solids;

metastable systems and phase transformations;
processes at interfaces and surfaces; formation and
reactivity of organic and polymer materials; applied
processes and energy technology; materials exhibiting
novel specific properties;

2000

Budapest (Hungary)

Surface materials; in situ spectroscopy in solid state
chemistry; topotactic oxidation; plasma assisted
techniques; melting and phase transformation of

hardmetal powders; defects; diffusion; solid oxide
ionics; microstructural modifications resulting from the
dehydration

2003

Kyoto (Japan)

Battery and energy conversion; catalysts and functional
devices; theoretical aspects and computation;
mechanochemistry; plasma and other nonconventional
processes; process in nanoscopic dimension; reactions
under electromagnetic field; solid state atomic
processes; sustainable and soft chemistry

2007

Minneapolis (USA)

Complex solid ionics; solid oxide fuel cells; oxide
superconductors; electrochromic oxide solid films

2011

Bordeaux- Arcachon (France)

Transport phenomena in solids: point defects and
reactivity of solids; reactivity and nanomaterials;
reactivity and catalysis; reactivity of materials for
energy and environment; reactivity and composite
materials; functional materials for sustainable energy
systems (batteries, thermoelectrics, solar cells);
reactivity of solids in the geologic and planetary
environment; novel materials and new synthesis routes;
chemistry in unconventional media (ionic liquids,
supercritical fluids); advances in characterization of
reacting solids; theory and modelling. Only inorganic
solids.

2014

Saint Petersburg (Russia)

Basic and applied aspects of new materials design;
advanced methods of preparation and characterization;
mechanisms of reactions involving solids; structure
property relations; new horizons of the materials
application; inorganic and organic solids

SAINT PETERSBURG
STATE UNIVERSITY
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Plenary Lectures

Advanced materials science for energy storage & conversion

Doron Aurbach
Department of Chemistry
Bar-llan university
Ramat-Gan, 5290000, Israel

It is impossible to imagine modern society without electrochemical power sources. The
electronic revolution, which relies on the extensive use of highly sophisticated portable
devices such as cellular phones with amazing applications, laptops, video cameras and more,
depends on the availability of high-energy density, safe and cheap power sources. The
challenge in delineating rechargeable power sources has increased markedly in recent years,
spurred by the demand for electro-mobility to replace propulsion by fossil fuels that power
internal combustion engines.

Challenges such as electrochemical propulsion by electric vehicles (EV), and the need for
large-scale storage of sustainable energy (i.e. load-levelling applications) motivate and
stimulate the development of novel rechargeable batteries and super-capacitors. While
batteries deliver high energy density but have limited cycle life and power density,
supercapacitors provide high power density and very prolonged cycling. Lithium-ion
batteries are the focus of intensive R&D efforts because they promise very high energy
density that may be suitable for electrical propulsion. In this presentation we review research
on batteries with an emphasis on Li-ion battery technology, examining its suitability for EV
applications. We also briefly examine other battery systems that may be of importance for
load-levelling applications. Batteries (especially when dealing with high energy density
systems such as Li batteries) are highly complicated devices: 3 active bulks and 2 active
interfaces have to work simultaneously with no side reactions & detrimental reflections. In Li
ion batteries there is no thermodynamic stability at both electrodes. Their operation depends
on complicated passivation phenomena, which are developed via electrodes-solution
reactions.

Consequently, R&D of novel battery system requires to invest great efforts in basic science,
in order to understand the correlation among structure, morphology, surface chemistry and
electrochemical performance of all the components in the power sources and storage devices.
Our approach at BIU: it is important to study all the components alone & together . Use as
many tools as possible, electrochemistry, spectroscopy, diffractometry, high resolution
microscopy and calorimetry in each single study.

In this presentation we review first the frontier of advanced Li ion batteries: replacement of
graphite by Si at the anode side, the possible use of high voltage (LiCoPO4 and Li[MnNi]204
spinel) or high capacity ([Li rich, layered Li2MnOs-Li[MnNiCo0]O2) cathode materials and
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development of new electrolyte solutions with higher anodic stability. Then, we will review
the chance to develop long life, high energy density Li-Sulfur batteries. Main questions: how
to stabilize sulfur electrodes and which anodes are really relevant? Then, we will review the
chance to develop rechargeable Li-oxygen batteries. The key question here is: what are the
limiting factors? Do we really have relevant electrolyte solutions, suitable for rechargeable
Li-oxygen battery systems?

Finally, we will discuss load leveling applications. We will review in brief how where Li ion
battery technology can be relevant of storage of sustainable energy. We will demonstrate how
the use of advanced nano-materials such as carbon nano-tubes (CNT) can improve lead acid
batteries and super (EDL) capacitors and we will briefly review the chance to develop
practical rechargeable Mg batteries.

Today we are experiencing a nano revolution that seems to stimulate the introduction and use
of nano-materials in all possible areas of technology and medicine. The field of energy
research is also influenced by these trends, and intensive attempts are underway to synthesize
and introduce nano-materials in devices for energy storage and conversion. There are obvious
advantages to the use of nano-materials in photo-voltaic solar cells, and as catalysts in fuel
cells. There are serious questions regarding the use of nanomaterials for energy storage in
batteries. The use of nano-particles may mean indeed a faster kinetics of the electrodes’
reactions, but also, highly reactive surface of the active mass for side (parasitic) reactions,
low density, bad inter-particle electrical contact, and complicated syntheses (compared to
micronic-size particles). This presentation will discuss also the relevance of nano-materials to
the field of high energy density batteries. We will describe the use of electrochemical
techniques in conjunction with XRD, HRTEM, HRSEM, FTIR, XPS, Raman spectroscopy,
DSC and ARC for thermal analysis, ICP and ESR. We will demonstrate several critical basic
studies on the way of R&D of new materials for Li ion batteries and will outline directions
for future R&D efforts in this field.
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Reactivity between fluorine and various carbonaceous materials:
mechanisms, structural changes and applications

Alain Tressaud®, Henri Groult® and Etienne Durand®
% ICMCB-CNRS, University Bordeaux 1, 33608-Pessac, France ;
®) Laboratoire PECSA, Université Pierre & Marie Curie, 75005-Paris, France
* e-mail : tressaud@icmcb-bordeaux.cnrs.fr

The physics and chemistry of carbonaceous materials can be drastically modified through
reaction with fluorine and fluorinated reagents. This behavior is due to the extreme reactivity
of these gases that allow important changes in the electronic configuration of carbon, even at
low temperatures. In many carbon-fluorine systems, the modification of either surface or bulk
properties depends on the physical-chemical characteristics of the pristine material and/or the
experimental parameters of the fluorination. The different types of C-F bonding present in the
final material have been correlated using several physical investigations, including XPS and
electron microscopies. Several reaction mechanisms have been proposed depending on the
nature and morphology of the pristine carbon material. The importance of such systems in
electrochemistry will be pointed out, such as the reactivity of carbon materials in molten
KH.2HF, during the electrochemical synthesis of fluorine (F), or the production of graphene
during the electrochemical decomposition of molten carbonates.

The physical properties that are intensely modified may concern:

— Electrical conductivity in graphitised carbons and high-temperature treated carbon
fibres, that may vary from metallic to insulating behavior, depending on the amount of
intercalated fluorine;

— Electrical permittivity in fluorinated carbon blacks;

— Hydrophobic/hydrophilic balance in materials treated with fluorinated rf plasmas;

— Reversible capacities of lithium-ion secondary batteries using F-treated carbon
anodes;

— New kinds of carbon-fluorine compounds allowing to provide higher potential and
energy density values, thus improving the electrochemical performances of primary
Li-battery.

The effect of nanosized carbon materials, as in carbon nanotubes, nanoparticles or graphene
will be demonstrated.
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Organic solid state chemistry and the delivery of new pharmaceutical
materials

Bill Jones
Chemistry Department
University of Cambridge
CB2 1IEW UK

There has been a long interest at ISRS meetings in organic solids and especially in the early
days with regard to solid state reactivity and what is known as the topochemical postulate -
that because of limited movement reactivity in an organic solid is controlled by the local
crystal structure. This led naturally to the idea of crystal engineering whereby reactivity (or
stability) might be controlled by deliberate design of the crystal structure.

In the area of the delivery of new drugs an understanding of the role of crystal packing on
reactivity or stability of a solid form of a drug is crucial. Approximately 80% of drugs are
delivered in solid form. Stringent regulatory requirements are made concerning stability —
both chemical and physical. Phase transformations (e.g. from one polymorph to another,
hydration/dehydration) are not allowed since significant variations in, for example, stability,
solubility and bioavailabilty will subsequently result.

In my lecture I will review various aspects of pharmaceutically-related organic solids. In
particular I will describe the recently applied use of multicomponent crystals as a way of
taking to market active molecules which otherwise would be extremely problematic in terms
of development and manufacture. | will outline how mechanochemistry is an important
process in screening for new polymorphic forms and also new systems with tuneable
properties.

Equally important is the continued recognition — made numerous times at previous Symposia
— that the crystal surface itself and defects within the solid will also be important. This aspect
of organic solid state chemistry will also be reviewed, utilising recent results from atomic
force microscopy and transmission electron microscopy.
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Low temperature synthesis of (noncentrosymmetric) oxide-fluorides

Kenneth R. Poeppelmeier?

% Department of Chemistry, Northwestern University
Evanston, IL, USA

The design and discovery of novel noncentrosymmetric materials — materials that lack an
inversion center — with large second-order dielectric responses, y(2), that efficiently achieve
frequency conversion has been a long-standing and difficult goal of inorganic chemistry.
Recently, nanolithography has sought UV lasers to create increasingly small lithographic
features. To pursue UV lasers, scientists have sought new SHG active crystals to double the
frequency of laser light to higher energies. One such material is the oxide-fluoride
KBe,BO3F,. Professor Chen’s Anionic Group Theory has established that efficient SHG-
active crystals often have anions with aligned polar moments in the solid state.

Therefore, to synthesize highly-efficient SHG crystals, a promising strategy is to utilize
anions that inherently contain polar moments. For this reason, our group has examined oxide-
fluoride early transition materials; the d° early transition metal cations undergo out-of-center
distortions owing to electronic effects (specifically Second-Order Jahn-Teller distortions).
These polar distortions are observed in oxide-fluoride anions of the cations vanadium (V°>*),
niobium (Nb°"), tantalum (Ta>*), molybdenum (Mo®*) and tungsten (W°®").

In oxide phases of these metals, the Second-Order Jahn-Teller distortion is directed towards
oxide ligand(s) of corner, edge, or face(s) of the anionic octahedra. The use of oxide-fluoride
compounds enhances the distortion of the anion as the metal-fluoride bonds contain less
valence than would exist for metal-oxide bond. The additional valence thus creates stronger
M=0 bonds within the anions of the solid state compound and thus a stronger distortion. Our
syntheses of numerous inorganic and organic-inorganic hybrid oxide-fluoride phases have
allowed the analysis of the electronic environments of the early transition metal polyhedra;
the distortions of the anions and non-spherical electronic environments have allowed us to
synthesize non-centrosymmetric materials and establish principles and guidelines to target
syntheses of SHG-active materials.
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Structure of materials: advanced TEM meets advanced crystallography

Artem M. Abakumov

EMAT, University of Antwerp, Groenenborgerlaan 171, B-2020, Antwerp, Belgium
Department of Chemistry, Moscow State University, 119991, Moscow, Russia

Advanced transmission electron microscopy techniques transform a modern electron
microscope from a simple "imaging" tool to a sophisticated material science laboratory. The
3D reciprocal electron tomography methods enable reconstructing the reciprocal space of
submicrometer crystals and the quasi-kinematical diffracted intensities measured with
precession electron diffraction allow structure solution and refinement. Aberration-corrected
scanning transmission electron microscopy provides mapping of projected scattering density
in the unit cell, visualization of the light atoms, displacive and occupational ordering. Being
combined with electron energy loss spectroscopy and atomic resolution energy-dipersive X-
ray analysis, wealth of chemical information can be simultaneously retrieved, including
mapping the chemical composition and coordination number of elements. Transmission
electron microscopy methods are particularly useful being combined with high quality
powder diffraction data and modern crystallographic approaches, especially to reveal the
nature of incommensurate modulations causing extreme structure complexity.

The benefit of employing the reciprocal and real space information obtained using advanced
transmission electron microscopy will be illustrated on the examples of various materials,
including complex oxides, oxychlorides, hydrides and polyanionic compounds:

— Li,CoPO4F and LiBH; and incommensurately modulated scheelites CaGda.
»EU2x(M004) 41 (WO4)ay exemplifying the structure solution with the precession
electron diffraction data [1-3];

— LisxNdy;34TiO3 perovskites with frustrated incommensurately modulated octahedral
tilting pattern [4];

— perovskite-based ferrites with the lone pair A-cations [5] and perovskite Mn,O3 [6];
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Structural complexity of crystalline solids:
guantitative measures and application

Sergey V. Krivovichev?

% St. Petersburg State University

Evolution of matter toward states of higher complexity in the course of the evolution of the
Universe is one of the most interesting topics in modern science and in modern chemistry in
particular [1]. A number of different approaches exist that allow to quantitatively evaluate
complexity of chemical, biological, technological and even social systems. Most of these
approaches are based upon the extensive use of concepts and techniques borrowed from the
information theory developed in the second half of the XXth century as a theory of
communication and transmission of information. It is interesting, however, that complexity
theorists have always regarded crystals as ‘intuitively simple objects’ [2], in contrast to much
more complex and dynamic biological systems. On the other hand, it was largely appreciated
that crystal structures may possess different degrees of complexity, which has been reflected
in the titles of scientific papers with the use of expressions such as ‘complicated structure’,
‘the most complex structure’, ‘complexity’, ‘complex superstructures’, ‘a masterpiece of
structural complexity’, etc. However, until recently complexity of crystal structures was
destined to be ‘largely a qualitative, frequently intuitive, notion’ [3], which escaped a
guantitative definition.

In a series of recent papers [4—6], we have used Shannon information theory to evaluate
complexity of crystal structures. This theory allows to quantitatively evaluate both size- and
symmetry-dependent properties of complex structures, thus combining their symbolic and
combinatorial complexities [7] in the same measure.

Quantification of crystal-structure complexity using information theory allows to identify
basic mechanisms responsible for the appearance of complex structures in inorganic systems.
The first and the most obvious one is a combination of chemically different components
taken in complex proportions. This usually leads to the association in the same structure of
different building blocks that can be considered as extracted from parent solids of higher
structural simplicity. This feature of inorganic structures is known as modularity and has been
widely applied to the description of complex materials. Another complexity-generating
mechanism is of genetic origin and depends upon the presence in crystallization media
(solution, melt, gas, etc.) of clusters of high nuclearity that self-assemble to form highly
ordered three-dimensional crystalline arrays. This group of complex structures includes
different kinds of polyoxometallates, cluster compounds, fullerene-containing inorganic
solids, etc. It is very probable that the same mechanism is at work in the crystallization of
porous frameworks containing various types of large building blocks (e.g., zeolites and
microporous sulphide frameworks). Finally, complexity may be generated by local rather
than global bonding requirements in compounds with simple chemical compositions. In this
case, topologically simple frameworks acquire high structural complexity due to the local
atomic ordering and formation of superstructures and superlattices on cooling.

Identification of structural complexity with information encoded in the atomic arrangement
and its density allows to quantitavely examine relations between information and kinetics and
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thermodynamic parameters in crystalline materials. For instance, quantitative verification can
be made for the principle of simplexity [8], which states that, in the course of fast processes
such as spontaneous crystallization at non-equlibrium conditions, structurally simpler
metastable phases form more easily that their more complex but stable counterparts. Another
interesting problem is the behaviour of information along the path of phase transitions
induced by changing pressure and temperature. Probably, the most fundamental question of
interest is the relation between information and energy [9] in the processes that involve
transformations of crystalline phases.
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Digging holes and refilling : Reversible Fe-extrusion in layered compounds

Olivier Mentré?, Rénald David®, Ignacio Blazquez®, Marielle Huvé®, Pascal Roussel’,
Sylvie Daviero-Minaud®?, Alain Pautrat®.

& Université Lille Nord de France, UMR 8181 CNRS, Unité de Catalyse et de Chimie du
Solide (UCCS USTL), F-59655 Villeneuve d’Ascq, France

b |_aboratoire CRISMAT, UMR 6508 CNRS, ENSICAEN et Université de Caen, 6 Bd
Maréchal Juin, F-14050 Caen 4, France

Topotactic modifications of solid oxides at moderate temperature ideally enable the tuning of
structural and physical properties in a remarkable manner. It most often involves changes of
the anionic sublattice, while the charge of the rigid cationic framework eventually self-adapts
via metal redox centers.' At the other side, the topotactic modification of the cationic
sublattice mainly concerns the (des)intercalation of mobile ions, at the basis of the strategical
research for mobile energy. Most rarely, it happens that the metal framework itself
participates to extrusion phenomena, while metal is displaced outside crystalline domains.
Increasingly intriguing can we find a handful of compounds that exhibit a spontaneous
extrusion of lattice cations only driven by temperature, e.g. nano-sized particles of the olivine
LiFe?*PO, transforms into LiFe?**,.,PO, as soon as 140°C in air with co-formation of Fe,05
clusters.>® This scarce behavior seems restricted to ferrous Fe?* ions*, reminiscent of the
exsolution of Fe-rich inclusions in minerals or meteorite rocks.>®

In searching for potential candidates for such reactions, we have intuitively focused on
BaFe?*(PO,), recently prepared in our group.” It was identified as the first 2D-Ising
ferromagnetic oxide with an original reentrant structural transition at low temperature.? This
phenomenon is driven by the specificities of high-spin Fe?* ions arranged in disconnected
honeycomb layers. Indeed, it possesses all prerequisites for cationic lattice instability since
ferrous ions form bidimensional (2D) layers separated by large interleave of ~7.8 A. Such
features could mediate cationic diffusion outward out exaggeratedly depleted Fe-sublattices.
Also, all oxygen atoms are tightly hold to the structure by strongly covalent P-O bonds,
which could reinforce the preferred modification of the cationic array. In this lecture we will
show how above 375°C in air, BaFe?*,(PO.), topotactically oxidizes into an iron-depleted
compound with mixed Fe?*/Fe** valence. This process is characterized by :
a) An efficient Fe-extrusion even from single crystal with preservation of the initial
crystallinity and segregation of Fe into external nanosized Fe,O3 domains.
b) The structure of the deficient BaFe,.x(PO4), (x<~0.66) are fully ordered for particular
x values x= 0.29, x=1/3 with creation of novel types of depleted triangular lattices. In
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addition we have recently shown that the Fe-extrusion into fully ordered mesoscopic
domains can occur even at room temperature, promoted by particular media such as
grease.

c) Under flowing H,/Ar, Fe is reincorporated in the original structure on heating, as
reproduced under the electron beam in a transmission microscope.

d) After Fe extrusion the insulating ferromagnetic compound turns into an
antiferromagnetic semiconductor, which offers promising perspective for further 2D-
lattices created by Fe-extrusion using Fe/M mixed isomorphs (to be presented here as
well).

b)

BaFe,(PO,), BaFe, 7, (PO,),

Figure 1: a) physical changes accompanying the Fe-extrusion and modification of the FeOsg
based honeycomb lattice : from the pristine honeycomb lattice (a) to fully ordered Fe-
depleted-lattices in x=0.29 (b) and x =0.33.

It follows that this reversibility of this phenomenon opens broad possibilities for the prospect
of new inorganic materials, but also for the controlled modification of oxides, e.g. the
transformation of insulators into semiconductors, the changes of magnetic couplings ...etc.
Besides, the general interest of low-D electronic materials and their possible connection to
magneto-dependent transport and spintronic specificities, it is worth proposing that the
controlled tuning of cationic vacancies rather than the standard modification of the anionic
vacancies appears as an innovating alternative to tune redox of oxides.
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Controlling Reactions at Solid-Solid Interfaces: Access to New Materials
with Designed Nanoarchitecture

David C. Johnson

Materials Science Institute and Department of Chemistry, University of Oregon, Eugene,
Oregon, USA

We have developed a synthetic approach to new materials that uses composition control on
an Angstrom length scale to control solid-state reaction pathways (Figurel), leading to the
self-assembly of new nanostructured compounds consisting of two or more compounds with
different crystal structures that are precisely interleaved on the nanoscale.[1] By avoiding
compounds on equilibrium phase diagrams, we have prepared hundreds of new metastable
compounds with designed nanostructure, including structural isomers. Many of these
materials have unprecedented physical properties, including the lowest thermal conductivities
ever reported for a fully dense solid,[2] systematic structural changes dependent on
nanostructure,[3,4] and unusual electrical behavior.[5] The designed precursors also enable
diffusion to be followed and quantified over distances of less than a nanometer, providing
insights to the mechanism that gives control of the nanoarchitecture of the final product. We
believe the ability to prepare entire families of new nanostructured compounds and
equilibrating them to control carrier concentrations permits a new “thin film metallurgy” or
“nanochemistry” in which nanostructure and composition can both be used to tailor physical
properties, interfacial structures can be determined for precisely defined constituent
thicknesses, and interfacial phenomena and modulation doping can be systematically
exploited.

Figure:
T Sequence T Sequence
repeats repeats
D Aot
substrate substrate
As-deposited precursor Resulting intergrowth
Fig. 1
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Mechanical Effects in Dynamic Crystals — A Revival

Pance Naumov

New York Univesrsity Abu Dhabi, Abu Dhabi, United Arab Emirates

The classical perception of single crystals of molecular materials as rigid and brittle entities
has downsized the research interest in mechanical effects that had been initiated and was
active back in the 1980s. More recently, the modern analytical techniques for mechanical,
electron-microscopic, structural, spectroscopic and kinematic characterization have
contributed to accumulate compelling evidence that under certain circumstances, even some
seemingly rigid single crystals can deform, bend, twist, hop, wiggle or perform other
‘acrobatics’ that are atypical for non-soft matter. These examples contribute to a paradigm
shift in our understanding of the elasticity of molecular crystals and also provide direct
mechanistic insight into the structural perturbations at the limits of the susceptibility of
ordered matter to internal and external mechanical force. As the relevance of motility and
reshaping of molecular crystals is being recognized by the crystal research community as a
demonstration of a very basic concept—conversion of thermal or light energy into work—a
new and exciting crystal chemistry around mechanically responsive single crystals rapidly
unfolds.
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Development of novel borides, silicides, sulfides, and oxides, as effective
thermoelectric materials through particular features of crystal structure

Takao Mori P

% National Institute for Materials Science (NIMS), Tsukuba 305-0044, Japan;
® University of Tsukuba, Tsukuba 305-8671, Japan.

Approximately two thirds of all primary energy (fossil fuels, etc.) being consumed in the
world, sadly turns out to be unutilized, with much of it being waste heat. The direct
conversion of waste heat to electricity is a large incentive to find viable thermoelectric (TE)
materials and efforts worldwide are intensifying [1]. One need exists to develop TE materials
which can utilize high temperature unutilized/waste heat in thermal power plants, steelworks,
factories, and incinerators, etc. We have been focused on developing novel mid to high
temperature thermoelectric materials through focusing on particular features of the crystal
structure. | will give an overview on this strategy, which has yielded promising systems in the
medium to high temperature range on materials based on novel borides, silicides, oxides, and
sulfides.

Particular network structures engender intrinsic low thermal conductivity, an inherent
advantage for TE application. Rattling is well known in cage compounds [2], but several
novel mechanisms [3,4] have become clear like boron dumbbells (Fig. 1) and “building
defects” in layered borides (Fig. 2) [5].

Doping into the voids and framework of boron cluster compounds are powerful routes to
control the thermoelectric properties. For example, through transition metal doping into the
voids, o of YB2,C,N, the potential n-type counterpart to boron carbide, could be increased by
220% while electrical resistivity was simultaneously reduced by more than 100 times [6].
Carbon substitution into the framework was also shown to be effective. Recently, excellent
(Jo>200 uV/K) p-type or n-type characteristics could be controlled in Y -osAlyB14 by varying
occupancy of the Al site (Fig. 3) [7]. This is p, n control with same crystal structure (i.e. good
matching) and no necessity for doping of foreign elements (i.e. no migration problems). The
discovery is surprising, since in metal borides, the metal site occupancies are typically with
small homogeneity region. Theoretical investigations reveal the stable configuration of the
atomic sites and density of states variation behind the thermoelectric properties.

The borosilicide RB1gSis which has notable silicon and boron bonding, was also synthesized
in large amounts for the first time with a one-shot sintering utilizing SPS. The thermoelectric
properties reveal that this is a p-type boride with large Seebeck coefficients at high
temperatures. Boron sulfide BsS1.« also exhibits large Seebeck coefficients with indications
that this can be a much lower processing temperature replacement to boron carbide, one of
the few TE materials previously commercialized [8]. Hole-doped CuFeS, has shown
enhanced thermoelectric properties proposed to be due to magnetic interactions [9]. A
homologous Ga-Zn-O with novel structure is a new n-type oxide which has low thermal
conductivity and good thermoelectric performance at least as good as the well studied 1ZO
[10]. I will present further results on SPS processed samples.
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Solid state electrochemistry: a tool for synthesis and characterization of

solids
C. Delmas, M. Guignard, D. Carlierand J. Darriet
ICMCB-CNRS, Université de Bordeaux,
87, av. Dr. Schweitzer, 33608 Pessac, France

Researches on battery materials has considerably increased during the last 30 years due to the
huge development of lithium-ion batteries for portable devices (laptops, cellular phones, ...)
and more recently with the need to store energy in order optimize its consumption. The next
goal is the development of batteries for electric vehicles and their use into the grid.
Nevertheless, the aqueous batteries (Ni-Cd, Ni-MH and Lead Acid) are always used in
numerous applications thanks to their low price. In most of the batteries, the intercalation
(deintercalation) of monovalent cations (H*, Li*, Na’) and electrons is the basic
electrochemical reaction. The cell voltage is equal to the difference in Fermi level between
the two electrodes. If one electrode exhibits a constant voltage it can acts as reference and
therefore, the cell voltage reflects all structure modifications which occurs on the material
upon intercalation. Fig. 1 gives the change in the cell voltage when the process occurs
through a solid solution. The change is cell voltage depends on: (i) the electronic band filling,
(i1) the change in the band structure due to change in composition, (iii) the modification of
the Magdelung energy. In the schematic example reported in Fig. 1 the monotonous
decreases of the voltage during the intercalation reaction indicates that the reaction occurs
through a monophasic domain. In numerous cases, the reaction mechanism is more
complicated and involves biphasic domains and/or formation of materials with a specific
composition. The voltage vs composition curve is much more complicated and gives directly
the phase diagram on the studied system. Fig. 2 gives the cycling curve obtained from the P2-
Nao.73VO; phase.

For the solid state chemist the studies of the electrochemical reaction using a battery open
new possibility to determine phase diagram at RT, but also to synthesize new metastable
phases from a precursor made by classical solid state chemistry.

In this presentation we report here about the Na,VO,, systems with a special focus on the
phase diagram. Depending on the composition and the experimental conditions O3 or P2
structures are obtained for the layered starting phases. The structures of all starting materials
were determined by Rietveld refinement of their X-Ray diffraction patterns. As the
transformation between O3 and P2 structural types would require M-O bond breaking, the O3
and P2 systems present different behaviors although they have the same chemical formulae.

The electrochemical study was carried out in sodium batteries with a solution of NaClO,4 or
NaPFg in propylene carbonate as electrolyte. For all materials, a very good reversibility of the
electrochemical process was observed. In all systems at least 0.5 Na can be cycled that
corresponds to a capacity higher than 130 mAh/g of active material.

Three different phases were obtained for the Na1,, VO, composition depending of the packing
of the starting material. These phases exhibit very similar sodium ordering in the interslab
space but very different vanadium ordering in the VO, slab. Depending on the oxygen
packing the vanadium ions can be isolated or can form pairs or trimers within the VO, slab.
A general overview of the properties of these materials will be presented with a special focus
on the structures and the properties.
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Is there a general reaction pathway for Li insertion into cubic spinel
materials?

Wolfgang Bensch,? Stefan Permien,? Sylvio Indris®

%Institute of Inorganic Chemistry, University of Kiel, Max-Eyth-Strale 2, 24118 Kiel,
Germany

® 2|nstitute for Applied Materials — Energy Storage Systems, Karlsruhe Institute of
Technology, P.O. box 3640, 76021 Karlsruhe, Germany

The classical chemical reactions in Li-based batteries are intercalation and deintercalation of
Li into a host material during the discharge and charge processes. The crystal structure of the
host is only slightly affected during the reactions and remains almost intact during cycling [1,
2]. An attractive alternative is the so-called conversion reaction in which an electrode
material with general formula TMQy (TM = metal; Q = anion) is consumed by Li and
reduced to the metal TM and a corresponding Li compound according to the equation

TMyQy + 2y & + 2y Li* <> Xx[TM]° + yLi»Q

For such conversion reactions specific capacities larger than 500 mAhg™ can be achieved
because 2y/x Li ions can be converted per TM ion [3]. In addition, the capacity can be tuned
by selecting compounds with TM ions in high oxidation states and the strength of the metal-
oxygen bond determines the potential of a battery cell. Cubic spinel materials with general
formula AB,Q,4 (A = Mg, Co, Cu, Mg, Ni, Zn, Mn etc.; B = Cr, Mn, Fe, Coetc.; Q =0, S,
Se) are attractive candidates for conversion reactions due to the pronounced compositional
flexibility. Many spinels contain earth abundant and cheap elements and some are also
environmentally more benign than e.g. Co. In the first study of Li insertion into a spinel
(Fe30,) it was proposed that at a critical Li concentration the Fe** ions on the tetrahedral 8a
site are cooperatively displaced to empty octahedral 16 c sites and the end composition
corresponds to the partially ordered rocksalt phase Li;Fe3O4 with all Fe and Li ions located
on octahedral sites [4]. In a recent study on the Li insertion into nanosized partial inverse
MnFe,0, applying a variety of analytical techniques like in-situ Quick EXAFS, X-ray
diffraction, Mossbauer spectroscopy, HRTEM, ‘Li-MAS NMR, and electrochemical
measurements we were able to formulate a detailed reaction mechanism [5]. At the beginning
of Li insertion Fe** on 8a site is reduced and is displaced to the empty 16 c site. All results
suggest that only a very small amount of Li is intercalated. For 0.7 Li per MnFe,O,4 further
Fe** is reduced and Mn®" being located on the 8a site moves to empty octahedral sites thus
forming a defect NaCl-type structure. The X-ray powder pattern for 2 Li per MnFe,O4
demonstrate the disappearance of the spinel and only reflections of a monoxide with rocksalt
structure are observed. For larger Li contents a conversion into nanosized metal particles
dispersed in a Li,O matrix occurs. In a further study the reaction mechanism between Li and
MgFe,0,4 was investigated. Figure 1 shows a sequence of X-ray powder patterns recorded at
different Li concentrations. With increasing Li content per formula unit the intensity of the
reflections decrease while new reflections start to appear and become more intense during Li
insertion. The pattern for 2 Li per MgFe,O,4 can be refined assuming a monoxide with the
NaCl-type structure. Increasing the amount of Li leads to a successive disappearance of the
reflections of the monoxide.
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In the talk results of our investigations on the reaction mechanisms of Li insertion into
different cubic spinel materials are presented and discussed.
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Design and Optimization of Crystalline Hybrid Materials
for Use in Rare-Earth Free WLEDs

Jing Li, Xiao Zhang, Wei Liu, Qihan Gong, Zhichao Hu, Debasis Banerjee,
George Z. Wei, Yang Fang

Department of Chemistry and Chemical Biology
Rutgers University, Piscataway, NJ 08854, USA

Solid state lighting (SSL) technologies, primarily light emitting diodes (LEDs) and organic
light emitting diodes (OLEDSs), are rapidly developing in recent years. The main advantages
of SSL, compared to conventional lighting sources, are lower energy consumption, higher
efficiency, and longer lifetime.® White light emitting diodes (WLEDs) are of particular
interest because of the great need in general lighting and illumination applications. Common
approaches to fabricate WLEDs include blending of three primary colored LED chips,
namely red (R), green (G), and blue (B) or RGB diodes, or combination of a blue (or UV)
LED with a yellow or white phosphor or multi phosphors. At the present time, commercially
available WLEDs are predominantly phosphor based (e.g. a yellow emitting phosphor
YAG:Ce** coupled with a blue emitting InGaN/GaN diode). However, supply shortage for
rare earth metals, specially europium, terbium, and yttrium may seriously impede the future
growth of SSL technologies.>* To resolve this problem, it is vital to develop new types of
phosphor materials that are free of REEs. A number of REE-free white-light phosphors have
been reported, including organic molecules and inorganic nanomaterials.>® But all of them
suffer from either low luminous efficiency or high cost, or both.

Since our first discovery of 1I-VI based Cd,S,(L) (L = organic monoamines) white
phosphors,'® we have made significant progress to improve their quantum yields (QYs), from
the initial 3-4% to the current >40%, an increase of more than 10 times.** Very recently, we
have also expanded our research to explore several other hybrid material classes. By
systematically controlling dimensionality of the crystal structures and changing chemical
composition of the compounds, we have successfully developed a number of yellow and
white phosphors by simple and cost effective solution synthesis. The high quantum yield and
optimum color quality, coupled with solution processability, make them highly promising for
use as REE free phosphors in WLEDs.
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Oxide nanosheets as water splitting catalysts: a structural perspective
Scott T. Misture

Kazuo Inamori School of Engineering, Alfred University, Alfred, New York, USA

Bi,NaCaNb3;01, (BCNN) is an Aurivillius phase with [Bi»0,]** sheets interleaved between
perovskite-like layers (Fig. 1). Topochemical conversion to the protonated form may be
achieved using simple acid treatment that removes the [Bi,O,]** sheets, protonates the
perovskite sheet surfaces, and introduces interlayer water. Subsequent exfoliation of the ion-
exchanged phase then yields suspensions of nanosheets that can be used as photocatalysts, or
re-assembled with themselves or with particles to make composite photocatalysts. The
process is generally applicable and we demonstrate the ability to make nanosheet catalysts
with 2, 3, 4 or even 5 octahedral layers. Furthermore, we have developed a new process to
exfoliate the protonated forms using a chemomechanical approach, without the aid of organic
exfoliating agents. Therefore, our niobate nanosheets are pristine, without adsorbed organics.
The nanosheet suspensions demonstrate remarkably high photocatalytic activity for water
splitting to produce H,, ranging from 20,000-44,000 umol/h/g with no added cocatalyst. In
contrast, the photoactivity of the proton-exchanged form is some 50 times lower. The
structural and electronic origins of the remarkable photoactivity of the pristine nanosheets
remain poorly understood.

Powder XRD data for protonated BCNN suggest stacking disorder that differs from
turbostratic disorder in the proton-exchanged form. Multiple models were used to fit the XRD
data. Of these, only models which allow incommensurate shifts along the a-b plane of the
perovskite sheets, along with varied interlayer spacings, can successfully describe the data.
Optimized models show that the interlayer shifts between successive perovskite blocks are
centered on the expected commensurate value (0.25 along a- and b-axes) but with a broad
distribution. Likewise, the absolute interlayer spacings show a broad distribution, ranging
from 1.80 to 4.13A, with an average value of 2.37(53)A, yielding physically-reasonable
oxygen-oxygen distances. On average, one H,O per formula unit can be accommodated in
the interlayer galleries in the superstructure model, but again with a wide distribution from
layer to layer.

Additional structure characterization using neutron total scattering provides the first direct
evidence that ferroelectric structure distortions in the parent phase are maintained in the
exfoliated nanosheets. Optically, nanosheets in aqueous suspension and wet ion-exchanged
BCNN show strong near band edge emissions at 350 nm, which is quenched after air drying
to remove the labile water. Dry proton ion-exchanged BCNN fluoresces red light with an
exceedingly sharp and intense emission at 692 nm. Detailed modeling of inelastic neutron
scattering (INS) data indicates that water reversibly physisorbs to surface Nb-OH sites to
functionalize the nanosheets, suggesting that adsorbed water functionalizes the nanosheets.
Furthermore, the INS study provides a picture of the surface structure, with protons
terminating most surface oxygens, and dynamically exchanging with Zundel cations, (Hs0,"
ions), with the remaining surface sites coordinated by free water constrained by adsorption to
act as a surface ligand. In combination, the data indicates that the off-centered Nb ions within
the nanosheets provide internal electric fields to promote charge separation and increase the
photoreaction rate. It is interesting to note that the high photoreaction rates are not typical for
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oxides without a cocatalyst, suggesting that the nanosheets have very different surface
properties than bulk materials that facilitate long-lifetime excited states.

The nanosheets may also be re-assembled to form 2-D and 3-D structures, where the porous
3-D assemblies likewise show very high photoreaction rates. Figure 1 shows an overview of
the various catalyst forms.

Figures:
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Fig. 1. Overview of the ion-exchange, exfoliation, and re-assembly processes to produce
nanosheet suspensions, nanosheet-particulate composites, and 3-D mesostructures from the
parent Aurivillius phase BizAn.1BnOsnss.
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Redox reactions for preparation of intermetallic compounds

Yuri Grin

Max-Planck-Institut fur Chemische Physik fester Stoffe, Dresden, Germany

Traditionally, intermetallic compounds are prepared by direct interaction of the elements,
which can be realized in form of the homophase reaction (in melt or in solid state) or of the
heterophase reaction (solid-liquid, in particular for the single crystal preparation). Full
understanding of the composition, structural features and — as a consequence - creation of the
new preparation routes to the intermetallic compounds requires re-consideration of the
traditional chemical tools like oxidation numbers and their application to this group of
inorganic materials. The concept of the electron localizability is employed to understand
chemical bonding in intermetallic compounds and get new access to their chemistry. Utilizing
the oxidation of chemically active intermetallic phases, a new way to prepare intermetallic
clathrates was developed. Applying heterophase liquid-solid or gas-solid processing and
depending on the process condition it may lead to an ‘empty’ clathrate — a new modification
of elements of the group 14, e.g. germanium [1], or to metastable clathrate-I or clathrate-I1I
phases [2,3]. lonic liquids used as the reaction medium are also participating in the reaction
with complex mechanisms including several organic intermediates [4]. Redox reactions
leading to new intermetallic compounds can be performed as solid-solid process under high
pressure as this was shown for CsgGeas [5]. Another route to obtain new clathrate phases is
application of electrical field, e.g. using the spark-plasma technique and separation different
subreactions within the reactor space [6,7].

The so-obtained intermediate phases are often metastable and decompose at elevated
temperatures passing several non-obvious stages. So the clathrate-1 Bag »Siss - synthesized by
oxidation of BayLi,Sis with gaseous HCI [2] — undergoes complex structural rearrangement
by increasing temperature including Ba redistribution between different cages along with the
formation of vacancies within the silicon framework [8].
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Thermoelectric oxides and sulfides: understanding the structure property
relationships
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Strongly correlated systems have attracted much interest for thermoelectricity. In particular,
the different physics of transition metal oxides, as compared to that of degenerate
semiconductors as the Bi,Tes prototypical thermoelectric material, leads to an unusual T
dependence for the Seebeck coefficient (S) as illustrated for ruthenates and layered cobaltites
[1]. Magnetic ordering can also play a role on S as demonstrated in several ruthenates derived
from the SrRuOgj perovskite (quadruple perovskites and LassRusOi3 [2]). Despite that
magnetism plays a role, the power factor (PF) of all these magnetic oxides (PF=S%/p, where p
is the electrical resistivity) remains too limited, with PF30x~10*W.K2.m™. This motivated
the study of more covalent materials such as sulfides (and selenides).

Higher PF value, PF30x~10°W.K%.m™, is reached in the CoS, itinerant ferromagnet, a
ceramic sample densified by SPS [3]. However, its 3D pyrite structure leads to a too high
thermal conductivity (isoox~10W.K™.m™). In that respect, the 2D structures, offer the
possibility to tailor the thermal conductivity. For that purpose, chemical intercalations and
substitutions in TiS, have been performed for both dense ceramics and crystals [4-7].
Intercalations between two successive TiS; slices, by Cu or Co ions [4, 7], lead to a strong
reduction of the lattice part of k. Similar effects are reached by substitutions at the Ti or S
sites [5, 6].

In the crystals case, different growth routes have allowed us to compare the effect of Co
intercalation (Coo4TiS,) with the composite effect of CoS, dots deposited on the TiS,
crystal surface [(C0S2)004TiS2] and also with the effect of self-doping according to the
Ti1+xS, formula [7]. It is expected that the phonon glass limit could be reached in these
layered materials as found in the AgCrSe, layered selenide [8], a zT=1 at 800K
thermoelectric material.
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Conventional routes to mixed-metal materials are based on direct solid state reactions of
simple metal compounds and often require high temperature/high pressure processes. In the
recent years, a broad variety of synthetic procedures to obtain the desired products under mild
conditions have been developed. Those received the common name of Soft Chemistry
(Chimie Douce) approach, and can be divided into three general categories: (1) chemical
vapor deposition (CVD) and atomic layer deposition (ALD); (2) solution deposition, such as
sol-gel technology and metal-organic decomposition (MOD); (3) physical vapor deposition,
including radio-frequency and magnetron sputtering, ion beam sputtering, molecular beam
epitaxy, and laser ablation. The majority of these techniques involve the application of metal
complexes with organic ligands, which are easily hydrolytically or thermally decomposable
substances usually referred to as Molecular Precursors.

The interest in materials that incorporate more than one type of metal atoms has brought a
great need for Single Source Precursors (SSP) — molecules containing all the necessary
elements in the proper ratio and decomposable in a controllable manner under mild
conditions. Single-source precursors are known to have significant advantages over the
mixtures of homometallic complexes (Multi-Source Precursors): (i) homogeneity at the
molecular level as a consequence of the intimate mixing of the elements in a single molecule
that diminishes diffusion problems in the following reaction steps; (ii) easier control of the
stoichiometry, at least for simple compositions; (iii) limiting the chances of pre-reactions in
the gas phase and overcoming the problem of differences in thermal behavior or chemical
incompatibility of the different precursors; (iv) formation of crystalline materials at
significantly lower temperatures, which opens broad opportunities for synthesizing new
multimetallic phases that do not exist at higher temperatures; (v) more flexibility in
preparation of functional materials, since the single source precursors can be used with both
spin-casting techniques to grow thin films and with thermolytic/hydrolytic procedures to
form discrete crystallites.

Our group has developed a new class of heterometallic main group/transition metal p-
diketonates [1-4] that can be used as effective single-source precursors in preparation of
functional materials. In the course of this work we focus on volatile precursors that are
suitable for MOCVD preparation of thin films and nanocrystals. We design heterometallic
complexes that are stable, resistant to hydrolysis and exhibit clean, low-temperature
decomposition pattern as well as proper metal:metal ratio for the desired material.
Heterometallic diketonates were shown to be universal precursors that can be employed in
the preparation of a wide variety of materials: oxides, silicates, fluorides, and phosphates.
Heterometallic molecules are also explored for the synthesis of new prospective materials
that cannot be obtained by conventional solid-state synthesis. The potential of the single-
source precursor approach and its advantages over conventional synthetic methods as well as
over multi-source precursor technique will be presented.
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Layered oxides, chalcogenides and halides embrace rich intercalation reactions to
accommodate high concentrations of foreign species within their structures, and find a variety
of applications spanning from energy storage, ion exchange to secondary batteries. Light
alkali metals are generally most easily intercalated or ion-exchanged due to their light mass,
high charge/volume ratio, and in many cases strong reducing properties. An evolving area of
materials chemistry, however, is to capture metals selectively which is of technological and
environmental significance but rather unexplored [1, 2]. Here we show that some layered
telluride displays exclusive insertion of transition metals (Zn, Cd, Cu, Fe, Me) [3] as opposed
to alkali cations, with tetrahedral coordination preference to tellurium. Interestingly, the
intercalation reactions proceed in solid state and at surprisingly low temperatures (e.g. 80 °C
for elemental cadmium). The new method of controlling selectivity provides opportunities in
the search for new materials for various applications.
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lon exchangeable layered perovskites of the Dion-Jacobson (DJ) and Ruddlesden-Popper
(RP) structure types have been effectively explored by many researchers as platforms for the
creation of new compounds under mild conditions. Topochemical reaction strategies based
on these starting materials have led to a series of new compounds with varied structural and
cooperative properties. Our efforts in this area have sought to build metal-nonmetal arrays
within the various hosts. Multistep reactions involving sequential intercalation of DJ
perovskites have resulted in new metal-halide and metal-chalcogen-hydride arrays while in
the RP systems, reactions based on ion exchange have been exploited to make a series of new
transition metal compounds. Details on the synthesis and characterization of these
compounds will be presented and the future of topochemical reaction strategies discussed.



Intemnational Symposium
on the Reactivity of Solids

56 Invited Lectures ISRS.18

Significance of Defect Chemistry for Reactivity of Solids

Joachim Maier

Max Planck Institute for Solid State Research, Stuttgart, Germany, s.weiglein@fkf.mpg.de

As the point defects in solids are the most reactive and most mobile species in a given solid,
it is their “chemistry” that needs to be understood as far as reactivity of solids is concerned.

The contribution essentially deals with two complementary examples: oxygen reduction
involving oxides and peroxides at high temperatures, and lithium storage in oxides and
sulfides at room temperature.

While in both cases the overall kinetics is determined by local chemical kinetics as well as by
transport steps, the charge carrier chemistry is different because of the different temperature
regimes. Unlike the high temperature situation, the room temperature situation is rather
characterized by interactions, frozen-in situations and ordering effects.

The contribution sets out the various parameters with the help of which the charge carrier
chemistry can be influenced. Two of these parameters that deserve special attention, are size
and phase complexity. Recent examples from the contexts of fuel cells and Li/Na-based
batteries show the power of these morphological tools.
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Temperature and pressure are equally important for reactivity of solids. However, if one
compares the number of publications describing solid-state reactions induced by heating at
ambient pressure as compared with those dedicated to the processes at high pressures, one
can see that the variable-temperature research obviously dominates. As some exception, one
can consider numerous publications discussing mechanochemical reactions, which result
from a mechanical action on solid samples (usually, milling). However, many of the
mechanochemical reactions are in fact of thermal origin, or take place in the fluid phases at
the inter-particle contacts [1 and refs. therein].

The aim of the present contribution is to attract attention to the role of high-pressure research
in relation to reactivity of solids. It can be considered in several aspects: 1) using high
pressure as a tool to synthesize new phases (quenchable on decompression, or used in devices
at high pressure in situ), 2) using high pressure to understand the mechanisms of reactions
induced by various types of mechanical action on solids, 3) using high pressure to understand
the role of internal stress and strain in reactivity of solids and feed-back phenomena, 4) using
high pressure to study the characteristics of intermolecular and interatomic interactions in
solids and their role in crystallization and in solid-state reactivity.

The following types of processes at high pressure will be considered: 1) pressure-induced
phase transitions in solids at ambient and variable temperatures, 2) crystallization of fluids at
high pressure, 3) crystallization of solids dissolved in liquids with increasing pressure or on
reverse decompression, 4) reactions in individual solids induced by pressure, also compared
with shear-induced transformations, 5) reactions between different phases at high pressures,
also in relation to the experiments in the diamond anvil cells and to mechanochemical
reactions in solid mixtures.

The importance of the high-pressure experiments in relation to all the Topical Areas of the
ISRS will be illustrated, in particular to the fundamental problems of the solid-state synthesis,
properties and reactivity, as well as to applications in geochemistry, planetary sciences,
physics, pharmaceutical and chemical technologies.

The research was supported in parts by Russian Academy of Sciences (including Integration
project 108 of the SB RAS, and Project 24.38 of the Praesidium of RAS), grants 13-03-
00795, 13-03-92704, and 14-03-00902 from RFBR, Russian Ministry of Science and
Education.
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The intrinsically anisotropic bonding in layered materials may enable a vivid intracrystalline
reactivity that allows for post synthetic functionalization via ion exchange or intercalation.
Melt synthesis of layered silicates not only allows for a subtle balancing of layer charge and
intracrystalline reactivity, it also delivers large and better ordered crystals of superb charge
homogeneity [1-3].

By npillaring such synthetic clay minerals by
molecules, a largely unknown class of microporous
hybrid materials is obtained that may be used for gas
separation and enantiodiscrimination [4-6].

Moreover, clay minerals represent anionic platelets
that may be spontaneously delaminated into singular
layers by osmotic swelling [7' 8] that differ from the
bulk materials in mechanical characteristics [9-11]
offering flexibility and high tensile strength at the
same time (Fig. 1). Incorporation of such large aspect
ratio fillers into polymeric matrices introduces huge
interface areas in such nanocomposites responsible for
pronounced reinforcement [12], excellent gas barrier
[13'14] and improved flame retardancy [15, 16].
Finetuning of intracrystalline reactivity, moreover, allows the synthesis of regular
heterostructures with two alternating types of interlayers (staging, interstratifications, Fig. 2)
[17]. Such interstratified materials may in turn be delaminated into double-stacks. With the
help of such heterostacks emitters may be oriented in a quasi-epitaxial way allowing for
polarized emission. Alternatively, they may be turned into Janus-type nanoplatelets [18]
representing efficient Pickering emulgators.

Figure 1: AFM toporaphil
image of a wrinkled Na-hec
nanoplatelet.

Figure 2: From regularly interstratified materials to Janus-type Pickering emulgators.
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Crystalline divanadium pentoxide, V,0s, is a key technological material widely used in
applications such as optical switches, chemical sensors, catalysts, and solid-state batteries.
The layered structure of this oxide is favorable for production of numerous nanostructures
and nanocomposites such as nanotubes or nanoscrolls, nanorods, fullerene analogues,
nanocables or nanourchins and various nanorings. Most of them exhibit properties, which are
very attractive for future applications in various areas of industry. For example, the high
specific surface area of the nanotubes (NT) renders them even more attractive as positive
electrodes in Li-ion batteries. The synthetic route employed in the preparation of the NTs
involves a sol-gel reaction and uses organic molecules as structure directing agents. The tubes
produced are up to 15 mm long and have inner diameters between 5 and 15 nm while the
outer diameters range from 15 to 100 nm. Their walls consist of several vanadium oxide
layers with the organic molecules intercalated in between them. The experimental works on
synthesis of the V,05 NTs and the experimental studies of their properties are numerous.
However the theoretical investigations of V,Os nanotubes and nanoscrolls are restricted to a
few publications of Enyashin et al., 2004, where the density functional based tight binding
method has been used.

At present time the preparation techniques and structure of three layered phases of the
divanadium pentoxide V,0s are known. The most stable phase is orthorhombic Pmmn a-
V,0s. The orthorhombic Pnma y-V,0s phase has been prepared by chemical and
electrochemical deintercalation of lithium from y-LiV,;0s. At 6 GPa and 1073 K the
monoclinic P2;/m B-V,0s5 has been obtained. All the three layered V,0s polymorphs
provide the free layers which potentially can be rolled up into the nanotubes.

In this work we present the results of hybrid DFT-HF calculations with PBEO exchange-
correlation functional of the structure and energy of V,05 bulk, single layers and single-wall
nanotubes. The basis of atomic orbitals implemented in CRYSTALO9 computer code (R.
Dovesi, at al., 2005) has been used in all simulations. All the lattice parameters and the
atomic positions have been totally optimized.

In agreement with the experimental data we have found that a-V,0Os is the most stable bulk
polymorph. We have estimated the formation energy of the considered systems according to
the equation: AE+,m(phase) = E(phase)/N(phase) — E,/N,, where E(phase), N(phase) and E,,
N, are the total energy and the number of formula units per translational unit cell in a given
phase and in the a-V,0s5 phase, respectively. The obtained stability of the three layered
phases decreases in order: a. > y > B. The relative stability of corresponding free layers of
V05 differs from that of the bulk phases and decreases in order: > o >y (see Figure 1a).

We have calculated the energy, atomic and electronic structure of nanotubes rolled up from
both the layers of a-phase (a-NT) and layers of y-phase (y-NT) with (n, 0) chirality. The
simulations have been performed in ranges from (6, 0) to (16, 0) which correspond to the NT
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diameters D from 20 A to 56 A. The largest considered D value is comparable to the minimal
inner diameters of the experimentally observed V,0s nanotubes.

The two factors may favor the nanotubes (NTs) formation. The first one is the low layer
formation energy, and the second — the layer flexibility defining the NT strain energy. All the
considered layers have the small values of the formation energy and thus satisfy the first
condition. Because of close values of their formation energy it is difficult to define a priori
which structure is more favorable for the supposed NTs. So, the second condition becomes
more important. The large rigidity of layer increases the NT bending strain energy and may
lead to break of the chemical bonds and loss of the layered structure.

We have calculated the strain energy Eg which is the NT formation energy with respect to
the 2D-periodic precursor layer: Esy = Ent/NNT — Elayer/Niayer, Where Ejayer, Niayer and Enr,
Nyt are the total energy and the number of formula units per translational unit cell in a layer
and in NT, respectively. The obtained data show that the strain energy of NTs just after
folding is considerable but becomes much smaller upon the NT relaxation (see Figure 1b).
Due to their unique flexibility, the relaxed y-NTs show almost zero strain energy for all
investigated n. The Eg values of the relaxed a-NTs are larger than those of y-NTs ones, but
quickly decrease with n increasing. When the difference between Eg;, values for a- and y-NTs
becomes less than the energy difference between a- and y-layers (0.8 kJ/mol) the formation
energy of a-NTs becomes more favorable than that of y-NTs. This alteration occurs at n = 12.
Hence, y-NTs or a-NTs are more stable at n <12 or n > 12, respectively.

At the relaxation process the change of bond distances is insignificant, and NTs mainly relax
through the modification of V-O-V and O-V-0O bond angles. The angle changes can be so
considerable as to provoke a conversion of concave angles to convex angles, especially for
small n. The relaxed NT structures are illustrated in Figure 1c for the both types of layers.
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We have investigated organic-inorganic hybrids that combine properties of the perovskite
structures and metal-organic framework compounds. The inorganic and organic components
of the hybrids introduce different functional properties. The chemistry of inorganic materials
is characterized by covalent and ionic interactions, offering the potential for a wide range of
band gaps or band widths with high carrier density and mobility, magnetic interactions,
ferroelectric transitions and thermal stability. On the other hand, organic solids typically have
their macroscopic effects dominated by weaker interactions like hydrogen bonds and Van der
Waals interactions. They provide nearly unlimited flexibility in structural diversity, good
polarizability and they can also be made conductive. The aim of investigating hybrid
materials is to combine properties from both the inorganic and the organic moiety in one
material and produce useful combinations or even completely new phenomena. Robust
magnetic properties, originating from transition metal ions forming the inorganic building
block, are combined with the easy processing and structural flexibility provided by the
organic block. The recent discovery of coexisting ferromagnetic and ferroelectic properties of
CuCly-based organic-inorganic hybrids is an example of such combined functionality.

We show that ferroelectricity and (anti-)ferromagnetism coexist in Cu- and Mn-based hybrids
and explore possibilities to optimize these phenomena by changing building blocks of the
compound. The magnetic properties of the hybrids are determined by the inorganic block,
while the ferroelectric properties arise from the bonding of the organic block. Importantly,
the magnetic response also changes with the introduction of different organic moieties. We
performed a systematic study of structure and magnetic properties of Cu-based hybrids with
general formula CuCI4(YNH3),. Our findings show that the magnetic response surprisingly
depends on the organic ligand. Also the magnetic anisotropy is different for different
compounds, despite the fact that the inorganic structural parameters are quite similar. We also
report that the magnetic properties, such as preferential orientation of the magnetization, can
change. Therefore, by varying the metal ions and organic ligands we can tailor the magnetic
properties such as Tc and the degree of anisotropy.

We report the coexistence of ferromagnetism and ferroelectricity in CuCl,(C¢HsC,H4NH3)2
. In this compound the organic moiety induces a ferroelectric state above room temperature.
We show that the organic-inorganic interface plays a crucial role for the ferroelectric
properties of the compounds. In particular, the ferroelectric transition at 340K is caused by
the buckling of the inorganic CuClg octahedra, inducing NHj3; group hydrogen bonds
reordering and a site-shift of the organic moiety.

Another interesting family is the NiCls-based organic-inorganic hybrids. Ni-hybrids with
general formula NiCl3(YNH3),, represent 1D magnetic S=1 chains, where magnetism
originates from chains of NiCl;z face-sharing octahedra, separated by the organic molecules.
We show that the magnetic properties of the inorganic block can be subtly tuned by using
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different organic moieties. Different organic moieties cause structural modifications,
resulting in changes of the intra-chain magnetic interactions. Remarkably, the in-chain
nearest neighbor exchange constants J can be substantially modified for different compounds,
even though the Ni-Ni distances and Ni-CI-Ni angles in the chain are very similar.

We performed systematic structural and magnetic studies of Ni-based hybrids with different
organic ligands. It was found that variation the organic moiety introduce subtle changes in the
relevant structural parameters of the inorganic chain responsible for the magnetism, such as
the intra-chain and inter-chain Ni-Ni distance. Thus, by introducing different organic ligands
we can tune the magnetic properties of the spin chains and induce 3D magnetic order at low
temperatures, even though the inorganic chains are well separated.
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A

Figure 1:\ Crystal structure of an isolated CoCl4-based hybrid, a 1-dimensional NiCl3-based
chain hybrid and a 2-dimensional CuCl,-based hybrid, that is ferromagnetic and ferroelectric.
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Figure 2. Cartoon of the buckling of the CuClg octahedra resulting below 340K in a
ferroelectric polarization by hydrogen bonding and an organic moiety site-shift.
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Most of the work devoted to the search of high temperature superconductors (HTSC) has
relied upon the cationic substitution in orthorhombic CuYBa,Cu,07-5 (YBa,Cu3O7s,
YBCO or Y-123). Since its discovery, several cation substitutions were made for the small
ion copper and for the large barium and yttrium ions. In all cases, substitutions for copper
were found to decrease superconducting transition temperature (T¢) and, concomitantly to
this, it has been observed a progressive decrease of the orthorhombic distortion with
increasing the substitution degree, ending in a more symmetric tetragonal structure. From the
structural point of view, the superconducting CuYBa,Cu,0O7_s and related phases contain two
crystallographically distinct Cu sites: the chain site (Cul), forming the so-called CuO chain
and the square-pyramidal (Cu2), which base forms the CuO, planes. The connecting layer
(CuO chain) can act as a charge reservoir by supplying the carriers necessary for
superconductivity to take place in the CuO, planes [1-3]. When Ba is fully replaced by the
smaller Sr cation, the strontium analogue of the “123”-YBCO superconductor, that is
CuYSr,Cu,07-5 (YSCO, Tconset = 60K), can only be prepared at high pressure [4]. However,
these phases can be stabilized at ambient pressure by substituting Pb, Li, Al, Ti, V, Cr, Fe,
Co, Ga, Ge, Mo, W, Re, Rh and Ir partially or completely for the Cu in the chains [5-8].

As molybdenum can exists in several-oxidation states (commonly IV, V, VI in oxides), it is
of interest to investigate the effect of Mo substitution for copper in the crystal structure,
magnetic properties and superconductivity in “123” superconductors. Also, it is important to
examine the effect of Mo-substitution on the oxidation state of copper to understand the
superconductivity in these types of materials. Previous work on Mo-stabilized
CuRESr,Cu,07-s (RE = Rare earth,) [9] phases clearly stated that these compounds display a
superconducting transition centering around 30 K, with the exception for the bigger RE = La,
Pr and Nd lanthanide-compounds, which are not superconducting [9]. Recently, our work on
MoyCu1Sr,YCu,0y has revealed that full replacement of Mo for Cu in the chain site is not
possible at ambient pressure [10]. Superconductivity (T¢ = 30 K) and magnetic ordering (T
= 5.4 K) has been found in Moo3Cuo7Sr,TbCu,Oy material [11-13]. On the other hand,
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Moo 3Cup7Sr,TmCu,0Oy shows an interesting spin glass to superconducting phase
transformation following an oxidation reaction [14].

In this paper, we report the detailed crystal structure determination both at room temperature
and at 1.5 K, as determined by the joint X-ray/neutron powder diffraction (NPD) refinement
and Transmission Electron Microscopy as well as the magnetic and superconducting
properties for the as prepared (AP) and oxygenated Moo 3Cug7Sr2ErCu,Oy samples. The
influence of oxygenation in the electronic states for the Mog3Cug7Sr2ErCu,Oy system
associated with an oxidation reaction leading to a superconducting state has also been studied
by means of X-ray photoelectron spectroscopy.
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A major target in the development of solid-oxide fuel cells (SOFC) is the decrease of their
operating temperature down to 550-750°C (intermediate temperature SOFC or IT-SOFC). For
this purpose standard cathode material based on Sr doped LaMnO3 (LSM) should be replaced
by oxygen-deficient perovskites with 3d-elements like Fe, Co, Ni or Cu. Requirements for
cathode materials for IT-SOFC include high electronic and oxide-ion conductivities, high
catalytic activity for oxygen reduction, thermal expansion coefficient (TEC) match with that
one for electrolyte and absence of chemical interaction with neighbouring components of fuel
cell. In the present study influence of the crystal structure and chemical composition on the
properties of perovskite-related cobalt and copper oxides important for their use as cathode
materials for IT-SOFC are discussed.

Complex perovskite-related cobaltates with Co*>* fit perfectly to the majority of the
requirements for cathode materials for IT-SOFC listed above. However, they posses high
TEC due to thermally activated transition between low (LS) and high-spin (HS) state of Co>".
One of the ways to decrease their TEC is to reveal cobaltates with HS Co®" in ground state.
Such compounds can be found among cobaltates with brownmillerite-type structure.

Cuprates R,CuQy4, R — rare-earth cation with layered crystal structures contain perovskite
slab alternating with rock-salt slab (R=La, so called T-phase) and fluorite slab (R=Nd-Gd, so
called T’-phase) are considered as prospective cathode materials for IT-SOFC due to their
low TEC (~12 ppm K™) and moderate high-temperature conductivity (>100 S/cm for
Pr,CuQ,). Correlation between the presence of the particular structural slab in the crystal
structure of layered cuprates and their high-temperature oxide-ion conductivity is discussed.
This work was partially supported by RFBR (grant no. 14-03-01083) and MSU-development
Program up to 2020.
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Introduction

The biomedical scientific community is dedicating a growing effort to design implantable
bioceramics that fulfill particular clinical needs. To achieve this goal it is essential that
material surface exhibit suitable reactivity once in contact with physiological fluids and living
tissues.[1] Silica-based mesoporous materials exhibit unique structural and textural features
that make them promising bioceramics with drug delivery and bone regeneration capabilities.
[1-3] Nonetheless, the reactivity of bone implants is a major concern, since they can be ideal
substrates for bacterial adhesion and growth, leading to postoperative implant infections. [4]
Thus, the current challenge relies in tailoring the surface reactivity of mesoporous materials
to inhibit bacterial adhesion and permit loading and releasing antibiotics in a sustained way.
Herein, zwitterionic SBA-15 type mesoporous material was synthesized by a one-step method
using [N-(2-aminoethyl)-3-aminopropyl] trimethoxysilane (DAMO) as functionalizing agent.
DAMO holds basic primary and secondary amine groups capable of interacting with silanol
groups of the silica matrix, providing it of zwitterionic nature (Figure). The low bacterial
adhesion capability of this zwitterionic SBA-15 was in vitro evaluated using S. aureus.
Moreover, this matrix was tested as cephalexin (CPX) delivery system, an antibiotic used to
treat some pathologies caused by bacteria including dental infections and otitis media.

Materials and Methods

Zwitterionic SBA-15 type mesoporous material was synthesized by solving the non-ionic
surfactant Pluronic P123® into acidified water. Then, appropriate amounts of tetraethyl
orthosilicate (TEOS) and DAMO were added (90/10 TEOS/DAMO molar ratio). After
hydrothermal treatment, surfactant was removed by solvent extraction, affording SBA-ZWIT
material. For comparative purposes, pure silica SBA-15 was synthetized. Materials were
characterized by chemical analysis, TGA, FTIR, XRD, HR-TEM-EDX, N, adsorption
porosimetry, *C and #Si solid state NMR and (-potential measurements. For bacterial
adhesion assays powdered samples were compacted into discs (6x1 mm) using uniaxial
pressure. Discs were incubated into a 1.5.10° CFU/mL of S. aureus suspension in PBS during
90 min at 37 °C under orbital stirring. The number of adhered bacteria was determined as
previously reported.[5] CPX loading was performed by soaking powdered materials in an
aqueous solution of CPX at 37°C during 24 h under stirring. In vitro delivery assays were
performed by soaking disc-shaped pieces of loaded materials into PBS at 37°C under
continuous stirring. The amount of CPX released was monitored by UV-Vis spectroscopy.

Results and Discussion

The effective functionalization process and the zwitterionic nature of SBA-ZWIT were
confirmed by FTIR spectroscopy, where the characteristic vibration bands of protonated
amine groups are detected in the spectrum. These results were also confirmed by **C NMR.
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The structural and textural characterization of materials indicates a highly ordered
arrangement of cavities distributed in 2D-hexagonal structure. TEM images and their
corresponding FT confirm these results. Moreover, N, adsorption analysis evidences good
textural properties of SBA-ZWIT to host drug molecules, being 553 m?/g, 0.8 cm®/g and 9.2
nm the surface area, pore volume and pore diameter values, respectively. The isoelectric
point of SBA-ZWIT, determined by C-potential measurements, was ca. 7.4, pointing to the
preservation of the zwitterionic character at the physiological pH. In vitro bacterial adhesion
assays with S. aureus demonstrated that SBA-ZWIT reduces the bacterial adhesion by 99.9%
compared to SBA-15 (Figure). Loading CPX tests indicate that SBA-ZWIT is able to entrap
the antibiotic molecules into the mesoporous channels, being ca. 13 mg/g the amount of drug
loaded. In vitro release assays in PBS proved that the diamine functional groups present in
SBA-ZWIT significantly decrease the release rate of CPX. Thus, after 400 h of assay SBA-
ZWIT released 40% of the loaded CPX, whereas SBA-15 released 100% of CPX.

Conclusion
Tailoring the surface reactivity of SBA-15 by providing it of zwitterionic nature permits
reducing bacterial adhesion and allows the sustained release of antibiotics.
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Multicomponent crystals with components present in a well-defined stoichiometric ratio
(salts and co-crystals) attract much attention. Multicomponent crystals containing amino-
acids are of special interest for studies at non-ambient conditions. They are interesting for
improving our understanding of factors determining the formation of a crystal structure and
its variations vs. temperature and pressure. They are also promising as new materials. A
remarkable feature of most of these compounds is that very short O-H...O hydrogen bonds
are present in the crystal structures. The structure-forming units in these crystals are similar
to those in the biopolymers and can be used as biomimetics.

The main aim of this study was to follow the effects of cooling and increasing pressure on
crystal structures of bis(DL-serinium) oxalate dihydrate, DL-alaninium semi-oxalate
monohydrate and glycine-glutaric acid co-crystal by combination of single-crystal X-ray
diffraction and polarized Raman spectroscopy selected as main experimental techniques.

The properties of several types of O-H...O hydrogen bonds in bis(DL-serinium) oxalate
dihydrate and DL-alaninium semi-oxalate monohydrate have been studied by a combination
of variable-temperature single-crystal X-ray diffraction and polarized Raman spectroscopy.
The changes in the hydrogen bonds geometry could be compared with the changes of the
corresponding spectral modes. The correlation suggested by Novak [1] is roughly followed,
better for medium and weak, than for short hydrogen bonds (Figure a). Fine details of
spectral changes are different for individual bonds. The way how H bonds are affected by
cooling depends on their environment in the crystal structure. Short O-H...O hydrogen bonds
in bis(DL-serinium) oxalate dihydrate expand or remain almost unchanged on cooling,
whereas in DL-alaninium semi oxalate monohydrate all strong H-bonds are compressed
under these conditions. The distortion of individual hydrogen bonds on temperature
variations is correlated with the anisotropy of lattice strain [2]. Originally, we supposed that a
co-crystal - salt transition may be possible for co-crystal of glycine with glutaric acid,
similarly to what has been observed for some other compounds, but real behavior of the
system turned out to be quite unexpected and more complex. The molecules of glutaric acid
remained non-ionized in all the temperature range from ambient down to 100 K, but
conformational polymorphic transformation with a change in the space symmetry group and
doubling of Z' has been observed at 220-230 K [3].

In contrast to what was observed on cooling, bis(DL-serinium) oxalate dihydrate and DL-
alaninium semi-oxalate monohydrate were shown to undergo a phase transitions at high
pressures (~4 and ~2 GPa respectively) with domains formation. Pressure-induced phase
transitions in bis(DL-serinium) oxalate dihydrate related to lowering symmetry. A crystal
structure disordering was shown by Raman spectroscopy on increasing pressure for this
system and confirmed by appearance of diffuse scattering on diffraction patterns (Figure b)
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[4]. A single-crystal to single-crystal transition in DL-alaninium semi-oxalate monohydrate
without changing a space group (P2,/c) was detected at a pressure between 1.5 and 2.4 GPa.
During the phase transition selected hydrogen bonds switch-over and become bifurcated,
whereas the others are compressed continuously (Figure c). The transition is accompanied by
pronounced discontinuities in the changes of cell parameters and volume vs. pressure,
although no radical changes in the molecular packing are induced and no crystal breaking
was detected [5]. Glycine-glutaric acid co-crystal was shown to undergo high-pressure phase
transition already at 0.1 GPa to give the same phase as low-temperature phase transition.

Using this results we can conclude that polarized Raman spectroscopy complemented by
single crystal X-ray diffraction provide an excellent instrument for detailed studies not only
fine effects in hydrogen bonds on cooling but also for studying phase transitions and
hydrogen bonds on increasing pressure. High-pressure phase transitions were detected for all
systems studied. Crystal structure disordering was shown to occur in bis(DL-serinium)
oxalate dihydrate. A correlation between donor-acceptor distances and frequencies of OH-
stretching vibrations was studied for selected individual hydrogen bonds on cooling.

This work was supported by a grant from RFBR (12-03-31541 mol_a), by the Ministry of
Education and Science of Russia (project 14.B37.21.1093), and by a grant of President of
Russia for State support of Russian leading Scientific Schools (project NSh-279.2014.3).
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The search for new materials with targeted properties has always been a hot research field in
solid state chemistry due to promising properties in many fields. For example, new inorganic
compounds, at the basis of novel properties are studies for their application in energy,
electronics, nuclear etc...

In this context, an original predictive approach, to elaborate novel inorganic compounds is
going on*. Concretely, the design of new compounds with 1D, 2D and 3D structures using
original building units, consisting in oxo-centered OM, polyhedrons assembled into a
structuring framework, the empty spaces being filled by groups of various natures, can be
fully rationalized. In that sense, our approach is innovative and placed in the frame of the
renewal of inorganic chemistry since the majority of structures predicted up to now were
obtained through variable stacking of 2D building blocks.

The meticulous study of numerous new compounds in the Bi,O3-X,05-MxOy, (M= P, V,
As..., X= Li, Na, Cu, Co, Ni, Mg, Cd...)>™ chemical system already enriched our experience
in this field and opens great perspectives. From a structural point of view, these phases are
deduced from one another by the reorganization of secondary building units based on
O(Bi,M), tetrahedrons. We evidenced a particular dependence between the nature of the units
and the inter-layers space, leading to empirical rules at the basis of the real prediction of new
complex structures. Nevertheless, we present here the extension of this predictive approach to
various chemical systems and the “Design” of structures with various dimensionalities (1D to
3D), leading to different expected properties (dielectric, magnetic, optical...)>*. The work
consists in the diversification of the building units’ sizes and topologies, in order to enlarge
the self-assembly possibilities. The structure v.s. reactivity of each independent sub unit is
tested, depending on its size and nature. This work involves a systematic rationalization of
the preexisting phases to evidence the structural analogies and the chemical parameters
controlling the final structure.

The richness of the crystal chemistry of the cationic blocks is governed is the same time by
the asymmetric coordination of Bi*" cations due to their stereoactive 6s* lone pair but and by
their ability to form oxo-centered OBi, polyhedra stacked into zero-dimensional (OD), 1D,
2D and 3D frameworks. The typical Bi**-O bond valence often results in distorted OBi,
tetrahedra that can admit the co-presence of other M"™ cations into O(Bi,M), units, for
relaxing the oxygen bonding scheme. The great diversity of aliovalent M™* cations that can be
incorporated into the O(Bi,M), tetrahedral bricks make this class of inorganic compounds a
gold mine of inspiration for the findings of novel structural motifs and physical properties.
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Indeed, the reactivity of Bi-substituting elements was recently reviewed®. The nature of
cations is of great importance, changing drastically the dimensionality and backbone of the
rigid part of the crystal structure. Thus, the potentiality to combine in the same compound
2D-layers and 1-D channels of halides was firstly explored, yielding unique structural types
(figure 1).

A succesfull substitution of Bi/La will also be presented, solved by precession electron
crystallography®. It is a new 2D-layered compound built on OLas oxocentered units and
surrounded by isolated VO, tetrahedra and K+ cations with potential interesting catalytic
properties.

Figures:

Fig.1. HREM image and crystal structure of a) BigNaO75Cl, and b) Bi;7PbO2,Clg: two
innovative multi-dimensional compounds.
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Introduction

Chromium dioxide is the only stoichiometric binary oxide that is both ferromagnetic and
metallic. It is the simplest and best studied half-metal. First suggested to be half-metallic by
Schwarz, CrO, has been studied extensively both theoretically and experimentally [1]. Its
half-metallic behavior gives rise to relatively low electrical resistivity for an oxide, ~300
uQem™, and is commonly referred to as a “bad metal”. CrO is also ferromagnetic at room
temperature with a high Curie temperature of Tc = 390 K. Concerning the synthesis, all
methodologies include high pressure, i.e. the thermal decomposition of CrOs; under
conditions, there is a narrow stability range near 300 °C which extends to high oxygen
pressure [2]. There is evidence, using angle-resolved synchrotron x-ray diffraction and high
sensitivity confocal Raman spectroscopy under pressure for a structural phase transition from
the a-CrO,, phase I, tetragonal, rutile-type structure (S.G. P42 /mnm) to an orthorhombic [-
CrO,, phase Il, (CaCl; -like, Pnnm) [3]. On the other hand, another rutile oxide, vanadium
dioxide VO, experiences one of the more studied metal to insulator (MIT) phase transition:
above 340 K crystallizes in the rutile tetragonal structure and at this temperature undergoes a
first order transition, accompanied by structural distortions to the M1 phase with a
monoclinic symmetry S. G. C2/m (C52h). In 1973, Chamberland conducted a series of
experiments under high pressures and temperatures on the (M1) V,0,4 monoclinic form: by
applying a pressure of 65 Kbar and temperature from 500°C up to 1200°C on the (M1) form
of vanadium dioxide he obtained in powder two new polymorphs named (M2) and (M3) as
well as some crystals of the (M2) form [4]. The (M2) VO, exhibited a structural transition
and an abrupt, reversible change in resistivity (approx. 4 orders of magnitude) at 66° C
similar to that observed in (M1) VO,. This behavior has been explained in terms of the V-V
interatomic distances, clearly showing the presence of homopolar V** pairs. Finally, a room
pressure phase diagram for the system V0.9Cr0.102 (but containing Cr**) which is based on
magnetic susceptibility, electrical resistivity, and powder x-ray diffraction measurements has
been reported [5]. Thus, taking all this complexity into acccount, it seems interesting to
prepare —under high pressure conditions to preserve Cr**- several members of the solid
solution between these two rutile-type oxides and to study their structure and properties,
which is the aim of this contribution.

Results and discussion

In this work, by applying a pressure of 40 Kbar and 900°C in a “Belt”-type press, and using
the binary oxides as reactants, several members of the solid solution CrixVx O, (0,1 <x <
0,9 have been prepared. A structural change as a function of composition has been observed
when 0.500(6) < x < 0.580(1). We can propose two different rutile-like  models
corresponding to the two different regions of the solid solution: powder X-Ray Rietveld data
refinements show a rutile-like structure that varies, as a function of V content, from CacCl,

rutile-like ( x < 0.50) to the (M3) VO, structure (x > 0.58) (see figure below). Moreover, it
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has been observed that the presence of V in CrO, “induces a pressure effect” allowing the
structural transition from rutile to the CaCl, structure taking place at 40 Kbar. Electron
diffraction experiments revealed a diffuse polarized streaks that suggest a short range order
VICr for the composition Crggea)Vos006)O2. The magnetic properties showed a transition
from paramagnetic (PM) to antiferromagnetic (AFM) in lowering the temperature. Also,
independently of the type of structure ( CaCl, or (M3) — VO, ) all samples showed AFM
order in decreasing the temperature. The transition temperature Ty is linearly dependent of
the V content in the structure; this trend has been explained by the presence of mixed Cr and
V oxidation states in the structure.
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Figure 1. Rietveld refinements for Crg4,Voss O (left) and Cros9Vo.41 O2 (right)
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3D Fluorophosphates as Cathode Materials for Rechargeable Batteries

Khasanova N.R.,2 Fedotov S.S.,2 Drozhzhin O.A.,2 Abakumov A.M.,°
AntipovE.V.?

# Department of Chemistry, Moscow State University, Moscow 119991, Russia;
® University of Antwerp, Groenenborgerlaan 171, B-2020, Antwerp, Belgium.

Li-containing transition metal compounds containing two types of anions (fluoride and
polyatomic oxyanions) show perspectives as high-voltage cathode materials by taking
advantage of the electronegativity of fluorine in combination with the inductive effect of the
polyanion group. Furthermore, appearance of the monovalent fluoride anion might expand
the free unit cell volume available for lithium ion migration thus promoting its faster
mobility. Fluorophosphates of the general formula A;MPO4F have captured much attention
because of their potential for two-electron activity per transition metal, which would result in
higher specific capacity and energy density.

In the search for high-energy cathode materials for Li-ion batteries we have explored the
Li,MPO4F (M=Co, Mn, Fe) fluorophosphates with 3D structure comprised of one-
dimensional chains of metal octahedra interconnected by phosphate groups and intersecting
channels capable of alkali-ion diffusion [1]. The flurophosphate phases and their substituted
analogs were prepared through different synthetic routes (solid-state reactions,
cryochemistry, ion-exchange) depending on the nature and chemistry of transition metal.
Combination of synchrotron X-ray/neutron diffraction and electron microscopy were applied
to present a thorough structural characterization of this fluorophosphate family. The
electrochemical investigation revealed that lithium de/intercalation in this system proceed by

a single-phase mechanism with average discharge voltages ranging from 3.4 V (vs. Li/Li )
for Li,MPO4F to 4.8 V for the Co-counterpart; and the redox potential might be tuned by
appropriate substitution on the transition metal site [2,3]. Electrochemical properties of this
fluorophosphate family will be compared with electrochemical performance of other
fluorophosphate and phosphate cathode materials.

The work was supported in part by Russian Foundation for Basic Research (RFBR grant 13-
03-00495a).
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Fischer-Tropsch Synthesis with Bimetallic Nanoparticles: In Situ Surface
Monitoring by Synchrotron X-Ray Spectroscopy

Sophie Carenco,? Selim Alayoglu,® Cheng Hao Wu,? Hendrik Bluhm,” Miquel Salmeron?

®Materials Sciences Division, Lawrence Berkeley National Lab, 1 Cyclotron Road, Berkeley,
Californie, USA;
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Californie, USA.

Fischer Tropsch synthesis is a major process for forming alkanes and alkenes, synthetic fuels,
etc. Catalysts of choice are generally cobalt and iron. However, there is a growing interest for
shifting the selectivity of the reaction to oxygenates products (alcohols, aldehydes, ketones,
etc.) because these compounds have a higher added value both as precursors and as next-
generation fuels.

A typical solution to improve the catalyst’s selectivity is to use bimetallic (alloy, core-shell,
etc.) catalysts, such as manganese-doped cobalt nanoparticles or copper-cobalt nanoparticles.
Unfortunately, little is known about the behavior of these complex structures under reaction
condition. Amongst the possible changes, metal inter-diffusion and segregation can happen,
depending on the nature of the two metal and their propensity to form alloys as well as their
respective interaction with the gaseous reactants.

Here, nickel-cobalt core-shell nanoparticles will be compared to copper-cobalt core-shell
nanoparticles. Both systems show a very interesting selectivity for oxygenates vs. alkanes and
alkenes but their fate under reaction conditions was found to be completely opposite. Indeed,
in the copper-cobalt case is was recently demonstrated that the nanoparticles undergo
degradation through dealloying of cobalt, due to the strong interaction of cobalt with carbon
dioxide in reducing conditions, as well as the limited stability of cobalt-copper alloy.™*?

By contrast with this, nickel-cobalt nanoparticles were shown to be much more robust, under
reaction conditions, in particular when using CO; as a carbon source instead of CO. This was
demonstrated using 25 nm core-shell nickel-cobalt nanoparticles that were prepared through a
new synthetic route, allowing an excellent control of the nanoparticles size and
composition.!

Using synchrotron-based Ambient-Pressure X-Ray Photo-electron Spectroscopy (APXPS), a
technique that allows collecting XPS spectra under pressure atmosphere up to a few mbar, it
was demonstrated that the core-shell nanoparticles undergo alloying as early as during the
pretreatment steps of the catalysis process (cycles of oxidation and reduction). This finding
was confirmed by STEM-EDS mapping using more traditional ex situ TEM, which also
revealed a profund structural rearrangement with the formation of voids into the
nanoparticles. The resulting surface alloy was found to be stable under model reaction
conditions.

As a main finding, we proposed that the surface alloy could be responsible for the selectivity
of the nanocatalyst for oxygenates (alcohols and formaldehyde). This works proposes a
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general methodology for monitoring of bimetallic nanocatalysts, using APXPS on a model
core-shell system. Moreover, it suggests that nanoscale alloys may have unexpected
selectivity in industrially-relevant processes, opening an avenue for further exploration of
these original structures.
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Fig.1. Left: TEM observation of core-shell Nickel-Cobalt Nanoparticles. Right: Ambient-
pressure XP spectra collected in the Ni3p and Co3p region at several steps of the nanocatalyst
pretreatment.
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Synthesis and Electrochemical Study of Nanostructured PEDOT/MnO,
Composites for Supercapacitor Applications

V.V. Kondratiev, A.O. Nizhegorodova, S.N. Eliseeva, E.G. Tolstopjatova

Institute of Chemistry, St. Petersburg State University
Russian Federation, 198504, St.Petersburg, Petrodvoretz, Universitetsky pr.26
e-mail: vkondratiev@mail.ru

Supercapacitor materials have been intensively investigated last decades due to exponential
growth of the demand in energy devices for portable electronics and transport. One of the
perspective ways for development of pseudocapacitive materials, based on faradaic surface
reactions, is the combination of dispersed transition metal oxides and conducting polymer
matrices. In particular, the manganese oxide in combination with poly-3,4-
ethylenedioxythiophene (PEDOT) has attracted interest as low-cost materials with high
specific capacitance and reversible charge-discharge processes.

In the present work a simple and cost-effective methods of synthesis of composite
PEDOT/MnO, with layered or uniformly dispersed manganese oxide particles have been
employed. The morphology of highly dispersed manganese oxide on PEDOT surface was
characterized by STM. XPS spectroscopy was used for identification of valence states of
manganese at different oxidation states of composites. Electrochemical properties of
composites, obtained with variation of synthesis conditions, were investigated using cyclic
voltammetry , constant current charging-discharging method and electrochemical impedance
spectroscopy.

The obtained results indicates that the combination of PEDOT and MnO, could reduce the
internal resistance and enhance electrochemical capacitive performance of electrode.

The specific capacitance values related to total mass of composite materials and mass of
separate active components (PEDOT and MnO;) were calculated from CV and other
methods. The specific capacitances of PEDOT were in the range of 60-80 F/g, that is in
accord with typical literature data for PEDOT in aqueous solution. The values of specific
capacitances of MnO, layers were much higher and varied within the range 270 — 330 F/g.
The enhanced capacitive properties of composites can be mainly attributed to 3-D distribution
of disperse MnO; in the mesoporous/microporous structure of PEDOT with high surface
area. The presence of conducting porous matrix facilitates ion diffusion and electron
transfer, leads to the lowering the internal resistance of composite material and improves the
electrochemical utilization of manganese oxide. The high stability of composite materials
was shown by means of long-term cycling, where the low decrease in capacitance values
were observed. The capacitive parameters of composites with different ratio between
PEDOT and MnO; layers were systematically investigated and analyzed.

Acknowledgements: The authors are thankful to the colleagues from Interdisciplinary
Resource center for Nanotechnology and Resource center “Physical methods of surface
investigation” of St.Petersburg State University. Financial support from Russian Foundation
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Photochemical syntheses in anhydrous hydrogen fluoride
— a pathway to high oxidation state fluorides

Zoran Mazej,”

®Department of Inorganic Chemistry and Technology, JoZef Stefan Institute, Jamova 39, SI-
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Preparation of fluorides in the highest oxidation states usually requires high temperature and
high pressure of fluorine. At ambient temperature they can be synthesized by the use of
strong oxidizers as KrF,. Another way for the preparation of thermally less stable fluorides is
the use of photochemical reactions with elemental fluorine. For example, the preparation of
very reactive and thermally unstable fluorides of noble gases (XeF,, XeF4 and KrF;) is well
established. Later it was found that reactions with UV-irradiated elemental fluorine at
ambient temperature can be used for the preparation of some ternary fluorides with transition
metal in the highest oxidation state using anhydrous hydrogen fluoride (aHF) as a solvent.[1].
In this contribution some examples of photochemical syntheses done in our department
would be presented including Mn(1V), Cr(V), Au(V) and Xe(VI) compounds (Figure 1).

In the case of Mn(IV) we succeed in the preparation of large quantities of pure A,MnFg (A =
Li-Cs) compounds and MnF,4.[2] They were further used for high-temperature mass
spectrometry studies of their thermal decomposition [3] and they were also used in the studies
of the high-temperature reactions with Cgo.[4]

Since only CsCrFg was known before we were interested in the preparation of [CrFg]™ salts with
other alkali metal cations. The new [CrFg]™ salts of Li, Na, K, and Rb and previously known
CsCrFg were prepared. All of them were structurally characterized for the first time.[5]

The AuFg salts with divalent metals are also poorly structurally characterized. Our attempts
to grow single crystals and determine their crystal structures were successful in the case of
M(AuFg), (M = Cd, Hg, Ag). Additionally, AgFAuFs and, Mg(HF)AuF;AuFs were
structurally characterized.[6,7]

In spite of a large number of existing compounds in the XeFg/MF4 (M = transition element)

system, reports about the crystal structures of the corresponding [XeFs]" salts are limited to
M = Pd, Ni and Cr. Instead of XeFg, we used XeF, as a starting material and as precursor for
the in situ preparation of XeFg. The XeF,/MF4 mixtures could be prepared in the requested
molar ratios and loaded into reaction vessels in a dry box; meanwhile, XeFs could be added
onto TiF4 only by condensation in a vacuum system. XeF, is converted into XeFs by
photochemical reaction with UV-irradiated elemental fluorine in anhydrous hydrogen
fluoride as a solvent. Crystal structures of [XeFs]s[TisF19] and [XexF11][PbFe] were
determined.[8]

The described photochemical syntheses of some ternary fluorides at room temperature offer
milder approach for the formation of these compounds. All reactions were carried out in
reaction vessels made of fluorinated polymers, which are very resistant and inert materials and
therefore there is no danger of final product contamination by by-products formed between
reagents and reaction vessel material. This possibility should be taken into account when metal
reaction vessels and very high temperatures are involved. The advantages of reactions in
solution are easier control of fluorination and homogeneous products with uniform particle
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sizes. Therefore, the described approach deserves more frequent use in the preparation of
various very pure fluorides, not only for ones described here. However, this approach can be
used only in laboratories properly equipped for the work with anhydrous HF.
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Figure 1. Some examples of high oxidation state fluorides prepared by photochemical
reactions in anhydrous hydrogen fluoride (aHF = anhydrous hydrogen fluoride)
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Functionalized ionic liquids based on piperidinium cations
with ester group as electrolytes for lithium battery

Peixia Yang, Jun Hou, Jing Li, Jingiu Zhang, Maozhong An,

School of Chemical Engineering and Technology, Harbin Institute of Technology, Harbin
150001, China

In 21 century, energy resources are dwindling day by day, the problem cannot be ignored.
So, there is necessary for us to replace the traditional energy resources. Lithium battery has a
lot of advantages like the high working voltage, high specific energy, long cycle life and so
on. It has been the future of chemical power sources. But the safety performance is always
the limit to lithium battery, especially in the condition that of abusing. To solve the problem,
it is urgency to find safe lithium battery electrolytes.

lonic liquids (ILs) are formed by organic cations and various anions, which have melting
points at or below ambient temperature. ILs has many superior properties including
nonvolatility, nonflammability, good thermal stability, great electrochemical stability and
high ionic conductivity™. Basing on these properties, ILs has showed potential as safe
electrolytes for lithium battery system. But, there exist some questions. ILs are easy to absorb
the moisture in the air, so that the adhibition of them is limited in lithium battery. And most
of the ILs have the high viscosity, it will reduce the ionic conductivity. Due to these
disadvantages, there is necessary to synthesize the new functionalized ionic liquids.
Functionalized ionic liquids are ionic liquids which have specific functions through the
introduction of functional groups on the cation or anion of ionic liquids®?. The introducing
functional groups can be endowed with special performance of ionic liquids. For example, we
can introduce special groups on ionic liquid to reduce its viscosity, which can improve the
electrical conductivity. Because of these qualities, introducing one or more functional groups
on the cation or anion of ionic liquids has become new focus. Ester-functionalized ionic
liquids have been reported in using of lubrication, Suzuki cross linking reaction, organic
synthesis and so on®l. In this essay, a new functional ionic liquid based on piperidinium
cations with ester group was synthetized. The ionic liquid was investigated in terms of
physical-chemical properties electrochemical characteristics and it was used as lithium
battery electrolytes without additives .

Take as mole ratio of N-methyl-methyl acetate base piperidine bromide (PPO2Br) with two,
three fluorinated methyl sulfonyl imide lithium (Li-TFSI) dissolved in deionized water, stir at
room temperature after 12 h, use dichloromethane extraction below oily liquid, ion and
wash with silver nitrate to detect the upper aqueous solution without turbidity is generated.
Collect belower solution, rotary evaporation out methylene chloride, finally will product
vacuum drying 24 h, get ionic liquids (three fluorinated methyl sulfonyl) imine N-methyl-
methyl acetate base piperidine (PPO2TFSI). Measure this kind of ionic liquid conductivity
and electrochemical window and the determination of lithium ion transference number.
Results show that the ionic liquid at room temperature (25 °C) conductivity is 0.77 mS-cm™,
electrochemical window is 4.5V, lithium ion transference number is 0.56. Assemble the
“Li/PPO2TFSI LiTFSI/LiFePO4” half cell and test the performance of the battery.
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Studies on rate performance of spherical natural graphite used as
anode material of lithium ion battery

Guohui Yuan,* Min Yue,” Dongliang Kong, ° Lixia Fu, ® Lei Du ®

#School of Chemical engineering and Technology, Harbin Institute of Technology, China;
® Shenzhen BTR New Energy Materials Inc., China.

As anode material of lithium ion battery, graphite has the advantages of high Specific
capacity, low potential, and low cost. Graphite occupies an irreplaceable position in
commercial lithium ion battery [1-2]. However, the poorer rate performance and cycle
performance of graphite seriously restricts its further application in EVs.

In this work, the spherical natural flake graphite, produced by Shenzhen BTR New Energy
Materials Inc. China, was modified by oxidation and carbon-coating to improve its rate
performance and cycle performance. The oxidation was carried in the mixture of
concentrated sulfuric acid and hydrogen peroxide at 0°C and the carbon coating was
performed by mixing of the oxidized graphite powder with phenolic resin precursor.

Fig.1. shows the XRD patterns of natural graphite and oxidized natural graphite. The typical
peak (002) of oxidized graphite moves to the left. So the layer spacing of carbon-coated
graphite is larger than natural graphite according to Brag equation.

The SEM images of the spherical natural graphite and carbon-coated one are shown in Fig.2.
All the graphite powder are potato-shape. The natural graphite has a rough surface and the
flake structure can be observed on the surface. In contrast to the graphite, the surface of
carbon-coated one is smoother. The smooth layer on the graphite is the carbon coating. So the
core-shell structure of anode material was formed.

Fig.3. shows the first-cycle of CV curves for the spherical natural graphite and carbon-coated
one. The reduction peak of carbon-coated graphite at 0.2-0.8V (vs. Li*/Li), related to the SEI,
was less than that of natural graphite. The result indicates the less irreversible capacity of
carbon-coated graphite.

Fig. 4 shows the first-cycle of galvanostatic charge/discharge curves for the spherical natural
graphite and carbon-coated one. The initial irreversible capacity of carbon-coated graphite
was 362.3 mAh/g, large than the 317.1 mAh/g of natural graphite. The first-cycle coulombic
efficiency was enlarged from 85% of natural graphite to 92% of carbon-coated one.

Fig.5 shows the relationship between specific capacities and cycle numbers at 1C
galvanostatic charge/discharge. The capacity of natural graphite was decreased from 137.2
mANh/g to 99.5 mAh/g after 150 cycles and the capacity retention was 72.5%. The capacity of
carbon-coated graphite was decreased from 281.3mAh/g to 231.9mAh/g after 150 cycles and
the capacity retention was 82.4%.

The specific capacities of the spherical natural graphite and carbon-coated one at different
constant currents are compared in Fig.6. The data show that the difference of capacity
between the spherical natural graphite and carbon-coated one was enlarged with the
increasing discharge current in the range of 0.1C-2C. The carbon-coated graphite possesses
much better rate property than the natural graphite. This indicates that the rate ability of
spherical natural graphite was improved by oxidation and carbon-coating.

The results above indicate that the oxidation in the mixture of concentrated sulfuric acid and
hydrogen peroxide at 0°C and the carbon coating was the effective way to improve the rate
and cycle performance of spherical natural graphite for lithium ion battery.
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Charge transfer processes on electrodes modified by polymer films of metal
complexes with the Schiff bases.
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Polymer transition metal complexes with tetradentate N,O, Schiff base ligands derived from
salicylaldehydes and aliphatic diamines, often denoted as poly-[M(Schiff)] can be formed
easily on inert electrode surfaces via oxidative electrochemical polymerization of
corresponding Schiff base monomers in moderately/weak donor solvents. The interest to such
materials is caused by a variety of potential applications, including their use in chemical and
biological sensors, electrocatalytic systems, molecular electronic devices, advanced batteries,
and ultracapacitors [1, 2]. Schiff base metal polymer-modified electrodes have been studied
by several groups.

Despite intensive studies, many features of poly-[M(Schiff)] films have still remained
unclear. In particular, there is some inconsistency between the observed voltammetric
response of the polymer in the potential range from 0 to 1.3 V and one-electron character of
the polymer redox-switching. To clarify this feature, a series of Salen-type complexes with
different substituents in imino bridges and phenyl rings was selected. Their charge transfer
properties were studied in acetonitrile solutions by means of impedance spectroscopy, cyclic
voltammetry, quartz crystal microbalance and UV-visible spectroscopy methods. It was
observed that introduction of substitutes into phenyl rings leads to a noticeable splitting of
cycling voltammetric curves into at least two ox/red transitions, while substituents in imino
bridges slightly affect the shape of voltammograms. The obtained impedance results as a
whole were satisfactorily treated in scope of the so-called model of homogeneous films with
two kinds of charge carriers. However, it was established that in the ranges of overlapping
ox/red transitions the Warburg and the pseudo-capacity types of the impedance frequency
dependencies were simultaneously observed. This, most likely, resulted from the presence of
three kinds of charge carriers in the film interior. In other words, two charge/discharge
processes exists in the studied polymers. In fact, spectroscopic and microbalance data
demonstrated that even in non-substituted poly-[Ni(Salen)] films two charge transfer
processes do exist, and introducing of substituents into ligand structure changes the nature of
only one of them. According to literature data and DFT calculations preformed by our group
the first process was attributed to ligand oxidation, and the second one — to the oxidation of
the metal atom, stabilized by solvent coordination in the axial positions.
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3D Ordered Macroporous Germanium Electrodeposited from lonic Liquid
and Its Electrochemical Properties

Jiupeng Zhao, Xin Liu

School of Chemicl Engineering and Technology, Harbin Institute of Technology, 150001

Germanium is a promising candidate for negative electrodes in lithium ion batteries due to its
large theoretical capacity[1-3]. However, its use is frustrated by comparatively poor capacity
retention due to mechanical stresses caused by the volume changes during charge/discharge
cycles. It was reported that order-aligned nano-structured materials have significant
advantages in their kinetics and electronic conduction during the lithium insertion /extraction
process. Here we use the strategy to improve the electrochemical performance of Ge
electrodes by constructioin of 3D ordered macroporous (3DOM) germanium. Three
dimensionally macroporous materials provide a high accessible surface areas, continuous
networks, short diffusion lengths and fast transport of reagents inside the porous structure and
therefore, it will minimize the mechanical stress induced by the volume change of Ge,
shorten the lithium solid-state diffusion distances and lead to enhanced capacity and cycling
stability.

Here we present a method of preparing 3D ordered macroporous germanium negative
electrode materials. The preparation is based on filling the interstices of self-assembled
polystyrene (PS) colloidal crystal templates by eletrodeposition directly on copper foil from
ionic liquids, containing GeCl, as precursor. 3D ordered macroporous germanium electrodes
are then obtained by the etching of PS templates and used as the electrode for Li ions
batteries. The ordered macroporous germanium was characterized by SEM, EDX, Raman
spectroscopy and charge-discharge measurement. The electrochemical characteristics of
anodes were studied in a cell with a lithium counterelectrode. The deposited germanium has a
well-ordered macroporous nanoarchitecture consisting of uniform close-packed spherical
pores. The holes into the layer below are clearly visible, indicating the three-dimensional
ordering of the structure.

In ordered to compare, the electrochemical performance of dense gemanium film has also
been tested. 3DOM Ge exhibits a reversible capacity of 1024 mAh/g and retains a capacity of
844mAh/g after 50 cycles at the rate of 0.2C, while dense Ge film only has 611mAh/g after
50 cycles. The results suggest that 3DOM Ge film shows significantly improved cycleability
and rate performance compared with the dense Ge film. The high capacity and good cycle life
of such 3DOM structured Ge could be attributed to the ordered and very open macroporous
structure, which offers highly efficient and fast pathways for electron transport to enhance the
battery performance. 3DOM Ge electrode with high irreversible specific capacity is a very
promising material for next-generation lithium ion battery.
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The spinel-type lithium titanium oxide, Li4TisO1, is attractive as one of the oxide negative
electrode materials for advanced lithium ion batteries, since this compound exhibits the
reversible Li insertion and extraction properties around 1.55 V (versus Li/Li*). Because of the
structural restriction of the spinel structure, unfortunately, the theoretical capacity of LizTisO1,
was limited to be 175 mAh g~'. Among the titanium oxide compounds, TiO,(B) has been
investigated as a promising candidate having a high theoretical capacity of 335 mAh g .

TiO,(B) can be prepared by using soft chemical synthetic technique from layered potassium
titanium oxide K,TisOg precursor via K'/H" ion exchange, followed by dehydration, as
originally reported by Marchand et al. A similar synthetic technique gave an access to
additional titanium dioxide compounds, i.e., TiO,(H) and TiO2(R). We recently re-examined
the crystal structure and electrochemical properties of some lithium titanium oxides,
Li;TizO7 [1] and Li,TigO13 [2], and some hydrogen titanium oxides H,TizO7 [3] and
H,TigO13 [4]; all of these compounds have successfully synthesized by soft chemical
synthetic methods. In the present study, we report the synthesis, chemical characterization
and electrochemical Li insertion and extraction properties of a novel hydrogen titanium oxide
H2Ti12025.

The H,Ti1,02 samples were prepared using two synthetic routes in the present study as
summarized in Fig. 1. In the first synthetic route [5], the precursor Na,TizO7; was first
prepared by a conventional solid state reaction. A mixture of Na,CO3 (99.9% pure) and
TiO, (99.99% pure) in a molar ratio of 1:3 was heated at 800°C for 20 h in air. The
resultant specimens were reground and the same temperature program sequence was
repeated once again [6]. Then, the H,TizO; sample was prepared from Na,TizO; via
Na‘/H" ion exchange reaction using a 0.5 M HCI solution for 5 days at 60°C. After the
acidic treatment, the produced H,TizO; sample was washed with water and ethanol, and
then dried at 60°C for 1 day in air. Finally, the H,Ti;2025 samples were prepared upon
heating the H,TizO; sample at 260°C for 5 h in air. On the other hand, in the second
synthetic route [6], the precursor Na, TigO13 was first prepared by a conventional solid state
reaction using a method similar to that reported previously [2,4]. A mixture of Na,COs3;
and TiO2 in a molar ratio of 1:6 was heated at 800°C for 20 h in air. The resultant
specimens were reground and the same temperature program sequence was repeated once
again. Then, the Li,TigO13 sample was prepared from Na,TigO13 via Na'/Li* ion
exchange reaction using LINO3 molten salt at 380°C for 10 h in air, as recently reported
[2]. After heat-treatment, the reaction mixture was washed with water and ethanol, and
then dried at 60°C for 1 day in air. Next, the H,TigO13 sample was prepared from
Li»TigO13 via Li*/H" ion exchange reaction using a 0.5 M HCI solution for 5 days at 60°C
[4]. After the acidic treatment, the produced H,TigO13 sample was washed with water and
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ethanol, and then dried at 60°C for 1 day in air. Finally, the H,Ti;,O,5 samples were
prepared upon heating the H,TigO13 sample at 260°C for 100 h in air.

From the results of powder XRD and TG-DTA measurements, it was clearly revealed the
H,Ti;2025 sample can be successfully synthesized by two synthetic routes from Na,TizO7
and Na,TigO;3 as starting compounds in the present study [5,6]. The electrochemical Li
insertion and extraction experiments showed a reversible capacity of 250 mAh g™’ for the
present H,Ti;»O,5 sample, as shown in Fig. 2. Although H;,Ti;2025 contains hydrogen
atoms as a main component element, the FT-IR and *H-MAS NMR measurements indicated
that this compound did not contain water species such as H,O and H3O" in the structure.
Accordingly, H,Ti1,055 is suggested to be one of the promising high-voltage oxide negative
electrodes in advanced lithium ion batteries.
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Peculiarities of perovskite related oxides formation
inthe Lhn—M - T - O systems (Ln = Lanthanoid, Y; M = Ca, Sr, Ba,;
T = Mn, Fe, Co, Ni). Phase equilibria and oxygen nonstoichiometry.
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Perovskite related materials based on the rare earth, alkali earth and 3d-transition metals draw
considerable attention in recent decades due to their potential application in the intermediate
temperature solid oxide fuel cells (IT-SOFC) as cathode materials. Their target functional
properties such as mixed electronic and ionic conductivity, oxygen diffusivity thermal and
chemical expansion, compatibility with the electrolyte materials depends on their chemical
composition, crystal and defect structure. The latter is strongly related with the oxygen
content (nonstoichiometry), i.e. the conditions that have been used during the preparation and
treatment procedures. In some cases existing impurities can determine significant changes in
the materials’ properties. In this respect knowledge of phase equilibria and and defect
structure of the complex oxides with the particular chemical composition defining the nature
and concentration of charge carriers are the items of vital importance for that class of
materials.

Since a variety of complex oxides within the mentioned above class of the perovskite related
materials suggested as promising for IT-SOFCs and other electrochemical applications is
wide it is important to analyze the changes of phase formation with the chemical composition
variations, for example, within the row of rare earth elements from La to Nd, Sm, Ho, and
even Y (when the radius of RE ions is decreasing), or changing Ca/Sr for Ba, and finally
using different 3d-transition metals Mn — Fe — Co — Ni — Cu. The phase diagrams of
corresponding systems are assigned to show a number of important features: (i) the types of
phases that can be formed in the different compositional areas of the system, (ii) the
homogeneity ranges of possible solid solutions formed in the system, (iii) thermodynamic
stability ranges and particular thermodynamic conditions for stability boundaries. These can
be illustrated by the transformations of phase diagrams with different chemical constituents
variations, for example La — M — Co — O systems, where M = Ca, Sr, Ba [1-4], or Lh — Ba —
Co - O systems, where Ln = La, Nd, Sm, Y [3-6],or La—-Sr—T-0O[7-9]and La-T-T" -
O systems [10-15], where T, T = Mn, Fe, Co, Ni, Cu. The homogeneity ranges and distortion
type of solid solutions with perovskite type structure can be changed by simultaneous
introduction of different dopants in A- and B-sublattice [16-20].

Special attention has been paid to the formation of perovskite related complex oxides
belonging to the Ruddlesden-Popper series, preparation conditions, homogeneity ranges
while doping in A- and B-sublattices.

Although in general most of the phases under consideration reveal relatively high values of
conductivity and oxygen diffusivity a noticeable difference in the values and temperature
behavior can be explained by their chemical composition which include both the nature
fractions of cations and oxygen content. The dependencies of oxygen nonstoichiometry as a
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function of temperature and oxygen partial pressure allow discussing possible defect
structures and calculate the concentrations of charge carriers [21-24].
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Novel one-stage electrochemical method for synthesis
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Novel electrochemical method of one-stage deposition of composite films on electrode
surface has been proposed [1]. The procedure includes a periodical series of potentiostatic or
galvanostatic pulses of alternative polarities imposed at electrode in contact with a mixture of
two solute precursors. During the anodic pulse one of these precursors is able to generate
irreversibly a solid phase via its electrooxidation. During the cathodic pulse another precursor
is transformed into another solid phase via its electroreduction.

Parameters of anodic and cathodic pulses (values of their potentials or currents, pulse
durations) may be chosen independently from one another, their relation allowing one to vary
the relative contents of components in the deposited composite. The values of the anodic and
cathodic charges passed during each cycle determine the amounts of the deposited solid-
phase components so that they may be used to control their dispersibilities. In particular, this
factor might be used to produce a component in the nanodispersed form. Overall thickness of
the composite film may be regulated by the number of pulses.

The crucial condition for application of this procedure is an irreversible type of the precursor-
to-product transformation of both components of the composite. Another necessary condition
is in the stability of both solid-state components to both the anodic and cathodic potentials
imposed in the course of the procedure. The latter condition may be achieved by the proper
choice of parameters of the procedure. The third condition is a sufficient stability of the
mixed solution containing both precursors, with respect to their direct redox reaction in the
bulk solution, i.e. the stability period should be long enough to carry out the electrochemical
deposition of the composite film.

To reduce the effect of the depletion-layer formation for precursors near the electrode surface
due to these anodic and cathodic processes one may carry out the deposition procedure as a
set of series of such periodical double pulses separated by "relaxation periods™ (Fig. 1) which
allow the precursor concentrations to return to their unperturbed profiles. Such breaks in the
deposition process may also be used to characterize the redox state of the already deposited
film by performing a cyclic voltammogram during each relaxation period.

The above composite deposition procedure may be supplemented by a preceding or/and
concluding interval(s) where a single-component layer is generated electrochemically. The
former allows one to coat the bare electrode surface by the film of the corresponding
component, e.g. to improve the subsequent composite-film adhesion to the surface. The latter
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represents a means to generate an external homogeneous layer, e.g. to protect the underlying
composite film or to control its exchange with solution.
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Fig. 1. Periodical double potential (a) or current (b) pulse regime patterns consisting of
several series of cycles separated by relaxation periods.

For illustration this method has been applied for growing films where particles of Prussian
Blue (PB) are distributed inside polypyrrole (PPy) matrix. The aqueous solution used for the
composite (PB/PPy) deposition contained pyrrole (Py) as well as a mixture of two ions,
Fe(l11) and [Fe(111)(CN)¢]. The anodic and cathodic processes taking place in the course of
the composite deposition procedure may be presented by brutto reactions:

nPy-2e =PPy, +2n H*; 4 Fe*" + 3 [Fe(I11)(CN)s]* + 3 & = Fe(l11)4[Fe(I1)(CN)g]5 + €
CV responses in the course of the composite-film deposition are shown in Fig. 2a. Such
modified electrode demonstrates a high catalytic activity and a good stability in the reaction
of hydrogen peroxide electroreduction (Fig. 2b).
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Fig. 2 Electrochemical properties of Pt disk electrode coated with PB/PPy composite film
deposited via double potential-pulse procedure: (a) CV responses during relaxation periods in
the course of the film deposition; (b) chronoamperometric response for this electrode (1) in
contact with 1 mM H,O, + phosphate buffer solution; Eq = 0 V. Insert: Comparison of this
response (1) with that of pure PB coated Pt electrode in the same conditions (2)
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Lithium ion diffusion studied by 'Li PGSE NMR
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The sulfide based solid electrolytes are known to have large ionic conductivity, and thus its
application in solid-state lithium rechargeable batteries as electrolytes has been developed
[1]. We have reported the 'Li and *'P nuclear magnetic resonance (NMR) spectra of
crystalline (Li2S)7(P2Ss)s [2]. In this study, NMR studies are performed for amorphous
(Li2S)7(P2Ss)sand found that narrow and broad components coexist in wide temperature
range of the ’Li resonance. The measurements of ’Li ion diffusion were performed for the
narrow component between 303 and 353 K by the pulsed-gradient spin-echo (PGSE) NMR
method. Lithium ion diffusion scattered in a polydispersive manner and the apparent
diffusion constants of the Li* (Dy;) varied depending on measurement conditions at a certain
temperature. The translational movement of Li* observed by the PGSE NMR is extremely
complex. Within a short distance and a short period, Li* ions move quickly and slow down
with time and distance. This is the important trial to measure the lithium diffusion directly for
continuous space in the solid electrolyte.

Sample Preparation: Solid electrolyte (Li»S)7(P»Ss)s was prepared by the high-energy ball
milling of Li,S (Alfa, 99.9%) and P,Ss (Aldrich, 99.9%) (mole ratio 7: 3) using a grinding
bowl fasteners, P-5 (Fritsch, Germany). The amorphous phase (Li,S)7(P.Ss); powder was
first prepared at 300 rpm for 40 h in an Ar-gas filled Al,O3 pot and hereafter the amorphous
sample was denoted by 7030A. The sample pellet was prepared using a 13-mm-die in a
diameter and a hydraulic press (4 tons). To measure ionic conductivity, a couple of indium-
foil blocking electrodes were used. The sample pellet was sandwiched by indium foils of the
same diameter (13 mm) and placed in a Teflon cell with two stainless-steel electrodes. The
whole procedures were performed under an Ar-box. The ionic conductivity was 3.4 x 10
Sem™ at 303 K. For the NMR measurement, the sample was broken into small pieces (larger
than 1 mm? block) and put into a symmetrical micro-NMR glass tube (5-mm diameter) in
height of 10 mm within the linear pulsed field gradient (PFG) region The NMR tube was
flame-sealed. -

NMR measurement: All NMR = " " " [
spectra were measured on a Tecmag A L
Apollo spectrometer (Houston, USA) O ]

equipped with a 6.35 T wide bore
magnet using a JEOL PFG probe and

controlled by a JEOL console .
(Tokyo, Japan). The maximum Fig. 1. STE-mode PGSE pulse sequence, where g

strength of the PFG was 22 Tm™ and ¢ are the strength and duration time of the PFG,
The Li and *'P NMR spectra Weré respectively. A is the observation time of diffusion.
measured at 105.0 and 109.4 MHz The echo attenuation E is related to Eq. 1 as

respectively. “Li diffusion  E =exp(—7°g’6°D(A-5/3)).where 8, gand A are
measuring parameters.
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phenomena were observed in the temperature range between 303 and 353 K using the
stimulated-echo (STE)-mode PGSE NMR pulse sequence as shown in Fig. 1..

"Li and *'P spectra: Since the
target of the present study is
the observation of mobile

TO30A
(2) 393 K

—— LOkHz

portion, the measurements
were performed by so-called
solution mode without sample
spinning. The rigid portion

(b1 353K

(a) 353K /nx

e

was buried in baseline. ’Li
spectra in lower temperatures
were composed two
components and the narrow
component afforded the echo
attenuation in the diffusion

(b) 303 K

(d) 253K
— — 1.2 kHz
measurements.  The 3P J/\\

spectra were composed of ~ ; —————

{c) 303K rf
- 096 kHz

(c) 253 K

P,S;* and PS,* and the ratio 5 o
of the latter increased as the

temperature increased. solution-mode conditions.

T
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T
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T
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Fig. 2. 'Li and *'P NMR spectra for 7030A observed by

T
=200

1
=300

Lithium ion diffusion: In our previous
studies for crystalline 7030C[2], we
found Li diffusion in the solid conductor
is very complicated and depends on F %
observation time A as well as PFG [ %
strength g. As an example, the diffusion I
plots following to Eq. 1 observed at 353
K are shown in Fig. 3. The collision
phenomena of ions in solid conductors
are often observed for various conductors
under certain measuring conditions and

E/Eo
(o]

—
353K, g=9.8 Tm" 1

further studies will be necessary. 0

1x10" 2x10"
fg’cs:(a-d-';) (m”~s)

3x10"

Fig. 3. The diffusion plots following to Eq. (1)
measured at 353 K with g = 9.8 Tm™ for
various A of 20, 30, 40 and 50 ms.
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Nonstoichiometric oxides with mixed ion/oxygen electron conductivity (MIEC) attract
the attention by the possibility of their use as oxygen permeable membranes, selective
sorbents, electrode materials for SOFC, etc. Reasonable oxygen transport in MIEC oxides for
practical purposes can be achieved only at high temperatures above ca. 600 °C, however, in
some cases, a lack of it turns into a virtue: for example, the separation of oxygen from air
using ion transport membranes can easily be embedded in high-temperature processes of
partial oxidation of hydrocarbons, coupling of methane and oxy-fuel combustion [1].

To improve functional properties of MIEC oxides we have suggested new strategy of
doping: partial isomorphic substitution of B-cations (Co/Fe) by highly charged Nb/Ta (V)
and Mo/W(V1) ions [2, and refs. 15-26 in 2].

It allows:

(i) to increase the chemical stability of the materials at low pO, due to the stable
oxidation state (V, VI) of dopants;

(ii) to reduce the degradation of membrane materials in the atmosphere of CO, due to
the acidic properties of highly charged cations;

(iii) to obscure phase transition "perovskite-brownmillerite™ because the oxygen index
of doped materials AB1.xMxO;5.5 (6 = x and 3/2x for M = Nb/Ta and Mo/W, respectively) at
low pO;, is outside the stability range of brownmillerite structure (2.5 + 0.02);

(iv) to stabilize the cubic structure of cobalt-containing perovskites (SCF, BSCF, etc.)
due to the formation of randomly distributed double perovskite-like clusters A,BMQOg (where
A = Sr, Ba; B = Co, Fe; M = Nb, Ta, Mo, W) which pillar the cubic lattice of pristine
materials;

(v) to obtain nanostructured materials as result of phase separation with the formation
of nanosized coherently jointed domains having the composition ABO;-;;, and ABO3-/n+2
when, for doped perovskites AB;-.MO;-s, the oxygen content corresponds to the two phase
region 1/n>0>1/(n+2) (n=2, 4);

(vi) to maintain high values of oxygen fluxes due to nanostructuring and elimination of
trapping effect which is characteristic of doped materials (dopant ions (M = Nb, Ta, Mo, W)
and defects (o, Oi), providing oxygen transport screened by oxide ions of octahedra MOs);

(vii) to increase the electron conductivity of MIEC oxides at low pO, by stabilization
of oxidation state (I1) of B-cations (B=Co, Fe).

As a result, we have obtained nanostructured materials for catalytic conversion of
methane in membrane reactor, which possess enhanced thermochemical stability at low pO,
and in CO, containing atmosphere, phase stability and a high oxygen and electron
conductivity.

The mechanism of oxygen release from MIEC oxides is of wide interest because
oxygen exchange of the oxide with gas phase is a key factor and determines the functional
properties of the high-temperature superconductors, giant magnetoresistive materials, the
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oxygen permeable ceramic membranes, electrode materials for SOFC, sensors etc [3 and refs.
1-71in3].

To study both equilibrium and nonequilibrium processes of oxygen release from MIEC
oxides the installation has been made, on the basis of which we have developed:

- new original method of obtaining of the detailed equilibrium "3-6 - IgpO, - T" diagrams
for MIEC oxides(Fig. 1a) based on the determination of the oxygen nonstoichiometry as a
continuous function of oxygen partial pressure in the course of oxygen release in quasi-
equilibrium regime [4].

- new original oxygen partial pressure relaxation technique in which the measured
parameter is the pOs.

To obtain reliable data on the mechanism and kinetics of oxygen exchange in MIEC
oxide it has been proposed and successfully applied isostoichiometric approach. The
approach takes into account a broad region of homogeneity MIEC oxides which leads to the
influence of oxygen stoichiometry both on structural and thermodynamic and transport
properties of the oxides. The use of isostoichiometric conditions allowed us to demonstrate
that the activation energy of the oxygen release from MIEC perovskites is a function of the
oxide stoichiometry. E.g., the decrease of the oxygen content 3-6 in SrCoggFe( 2035 samples
from 2.53 to 2.47 results in an increase of the apparent activation energy from 100 to 230
kJ/mol. This growth correlates with variation of the oxygen partial enthalpy in the
SrCopgFeo 2035 oxide (Fig. 1b).

Thus, the kinetic data obtained in the isostoichiometric mode can give more reliable
understanding of the oxygen exchange in nonstoichiometric oxides with wide homogeneity
range because this approach excludes simultaneous effects of temperature and stoichiometry
on the oxygen exchange.
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release technique. function of the oxide stoichiometry.
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Complex ABO3-type perovskite solid solutions with oxygen deficiency exhibit a perceptible
ionic and electronic conductivity, leading to their promising use as electrolytes
((La,Sr)(Ga,Mg)03.x), oxygen permeation membranes, and solid oxide fuel cell (SOFC)
cathodes ((La,Sr,Ba)(Mn,Fe,C0)O3.5). Oxygen stoichiometry strongly affects transport
properties of these materials, which, in turn, determine the suitability of the material for
targeted applications [1-3]. As it is well established now, there are two key factors, which
control the oxygen reduction reaction (ORR), are high oxygen vacancy (Vo) concentration at
the cathode surface and high vacancy mobility.

In this talk, based on first principles DFT calculations combined with large supercells, we
discuss the atomic and electronic structure of oxygen vacancies, their formation and
migration energies in the bulk and in the surface layer, the defect-induced electron density
redistribution, and the dependence of the defect chemistry on the composition of
(Ba,Sr)(Co,Fe)O3; (BSCF) (Fe/Co ratio) [4]. Our calculations confirm that the O-vacancy
formation and, in particular, migration energies in BSCF are considerably smaller than in
similar (La,Sr)MnO3 (LSM) [5] and (La,Sr)(Co,Fe)Os; (LSCF) perovskites [6] which
explains its good performance. The gradual increase of the formation energies with
increasing iron content is explained by analysis of the calculated density of the states. We
discuss also briefly the problem of the phase stability of these complex perovskites with
respect to the decomposition into a mixture of cubic and hexagonal phases or parent
perovskites and binary oxides [7].

Based on the calculated formation and migration energies of oxygen vacancies and adsorbed
oxygen species at the LSM surface as well as dissociation barriers, we calculated the rates of
elementary steps in the ORR and suggested different scenarios of this process in LSM,
BSCF, LSCF as a function surface concentration of adsorbed oxygen species and oxygen
vacancies [1,4]. We predict that in both LSCF and BSCF perovskites, the dissociation of
surface peroxide or superoxide ions occurs with assistance of Vo, their encounter being the
rate-determining step. The estimated reaction rate for this mechanism is significantly higher
than that in LSM perovskites, in good agreement with experimental observations.

This work was partly supported by the COST Action CM1104 and National Science
Foundation.
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Fig. 1. Left panel--Schematic network of possible reaction steps for the oxygen
incorporation into mixed-conducting perovskites. (a) perovskites with very low O vacancy
concentration such as LSM (b) perovskites with high vacancy concentration such as LSCF,

BSCF.
Right panel - Reaction rates for three alternative reaction pathways of oxygen incorporation
on the MnO,(001) surface of LSM (black lines) and LSCF (red lines) estimated based on
DFT results (from ref.[1]).
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Large magnetocaloric effect and magnetic properties of polymorphic
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RCrO,4 oxides, where R=rare earth, crystallize at ambient conditions with the tetragonal
zircon-type structure, S.G. 14;/amd. [1] Recently, we have succeeded to synthesize the
scheelite polymorphs (S.G. 14,/a) for most of the R elements, by treating the zircon phases at
40 kbar and 813 K. [2, 3] These scheelite high pressure forms are quencheable after releasing
the pressure, and TGA and X-ray diffraction data reveal a reversible transition from scheelite
polymorph to zircon at 700 K. The coexistence of two paramagnetic ions in these phases,
namely Cr** and R®*, constitutes a very interesting scenario to study 3d-4f magnetic
interactions. In this sense, most of the zircon-type RCrO, oxides behave as ferromagnetic,
while the scheelite polymorphs are antiferromagnetic. The change in the sign of the magnetic
interaction can be explained by considering the changes in both distances and bond angles of
Cr-O-R pathway through which the superexchange interactions take place. [4]

Neutron diffraction studies have been used to determine the nuclear and magnetic structures
for these zircon and scheelite RCrO,4 polymorphs. The analysis of the data reveals the onset
of new reflections below the estimated Néel temperature from the previous magnetic
susceptiblity data corresponding to the scheelite phases. The magnetic structure for these
scheelite RCrO, oxides can be described with a propagation vector « = [0 0 O], where the
moments of R* and Cr®* are aligned along the c-axis or confined in the ab-plane of the
tetragonal structure depending on the nature of the R element, Figure 1. [4, 5] This behavior
has been confirmed from heat capacity measurements where the onsets of A-anomalies at the
ordering temperatures are almost coincident with those determined from magnetic
susceptibility and neutron diffraction analysis, see Figure 2. A detailed analysis of the zircon
and scheelite structural types is included in this work to explain the different magnetic
behavior showed by these two polymorphic phases allowing establishing relationships
structure-magnetic properties.

Very recently it has been reported that the zircon RCrO,4 (R= Ho and Dy) phases show large
values of the magnetocaloric parameters that make of these oxides potential refrigerant
materials to be used for the liquefaction of hydrogen. [6] It is noting that the field induced
magnetization in the case of the scheelite polymorphs yields magnetic moments larger than in
the case of the homologous zircon phases and hence the magnetocaloric effect is expected to
be larger for the scheelite polymorphs in comparison with the zircon ones. In this work a
preliminary study has been done in order to determine the magnetocaloric parameters of the
two polymorphic phases of ThCrO, and HoCrO,. In this sense the isothermal entropy
change, AS+, as a function of temperature has been calculated for magnetic field variations
from the measurements of magnetization versus field at different temperatures. Both
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magnetocaloric parameters, AS+ and the adiabatic temperature change, AT,q, have also been
evaluated from the entropy functions at different fields obtained from the heat capacity data.
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Figure 2. Heat capacity of HoCrO4-zircon under different magnetic fields
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Introduction

Garnet type cubic LizyLazZr,0;, (LLZO) is a promising candidate as an electrolyte for an all-
solid Li-ion battery, due to its high ionic conductivity [1]. One of the bottlenecks of its
practical application is a preparative technique to obtain in its pure phase. Examples of
successful LLZO synthesis are mostly via a sol-gel route [1,2]. Products of sol-gel technique
are suitable for thin films. However, it is desirable to obtain LLZO fine powders for an
affordable battery production technology. The objectives of the present study is to establish a
preparative technique to prepare LLZO fine powders via a solid-state route. Efforts are paid
to start from a precursor with its highest possible reactivity, and keep the homoneneity of the
reactants throughout the solid state processes.

Experimental section

A precursor was prepared in two-steps. Precursor A comprises ZrO, (Tosoh, av. particle
diameter, da,, 270 nm) and La(OH)3; (Aldrich, da 190 nm) in a molar ratio 2:3, with 1
mass% AIOOH (Wako, d,y 150 nm). They were mixed intimately in a planetary mill (Fritsch,
Pulverisette 6) for 3h. The precursor A was put into a 15 mass% ethanol solution of lithium
acetate (Wako) to set an exact molar ratio of LLZO, and milled under the same condition for
Procursor A, dried at 200 °C and homogenized by milling in acetone, under otherwise the
same condition as previous milling treatment, to obtain precursor B.

Precursor B was calcined in two steps, i.e. at 450 °C in air for 3 h, and subsequently at 625 -
1000 °C for 1-3 h. This was done after an intermediate homogenization by milling in acetone.
under the same condition as before, with varying milling time up to 6 h. All the calcination
procedures were carried out in an ambient atmosphere.

The calcined products were characterized mainly by X-ray diffractometer (XRD, Bruker) for
crystallographic phase analysis, and dynamic light scattering photo spetrometer (DLS, Otsuka
Electronics) for particle size analyusis.

Results and discussion

As we carried out the second calcination after homogenizing the calcined sample for 4 h and
calcined at different temperature for 3 h, we observed always the second phase, La,Zr,0-
(LZO), as shown in Fig. 1. Note that the amount of LZO increased with increasing temprature
of the second calcination. Therefore, we attibute the coexistence of LZO as a consequence Li
thermal loss, presumably even after the formation of the LLZO phase. However, at the
temperature as low as 625 °C, no LLZO was formed. From these results, it is obvious, that a
precursor with higher reactivity is needed, in order to form LLZO at lowest possible
temperature, in order to avoid Li loss. We therefore extended the milling time for
homogenization of the pre-calcined maerial to 6 h and the second calcination was performed
at 800 °C, by varying the calcination time.
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In Fig. 2, we compared the XRD profiles for the samples obtained from the precursor B after
milling for 6h, calcined at 800 °C for varying period. We notice that LZO persisted for the
calcination time up to 2 h. After calcining for 3 h, LZO peaks were vanished and we obtained
pure LLZO. This might suggest that the coexistence of LZO is attributable to two difference
pathways, i.e. i) for insufficient reaction time for the completion of Li* ion diffusion into the
rest of the ingredient included in the precursor A, and ii) Li loss after the formation of LLZO
due to inappropriately high temperature. Therefore, the success of phase pure LLZO depends
on the optimization of these mutually trading-off conditions.

As shown in Fig. 3, the average and median particle size values are, 89.5 nm and 75.1 nm,
respectively. We also note that the synthesis was not successful without Al addition, since Al
ions on the 24d site is known to be indispensable to stabilize the cubic garnet [3].

Conclusion

Phase pure garnet type cubic LizLazZr,01, nano particles were obtained via a two-step solid-
state synthesis at 450 °C and 800 °C for 3 h in air. The success of the phase pure synthesis is
attributed to start from a homogeneous, highly reactive precursor, obtained by an intimate
mixing of the starting materials, addition of 1 mass% Al, and a through intermediate
homogenization between two calcination steps, to avoid negative effects of reaction induced
inhomogenization.
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6 h with the second step calcination at 800 C for 3 h. Average
and median particle size values are, 89.5 nm and 75.1 nm,
respectively.
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Introduction

Thanks to their high specific modulus (E/p) and yield stress (ce/ p), metal matrix composites
(MMCs) have attracted research and industrial attentions as unique materials for high
technological applications such as in the aerospace and automotive sectors. Al-based matrix
composites are already widely used in applications with moderate mechanical loading at low
temperature. The main issue is now to extend the use of MMCs to new applications
concerned by higher temperature and stress. Ti-based matrix composites are potential
candidates for such applications not only because of their low density and high corrosion
resistance, but also because of their improved behavior under fretting loading compared to Ti
alloys. Among the fibers or particulate materials used as reinforcement for Ti-based
composites, TiC has been recognized as paramount reinforcing phase due to its excellent
compatibility with the matrix. In order to achieve a Ti/TiC metal matrix composite, the
classical powder metallurgy route is usually used, starting from pure titanium and
stoichiometric TiC [1]. During the high temperature stage of elaboration process, the carbide
evolves toward the equilibrium sub-stoichiometric composition following reaction 1.

reaction 1: (I-y)Ti+yTiC > TiCy

The aim of this work was to study the kinetics of solid state reaction between TiC and Ti
metal.

Experimental Methods
The reactivity Kinetics was investigated by two experimental approaches.

In the first one, short time isothermal heat treatments were performed on Ti-TiC powder
compacts at 920°C. A graphite crucible containing the compact and a getter powder was
immersed in a molten aluminium bath, held during the desired time (from 1.5 to 20 min) at
920 °C and then quenched in water. The particles evolution and the advancement of the
reaction were monitored by removing the Ti-matrix by selective etching to focus on the TiC
reinforcement. The characterization of the remaining TiC particles was done by chemical
analyses, Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD).

In the second approach, the reaction kinetics was studied by in-situ X-Ray Diffraction at the
European Synchrotron Radiation Facility (ESRF — ID15B). A graphite crucible containing
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the compact and a getter powder was heated by induction in a high vacuum chamber and
XRD patterns were collected in transmission mode using a MAR345 detector. Sample-
detector distance was chosen to optimize the angular resolution. A first set of experiments
was carried out at 10 °C.min™* from RT to 920 °C. Then, other experiments were conducted
under isothermal conditions for reaction temperature of 700 and 800 °C.

The evolutions of the TiC cell parameter and its stoichiometry during heat treatment, i.e.
during the course of reaction 1, were followed by sequential rietveld refinement using the
FullProf Suite software.

Results

First, short time heat treatments revealed a very fast kinetics rate for reaction 1. 50%
advancement of the reaction was reached after only 1.5 min and 75% after 5 min at 920°C.
Rietveld refinement lead to a final cell parameter of 4.316 nm which is in good agreement
with the refined stoichiometry of the particles (TiCogs) and previous works [2]. Second, in-
situ XRD under anisothermal conditions (from RT to 920°C at 10°C.min™) revealed an onset
temperature for reactivity at about 400 °C. In addition, a continuous evolution of
stoichiometry from TiC to TiC, was evidenced (Figure 1). The final TiCy stoichiometry was
in accordance with short time isothermal heat treatment experiments (TiCo 7).

Discussion

Discussion of experimental data is associated with some thermokinetics calculation
performed by using the ThermoCalc and DICTRA packages. Both experimental and
calculation results indicated that the kinetics of solid state reaction of TiC with Ti metal is
quite fast. From the point of view of Ti/TiC MMCs synthesis, the consequence of the fast
reaction is an evolution of the particle size distribution associated with an increase of the
reinforcement volume fraction.

Figure:
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Figure 1. Evolution of (200) TiC peak as a function of the temperature.
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In the report we discuss reasons of a similarity between a PT - diagram of pure substance and
the phase diagram of solid solutions obtained by doping this compound with some additives.
Examples of such similarity are PT-diagrams of iron or titanium and phase diagrams of iron-
or titanium-based binary metallic systems in the solid solutions regions [1, 2] (Fig.1).
Another example is zirconia at high pressure in comparison with solid solutions containing
different oxides, known as metal-stabilized zirconia. From such a similarity one could
propose that dopants may produce effective positive or negative concentration pressure in the
crystal lattice of the host matrix. Really this effect may be explained by positive or negative
strains in the crystal lattice generated by introduction of large- or small-sized atoms or ions
into the host matrix. The change in the Gibbs energy of the crystal internally deformed by
inclusion of the dopant atoms (or ions) may be expressed as [3]

dG ~ -SdT —e,dt, + udN

where ej; and t;; are strain and deformation contributions which may be expressed as tensor
components. The values of both e;; and tj; depend on the volume misfit between the host and
guest atoms (or ions) and the total concentration of the guest. In general, the concentration
pressure can be expressed as a derivative dG/de and may be calculated in the low-
concentration limit.

The clear effect of the concentration pressure was found in nitrite systems based on RbNOs.
Phase transition temperatures in rubidium nitrate change as a result of ionic substitutions.
Introduction of large-sized Cs” cations leads to effects similar to ones occurring at application
of high pressure to rubidium nitrate [4]. In contrast, the substitution of nitrate ions with
smaller nitrite ones leads to an decrease in the temperature of phase transitions [V III and
[II«>1I, so that highly conducting phase III becomes stable at low temperatures. Comparison
with the PT diagram of RbNO3 [4] shows that such doping induces negative concentration
pressure within the lattice of RbNO3 (Fig. 2). On the other hand, the introduction of smaller
NO;" anions results in the increase in the conductivity of RbNOgs-I11 phase, the activation
energy and a pre-exponential factor of conductivity decrease with the doping and IlI-1V
transition becomes diffusive [5]. These results were confirmed using a Molecular Dynamics
(MD) computer modeling. Possible reason of these effects is a strong influence of nitrite ions
to the orientational disorder of the anionic sublattice of RbNO3 due to negative strains which
nitrite ions generate in the crystal lattice of the RONO3; matrix. Results of MD simulations
also indicate the appearance of small negative effective pressure within the crystal lattice of
RbNO; on its doping with rubidium nitrite.

Acknowledgement: The work was supported by the Ministry of Education and Science of
the Russian Federation and by the Programme of Presidium RAS #27.509.
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Figures:

Fig.1. PT-diagram of iron (a) in comparison with typical phase diagrams of binary iron alloys
in the case of positive (austenite stabilized steels, b) and negative (ferrite stabilized steels, c)
concentration pressure.

Fig.2. Experimental phase diagram of binary system RbNO3 - RbNO, obtained from the data
of calorimetric study and electrical measurements (left plot) compared with the PT diagram
of rubidium nitrate (right plot).
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Reactions between molecule-scale species are often the most suitable for the cost effective
fabrication of materials with controlled crystal structure, nano-, meso- and micro-structures.
While such chemical pathways are intensively studied since three decades for nanostructured
metals, chalcogenides and oxides of metals with high oxidation state, many other compounds
families were only scarcely, if ever, reported at the nanoscale. These systems show at the
bulk scale mechanical, catalytic, optical and electronic properties without equivalent among
common compounds. The design of corresponding nanostructures could therefore lead to
important changes or enhancement of existing properties, emergence of new behaviours and
novel processing possibilities. The difficulty to isolate nanostructures of such compounds lies
mainly in the high energy input, often through high temperatures (>1000 °C), required for
crystallization. As a consequence, metastable states, including nanostructures with high
surface energy, are destroyed. Strong research efforts are therefore necessary to unveil new
synthetic routes at lower temperatures which could lead to genuinely new nanomaterials. This
is the motivation of the research performed in our group at the Laboratory of Chimie de la
Matiere Condensée de Paris: we are aiming at the design of functional nanomaterials with
innovative compositions. In this presentation, we will discuss some innovative molecular-
based syntheses in the light of some specific cases (Figure 1), including reduced titanium
oxides, so-called Magnéli phases, metal-boron alloys and boron-carbon-nitrogen covalent
frameworks.

Figure 1. Left: HRTEM picture of a Magnéli phase Ti;O; nanocrystal; Middle: True color
optical microscope image of nanostructured and electrospun Magnéli phase TigOis
microfibers; Right: FFT filtered HRTEM pciture of a NbB, nanocrystal.
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Mixed valence titanium oxides, especially Magnéli phases Ti,Ozy.1 (4 < n < 10) provide
versatile tuning of the electrical properties, from wide band gap semiconductor TiO, to low
band gap TigO5 and metallic Ti,O7. The first occurrences of nanostructuration of these
compounds were obtained by a one-pot combination of the sol-gel process and carbothermal
reduction.[1,2] Tuning the molecular reactants, the temperature and the atmosphere leads to
precise adjustment of the stoechiometry and the particle size.[1,2] Shaping processes were
then especially adressed toward specific properties. For instance, spark plasma sintering
yielded nanostructured bodies with enhanced thermoelectric figures of merit compared to
bulk materials,[1] while electrospinning of the initial solution led to microfibers with
unprecedented electrical memory effects.[2]

Metal borides are metal-boron alloys where the high covalency of the boron-boron bonds
results in superhardness (eg. ReB;), superconductivity (eg. MgB,), high temperature metallic
conductivity (HfB;) without equivalent in other compounds families. Covalency however
requires high temperature processes to trigger crystallization, so that nanostructures cannot be
retrieved.[3,4] The first general route toward metal boride nanocrystals [5] was discovered by
using inorganic solvents stable at high temperature (900°C). These liquids were used for
performing colloidal syntheses from metallic salts and borohydrides as metal and boron
sources, respectively. The use of alkali halide eutectic mixtures as solvents where reaction
kinetics were enhanced enabled to fasten crystallization and to maintain the nanoparticle size,
so that the metal to boron ratio and the particle diameter can be tuned for a wide range of
compounds, including HfB,, YB4, CaBg, NiB, Ni,B, MoB,, CoB.

Layered boron carbon nitrides, similar to graphite, provide a very versatile lever to tune the
electronic properties of graphene-like nanomaterials by the adjustment of the B-C-N
composition. As for metal borides, synthesis in molten salts provides an interesting plateform
to design B-C-N compounds by using organic C and N sources.[5] The reactant ratio and
synthesis temperature can be adjusted to tune the materials composition and the nanoparticle
shape from 5 nm diameter spheres to 5 nm-thick nanosheets. Composition, particle size and
materials porosity can then be used to control the photoluminescence,[5] the hydrogen
storage,[6] Li storage [7] and environmental remediation [8] properties.
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Uranium compounds containing tetrahedral oxoanions are of special importance from the
environmental and mineralogical points of view. In this work, we examine structural relations
and systematics for uranyl selenates and sulfates, i.e. uranyl compounds with tetrahedrally
coordinated Se®* and S°* cations.

The U®* atoms is almost always present as approximately linear uranyl-ions [0=U=0]?", that
are coordinated by four, five or six additional anions in the equatorial plane. Apical oxygen
atoms in the bipyramids formed by such way are almost completely valence saturated,
whereas it is necessary to form additional chemical bonds for the valence saturation of
equatorial anions. Hence the uranyl polyhedra are usually polymerize with each other only
through the equatorial vertices and edges, that results in prevalence of layered structures
among the minerals and synthetic uranyl compounds.

Analysis of uranyl selenate structures known at present demonstrates predominance of
structural connectivities based upon corner-sharing coordination polyhedra. The most
convenient method for the description of such structures is representation of their topologies
in terms of bicolored graphs. Within this description, vertices correspond to coordination
polyhedra, and the presence of an edge between the neighboring vertices complies with the
presence of bridging O atom between the respective coordination polyhedra. Crystal
structures of uranyl sulfates often based on edge-sharing heteropolyhedral units. These
condensed structural complexes could be more clearly described by the means of anionic
topologies. In this approach, the connectivity of the sheet of polyhedra is analyzed and only
those anions that are bonded to two or more cations within the sheet are considered.

In the crystal structures of inorganic uranyl compounds, uranyl selenate and uranyl sulfate
complexes are linked via monovalent cations (K*, Na*, Rb", etc.) or octahedrally coordinated
divalent cations ([Ni(H.0)s]*", [Zn(H20)s]*", [Mg(H20)s]*", etc.). In the crystal structures
of amine-templated uranyl compounds, structure formation is regulated by hydrogen bonding
systems and by arrangement of hydrophobic and hydrophilic parts of molecules with voids
and dense fragments of inorganic complexes. The basic structural principle of organic-
inorganic uranyl composites templated by electroneutral molecules (such as crown ethers), is
the translation of interactions between organic and inorganic components by means of
protonated water molecule complexes (e.g., HsO," and H;0%).

This work was supported by St. Petersburg State University and President of Russian
Federation grant for young scientists (no. MK-1737.2014.5). XRD studies have been
performed at the X-ray Diffraction Centre of St. Petersburg State University.
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For many years, challenges to develop lithium ion secondary batteries with high energy
density have been examined. Li,MnOgs-based positive electrodes such as
LiNiy3Mny3Co130, have attractive cell performances which are suitable for the electrical
vehicles using lithium ion batteries. A material including a large amount of Li is preferable
to show large capacity as a positive electrode. These electrodes have been expected to be
alternative materials to conventional LiCoO,. However, Li,MnOj3 itself without Co or Ni
has a poor electrochemical activity except for those of prepared at lower temperature such as
773 K. Recently, we have found out the way to activate Li,MnOg3 electrochemically by
coexisting CuO, not by substitution [1]. The objective is to clarify the reason why the
existence of CuO induces the electrochemical activity of Li,MnO3 by our using SR-XRD,
XAFS and ab-initio calculation. In addition, the electrochemical performance of “Li,MnO3-
CuO composite” will be discussed.

The samples were prepared by combining coprecipitation and solid state reaction. After
dissolving CuSO4 and Mn(CH3COO), into the distilled water, the co-precipitates were
obtained by changing pH from 10 to 12. Dry precipitates and LiOH-H,O were mixed and
after calcination at 743 K, sintered at 973 K for 12hr under O, flow. Electrochemical testing
was carried out using coin-type cells with Li/IM LiPFg in EC:DMC(3:7)/samples. X-ray
diffraction (XRD) measurements using both CuKa radiation and a synchrotron radiation
source were performed and for the latter on BL02B2 and BL19B2 at SPring-8. Structural
refinements were carried out by Rietveld analysis using the RIETAN-FP program[2]. X-ray
absorption measurements of above samples at the Mn and Cu K-edges by transmission
method were performed on BL14B2 at SPring8. The first principle calculations were carried
out using the WIEN2k program package, which is based on the full potential augmented
plane wave and local orbitals (APW+lo) method within the generalized gradient
approximation (GGA).

XRD patterns showed that all the samples for x=1/5, 1/4, 3/8, 1/2 in (1-x)Li,MnO3-xCuO
composed of two-phases of Li,MnO3; and CuO phases. By TEM observations the particle
sizes of Li,MnO3 for both x =1/5 and 1/2 were about 65 nm, whereas those of CuO were 0.5
to 1.0 um for x =1/5, and 0.2 to 0.3 um for 1/2 which are much larger than those of Li,MnOs.
The particle size of Li,MnO3 did not differ by the amount of CuO. However, in proportion
to x the electrochemical activities of the samples were enhanced, as shown in Figure 1. In
addition, the rate performance of the samples was improved by CuO addition. The 240
mAhg™ of discharge capacity was kept after 20 cycles at the rate of 1/20 C.

To clarify the reason why coexisitng with CuO enhances the electrochemical activity of
Li,MnOg, at first we fouced on the crystal structure of Li,MnO3 and carried out Rietveld
analysis using SR-XRD for all the samples, based on the structural model of monoclinic
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Li,MnOg3, S.G. C2/m. It was found that Li and Mn locate on both 2b and 4g sites of Wyckoff
positions. A disordering of Li and Mn in the structure of Li,MnO3 increased by CuO
contents. The results of neutron diffraction patterns supports those of XRD.  These
disordering behaviour probably may correlate closely with the electrochemical activity of
Li,MnOg. In addition, a significnat difference of electron diffraction patterns was observed
between x = 1/5 which showed discharge capacity of 160 mAhg™ and x = 1/2 that of 355
mAhg™. A distinguished streaks along c* axis appeared for x = 1/2 suggesting a stacking
fault, wheares some diffraction spots did for x = 1/5. A similar results for Li(Ni, Mn, C0)O,
are rescribed in ref. [3]. The coexsisting with CuO intoroduce a stacking fault into Li,MnOs.
Next, we considered an effect of partial substiontion of Cu. The ab-initio electronic structure
calculation allows us to know more about the electrical property. Density of States (DOS) of
our assumed supercell, Li;g(Mn7;Cu;)O54 indicated a new sharp band which expect to show
higher electrical conductivity than that of Li,MnQOj3 itself. Hence, the partial replacing Mn by
Cu suggests an improvement of the electrochemical property. Next, we focused on CuO
coexisting with Li,MnO3. Whereas a pure CuO is an insulator, Li-doped CuO could be a
semiconductor in the literature [4]. Therefore, it is reasonable that the kinetic barrier of the
electrode reaction for Li,MnO3; was depressed by coexisting with CuO.

We will present a new way to activate Li,MnO3 electrochemically by coexisting CuO, not by
substitution and discuss the mechanism why coexisitng with CuO enhances the
electrochemical activity of Li,MnQO3 based on both experimental and calculation results.
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Figure 1. Charging and discharge curves for (1-x) Li,MnO3-x CuO cell.
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Polymer transition metal complexes with tetradentate N,O, Schiff base ligands derived from
salicylaldehydes and aliphatic diamines, often referred to as poly[M(Schiff)], belong to a
class of conductive polymers. They can be easily formed on inert electrode surfaces (e.g.
carbon, platinum, ITO, etc.) via oxidative electrochemical polymerization of corresponding
Schiff base monomers (Figure 1) in moderately/weak donor solvents.

Figure 1. Structure of some monomers M(Schiff)]

YN M(II) = Mn, Co, Ni, Cu, Pd, Pt;
—N._. N= R,R’= H; Y =-CH,-CH,- — [M(SalEn)];
ST R, R” = H; Y = -C(CH,),-C(CH,),-
R o~ So R [M(SaltmEn)]; R = OCH3 R’ =H, Y =-CH,-
CH2- - [M(CH,O-SalEn)]; R = OCH, R’=H,
R Y = -C(CH,),-C(CH,),- — [M(CH,O-SaltmEn)]

Due to their unique characteristics, such as broad potential range of electrochemical activity
(> 3 V), high specific energy stored in the polymer (> 300 J/g), unique thermal stability (up to
350 °C), high chemical and electrochemical reversibility of redox processes, electrochromic
properties, easy synthesis and low cost polymer Schiff base transition metal complexes are
promising materials for energy storage/conversion applications. We report herein on the
results of our attempts of poly[M(Schiff)] applications in ultracapacitors (I), metal-air
batteries (11) and photoelectrochemical energy converters (111).

I. High reversibility and fast kinetics of red/ox processes in poly[M(Schiff)]’s allows to use
them as pseudocapacitive materials for electrochemical supercapacitors. Adsorption-
electrochemical modification procedure, developed in our lab, utilizes an unused space in
high-porous carbon material by filling it with poly[M(Schiff)] polymer. As a result, double-
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layer capacitance of positive activated carbon (AC) electrode enhanced by redox capacitance
of poly[M(Schiff)]. Achievable improvement depends on carbon pore structure and now
reaches doubling of volumetric capacity for meso-porous carbon (Fig. 2).

I1. Affinity of planar cobalt macrocycles to dioxygen and ability of such complexes to
catalyze oxygen reduction reactions (ORR) are well known. Conductive and electroactive
poly[Co(Shiff)]’s are promising materials for electrocatalysis of ORR, as they can be easily
polymerized, have tunable structure and high affinity to dioxygen. Poly[Co(Schiff)]’s —
modified electrodes in Li* and O, - containing solutions demonstrate sufficient
electrocatalytic effect in ORR associated with Co(l11)/Co(ll) red/ox pare.

—————————— Bare GC electrode
0, — Poly-[M(Schiff)]-modified GC electrode

06 04 02 00 02 04
E, Vvs Ag/Ag™

Figure 3. 50mV/sec polarization curves of GC electrodes in O, -saturated 0.1M LiBF4/AN
electrolyte

I11. When the optically transparent electrode, modified with a poly[M(Schiff)] film,
irradiated with visible light, the electrode potential is increased by 100 - 500 mV, depending
on the nature of the metal center and ligand environment. Upon light excitation one electron
from the M degenerate d orbitals is promoted to the = anti-bonding orbital of the Schiff ligand
giving the metal-to-ligand electron transfer excited state which could undergo intersystem
crossing to the corresponding triplet charge-separated state. Emission of this state is
effectively quenched by molecular oxygen dissolved in the solution. This quenching
completes the charge separation process and leads to the increase of degree of oxidation of
polymer metal centers. In turn, the increased concentration of oxidized polymer metal centers
leads to a shift of the electrode potential in the positive region. The report will be presented
results of the study of described above photogalvanic effect for various poly[M(Schiff)]
polymers, as well as test results of model photoelectrochemical converters based on these
polymers.
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It is widely appreciated that the performance of oxides and of materials, in general, is closely
related to the ways in which they are processed. One goal of modern solid state chemistry
research and materials development has been to identify simpler processing schemes that do
not rely upon high-temperature treatments for inducing solid state reactions. Among the
many types of preparation techniques, the non-conventional mechanochemical synthesis (the
so-called mechanosynthesis) has been recognized as an efficient route providing a single-step
and facile access to nanomaterials [1].

In the present work, selected examples are presented of mechanochemical formation
reactions leading to complex oxide nanoparticles with a nonequilibrium structure and unique
functional properties. One of the most important aspects of studies on mechanically induced
reactions in oxides is the exploration of simple routes to compounds with a large amount of
defective cation centers with an unsaturated oxygen coordination which can easily be
adjusted by the milling time (t,) as well as time and temperature of a subsequent annealing
step. This is exemplarily demonstrated in Fig. 1, where mechanical action on the mullite-type
Bi,(Ga,Al»)Og material gives birth to three- and fivefold coordinated Al centers [1,2]. The
concentration of these defective AlO3; and AlOs configurations increases with increasing tp,
reaching the value of about 21% in nanomaterials with crystallite sizes below 10 nm. The so
prepared nanostructured oxides might be of large interest for the preparation of catalysts
since the unsaturated Al centers act as anchoring sites for catalytically active materials [3].
Thus, the mechanical preparation route found might establish a basis for the design of
catalysts whose activity can be thoroughly tailored. It is demonstrated that mechanochemical
methods provide highly effective tools to create (metastable) compounds which are not
available by conventional synthesis routes.

The present work is supported by the DFG within the framework of the Priority Program
“Crystalline Nonequilibrium Phases” (SPP 1415). Partial support from the APVV (project
0528-11) and the VEGA (2/0097/14) is gratefully acknowledged.
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Fig. 1. (left) The orthorhombic mullite-type crystal structure of Bi,Ga,Al,QOg is characterized
by chains of edge-connected MeOg octahedra along the c-axis which are interconnected by
Me,O; double tetrahedra (Me = Ga**, AI**).

(right) 2’ Al MAS NMR spectra of Bi,Ga,Al,0g milled for various times in a Pulverisette 7
planetary ball mill (Fritsch, Germany). The milling times (t,) and the corresponding
crystallite sizes (D) are shown in the figure. Arrows denote the spectral components
corresponding to the anomalous AlO3 and AlOs nearest-neighbor atomic configurations. 2’Al
MAS NMR spectra were recorded at a spinning rate of 20 kHz. The *’Al chemical shifts are
referenced to 1 M AI(NO3)3 aqueous solution.
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The study of kinetics, structural and morphological changes during
thermal decomposition of M,(C,0,)3°10H,0O (M=Ce, Sm).
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Zakharov Boris *®.
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Thermal decomposition of salts precursors (e.g., hydrates, nitrates, carbonates and oxalate)
were commonly used to yields metal oxide powders both in laboratories and in industries.
Despite the numerous publications on thermal decomposition reactions, there is still an open
question about the possibility to control the size, shape and phase composition of the particles
of the product. In [1,2] we proposed the approach based on feedback between reaction and
fracture. Fracture is result of large shrinkage during reaction and low plasticity of initial salts.
This approach allows predicting of stationary front velocity (the reaction rate) and
morphology of product (shape and size of particles, porosity). The validity of the approach
had been proved experimentally for dehydration of some inorganic and organic hydrates and
calcite decomposition. The approach was elaborated in this work. Cerium and samarium
oxides were obtained during decomposition of oxalate precursors. The influence of a reaction
staging, crystal habitus and reaction condition (temperature and water or oxygen pressure) on
kinetics, structural and morphological changes were studied. X-ray diffraction, TG-DTA
methods, optical microscopy, TEM, SEM, small-angle X-ray scattering, Raman spectroscopy
and N, sorption isotherm techniques were employed for morphology and structure
characterizations.

Two types of topotactic structural transformations were observed during dehydration of
cerium oxalate decahydrate. The metastable structure was obtained in vacuum. Detailed
analysis of atomic displacements was carried out and strain ellipsoids were obtained for each
case. The reaction-related deformation determines the character of the fracture. It was shown
that reactions with different mode of structural transformation had different morphology of
fracture. Observed deformation of crystals and suggested structural modification are
presented on Figure. The structure of Ce,(C,04)3°10H,0 is composed of infinite cerium
oxalate layers, perpendicular to b-axis. The layers are held together by hydrogen bonds via
water molecules situated between the layers. The evolution of (100) habitus crystals in
vacuum is presented on Figure (a). 30% compression along b axis is observed. Other cell
parameters are not changed. We suggest that the removal of water molecules causes a
decrease of interlayer distance. The structure of layer is not changed in this case. The
evolution of (010) habitus crystals during reaction at high water vapor pressure is presented
on Figure (b). Changing the crystal form is observed in this case. It is suggested that the shear
deformation of layer occurs during dehydration. Samarium and cerium oxalate decahydrates
are isostructural. Only one phase was formed during dehydration of samarium oxalate
decahydrate. Its structure is similar to the structure of the stable modification of dehydrated
cerium oxalate (Fig (b)).

Porous crystalline CeO, and Sm,03 were obtained from dehydrated oxalates during heating
in air. It was shown that solid product of thermal decomposition was formed as pseudomorph
with porosity 35-40%, which consists of metal oxide nanoparticles. Specific surface area of
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cerium oxide measured by the BET method was 140 m%g. The values of particle size
obtained from TEM data were about 5 nm. It should be noted that reaction rates of cerium
oxalate obtained under different conditions were varied significantly. Thus, it is possible to
control the kinetics and morphology of the final product by varying the conditions of
dehydration. Possible mechanisms of pore formation were discussed. The analysis of the
methods to control the size, shape and phase composition of the product was carried out.
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Figures:

Figure 1. Observed deformation of Ce,(C,04)3°10H,0 crystals and suggested structural
modification during dehydration in vacuum (a) and at high water pressure (b). x100.
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ThBaMn,0g.5 has a perovskite-related structure with layered-type ordering of the Th and Ba
atoms. We have carried out Selected Area Electron Diffraction (SAED) and High Resolution
Transmission Electron Microscopy (HRTEM) studies on this compound. The results reveal a
modulation of the crystal structure. Besides, our Electron Energy-Loss Spectroscopy (EELS)
indicates that the average oxidation state of Mn is 3.24 and therefore non-stoichiometry in the
anion sublattice giving a TbBaMn,Os 75 general formula. A combination of techniques has
allowed us to solve the crystal structure of ThBaMn,0s 75 [1].

Taking into account that charge ordering (CO) at room temperature is predicted in
REBaMn,0¢ oxides with RE ions of smaller size than Nd [2, 3], we ascribe the modulation
of the perovskite-type crystal structure in TbBaMn,Os 75 to a combination of charge ordering,
Ba/Tb ordering and anion vacancies ordering.

Different models for the CO structure of MBaMn,Og (M = Tb, Sm, Y) have been proposed
so far [4, 5]. However, all these models are based on Mn** and Mn*" ordering in
stoichiometric oxides (equal amount of Mn** and Mn*"), which is not the case of our
compound. We have proposed a model according to our SAED, HRTEM and EELS results.
We deduce a V2a, x 2v2a, x 4a, unit cell (a, refers to the lattice parameter of the cubic
perovskite structure) and P212:2 space group from the reciprocal lattice constructed from
different SAED patterns. The HRTEM images along the [001], zone axis show contrast
differences in agreement with the \/221IO X 2\/2ap periodicity. Our CO model consist of {001},
layers of one Mn*" stripe alternating with three Mn®" stripes along the [110], direction.
Packing of CO bi-layers along the c-direction, shifted by 2a, along the [100], direction every
other bi-layer, leads to 4a, periodicity along [001],.

We have also carried out Powder Neutron Diffraction experiments for solving the crystal
structure and PDF analysis, which gives us complementary information on the oxidation
states of the Mn cations and the positions of the oxygen vacancies. The results suggest that
the anion vacancies are located mainly within the TbO layers and that there is at least some
degree of oxygen vacancy ordering within the ThO layers.

In addition to this, we have carried out Exit Wave Reconstruction (EWR) processing of the
HRTEM images, which clearly shows imaging of the oxygen sublattice at the unit cell level,
to locate the anion vacancies. Analysis of the intensity of the averaged phase image along the
[010], zone axis has revealed columns with lower occupation of oxygen atoms (i.e. with
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anion vacancies) in the Th planes of the structure. Layered-type ordering of the Ba and RE
cations may drive this complex association between CO and the location of the anion
vacancies within the Tb planes.

Our current studies on magnetic properties and neutron powder diffraction measurements
collected over broad temperature ranges of TbBaMn,0Os 75 reveal that the nature of the charge
ordering is different than originally proposed and consists of ferromagnetically coupled
(Mn**%);3 trimer polarons and Mn** in a 1:1 ratio. This CO model also agrees with our
studies on SAED, HRTEM, EELS and EWR.

ThBaMn,0s75 might has interesting properties such as oxygen conduction [6, 7] or
multiferroic behavior that could be explained taking into account their crystal structure and
particularly the combination of the ordering effects in the structure.
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Tysonite-like crystals of RF3 and R1.yMyF3.y (R — 16 rare-earth elements; M = Ca, Sr, Ba) are
of interest as fluorine-conductive compounds [1]. There is almost no information, however,
about an impact of cationic admixtures in general and heterovalent (as most active) ones in
particular on structural transformations of RF3. It is often difficult to compare properties of
the tysonite-like phases using literature data, since few of them report a fine content of
admixtures both in the reagents used and the crystals obtained. Only few tysonite-like crystal
structures have been published with the determinate content of alkaline-earth elements
(AEE). This is not enough to settle the issue of an influence of AEE on the crystal chemistry
of the 43 tysonite-like phases formed in the 48 systems MF, — RF3.
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Fluorine-ionic conductivity o strongly depends
(up to 10° times at some temperatures) on the
quantitative (y) and qualitative (R,M)
composition of the crystal. At the fixed values of
R and M, the conductivity non-linearly depends
on y reaching its highest value near y = 0.05 -
0.07 for many well-conducting phases (Fig. 1).
Possible structural reasons for such dependences
were never analyzed. Recent work is performed

with the view of addressing this issue.

9 Figure 1. Fluorine-ionic conductivity at room
0 0.1 02 0.3 temperature as a non-linear function of a mole
¥, mole fraction of StF fraction (y) of SrF, [2].

Single crystals of Laj.,SryFs., (y = 0, 0.05, 0.07 and 0.15) were obtained from the melt by
Bridgman technique. This phase is selected for the structure analysis since the crystals of
Lao.o5Sro.0sF2.95 have the high conductivity o = 3x10™ S/cm at room temperature with the low
activation energy ~ 0.34 eV of the ion transport what enables them to be used in solid-state
electrochemical units.

Defect structures of the ‘as grown’ crystals Laj.,SryF3., have been studied using X-ray and
neutron diffraction techniques. The concentration-induced symmetry changes have been
revealed first for this phase. The merohedral twins of LaFz u LaggsSroosF295 belong to the
trigonal system (sp. gr. P 3cl; Z = 6) whereas the single-domain crystals of LaggsSro15F2.85
change the symmetry group for P63/mmc; Z = 2 (Fig. 2). One should note that it happens near
those mole fractions of SrF, (y = 0.05 — 0.10), which correspond to the best conductivity.
The crystals of LaggsSroo7F293 Show different symmetries being studied using X-rays or
neutrons.
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Fig. 2. Type structures of Lai.ySryFs., projected on (001). Large unit cell (left, Z=6) and
small unit cell (right, Z=2) are accompanied with ‘complementary’ cells shown by dotted
lines. The sites F1 at z ~ 0.58 and z ~ 0.92 are given in blue and red, respectively. The F1
sites (red) of the right hexagonal structure are split.

Fluorine atoms are distributed among three independent sites F1, F2, F3 of the large unit cell.
The last two, F2 and F3, are equivalent in the small cell of the hexagonal structure. Each site
determines the anionic subsystem of the same name. NMR techniques [3] denote in LaF; the
mobile F1 subsystem and the less active F2+F3 subsystem at room temperature, but authors
[4] come to the conclusion that the ionic transport in LaF3 is most probable through F3 (along
the c-axis). At the same time, the effect of crystallographic orientation on the conductivity
and anionic mobility was studied by a number of authors. Below 400 K, a weak anisotropy in
conductivity (o|c / o1 = 3-4 at 320 K) for RF3 and R1.yMF3., with y < 0.02 and full isotropy
for those with y > 0.08 were found. These contradictions must be settled.

In this work, we considered structure-dependent possibilities for the charge transfer in
different directions through the F1, F2 and F3 subsystems of the crystals studied. It was
assumed that fine changes of the F3 subsystem at y near 0.05 can simplify the F1-F1 as well
as F3-F3 ion transport giving rise to better conductivity. Different trajectories are presented
and discussed. Also, a possible contribution of the twin phenomenon to the conducting
properties of the tysonite-like crystals is analyzed. It has been assumed that charge carriers
can move along the twin boundaries through the sites of the F1 subsystem of LaF3 using
metrically adequate interstitials at the boundaries. Besides, an attention is given to the matter
why the conductivity decreases at the further increase of the AEE content.

This study was partly supported by Russian Fund of Basic Research, grant No 13-02-00105,
and by Council on Grants from the President of the Russian Federation for Support of
Leading Scientific Schools (grant No. NSh-1130.2014.5).
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Transparent conducting oxide films are electrically conducting and visible light transparent.
Such films have a wide range of applications in display panels, solar cell, touch screens etc.!
Among various transparent conducting films, indium zinc oxide (ITO) is probably the most
widely used. In this presentation, we will demonstrate that some ITO films can react with
nitric oxide gas even at room temperature.

The sheet resistance of fresh ITO film on insulating glass was measured using a four-point
probe placed in the glove box. The four-point probe measurements showed that NO
adsorption induced an increase in ITO sheet resistance at room temperature as seen in Table
1. It was proposed that a low conductivity layer was formed near the ITO surface region, and
this was NO induced. The increase in the sheet resistance can be associated with adsorbed
NO species on the ITO surface. Figure 1 shows that the frequency changes for a ITO coated
quartz crystal microbalance after exposing to NO gas at room temperature, and the frequency
change rate Af increases with NO gas concentration.

In order to explore the interaction between the ITO surface and NO, various characterizations
were carried out and the results are discussed.
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Figure 1. Time-dependent frequency change of ITO coated on QCM, after exposing to
difference concentrations of NO gas.
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Figure 2. Frequency change rate Af/At as a function of NO concentration

Table 1. NO-induced resistance increase AR of the ITO films exposed at different NO partial

pressures.
AR
Sample NO partial pressure (Pa) (©/sq)
1 0 0
2 0.42 42
3 0.79 44
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Classic theory of crystal growth states that all crystals grow by adding new building units
(i.e., atoms, ions, molecules or their complexes) to their surfaces from solution, melt, vapor
or another solid phase [1]. However, there is another theory of the alternative mechanism of
the crystal growth — micro-block mechanism — that suggests that the crystal growth occurs by
the intergrowth of the independently grown smaller crystals that made a contact in the course
of their size increase. The latter approach, initially developed by P. Goubert as early as in the
19-th century, was actively pursued and developed by E.S. Fedorov, A. Traube, M.P.
Shaskolskaya, A.V. Schubnikov, N.N. Sheftal, D. Balarev, N. Uyeda [2], N.P. Yushkin [3],
R.A. Buyanov, O.P. Krivoruchko [4], A.M. Askhabov, I.V. Melikhov and other. Recently, the
aforementioned micro-block mechanism has been rebranded and reappeared in the literature
under the name of “oriented attachment growth”, especially in the publications of scanning
(SEM) and transmission (TEM) electron microscopy studies as well as other advanced
experimental methods (e.g., [5-7]).

In our presentation, we would like to report our novel results related to the formation of
nanopowders in the course of their co-precipitation from aqueous solutions. Our data
confirm the aforementioned micro-block mechanism of crystal growth for the obtained
fluoride nanopowders [8-11].

Specifically, we would like to emphasize the following highlights of the observed processes:

1. The formed primary particles are not X-ray amorphous, they are nanocrystals.

2. The primary nanoparticles participating in the oriented attachment growth possess
smooth morphology instead of clearly shaped facets.

3. Nanoparticles can mutually orient each other in colloid solutions as well as in solid-
state phases.

4. Describing the dynamics of the nanoparticle formation, one may name the above force
as “orientation ordering force” for convenience.

5. Crystallization has a step-wise hierarchical nature with the periods of rapid
nanoparticle growth changing to the relaxation periods; the latter periods include
processes of imperfection decrease and stress elimination.

6. The above transformations occur at temperatures much lower than the melting
temperatures (i. e., the so-called Tammann temperatures T < 0.6*T yert).

7. In aqueous media, the aforementioned processes are typical for the crystal growth of
low solubility phases, precipitated by the chemical reactions.

8. Primary merging of nanoparticles in the course of oriented attachment crystallization
allows the formed crystalline particles to exceed the critical nucleation seed size and,
therefore, can be one of several possible nucleation mechanisms. Crystallographically
imprecise merging of the nanoparticles introduces a dislocation in the formed single
crystal, which, in turn, opens the way for the classical Burton-Cabrera-Frank crystal
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growth mechanism. The latter means that the crystal growth occurs via spiral
dislocations. These dislocations generate growth steps, which, in turn, spread because
of the diffusion of atoms.
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Fig. 1. TEM image of BasBi3F17 powder [11].
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Cathode materials for H-SOFC:
proton uptake, bulk transport and oxygen surface exchange kinetics
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The use of proton conducting oxides (e.g. Y-doped BaZrO3) with high ionic conductivity in
the range of 300-600 °C as electrolytes offers a chance to lower the operating temperature of
solid oxide fuel cells (H-SOFC). The change from oxide ion conductors to proton conducting
electrolytes requires an optimization of the catalytically active material at the cathode. In H-
SOFC oxygen is reduced to water at the cathode, which, in contrast to oxide ion electrolytes,
does not necessarily require incorporation of the oxygen into the catalyst material (or finally
at least into the electrolyte). On the other hand, a mixed proton / electron hole conductivity of
the cathode would be very beneficial in order to allow for oxygen reduction to extend beyond
the triple phase boundary and to occur on the whole surface ("bulk path™).

This motivated us to investigate the thermodynamics and kinetics of proton incorporation into
redox-active perovskites. In presence of three carriers (protons, oxygen vacancies, holes)
proton uptake can occur by hydration of oxygen vacancies (acid-base reaction) as well as
including a valence change of transition metal ions (redox reaction). This can lead to complex
diffusion kinetics (two-fold relaxation [1]), which is analyzed in detail by numerical
simulations [2].

For BagsSrosFeosZno203.4 (BSFZ) ceramics lower bounds for proton concentration and
mobility are extracted from thermogravimetry transients [3]. Comparing this lower bound for
the proton conductivity with the ionic conductivity of (La,Sr)MnQOj3 films on YSZ indicates
that the bulk path for oxygen reduction is possible on BSFZ cathodes. Impedance
spectroscopy on dense thin-film microelectrodes on Ba(Zr,Y)Os.4 electrolytes shows that the
resistance related to the oxygen reduction scales inversely proportional to the electrode area,
supporting that the reduction proceeds by the "bulk path™ on the whole BSFZ/gas surface. For
these measurements, one has to properly account for the non-negligible hole conductivity of
Ba(Zr,Ce,Y)O34 in high pO; [4].
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The anthropogenic amounts of carbon dioxide (CO;) in the atmosphere have been raised
dramatically, mainly due to the combustion of different carbonaceous materials used in
energy production, transport and other important industries such as cement production, iron
and steelmaking. To solve or mitigate, at least, this environmental problem, several
alternatives have been proposed. A promising alternative for reducing the CO, emissions is
to capture and concentrate the gas and its subsequent chemical transformation.

Different materials have been proposed as potential CO, captors. Among these materials,
different lithium and sodium ceramics have been proposed as possible high temperature CO,
captors. Some of the alkaline ceramics most studied are the lithium and sodium silicates
(Li4SiQy4, LigSiOg, Li,SiO3 and Na,SiO3), lithium aluminate (LisAlOy) lithium and sodium
zirconates (Li»ZrO3; and Na,ZrO3) and lithium cuprate (Li,CuO;), among others. All these
ceramics have been tested, producing interesting results at different temperature ranges
between 30 and 700 °C.

In this kind of ceramics CO, capture is produced throughout a chemisorption process.
Initially, the alkaline ceramic particles react with CO at the surface. The superficial reaction
implies the formation of an external shell of Li,CO3 or Na,ZrO3 and secondary phases. Once
the external shell is produced, the reaction mechanism is controlled by different diffusion
processes. Therefore, the correct understanding of all these phenomena is a very important
step during the selection of the ideal CO, capture conditions. In other words, the selection of
materials, temperature range, gas and/or vapor concentrations, flows, etc. Then, the aim of
this work is to present different experiments related to the CO, reactivity, chemisorption, on
lithium and sodium ceramics and to propose how different factors control this process. The
work will be focused on diffusion controlled CO, chemisorption, which has been shown to
be the limiting step of the CO, chemisorption process. Diffusion controlled CO,
chemisorption appears to be mainly influenced by the chemical composition of a product’s
external shell.
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b)

Electroactive polymer films formed by compounds of different nature are materials of a great
interest owing to a wide spectrum of their applications. A sufficient understanding of charge
transfer mechanisms that take place in such objects is obviously desirable to design concrete
devices. Meanwhile, a use of the representations elaborated earlier for redox-polymers, as a
rule, leads only to a qualitative agreement between theoretical and experimental results in
case of polaron-conducting films. The accepted treatment of the polaron conductance is in
essence the same, as that used for redox polymers with the only premise that a polaron quasi-
particle includes three-five monomer units in contrast to one unit assumed for any charged or
neutral fragment of redox polymers. As pointed out in [1, 2], the similar treatment creates
some problems especially in the case of non-stationary conditions of charging/discharge of
polaron conducting films.

The main feature of the proposed approach is a polaron flux reformulation, which assumes a
polaron translocation length to be of a one monomer size independently of the number of
monomer fragments included into polaron quasi-particles. As a result, material balance
equations of polaron-conducting films take a more complicated form than that accepted in the
existing theory of redox-conducting polymers. It is shown that, at equilibrium conditions, the
obtained equations, as it must be, lead to the relationships being in accordance with
thermodynamic ones. At the same time, a proper analysis reveals some difference between
quantitative results that follow from the proposed and traditional approaches. Although the
derived equations are valid for a special system modeling a polaron-conducting film, the
possibility of their generalization does not provoke any doubt.

Financial support of the Russian Foundation for Basic Research (grant # 12-03-00560) and
the St. Petersburg State University (grant # 12.38.77.2012) is gratefully acknowledged. The
work was also supported with program “Molecular Biology” of the Russian Academy of
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Electrodeposition of CIGS thin films from an ionic liquid BMIM-OTF
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An ionic liquid 1-butyl-3-methylimidazolium trifluoromethanesulfonate (BMIM-OTF) was
employed to electrodeposit copper indium gallium diselenide (CIGS) thin films, which are
among the most promising materials for thin film solar cell[1]. Compact, dense and relatively
smooth CIGS films, whose composition could be controlled, were obtained by one-pot
electrodeposition.

Potentiostatic method was used to electrodeposit CIGS films on a nickel substrate from ionic
liquid electrolytes with CuCl,, InCl3, GaCls, and SeCl, as main salts and BMIM-OTF as the
solvent. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) and scanning
electron microscopy (SEM) were used to analyze atomic composition and observe the
morphology of the films, respectively. The influences of the potential, time and temperature
on composition and morphology of films were investigated. The growth mechanism and the
photovoltaic features of the films are being studied.

The atomic composition of CIGS films as a function of deposition potential is given in Fig. 1.
With the decrement of deposition potential from -1.4 to -2.0 V, the content of selenium
decreased and that of indium increased drastically. And the amount of copper in the film had
a little decrement. The deposition potential had no significantly effect on the level of gallium.
These results can be explained from their electrodeposition potentials in aqueous electrolyte:
+0.75 V vs NHE for selenium, +0.34 V for copper, -0.34 V for indium, and -0.53 V for
gallium[2]. As selenium and copper can be electrodeposited at very positive potential, the
films obtained at -1.4 V was selenium-rich. More indium could be deposited at relative
negative potential, and at the same time the content of selenium was reduced. Gallium is very
difficult to be deposited even at -2.2 V. So its content was very low and rarely changed with
potential changes. Therefore, the composition of the films electrodeposited from this ionic
liquid electrolyte could be controlled by electrodeposition potential. In addition, the
deposition time and temperature also had a big effect on the film composition.

The SEM images of CIGS obtained at various deposition potential is shown in Fig. 2. Porous
thin films with clusters were obtained at the investigated range of potential from -1.4 to -2.2
V. The cracks diminished and clusters became jointed together when the potential decreased
to -2.0 V. With further decreasing the deposition potential, the thin film became compact and
uniform. A lot of flake-like deposits, which was accordance with the copper selenides
phase[3], could be observed on the films obtained at -2.0 V. The ionic liquid would
decomposes when the deposition potential was more negative than -2.2 V. Therefore, the
deposition potential for constant potential deposition should not exceed -2.2 V.

The authors are grateful for financial support from the National Science Foundation of
Heilongjiang Province in China (No. ZD201107).
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Fig. 2. Morphology of CIGS films deposited at various deposition potentials: (a) -1.4 V, (b) -
1.6V, (c)-1.8V, (d)-2.0V,and (e) -2.2 V.
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Long-Range Chemical Interactions in Solid-State Reactions: Effect of an
Inert Ag Interlayer on the Formation of L1y-FePd in Epitaxial
Pd(001)/Ag(001)/Fe(001) and Fe(001)/Ag(001)/Pd(001) Trilayers

V. G Myagkov L. E. Bykova® V.S Zhigalov ?, G. N. Bondarenko ”

#Kirensky Institute of Physics, Russian Academy of Sciences, Siberian Branch,
Krasnoyarsk, 660036 Russia
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Diffusion is one of the unique phenomena that control major natural processes. It is a basic
contributor to chemical reactions and structural transformations in solids.[1,2] Solid-state
reactions, including those occurring in thin films and multilayers, comprise three successive
stages: (1) breakage of reagent chemical bonds, (2) diffusion transfer of reagent atoms via a
reaction product, and (3) rearrangement and formation of new bonds. The reaction rate is
determined by step 2, which is the primary stage. Traditionally, solid-state diffusion of
reacting atoms via a layer of a reaction product is considered to occur through an atomic
exchange with nearest neighbors that leads to their random walk over a crystal lattice. The
mean distance d that an atom moves over time t equals the mean-square atomic displacement
(Ax?) and satisfies the Einstein equation d = (Ax?) = 2Dt. In numerous studies on solid-state
reactions in thin films and multilayers, the parabolic growth of the reaction layer thickness d
which satisfies the Einstein equation is presented as experimental proof of the diffusive
nature of the reaction.

However, the nature of atomic migration during the low-temperature solid-state reactions in
bilayers and multilayers is as yet unclear. To a large extent, this effect is inconsistent with
the diffusion mechanism. The major inconsistencies are the following:

1) The threshold character of a thin-film solid-state reaction. According to calorimetric
and resistance measurements, intense mixing on the interface begins after the
initiation temperature Ty is exceeded. Meanwhile, the diffusion scenario suggests that
the solid-state reactions on the interface between reagents should occur at any
temperature, and that the reaction layer thickness depends only on the temperature and
annealing time.

2) In the diffusion reaction mechanism, the break of a chemical bond in the film reagents
comprising the bilayers at T > T (stage 1) is not related to the further interdiffusion
of atoms via a reaction layer (stage 2). However, the layers of the same film reagents
separated by a certain distance do not exhibit a break in the atoms’ chemical bond or
their diffusion from the surface. In other words, the breakage of chemical bonds and
mutual atomic migration only occur when reacting layers are included in the bilayers
and multilayers and the temperature exceeds the initiation temperature (T > To).

3) Ultrafast atomic transport occurs at the initiation of solid-state reactions in Co/Si [3]
and Mo/Si [4] multilayer thin films by femtosecond laser irradiation. In Co/Si and
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Mo/Si samples, mixing of the layers with thicknesses of ~10 nm occurs for an

irradiation time of 150 fs. This corresponds to diffusivity D ~ (10"°~10®) m?/s, which

is unrealistic for solid state diffusion.
We investigated the effect of a chemically inert Ag buffer layer on the solid-state reaction
between epitaxial Pd(001) and Fe(001) films. To suppress the reaction, we chose two
thicknesses of the chemically inert Ag film: 0.5 and 1 um. For comparison, we used samples
without a buffer layer in the experiments. At an annealing temperature of 400°C, in all
samples the ordered L10-FePd(001) phase was the first to form. Regardless of the buffer
layer thickness, above 500°C the disordered FexPd1-x(001) phase begins to form and
becomes the only phase at annealing temperatures above 600°C. The absence of mixing on
the Ag/Pd and Ag/Fe interfaces and the fast migration of Pd atoms via a thick inert Ag buffer
in the Fe film in the Pd/Ag/Fe trilayers prove the occurrence of long-range chemical
interactions ( LRCIs ) between Pd and Fe during the solid-state reaction. Our study takes an
unprecedented look at the common nature of the long-range chemical interactions and
chemical bonds.
The literature review shows that long-range atomic transfer via inert buffer layers has also
been observed for the mass transport of Au and Pb atoms through an Ag(300nm) interlayer
[5], outdiffusion of Au through Pt(1um) [6], outdiffusion of Si through Au(230nm) [7], and
diffusion of Fe, Ni, and Co through an Au(300nm) film [8].
It is well known that all fundamental interactions in solids are described by short-range
potentials. However, the nature of the chemical bonds which underlie these interactions
remains a subject for discussion [9-13]. We believe that the chemical interaction between
reacting atoms is not limited by a chemical bond length. The long-range chemical interaction
between reacting atoms is a fundamental characteristic of the initial stage of chemical
reactions that precede the formation of a stable chemical bond.
Although the long-range chemical interactions (LRCIs) originate from the study of solid—
state reactions, they undoubtedly underlie any chemical reaction. We believe that the LRCIs
broaden one’s outlook regarding the nature of the chemical bonds and demonstrate that the
notion of the chemical bond is many-sided and more completed than what is typically
presented in science. The discovered feature of a chemical bond-the long-range character of
chemical interactions-should underlie the formation of supramolecular structures, self-
assembly mechanisms, self-organization phenomena, and the construction of a great number
of biological objects.
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Influence of the pressure and temperature on the LDH structural evolution
and its effect onto the CO, sorption capacity
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The 90% of the world energy necessity has been supplied by the use of fossil fuels. The use
of these fuels has contributed to increase the atmospheric CO, concentration up to 380 ppm,
causing an increase of 0.7 °C in the temperature at the earth's surface [1]. Unfortunately, if
the CO, emissions rate remains constant, it is expected that by 2050 the concentration of this
gas in the atmosphere reaches 550 ppm [2] producing an increase up to 5 °C in the
temperature at surface [1]. In order to reduce the amount of anthropogenic CO, and its
effects, several materials have been used as CO, captors [3-6].

In this work, a layered double hydroxide (LDH) with Mg/Al ratio equal to 3 was prepared by
the coprecipitation method. The sorption capacity of the materials was studied at high
pressures, up to 4.35 MPa. LDH sample was tested as a layered structure, but as well as a
mixed oxide (calcined-LDH) and as a K-impregnated mixed oxide. All materials were
characterized before and after their CO, capture evaluation at higher pressure by XRD, FTIR,
SEM and N adsorption, to determine the structural and microstructural changes due to the
CO, atmosphere, temperature and pressure.

The materials were evaluated in CO, atmosphere at temperatures in the range of 30 to 350
°C, with a pressure from ~ 6 to 4350 kPa. At atmospheric pressure, the CO, capture was
similar to reported in other studies (< 1 mmol/g), independently of the temperature [3,7, 8].
Nevertheless, the final CO, trapped at high pressures were considerably higher than those
typically obtained at atmospheric pressure, reaching up to 5.7, 10 and 5 mmol/g to LDH,
calcined-LDH and K-impregnated calcined-LDH samples, respectively. The results showed
that the increase in the surface area positively affects the sorption capacity of the materials
and there is an optimal sorption temperature witch depends of the material. Finally, it was
observed that the pressure and CO, atmosphere diminish the temperature in witch commonly
occurs the LDH structure evolution to its mixed oxide and MgAl,O, spinel. The next figure
summarizes the LDH TG structural evolution [9, 10], the maximum CO, adsorption observed
at high pressure and how the crystalline structure evolved as a function of pressure and
temperature.
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The alarming trends in energy demand and the finite nature of fossil fuel reserves have
motivated the search for energy sources more sustainable. In this regard, biodiesel can
provide a significant contribution in the energy independence. Biodiesel is a sustainable,
renewable, non-toxic, biodegradable diesel fuel substitute that can be employed in current
diesel infrastructure without major modification to the engines, offering an interesting
alternative to petroleum-based diesel [1-3]. The combustion of biodiesel can decrease carbon
monoxide (CO) emissions by 46.7%, particulate matter emissions by 66.7% and unburned
hydrocarbons by 45.2%. The most common method for producing biodiesel is via triglyceride
(TG) transesterification from vegetable oils and animal fats in the presence of short-chain
alcohols and homogeneous acid or base catalysts; these yield fatty acid methyl esters
(FAME) or fatty acid ethyl esters (FAEE) and glycerol (also called glycerin) as products [1-
3]. Figure 1 shows the general well-known transesterification reaction with alcohols. Every
triglyceride molecule reacts with 3 equivalents of alcohol to produce glycerol and three fatty
acid (methyl) ester molecules. In Figure 1, R- means long-chain hydrocarbons. The alcohols
(R-OH) used in the transesterification are normally methanol or ethanol, where methanol is
the most common because of its low cost, low reaction temperatures, fast reaction times and
higher quality methyl ester products. The reaction is facilitated with a suitable catalyst.
Heterogeneous catalysts are most efficient in transesterification reaction due to many
advantages such as easy catalyst separation and reusability, improved selectivity, reducing
process stages, no water formation or saponification reaction, included under green
technology and cost effective [2-5].

In addition, the production of biodiesel generates millions of tons of crude glycerol waste per
year (generally, 10 to 20% of the total volume of biodiesel produced is made up of glycerol)
and this amount is growing rapidly along with the dramatic growth of biodiesel industry.
Thus, new markets or new applications of glycerol such as converting it into value-added
products would have to be explored [6, 7].

In this work, sodium zirconate (Na,ZrO3) was synthesized via a solid-state reaction and
evaluated as a potential catalytic material. The structure and microstructure of the catalyst
were characterized using X-ray diffraction, scanning electron microscopy and N, adsorption.
Then, Na,ZrO; was tested as a basic catalyst for the production of biodiesel from
transesterification reaction. The influence of some parameters was investigated, such as the
reactant concentrations (molar ratios), catalyst percentage, reaction time, temperature and re-
use of the catalyst. The maximum FAME conversion efficiency was 98.3% after 3 h of
reaction time and 3wt% of catalyst [8]. The cyclic behavior revealed that the catalyst had a
relatively stability. Besides, the same Na,ZrO3; was tested as catalyst of the by-glycerol
transformation into different valued-added products. The products were characterized using
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infrared spectroscopy, gas chromatography coupled to mass spectrometry and proton nuclear
magnetic resonance. The use of this kind of alkaline ceramics may become a good option for
the catalytic transesterification reaction with high yields. A combination of biodiesel
production with subsequent glycerol conversion to value-added products by directly using the
heterogeneous catalyst is a good option to reduce cost and pollution.
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Fig. 1. General scheme of the transesterification reaction
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Structural features and electron transport in Ca;«ySryLa,MnOg_s
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Rare-earth and alkaline earth perovskite-like manganites exhibit properties combination
favorable for applications as cathodes in SOFCs, thermoelectrics, magnetoresistive materials,
etc. In this work we studied structural parameters and electron transport in the doped
derivatives Cagg_ySrosLayMnOs_;s of the parent manganite CaMnOs_s. The specimens were
obtained by high-temperature firing of glycin-nitrate precursors. The powder neutron and
X-ray diffraction both show orthorhombic (s.g. Pnma) and tetragonal (I4/mcm) crystal
structure for the samples y =0—0.1 and y > 0.13, respectively. The elementary unit volume
increases with lanthanum content, which is consistent with electronic charge compensation
due to replacement of Mn** for larger Mn** cations. The deformations of MnOg octahedra are
minimal in the orthorhombic structure according to neutron diffraction at 380 K. Sharp
increase in the length of Mn-O1 bonds is observed in the tetragonal structure (y = 0.15),
which results in elongation of MnOg octahedra along c-axis. The deformations of the
structural octahedra tend to decrease with the increase of temperature so that a phase
transition to cubic structure occurs at 770K. The electrical conductivity in
Cage-ySroalayMnOs_s is thermally activated. The negative sign of thermopower is
indicative of n-type predominant charge carriers. The smallest apparent activation energy
0.03 eV for conductivity is observed in the cubic phase with regular MnOg octahedra, and it
slightly increases to about 0.05 eV when small deformations of the octahedra occur at
transitions to orthorhombic and tetragonal structures at T ~ 300 and 500 K, respectively. The
impact of the geometry of MnOsg octahedra upon electron transport is clearly seen in the
tetragonal phase y > 0.13 below 400 K, where deformations of the structural octahedra result
in a sharp increase of the activation energy to about 0.16 eV and large negative thermopower.
The magnetic susceptibility measurements suggest that the large distortions of the
manganese-oxygen octahedra favor formation of the local antiferromagnetic clusters, which
serve as traps for mobile electrons.
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Pt/Ga,03-SiO, nanoparticles for efficient visible-light photocatalysis
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Ga,03-Si0, nanoparticles were prepared via a sol-gel method, and Pt was immobilized on
the surface of Ga,03-SiO, via a photo-assisted deposition (PAD) method. The catalytic
performance of the samples was evaluated for the photocatalytic oxidation of cyanide using
visible light. XRD and EDX results show that Pt is well dispersed within Ga,03-SiO,. The
BET results reveal that the surface area of Ga,03-SiO;, is higher than that of the Pt/Ga,O3—
SiO, samples. 0.3 wt % Pt/Ga,03-SiO, has the highest photocatalytic activity for the
degradation of cyanide. The catalyst can be reused with no loss in activity during the first
10cycles.
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The phase equilibria in the Y — Ba — Fe — O system were systematically studied at 1373 K in
air. The intermediate phases formed in the Y — Ba — Fe — O system at 1373 K in air were:
YBasFe,Og5 and BaFei,Y,O3s [1]. It was shown that YBaszFe;Og.s possesses
orthorhombic unit cell (sp.gr. Pmmm). Homogeneity range for the BaFei.,Y,O35 solid
solution at studied conditions appears within 0.75<y<0.125. Intensity of impurity phases in
boundary regions is at most 3 %. The projection of isothermal-isobaric phase diagram for the
Y — Ba - Fe — O system to the compositional triangle of metallic components was presented.

According to the results of XRD the intermediate phases formed in studied system at 1373 K
in air were: YBasFe,Og.5 and BaFei, Y035 (0.75<y<0.125) solid solution. YBazFe;Os.5
possesses orthorhombic unit cell (sp.gr. Pmmm). According to the results of X-ray diffraction
the homogeneity range for the BaFe;.,YyO3.55 solid solution at studied conditions appears
within 0.75<y<0.125. Intensity of impurity phases in boundary regions is at most 3 %. High-
temperature X-ray diffraction analyses of the BaFeO3.s in the temperature range from 298 K
up to 1273 K under Po2 = 0.21 atm was founded to demonstrate at temperature below 673 K
exist single phase BaFeO3; with orthorhombic structure (sp. gr. P21 21 2), at temperature
above 1273 K — cubic structure (sp. gr. Pm3m), mixture among two phases was obtained in
the temperature range 673-1273 K, which correlate with data obtained by TGA and
dilatometry methods. The substitution of yttrium for iron in BaFe1.yYyOs.5 (0.75<y<0.125)
oxides leads to form cubic structure stable in air at all studied temperatures.

Polycrystalline BaFeooxY01Mex0O35 (Me=Co, Ni, Cu) with 0.0<x<0.2 samples were
synthesized by a conventional route and glycerol-nitrate technique. According XRD patterns
of single phase solid solutions BaFegx Y 0.1C0x03.5 (0.0<x<0.15) were indexed using Pm3m
space group (Figure). The unit cell parameters were refined using Rietveld full-profile
analysis. The substitution of cobalt for iron leads to the monotonous decrease of the unit cell
parameters and the unit cell volume result in decrease bond length B-O, since the ionic radii
of cobalt (reo/co*t = 0.75/0.67 A, CN=6) are less than ionic radii of iron (ree’ g =
0.785/0.725 A, CN=6) [2]. As can be seen, oxygen content decreases with decrease
temperature and mass saturation occurs at T<630 K upon cooling. The substitution of cobalt
for iron sites results in a decrease of oxygen content. Such behavior can be explained by the
fact that cobalt is more electronegative element in comparison to iron (yco = 1.88; yr =1.83
in the Pauling scale [3]).All thermal expansion curves curves of the BaFeggxY01C0xO3
have nonlinear shape. Two extremum points are observed on thermal expansion curve of
BaFeo9.xY01C0x03.5 (x=0, 0.05, 0.1, 0.15) sample.
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X-Ray Diffraction Study of Oxygen-Conducting Compounds Ln,Mo0,0Oq
(Ln=La, Pr)

A. M. Antipin?, O. A. Alekseeva,® N.I. Sorokina, A.N. Kuskova®, M.Yu. Presniakov,?
E.P. Kharitonova,® V. 1. Voronkova.”

Shubnikov Institute of Crystallography, Russian Academy of Science, Moscow (Russia);
Moscow State University, Moscow (Russia).

Lanthanum molybdate La,Mo0,04 (LM) was synthesized in the La,O3—MoQO3 oxide system
[1-3]. It was found that near 580°C, LM undergoes a phase transition from the low-
temperature monoclinic a-phase to the high-temperature cubic pB-phase [3]. LM and the
doped compounds on its basis (LAMOX) attract much attention since the high oxygen
conductivity (6-10% Sm/cm) in LM was found by Lacorre group in 2000 year [4] and the
structure of its high-temperature -phase was determined by the Rietveld method [5]. The
high-temperature B-phase has the cubic structure (at 617°C the unit cell parameter a =
7.20114(5) A; space group P213). The lanthanum and molybdenum atoms, as well as one of
the three independent oxygen atoms (O1), are located on threefold axes. The positions of O2
and O3 oxygen atoms are occupied incompletely, by 78% and 38%, respectively. It was also
shown that the unique angle of the monoclinic cell of the low-temperature a-phase is close to
90°. The X-ray diffraction patterns of the a-and [-phases coincide so closely that only a high-
resolution X-ray study revealed the splitting of some peaks associated with the monoclinic
distortion. In 2005 the structure of the low-temperature phase was determined from a single-
crystal X-ray diffraction experiment [6]. The parameters of the monoclinic unit cell are as
follows: a = 14.325 A, b = 21.482 A, ¢ = 28.585 A, and P = 90.40°; space group P2;. Three
types of coordination environments of molybdenum (tetrahedron, trigonal-bipyramid, and
octahedron) are distinguished in the structure. Later it was concluded [7] that although the
distortion of crystal lattice in the course of transition from the cubic B-phase to the
monoclinic a-phase is insignificant, the oxygen sublattice undergoes an essential
rearrangement: the state of oxygen atoms changes from dynamic order to static disorder.
Kinetic features of the phase transitions were studied in [8,9]. In [10] it was found that
depending on the rate of cooling after the synthesis, LM specimens exist at room temperature
in the form of stable monoclinic a-phase (P21), metastable cubic fns phase, or their mixture.
In [11,12] synthesis and properties of ProMo,0Og (PM)compound were studied.

The purpose of this work was to determine the crystal structure of PM and LM, two samples
each, at room temperature using X-ray diffraction and high-resolution transmission
microscopy. The PM single crystals were studied for the first time. The redetermination of
the LM single crystals was caused by new experimental potentialities and the opportunity to
perform a correct comparison between the structures of PM and LM compounds.

Single crystals La;Mo,09 were obtained by spontaneous flux crystallization in the La;O3;—
MoO3 oxide system by the procedure [9]. Single crystals of the compound Pr,Mo,0¢9 were
prepared by an analogous procedure in the Pr,O3;—MoO3; oxide system [12]. Note that
crystals of LM were quenched in air from 1030°C to bring them into the metastable state
with cubic symmetry. Crystals of PM were not quenched and, according to optical
properties, were monoclinic at room temperature. Interplanar spacings obtained from the
electron diffraction patterns are a = 7.15(2) A for LM and a = 7.09(1) A for PM. These
values agree within the experimental error with the X-ray diffraction data: a = 7.155(1) A for
LM_I, a = 7.155(1) A for LM_II, a = 7.087(1) A for PM_I, and a = 7.090(1) A for PM_II.
More than 90% (LM _1) and 60% (LM _II) of the reflections measured were indexed in this
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cubic cell and more than 90% of the reflections measured were indexed for both PM crystals.
Analysis of the diffraction data sets for the LM _I, PM_I, and PM_II single crystals, which
was performed with the CrysAlis program package, did not reveal superstructural reflections
that would correspond to the monoclinic cell. It was found that the LM_II crystal consists of
two cubic components grown together; a = 7.155 A for both components. No regularities in
the mutual arrangement of the bases of these components that would transform the cell into
the monoclinic phase were found. The crystal structures for two LM and two PM samples are
determined in space group P2,3. It is found that La and Pr atoms, as well as Mol and O1
atoms, are located in the vicinity of 3-fold axes rather than on the axes like in the high-
temperature cubic phase. In the structures of LM and PM, Mo atoms are surrounded by
oxygen atoms of the O1, O2, and O3 sorts, three atoms each, with average occupancy of
1.00, 0.72, and 0.36, respectively. The structure of a single crystal obtained in an X-ray
experiment is always the time and space average of different local structures. In the
Ln,Mo,0Qg structure, the oxygen environment of molybdenum atoms must be the average of
three different configurations [13]. The coexistence of these configurations facilitates the
oxygen ion migration in the crystal. X-ray diffraction data were used in the calculations of
probability density functions, which provided the basis for the calculation of the activation
energies of oxygen atoms in the four structures studied using the JANA program package. All
possible variants of migration of oxygen atoms were analyzed. It was found that the
activation energy of the O1 atom is significantly higher than the energies of the O2 and O3
atoms (on the average, 960, 570, and 145 meV, respectively). It follows that oxygen atoms
02 and O3 make the main contribution to ion conductivity in these compounds. This
conclusion agrees with the X-ray data on the incomplete population of the atomic positions of
these atoms. Identical (within the experimental error) activation energies of oxygen ions in
La;Mo0,04 and Pr,Mo,0g4 account for close values of their conductivity [12].

This study was supported in part by Russian Foundation for Basic Research (project no.
14-02-00531a), the Department of Physical Sciences of the Russian Academy of Science, and
the Council of Grants from the President of the Russian Federation for Support of Leading
Scientific Schools (grant no. NSh-1130.2014.5).
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Reactivity of layered perovskite-like photocatalysts A,Ln,TizO4 (A = Li,
Na, K, Rb; Ln = La, Nd)

T.D. Utkina g, I.A. Rodionov ?, E.V. Mechtaeva ?, Yu.P. Sokolova 2

% Institute of Chemistry, St. Petersburg State University, 26 Universitetskiy pr., Petrodvorets,
St. Petersburg, 198504, Russia

Layered perovskite-like oxides A,;Ln,TizO19 (A - an alkali metal) are crystalline compounds
in which two-dimensional perovskite slabs are interleaved with layers of other structure.
Complex oxides A,Ln,TizOyp belong to three-layer Ruddlesden-Popper phases. Such
materials are interesting because of their high ionic conductivity and photocatalytic activity,
particularly in the reaction of water splitting with hydrogen production. Layered perovskite-
type oxides are considered as promising photocatalysts for several reasons. Some members of
the series are capable of reversible intercalation of water molecules into the interlayer space.
lon-exchange properties caused by high mobility of interlayer cations make it possible to
vary composition of such compounds within a wide range, modifying their photocatalytic
properties.

Alkaline forms of layered perovskite oxides are able to undergo protonation (substitution of
cations to protons) and hydratation (introduction of water molecules into the interlayer space)
when exposed to aqueous solution or humid atmosphere [1]. These processes can
significantly influence the physico-chemical properties and should not be neglected while
investigating them.

This report presents the results of a study of A,Ln,TizO4 layered oxides reactivity in an
aqueous solution.

Complex oxides A,Ln,TizO1p (A= Li, Na, K, Rb; Ln = La, Nd) were prepared by solid state
synthesis in the temperature range of 1100 — 1200°C in air at atmospheric pressure:

A,CO3 + LLn,0O3 + 3TiO, = Ay,Ln,TisOq9 + CO»

Suspensions of obtained compounds were prepared by adding the powdered sample
(2 mmol) to distilled water (100 ml). These suspensions were kept under constantly
stirring for a different time (1-14 days), then the samples were centrifuged and dried. The
summary protonation/hydration process occuring under contact with aqueous medium can
be described as:

A,LNn,Tiz0qp + (X+y)H20 = HXAZ_XanTi3010'yH20 + XAOH

The phase composition and structural parameters of the raw materials and the obtained
samples were monitored by XRD analysis. To determine the degree of protonation and the
number of intercalated water thermogravimetric analysis (Netzsch TG 209 F1 Iris) was used
[2]. The thermal effects of dehydratation processes were determined by the STA 449 F1
Jupiter, combined with mass spectrometry (QMS 403 C Aé&olos).

As a result, the interaction characteristics of layered oxides A,Ln,TizO10 (A = Li, Na, K; Ln
= Nd, La) with water were determined. The composition and structure of the hydrated and
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protonated forms were calculated. The only relatively stable oxide under these conditions was
found to be Li,Ln,TizO49 Sodium, potassium and rubidium-containing forms undergo
partially substitution of interlayer alkali metal cations for protons. This process is
accompanied by the introduction of water molecules in the interlayer space. Thus, these
materials exist in aqueous solution in the form of compounds with general formula H A..
«LN2Tiz010*yH,0. Deviation of the photocatalytic activity caused by the process of
protonation has been demonstrated.

The results were obtained with the support of SPSU resource centers "Research Centre for X-
ray Diffraction Studies " and " Research Center of Thermal Analysis and Calorimetry".

This work was supported by the Russian Foundation for Basic Research (grants Ne 12-03-
00761 and 14-03-31968).
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Cathode materials (100-y)PrBaCo,.«Fe,Og.5 — YCergSmM(,0, (Xx=0-0.6;
y=0-+30) for intermediate temperature SOFCs

N.S. Tsvetkova, I.L. Ivanov, D.S. Tsvetkov, A.Yu. Zuev

Institute of Natural Sciences, Ural Federal University, Ekaterinburg, Russia

The application of Solid Oxide Fuel Cells (SOFCs) is one of the possible ways for reducing
energy and ecological problems due to high-energy conversion efficiency and environmental
safety of these devices. The lowering operating temperature is a principal way for the large-
scale SOFCs introduction because it increases the number of suitable functional materials,
life-time of the devices and therefore reduces cost of generating energy.

The double perovskites with general formula RBaCo0,0s.5 (Where R is a rare-earth element)
are considered as promising cathode materials for intermediate temperature SOFCs (IT-
SOFCs) due to their high mixed ionic-electronic conductivity and rapid oxygen transport [1,
2]. Nevertheless, these layered compounds suffer from very high thermal expansion
coefficient (about 20-10° K™) [3] as compared to solid electrolyte one (e.g. 12.3-10° K for
CepsSmp20, [4]). Mechanical mismatch between cathode and solid electrolyte materials
leads to cracks during SOFC operation and, as a consequence, reduces its durability. The
trade-off between electrochemical and mechanical properties is possible to achieve by using
composite cathode materials [4, 5]. Therefore, the main aim of the current work was to study
cathode materials based on PrBaCo,xFexOs.s (X = 0-0.6) and composite cathodes (100-y)
PrBaCo,06.5 — y CepsgSmo20, (y = 10+30 wt. %) in contact with CepgSmg,0, solid
electrolyte.

Powder samples of double perovskites PrBaCo,.xFexOs.5 (X = 0-0.6) and solid electrolyte
CepsSmg,0, (SDC) were prepared by glycerol — nitrate method. PrsOy;, BaCO3, Co,
FeC,04-2H,0, Sm,;03 and Ce(NO3)4-6H,O (99.99 % purity) were used as starting
materials. The powders obtained were finally calcined at 1100 °C for 12 h in air. The phase
composition of as-prepared samples was studied by means of X-ray diffraction (XRD) with
Equinox 3000 diffractometer (Inel, France). XRD showed no indication for the presence of a
second phases.

The chemical compatibility of cathode materials PrBaCo,.xFexOgs (X = 0-0.6) and solid
electrolyte SDC was studied by calcination of 50:50 wt. % mixtures at different temperatures
in the range 900 — 1200 °C for 12 h in air followed by XRD analysis. Composite cathodes
(100-y) PrBaCo,0¢.5 — y SDC were prepared by mechanical mixing of the PrBaCo,0¢.5 and
SDC powders in different weight ratio (y = 10 — 30 wt. %). The rectangular bars of cathode
materials and solid electrolyte used for thermal expansion and electrical conductivity
measurements were dry pressed and sintered at 1200 °C and 1300 °C for 12 h in air,
accordingly. Thermal expansion coefficients (TECs) of composite cathodes, double
perovskites PrBaCo,xFexOs.5 (x = 0-0.6) and solid electrolyte SDC were measured using
NETZSCH DIL 402 C dilatometer (Netzsch GmhH, Germany) in the temperature range from
30 to 1100 °C in air. Electrical conductivity was studied with a 4-probe dc method in the
temperature range 30 — 1100 °C in air. Polarization measurements of cathodes investigated
were carried out by electrochemical impedance spectroscopy using Elins Z500-PX
impedance analyzer (Elins, Russia). The area specific resistance of cathodes studied was
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measured in symmetrical cells cathode materiall electrolytel cathode material in the
frequency range 1 Hz — 0.5 MHz and temperature range 600 — 750 °C with 25 °C steps.
Impedance spectra were analyzed with ZView 2.0 software (Scribner Associates Inc., USA).

The chemical reactivity test showed no reaction between double perovskites
PrBaCo,xFexOs.5 (x = 0-0.6) and solid electrolyte SDC in the temperature range
investigated. It was shown that TECs and overall electrical conductivity of composite cathode
materials (100-y) PrBaCo0,0¢.5 — y SDC (y = 10+30 wt. %) decrease with concentration of
SDC. At the same time electrical conductivity of composites maintains high enough for their
application in IT-SOFCs. On the other hand, the influence of solid electrolyte on the ASR of
composite cathodes is ambiguous as shown in Figure.

The general trend as seen in Figure is a slight increase of ASR for (100-y) PrBaCo,0¢.5 — y
SDC (y = 10+30 wt. %) with concentration of SDC in composite contrary to what was found
for (100-y) GdBaCo,.xFex0g.5 — y SDC (x=0, 0.2; y=0+50) [6]. In the latter case there was
found an optimal concentration of SDC for minimum ASR value of the composite.
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A,MPO,F (A = Na, Li; M =Mn, Fe, Co, Ni) materials for Li-ion batteries

V.R. Podugolnikov, E.T. Devyatkina, N.V. Kosova

Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia

The A;MPO4F (A = Na, Li) cathode materials have received considerable interest due to
two-dimensional structure and the possibility of utilizing two alkali metal ions per transition
metal ion during the battery operation, which would ultimately yield higher specific
capacities and energy densities. Ellis et al. have reported that Na,FePO4F functions smoothly
as a cathode in either Li-ion or Na-ion cells [1]. Na,FePO4F crystallizes in the Pbcn
orthorhombic space group and has two crystallographically unique sodium sites. In a lithium-
ion cell, one mobile Na in Na,FePO4F is rapidly exchanged for Li with the formation of
NaLiFePO4F. The compound exhibits 3.5 \V potential for the Fe?*/Fe®" redox pair vs. Li/Li*
and a theoretical capacity of 135 mA-h.g™; its electrochemical profile displays a quasi-solid
solution behavior. The structure and electrochemistry of another sodium-metal
fluorophosphates, Na,MPO4F (M = Mn, Co, Ni), are under study [2-4]. Kim et al. [3] have
shown that Na,MnPO4F crystallizers in the monoclinic structure with the P2;/n space group
and has a specific capacity of 120 mA-h-g™ and an average potential of 2.5 V upon cycling in
Na cell. Na,CoPO4F is isostructural to Na,FePO4F, while the structure of Na;NiPO4F is
debatable till now [4]. Na,CoPO,F exhibits a Co®*/Co®* potential at 4.8 V. On contrary,
Na,NiPO4F shows no electrochemical activity below 5 V [2]. The aim of the present study
was a comparable study on the structure and electrochemistry of Na,MPO4F (M = Mn, Fe,
Co, Ni).

The samples were prepared by mechanochemically assisted solid state synthesis. The process
consists of two steps including a covalent precursor formation (NaMPO,) and incorporation
of the ionic NaF salt into its framework. NaMPQO, were prepared by carbothermal reduction
relied on the use of the correspondent metal oxide with high oxidation state of d-metal
(MnO,, Fe,03, Co30,4 and NiO) and a carbon as a selective reducing agent. Both steps
included a preliminary mechanical activation using AGO-2 planetary mill and a subsequent
heat treatment in Ar flow. The crystal structure was studied by X-ray powder diffraction
(XRD) using D8 Advance Bruker diffractometer. The structural refinement of the XRD data
was carried out by the Rietveld method using GSAS software package. Particle size and
morphology were investigated by scanning electron microscopy (SEM) with Hitachi S-
3400N scanning electron microscope. The samples were cycled in Swagelok-type half-cells
with Li anode and 1M solution of LiPFg in a mixture of ethylene carbonate and dimethyl
carbonate as an electrolyte. Galvanostatic intermittent titration technique (GITT) was applied
for the evaluation of lithium diffusion coefficient D;.

According to SEM, the synthesized samples are comprised of large agglomerates that are
composed of smaller particles about 100-200 nm in size. XRD analysis shows that they are
phase homogeneous, except for Na,NiPO4F (Fig. 1). Na,MPO4F (M = Fe, Co, Ni)
crystallize in the orthorhombic structure with the Pbcn space group, while Na;MnPO4F — in
monoclinic structure with the P21/n space group. The refined cell parameters are presented in
Table 1. After termination of the Na'/Li* ion electrochemical exchange in Na,FePO4F and
the formation of NaLiFePO,F, its discharge capacity comprises 115 mA:-h-.g™ within the 2.0-
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4.2 V range. The average Li* diffusion coefficient Dy; in NaLiFePO4F, determined from the
GITT measurements, is 10 cm?s™. About 50 % of the theoretical capacity was obtained for
Na;MPO,F (M = Mn, Co, Ni) at the 1% charge to 4.8 V. However, the discharge capacity was
noticeably lower and quickly decreased upon the following cycling probably to the
decomposition of the electrolyte at high voltage. Na*/Li* ion exchange was also observed
when the cells based on Na;MPO4F vs. Li were equilibrated at open circuit voltage in the
LiPFg-based electrolyte. The composition and the structure of as-obtained products were
studied.
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Figure 1. XRD patterns of as-prepared Na,MPO4F (M = Mn, Fe, Co, Ni).
Table 1. Refined cell parameters.
Sample SG. |aA b, A c, A B,° Vv, A

Na,MnPO,F | P2./n | 13.665(2) | 5.3135(3) | 13.676(2) | 119.721(4) | 862.4(1)
Na,FePO4F | Pben | 5.2311(2) | 13.8238(5) | 11.7551(4) | 90.000 850.06(6)
Na,CoPO4F | Pbcn | 5.2333(1) | 13.7509(4) | 11.6538(2) | 90.000 838.65(4)
Na;NiPO4F | Pben | 5.1956(2) | 13.6888(7) | 11.5725(5) | 90.000 823.05(9)




Intemational Symposium
on the Reactivity of S0lids )

ISRS 18+ Poster Presentations 151




Intemnational Symposium
on the Reactivity of Solids

152 Poster Presentations ISRS.18

Reactivity and topochemical conversions of layered perovskite-like
titanates for synthesis of nanostructured materials
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Petrodvorets, Saint Petersburg, 198504, Russia

Layered perovskite-like oxides from the time of their discovery attract great attention due to
their unique physicochemical properties, such as magnetic and electric properties, catalytic
and photocatalytic activity. By reason of the growing role of these compounds in technology
and industry there is increasing demand of development methods for obtaining such
compounds with specified composition and structure. Using the methods of “soft chemistry”
we can create materials with different particle morphology by a sequence of low-temperature
topochemical syntheses.

In  this work, layered perovskite-like oxides ALnTiO, and A;Ln,TizOo
(A=H, Na, K; Ln=La, Nd) were used as precursors for series of the “soft chemistry”
syntheses, such as the ion exchange, the intercalation reactions and the topochemical
condensation. Characterization by SEM, powder XRD, high temperature powder XRD,
thermal analysis (TGA and DSC) have been performed for determination of structure, content
and stability of synthesized oxides.

The thermal stability range of the protonic compounds HLnTiO,4 (Ln = La, Nd) (Fig. 1, a),
which were obtained by treating initial alkali metal containing layered compounds in acid
medium, the thermal effects accompanying the decomposition processes were determined
and all stages of mass loss on the TGA curves were characterized. It was found that due to
the loss of stability of the protonic forms HLnTiO4 can be obtained following perovskite-like
compounds:

— Cation-deficient perovskites Ln,;3TiO3 (Ln = La, Nd) (Fig. 1, b) have been obtained
for the first time by leaching of Ln*" ions in acid solution. The obtained samples did
not save the morphology of the initial layered oxides HLnTiO, and consist of
irregularly shaped particles of intergrown crystals with sizes less than 100 nm.

— Hydrated metastable compounds Ln,oTi,O;*yH,0 and defective layered compounds
Ln,oTi,07 (Fig. 1, ¢) have been obtained by the topochemical dehydration without
change of morphology.

Exfoliated nanostructured (VO)xH1oxLNnTiO4*yH,O (Fig.1,d) and (VO)xH,.
2xLN, TizO10*yH, O have been synthesized by the exfoliation process of the protonic form
HLnTiO4 and H,Ln,TizO59 (Ln=La, Nd) by treatment in VOSO, solution. The
morphology of exfoliated nanostructured oxides significantly changes compared with the
morphology of the initial compounds. Along the exfoliation and reassembling of the
initial protonic oxides exfoliated particles are formed up in interconnected flat crystallites
with thickness less than 10 nm. If NaLnTiO,4 and K,Ln,TizO were treated by vanadyl
sulfate under the same conditions, it was obtained partially exfoliated samples where
some of the particles with layered structure while other part of particles undergoes
exfoliation and self-assembly.
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Figures:

Figure 1: SEM images: a. HNdTiOy4, b. Nd23TiOs3, ¢. Nd,oTi, 07,
d. (VO)xH1-2xNdTiO4*yH,0

Opportunity of using topochemical reactions of the layered perovskite-like titanates for “soft
chemistry” syntheses is discussed in comparison with results of the sol-gel and the
hydrothermal method.

This work was supported by RFBR (grant Ne 12-03-00761).
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The effect of water on the outcome of mechanical treatment in “L-serine-
oxalic acid” system
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Mechanochemical synthesis of molecular functional materials is a hot topic. Mechanical
treatment of molecular solids allows one to avoid the use of bulk solvent and to obtain new
forms of compounds, which are difficult (or impossible) to synthesise by “classical solution
chemistry”. Investigation of the mechanisms of mechanochemical transformations could help
to determine the optimal conditions of processes under consideration and to control the
synthesis of desired product.

The aim of the present work was to study the effect of water in the “L-serine-oxalic acid”
system under mechanical treatment. Both L-serine and oxalic acid can form the hydrates, and
it was possible to study the effect of water in various forms (crystal water in either of
hydrates or in both of them; liquid water added to solid anhydrous forms) on the outcome of
mechanochemical reactions.

Co-grinding of dry anhydrous reagents gave only trace amounts of the product phase
(anhydrous 1:1 L-serinium oxalate), apparently due to the interaction with the trace amounts
of water in the air. In the presence of crystal water or water added as a liquid phase the
polymorphs of [L-serH],[ox]*2H,0 (as pure forms or in a mixture) were formed [1]. Neat
co-grinding of anhydrous oxalic acid with L-serine monohydrate or of anhydrous L-serine
with oxalic acid dihydrate gave polymorph Il (kinetic form). Co-grinding of L-serine
monohydrate with oxalic acid dihydrate as well as liquid-assisted grinding with sufficient
amount of liquid water added gave polymorph | (thermodynamic form) and polymorph 2
(with a very low transformation degree) if too little water was added [1,2]. Based on the
obtained results we proposed the outcome of the mechanochemical transformation mostly
depends on the total amount of water but not on crystal structure of initial hydrates [3].

Further investigation of the system reveals ability of reaction between L—serine
monohydrate and oxalic acid dihydrate without mechanical stress. The storage of the
components in sealed vial resulted in formation of | polymorph of [L-serH],[Ox]*2H-0.
Moreover an intermediate in the reaction was form Il of [L-serH],[Ox]*2H,0. The analysis
of crystal structures of the two polymorphs showed that the form Il consists of blocks
interacting with each other by weak van der Waals interactions whereas the form | comprise
3D-network of hydrogen bonds. After all one can conclude that the role of mechanical
treatment in inducing the synthesis is merely bringing the reacting species into contact,
improving their mixing, and facilitating the dehydration of crystal hydrates [3].

Srpay drying and antisolvent crystallisation techniques were also used in order to investigate
an influence of conditions on crystallisation process in the system. Spray drying led to
formation of Kinetically controlled product of the reaction ([L-serH],[Ox]e2H,O I
polymorph) whereas antisolvent crystallisation using acetone and ethanol resulted in
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formation thermodynamically controlled polymorph | [1,2]. The obtained results correlates
with ones of mechanochemical and storage experiments.

The results are analysed on the basis of X-ray powder diffraction, IR-spectroscopy, optical
and polarising microscopy data.

The work was supported by the Russian Foundation for Basic Research (RFBR) (Grants No.
12-03-31663 mol-a,14-03-31866 mol-a, 11-03-00684-a, 10-03-00252-a), by grants from the
Russian Ministry of Education and Science No. 14.B37.21.1093, NSH 4357.2010.3, NSH
221.2012.3., programs from RAS 54.38 and 24.38 and Ludo Frevel Crystallography
Scholarship Award (2013).
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Heat treatment effects on thermoelectric properties of Co-Sb thin-films
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Thermoelectric materials have been attracting much attention due to their abilities to generate
electricity from temperature-gradients. Materials that have high electrical transport properties
and low thermal transport properties are desired for good thermoelectric materials.
Skutterudite compounds are among the most promising thermoelectric materials because of
their hign carrier mobilities and high Seebeck coefficients[1]. Cobalt Tri-antimonide (CoSb3)
is a good exemplary skutterudite material.

In this work, we synthesized nano-sized thermoelectric Co-Sb thin-films using a novel sol-gel
technique. The Co-Sb sol was prepared by mixing pre-determined amounts of reagent
including CoCI26H20, SbCI3 and citric acid. Ethanol was used as a solvent. The sol was
deposited on silicon substrates by spin-coating. It turned out that spinning speed and time are
very important in obtaining pure Co-Sb thin films. The films were then kept at 573K for 0.5
hour under pure hydrogen flow for reduction process. The temperatures were varied to
observe how properties and phase-purity would change with varying process-temperatures.
The X-ray diffraction (XRD) and Energy-dispersive X-ray spectroscopy (EDS) were
conducted to check whether our samples have correct phase and stoichiometry required for
CoSb3. The films’ thermoelectric transport properties were measured. Heat treatment effects
on thermoelectric properties of CoSh3 thin films from room temperature f€ 50@re
investigated. The spin-coating’s easiness in fabrication and sol-gel technique’s ability to
produce large quantities are certainly beneficial.
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Fig.1. SEM image of cross section of Co-Sb thin film
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Atomic and Molecular Oxygen Migration in the SrCoO, s Brownmillerite
Structure: DFT Study
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A unique property of high mixed oxygen-electron conductivity opens wide possibilities to use
the perovskites oxides as membrane materials for oxygen separation from oxygen-containing
gas mixtures, in catalysis, etc [1, 2]. The oxygen ion hopping between the occupied and
empty sites determines the oxygen mobility in the ABO;_s compounds. The brownmillerite
structure Sr,M,0Os is of particular interest among SrMO;_s compounds (M=Fe, Co) due to
reversible oxygen intercalation already at room temperature [3, 4]. The most of band
structure calculations concern unique magnetic properties of oxides [5] and applications of
this theory for the mixed ionic-electronic conductivity have been used infrequently [5].

The present paper deals with band structure calculations of strontium cobaltite SrCoO;5 in
brownmillerite structure in order to reveal the sites of intercalation, chemical bonding and
migration mechanism of intercalated oxygen. An LDA+U approximation with QUANTUM
ESPRESS code [5] has been developed for optimized atom positions. Initial calculations
were performed with the (1x3x1) Brillouin zone, the further calculations for ground,
transition and intermediate states were performed with (2x6x2) and (4x8x4) mashes. Oxygen
molecule electron structure was calculated at I point of the Brillouin zone for tetragonal unit
cell with lattice parameters a=15 A, a/c=1.5.

Fig. 1 shows notations related to fourfold Co; and six fold coordinated Co,, O; and O, for
oxygen ions in Co; and Co, planes, and O; for atoms connecting Co; and Co, planes. An
elementary step of oxygen ion diffusion consists of rotation in bc-plane around lower Co ion
in Fig. 2a in equivalent site between lower and left upper Co ions. The crossing occur throw
transition state shown in Fig. 3b which energy is 0.6 eV above the initial one. Optimization of
ion positions leads to the structures of CoOg octahedron and CoO, tetrahedron in Fig. 1. The
brownmillerite valence band DOS is formed by the comparable contribution of cobalt d and
oxygen p states. It means the covalent O-Co bonding and a very few of O-Sr bond. Therefore,
just oxygen interaction with cobalt determines the oxygen ion migration mechanism.

The calculations show that oxygen can be intercalated in SrCoO, s brownmillerite structure in
molecular forms also, and to put an oxygen molecule into brownmillerite without dissociation
requires 1.71 eV less energy than dissociative form. The oxygen molecule as well as oxygen
atom takes the bridge position shown in Fig. 3a. The transition of the molecule from this
position into equivalent position between Co upper and left lower ion occurs throw rotation in
bc-plane around Co ion. On this path, there is an intermediate state shown in Fig.3c separated
from the initial ones by transition state shown in Fig. 3b. The energies of the transition and
intermediate states above the initial one are 0.72 eV and 0.38 eV, respectively. The oxygen
molecule forms peroxide with Co ion in the intermediate state and superoxide in the
transition state. The conversion of oxygen molecule into two separated ions requires 3.34 eV.
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Figures:

Figure 1. Coy (right) and Co, (left) oxygen
environment, numbers show bond lengths.
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Figure 2. Fragments of Co; plane with Figure 3. Fragments of Co; plane with
intercalated O ion in (a) ground and (b) intercalated oxygen molecule in (a) ground,
transition state position. (b) transition, and (c) intermediate states.
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Defect equilibrium in double perovskite-like cobaltites at elevated
temperatures

A.YU. Suntsov, |.A. Leonidov, M.V. Patrakeev, V.L. Kozhevnikov
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The main prospects of double perovskite cobaltites are associated with the design of materials
for IT-SOFC cathodes and oxygen semi-permeable membranes for oxygen separation
technologies. [1]. This is primarily due to the high ion and electron components of
conductivity at quite moderate temperatures [2]. The specific structural feature in these
compounds is presence of ordered oxygen vacancies which can falicitate fast oxygen ion
transport and set up a wide range of oxygen non-stioichiometry [3]. In addition, the tendency
of cobalt cations to charge disproportionation results in electron and hole defects in the
crystal lattice. Hence, the description of defect equilibria is necessary in order to be able to
correctly determine concentrations of defect species and their changes with temperature and
oxygen pressure in the ambient.

The equilibration of cobaltites with gas phase oxygen occurs as a result of the oxygen
exchange reaction:

2Co** +V; +%O2 =2Co** + 05" 1)

The respective equilibrium constant makes it possible interrelation of the equilibrium
pressure of oxygen Po, over the oxide with the concentration of movable oxygen species in
the solid as:
w2__ [Co™'J*[05]
% [Co” T [V;] Ko,
Here K, is the equilibrium constant for reaction (1). Then, the structure conservation

demand, the charge neutrality requirement and the intrinsic reaction of charge redistribution
over cobalt cations (charge disproportionation):

2C0%" = Co?* + Co™ (3)
are to be taken into account in order to calculate concentrations of cobalt species. The
thorough comparison with the experimental data has shown that one more intrinsic reaction
may be possible that changes distribution of oxygen ions in the structure. It is suggested that

this reaction involves positional exchange of oxygen ions Oéa in structural CoO; planes and

)

oxygen vacancies Vy in PrO;s planes:
2— 2—
The incorporation of this reaction into the model results in a perfect match of the calculated

and measured data for equilibrium pressure of oxygen in the entire studied range of the
experimental parameters. The expressions for concentrations of anion and electron defects

[0Z,1. [Vs1, [0571, Vg, [Co* ], [Co>] and [Co*] can also be obtained from the model.
The fitting parameters, i.e. the equilibrium constants K, , Ky and Kg for reactions (1),
(3) and (4), respectively, can be utilized for evaluation of the associated changes in enthalpy
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and entropy [4]. It is shown that intrinsic reaction (4) in pristine cobaltites takes place at
heating above 700 °C while copper doping promotes its further facilitation at even lower
temperatures. Therefore, partial substitution of cobalt for copper may be a valuable means for
development of advanced mid-temperature SOFCs cathodes and oxygen membranes.
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Strong red phosphorescence of CaTiO3:Pr’* has been extensively studied during the last
decades because of the potential application for phosphor lamps, soft illumination, warning
signs or field emission displays [1-2]. The persistent luminescence was attributed to
detrapping of electrons stored in trapping centers like oxygen vacancies by thermal
activation, which is followed by red emission due to the 'D, > *H, transition of Pr** [1-3].
Many attempts have been devoted to the improvement of the emission intensity and to the
enhancement of the phosphorescence efficiency, and factors affecting the phosphorescence
have been widely discussed. It is well accepted that the concentration of oxygen vacancies is
a decisive factor to explain the phosphorescence behavior of CaTiO3:Pr** [4,5]. With respect
to these findings different methodologies, for example, the synthesis methods, the co-dopants
and the host modifications have been pursued [6,7]. In most cases, the influence of cation
substitution in CaTiO3:Pr** has been investigated. However, comparatively few studies have
been carried out concerning the anionic substitution and the influence of annealing
atmosphere on persistent luminescence.

In the present study, CaTi(O,F)s:Pr®* powders were synthesized by a solid-state reaction. For
the substitution of O% by F, CaF, was used. Because of the different formal charges and
ionic radii of 0% and F, the distribution and concentration of the defects (including oxygen
vacancies) can be varied depending on the degree of fluorine-substitution in CaTiO3:Pr*".
Expectedly, this can alter the afterglow properties of the oxyfluorides in comparison with the
oxide phosphors. Furthermore, the influence of annealing atmosphere with optimized fluorine
content was investigated and the resulting afterglow decay behaviors were studied by
fluorescence spectrophotometry.

Powder X-ray diffraction and Rietveld refinements revealed that increasing fluorine-
substitution led to the gradual shrinkage of the unit-cell. The CaTi(O,F)s:Pr¥* sample
synthesized with 0.075 mol of CaF,, 0.025 mol of CaCO3 and 0.1 mol of TiO, along with 2
mmol of Pr,03 (denoted as CTOF1.5) exhibited the smallest lattice strain and at the same
time the highest afterglow intensities. The effect of annealing atmosphere was investigated by
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thermochemical treatment of the CTOFL1.5 in different atmospheres (Ar, air and NH3). UV-
Vis diffuse reflectance spectra and photoluminescence excitation spectra revealed that Pr** in
the pristine CTOF1.5 was partially reduced to Pr** under NH3 flow. As a result, the highest
persistent luminescence intensity was obtained for CTOF1.5 annealed in NH3 leading to an
intensity improvement of ca. 450% compared to CaTiO3:Pr’. The substantial improvement of
afterglow intensity by fluorine substitution and annealing in NH3 is considered to be the
result of the generation of oxygen vacancies and the partial reduction of Pr** to Pr*".
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Figure shows the enhanced persistent luminescence of CaTiO5:Pr* by fluorine substitution
and annealing in NH3 leading to an intensity improvement compared to CaTiO3:Pr.
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Materials based on oxides with mixed ion-electron conductivity (MIEC) attract attention due
to the possibility of their application in chemical, gas and energy industries. During the recent
years, innovative technologies of oxygen separation from air are developing intensively.
These technologies are based on selective oxygen permeability of MIEC oxides. In
comparison with the basic methods of oxygen production, namely cryogenic and Swing
Adsorption, the use of ceramic membranes theoretically allows one to obtain 100% pure
oxygen [1]. In addition, the membrane technology can be easily built into high-temperature
processes, such as partial oxidation of hydrocarbons, oxyfuel combustion etc.

As a rule, the materials for oxygen permeable membranes are perovskite related oxides based
on strontium cobaltites and ferrites. At present the material having the composition
BaosSrosCoosFer203-5 (BSCF) possesses the highest oxygen permeability [2]. A
disadvantage of this compound is the occurrence of the phase transition from cubic to
hexagonal perovskite at temperatures below 900°C [3], which results in a substantial
degradation of oxygen fluxes. Besides, BSCF is unstable in the atmosphere containing carbon
dioxide.

In order to improve the functional properties of BSCF the method of isomorphous
substitution of A and/or B cations is widely used [4]. We demonstrated previously that the
isomorphous substitution of Co in SrCoggFe203-5 by highly charged cations M(V)=Nb, Ta
with stable oxidation state allows one to enhance the chemical stability of membrane
materials with the conservation of the high oxygen permeability. The substitution of Fe by
cations M(VI)=Mo, W in SrFeO3_; is accompanied by an increase in the oxygen and electron
conductivities [5]. Recently, this approach is used for modifying the properties BSCF and
obtaining electrode SrFe(75M00.2503.5 materials with high electronic conductivity.

In the present work we synthesized the samples having the composition BagsSros5C0gs-
xWyxFep2035 (x=0-0.1) and studied their functional properties. It is shown that the
introduction of highly charged cation W®* in the B—site, up to 2% inclusive, improves the
functional properties of membrane materials: suppresses the phase transition from cubic to
hexagonal perovskite at temperatures below 900°C (Fig. 1), enhances the chemical stability
of membranes in the atmosphere of carbon dioxide, and increases the long-term stability of
oxygen fluxes (Fig. 2).

The continuous equilibrium «3-6 — Ig pO, — T» diagrams obtained for the compositions
Baos5SrosCoogFen 2035 and BagsSrosC0o78Wo02Fe0203.5 allowed us to discover the phase
transition Py (cubic perovskite phase, Pm3m) - P, (high-temperature perovskite phase, Fm3c)
and to determine the dependence of the partial molar enthalpy of oxygen on the oxygen
stoichiometry.
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The data on selective oxygen permeability for gas-tight membranes BagsSros5C00gFe0203
and Bags5SrosCoo.78Wo02Fe0203.5 of different thickness are presented; on this basis, it is
concluded that the limiting stage of oxygen transport is the oxygen bulk diffusion.

The results obtained provide the evidence that membrane material doping with highly
charged cations is a promising approach to improve the functional properties of membrane
materials.
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Fig. 1. Ex situ X-ray diffraction data for BSCF (a) and BSCFW?2 (b) materials obtained after
different exposure at 700°C in pure oxygen. The observed reflexes of the evolving 2H - phase
are marked with an asterisk.
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Fig. 2. Long-term stability test of BSCFW2 (1) and BSCF (2) membranes (L=1.6 mm,
T=800°C) in pO,=0.6 atm (a) and CO, —containing atmosphere (b).
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Among the potential technologies considered for CO, mitigation, membrane-based
separation processes are a promising alternative from the point of view of the selective
separation of CO, from stationary sources. For instance, in the case of electricity power
plants, the application of a high temperature carbon dioxide perm-selective membrane could
offer potential for pre- and post-combustion CO, separation [1-3], wherein concentrated CO,
can be subsequently use as a carbon feedstock for the synthesis of different chemicals [4].
Dual-phase membranes made of an oxygen ion conductive ceramic phase and a molten
carbonate phase are perm-selective to carbon dioxide at high temperatures. Research
conducted was focused on the fabrication and CO, permeation-separation studies of tubular
dual-phase membranes composed of samarium doped ceria (SDC) and eutectic Li,COs3-
Na,COj3 phases. Highly porous SDC supports with formula CeqgSmg20,.57and different
pore microstructures were prepared by pressing powder mixtures of SDC-graphite followed
by sintering. Graphite powder acts as pore forming agent and supports with interconnected
open porosity and adequate pore volume are obtained by sintering high temperature. The
porosity to tortuosity ratios and pore volume for the SDC supports were characterized. The
direct infiltration method allows complete filling of the ceramic support pores by the molten
carbonate. CO, permeance of the obtained dual-phase membranes increases by using the
supports prepared with additions of graphite.

The permeation results are explained based on the estimated total conductance which in turn,
relates both, the effective carbonate and oxygen ionic conductivities of the membrane.
Therefore, results suggest that the CO, permeance of the dual-phase membrane is controlled
not only by the intrinsic oxygen and carbonate ionic conductivities of the ceramic and
carbonate phases, but also by the membrane microstructure features such as porosity and
solid microstructure of ceramic support. Tubular membranes are stable in CO, and H,
containig environments and exhibit carbon dioxide perm-selectivity when are exposed to a
CO3/H;, and CO,/N; gradients. This investigation demonstrates the feasibility of the dul-
phase membrane concept to the potential design of perm-selective membranes and membrane
reactors for hydogen purification and dry reforming of methane.
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Oxidation Kinetics of Thin Metal Films

Yeliz Unutulmazsoy, Rotraut Merkle, Joachim Maier and Jochen Mannhart
Max Planck Institute Solid State Research, Stuttgart, Germany

The growth of oxide layers on metals is determined by formation and migration of point
defects in the forming oxide layer and thus is an issue of fundamental importance. So far,
mainly oxidation kinetics of thick metal films, crystals and bulk samples were investigated in
the literature. The oxidation of thin metal films on insulating substrates can easily be
monitored by measuring the conductivity of the remaining metal. The main interest is to
understand the processes that limit the oxide growth (e.g. surface reaction or chemical
diffusion), and also to increase or decrease the reaction rate for applications.

In this work, during the oxidation of metal films on Al,O3 substrates in a tube furnace, the
resistance changes were measured by electrical impedance spectroscopy and fitted with an
equivalent circuit model. The oxide thickness is calculated from the resistance values. Oxide
growth follows the parabolic rate law of oxidation for Cr, Al, Ti, V. Zn, Ni and Co film
samples with a thickness typically ranging from 10-150 nm. Thus the rate determining
process of the oxidation of these metal films is chemical diffusion through the oxide layer
according to the Wagner theory [1]. Ni and Co have a higher oxide growth rate than Cr, Al,
Ti, V and Zn. The oxidation rate constant of Ni is not changed by applying different
conditions such as different pO,, UV illumination, ozone exposure and varying metal film
thickness. This confirms the validity of parabolic rate law of oxidation for the samples with
10-150 nm thickness in the temperature range of 250-500 °C.

Comparison of diffusion coefficients for single crystalline NiO and polycrystalline NiO
(grain size is 0.16-1 um) from previous studies [2] and the present results with polycrystalline
films having small grains (10-20 nm) shows that when the grain size is decreased, the
effective diffusion coefficient is increased from ~10™® to 10™* cm?%s because of fast Ni
diffusion along the grain boundaries.

Ni diffusion in NiO is mainly controlled by singly and doubly ionized Ni vacancies (Vi
“Vni‘‘) [3]. Thus, donor doping of NiO (e.g. doping with Al, Cr, etc.) is expected to increase
the reaction rate by increasing the defect concentration in the oxide [4]. Therefore, oxidation of
Cr doped Ni samples with low doping concentrations (< 1% wt.) are also investigated.
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Electrochemical characterization of Pr,CuO,-Cey¢Gdy 101 g5
composite cathodes for IT-SOFCs

L.M. Kolchina,® N.V. Lyskov,” M.Z. Galin,” A.O. Demidovich, ® L.S. Leonova,” G.N. Mazo®

*Moscow State University, Leninskie Gory, Moscow, 119991, Russia;
®Institute of Problems of Chemical Physics RAS, Acad. Semenov av. 1, Chernogolovka,
142432, Russia.

Recently, intermediate temperature solid oxide fuel cells (IT-SOFCs) operating at 500-700°C
attract much attention as alternative power sources due to a high efficiency and much lower
production of pollutants [1-3]. Pr,CuO,4 (PCO) is regarded as a promising cathode material

due to its high electronic conductivity (o, .. ~ 100 S/cm), thermal and chemical stability,

good thermal compatibility (TEC = 11.8x10® K™[4]) with gadolinium-doped ceria oxide
(TEC = 12.4x10° K™ for CepgGdg10105 [5]) and relatively low area specific resistance
(ASR = 1.7 Qecm? at 700°C) [6]. Addition of ionic-conducting phase such as Gd,Os-doped
CeO;, (GDC) into the electronic-conducting electrode material could enhance the cathode
performance due to increasing of the TPB length. In present work, the influence of PCO-
GDC cathode composition and its microstructure on the electrochemical behavior of
composite electrodes was determined.

PCO-GDCx composites were prepared by ball-milling for 1 h under heptane of PCO powder with
an appropriate amount of GDC (x showed GDC content which varied from 20 to 50 wt. %). The
PCO powder was synthesized by a freeze-drying technique at 700°C for 4 h under open air
conditions. Phase purity of the sample was checked by X-ray powder diffraction (XRD).
Electrochemical characterization of electrode materials for the oxygen reduction was carried out
using GDC electrolyte in a symmetrical cell configuration (electrode/CGO/electrode).
Measurements were performed by AC impedance spectroscopy at the OCV conditions in the
temperature range of 500-900°C at the oxygen partial pressures (pO-) of 10%-0.21 atm.

The PCO/GDC/PCO electrochemical cells with different electrode thickness were prepared
for minimization of area specific resistance (ASR). The lowest ASR value (0.57 Qecm? at
700°C) was achieved at the electrode thickness of 20 um. Such electrode thickness was used
for comparison of electrochemical characteristics of pure PCO electrodes with PCO-GDC
composite electrodes.

To understand the electrochemical processes at the electrode/electrolyte interface and to
define the rate-determining steps of oxygen reduction reaction (ORR), temperature and
pressure dependences of ASR were examined. Isotherm log-log plots of ASR values vs.
oxygen partial pressure for PCO-GDC20 (composition PCO with 20 wt. % GDC) are shown
in Fig. 1. Dependences are linear, and the ASR varies with oxygen partial pressure according
to the equation:

R o pg, 1)

where n-value contains information about the type of species involved in ORR [7]. The rate-
determining step of ORR in case of PCO-GDC20 composite electrode could involve both the
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charge transfer at the electrode/electrolyte interface (n = %) and the dissociation of adsorbed
molecular oxygen into the atomic oxygen species (n = %2) in the temperature range of 670-
730°C.

The influence of GDC addition on microstructure and electrochemical behavior of composite
electrodes was determined. It was shown that GDC addition decreased ASR value due to
TPB extending and enhancing of the catalytic activity for oxygen reduction. The ASR for the
optimum composition (33 wt. % GDC) is 0.41 Qecm? at 700°C that is 1.4 times lower than
that for pure PCO. The obtained results allow to consider the PCO-GDC33 composite as a
promising cathode material for IT-SOFCs.

This work was partially supported by Russian Foundation for Basic Research (Grant No.
14-08-01260) and MSU-development Program up to 2020.
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Nanostructuring of MIEC oxides SrCoggxFeq,MyxO3.s
(M =Ta, Nb; 0 <x <0.1) with high oxygen transport properties

I.V. Belenkaya, A.A. Matvienko, A.P. Nemudry

Institute of Solis State Chemistry and Mechanochemistry, Siberian Branch of Russian
Academy of Sceince, Novosibirsk.

Nonstoichiometric oxides with perovskite structure based on SrCoggFe(203.5 are promising
materials for such applications as oxygen separation from air, oxygen storage and transport,
gas purification of oxygen impurities [1]. The reasonable oxygen exchange in MIEC oxides
for practical purposes can be reached only at temperatures above 600°C. However the reasons
of high oxygen mobility are not completely clear. One believes that high transport properties
in nonstoichiometric perovskite compounds are related to high concentration of disordered
oxygen vacancies of high temperature phase. From the other hand, perovskite type oxides are
known to have a tendency to form a microdomain structure, which provides a high
concentration of extended defects (domain, antiphase and twin boundaries) [2, 3].
Interactions of oxygen vacancies with the extended defects can result in formation of
channels with enhanced oxygen diffusion along the domain boundaries, that can explain
unique properties of such materials [4, 5]. In this work we investigate the microstructure of
materials SrCoggxFeo2MxO2s5+y (M=Nb, Ta; 0<x<0.2) at low and high temperatures to
determine the real structure of high temperature phase.

Synthesis of samples SrCoggxFeo2MxO3s (M = Ta, Nb; 0 < x < 0.1) was carried out with
ceramic method. To decrease oxygen stoichiometry as prepared samples were annealed at
950° in a quartz ampoule in dynamic vacuum (P~10° atwm) for 2 h followed by quenching to
liquid N,. The oxygen content in the samples was determined by iodometric titration method.
Phase analysis of the samples was carried out by X-ray diffraction at diffractometer Bruker
D8 Advance (Cu-Ko radiation). Microstructural studies were performed using high-
resolution transmission electron microscopy. The quenched samples SrCogs.xFeo2MxO3.5 (M
= Ta, Nb; 0 < x < 0.1) were shown to consist of coherently jointed domains with
brownmillerite structure oriented by 90° to each other. Increase in dopant concentration
results in decrease in domain sizes. The observed domain orientations are in good agreement
with possible domain orientations predicted by theoretical-group analysis, which is typically
used for ferroics.

To study high temperature structure of SrCogg.xFeop2MxOs3.5 (M = Ta, Nb; 0 < x < 0.1)
different in-situ high-temperature techniques were used. X-ray diffraction experiments were
carried out at high temperatures and oxygen partial pressure Po,~10"* atm. It was shown, that
in doped compounds phase transition from brownmillerite phase to high temperature
perovskite phase occurs at lower temperatures and acquires diffuse behaviour with increase
of dopant concentration in comparison with pure SrCoggFe203.5. At dopant concentration
x>0.1 there is no brownmillerite structure in all temperature range. The decrease in phase
transition temperature of doped materials allows us to carry out in-situ high temperature
Mdossbauer spectroscopy measurements  of high temperature perovskite phase of
investigating materials. Mdossbauer spectra reveal that at high temperatures
...OTOT...ordering, which is typical for brownmillerite structure, is observed. The theoretical
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calculations of electronic structure made by DFT show that state with ...OTOT...ordering is
more favorable than disordered state at high temperatures and low oxygen partial pressure.

Thus, obtained results let us propose that structure of high temperature perovskite phase of
nonstoichiometric oxide SrCopgFeo.035 has a complex microstructure, based on
brownmillerite type domains with a very small sizes, that can explain anomaly high oxygen
transport properties in this material.
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Fig.1. Nanodomain structure of material SrCog7Fe2Nb 0102 5s.
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The influence of oxygen nonstoichiometry
on the oxygen permeability of MIEC membranes

Ilya A. Starkov, Sergey F. Bychkov, Alexandr P. Nemudry

Institute of Solid State Chemistry and Mechanochemistry,
Siberian Branch of Russian Academy of Science, Novosibirsk, Russia.

Oxides with mixed ion-electron conductivity (MIEC) are attracted the attention due to their
prospective of using as membrane materials for producing pure oxygen [1], catalytic
conversion of methane to synthesis gas [2], as a sorbents for oxy-fuel combustion [3], oxygen
sensors [4] and electrodes for solid oxides fuel cells [4].

At the moment, perovskite SrCoggFep203-5 (SCF) is one of the record-breakers in oxygen
permeability [6]. However, the reasons for high oxygen permeability of SCF still are not
clear. There is a large scatter in the literature experimental data which prevents the
development of a reliable conception of the oxygen permeability mechanism in the MIEC
membranes and advance in technological aspects. Thus, understanding the factors that can
ensure high oxygen permeability of SCF continues to be a challenging and actual problem.

Earlier, we have developed a new oxygen release technique and a mathematical model to
obtain a detailed equilibrium “T — pO, — &” diagrams [7]. Due to kinetic studies of the
oxygen release from SCF perovskite in isostoichiometric mode we have shown that the
activation energy of the oxygen release from SCF is a function of the oxide stoichiometry [8].

The aim of the work was study the oxygen permeability of MIEC membranes as a function of
oxygen nonstoichiometry.

In the present work we have shown that the dependence of oxygen fluxes which traditionally
presented as a function of the oxygen partial pressure (Fig. 1) are dependent on on the oxygen
nonstoichiometry. We have shown that the non-Arrhenius dependence of oxygen fluxes
through the membranes (Fig. 2, left), which usually interpreted as the “order-disorder"
transition or change in rate-determining step of oxygen permeability, is associated with the
dependence of the effective activation energy on oxide nonstoichiometry which varies with
temperature (Fig. 2, right). Experimental data obtained by the oxygen permeability is
consistent with experimental relaxation data on oxygen release obtained earlier [8].
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The pO, relaxation study of oxygen exchange of the MIEC oxide in
Isostoichiometric mode.
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Novosibirsk, Russia;
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In the study of oxygen exchange of the nonstoichiometric oxides, methods based on the
measurement of the relaxation rate of the electrical conductivity of oxide at a fixed change in
the oxygen partial pressure pO, are generally applied. These methods are indirect and based
on an assumed linearity between the change in the stoichiometry of the oxide and its
conductivity. In processing the experimental data mathematical models which based on
assumption that the gas composition changes very quickly and remains constant during the
measurement of the conductivity relaxation are commonly used.

In our measurements new relaxation method based on the measurement of the relaxation rate
of the oxygen partial pressure in a flow reactor is applied. pO, in the gas was measured by
the zirconium oxide oxygen sensor. Measurements were carried out by changing the gas
composition (oxygen, helium) at the reactor inlet. As shown in [1], the equilibration time of
the porous oxide samples with the gas phase is determined by surface exchange rate which is
in the case of SrCoggFe( 203 x dependent on the initial and final stoichiometry of the oxide,
wherein the oxygen partial pressure in the reactor is changing throughout the relaxation
experiment. In interpreting the data in such circumstances, we have proposed a simple
mathematical model based on the assumption of small deviations from equilibrium.

Feature of our measurements is to use fixed values of the initial and final stoichiometry
(isostoichiometric approach) that have been set on the basis of the phase P-3-T diagram
(Fig.1), obtained earlier [2]. Isostoichiometric measurements provide a more reliable
parameters for oxygen exchange between the oxide and the gas phase [3] (Fig.2, 3).
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Effect of B-site molybdenum doping on the transport properties of
SrCoggFeq,05.5 oxides

Olga Savinskaya, Alexandr Nemudry
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Mixed ionic/electronic conducting perovskite oxides have several applications as materials
for oxygen-permeable membranes. It is known that high mixed elec-tron/oxygen conductivity
among the oxides is exhibited by SrCoggFep203. Substantial disadvantages of this
compound are the phase transition brownmillerite-perovskite with changes in the oxygen
content and its chemical instability in the reducing atmosphere which causes destruction of
the membrane [1]. The standard way to modify the properties of solids is doping - isomorphic
substitution of A and B cations in ABO3 structure. As a rule, the best transport properties in
doped derivatives are achieved with minimal concentrations of the cation substitution,
providing stabilization of the cubic phase. It can be expected that the partial isomorphic
substitution of B-cations by highly charged Mo®* ions the stabilization of the cubic phase is
achived at lower concentrations than in the case of substitution of 3+/4+ charged cations, so a
negative effect of substitution on the transport properties can be reduced. Doping of highly
charged cations increases the chemical stability of the materials at low pO, due to the stable
oxidation state (VI) of dopants; reduces the degradation of membrane materials in the
atmosphere of CO; due to the acidic properties of highly charged cations [2].

The aim of the present work was a detailed study of the effect of B-site molybdenum doping
on the transport properties and stability of SrCoggxFep2M04035 (SCFM) materials in the
operating conditions of the catalytic membrane reactor.

Fig. 1 a shows the oxygen fluxes through SCFM membranes versus reciprocal temperature at
a fixed partial pressure of oxygen at the feed side of the membrane (p; = 0.2 atm). According
to the obtained data, an introduction to the SCF structure of highly charged Mo®* cations
leads to lower oxygen permeability. Note the increase in the mechanical stability of SCFM
membranes at T<700 °C and low oxygen partial pressures pO, <0.01 atm. The operating
conditions of SCF membrane are limited (T<700 °C, pO, <0.01 atm) as the decrease in
temperature and pO, is accompanied by a phase transition "perovskite-brownmillerite» [3]
and the destruction of the membrane. An interesting feature is also a nonlinear relationship of
the oxygen flux on the reciprocal temperature. According to the literature data, nonlinear
relationship can be related to the oxygen vacancy order—disorder transition or to the mixed
surface exchange and bulk diffusion control. In order to determine the rate-limiting step of
oxygen transport through SCFM membranes the dependencies of oxygen fluxes ot oxygen
partial pressure and membrane thickness were studied. Assuming the ideal mixing of J(He)
and J(O;) fluxes in the reactor, pO, values at the permeate side of membranes were
determined and the data were successfully linearized in the coordinates J(O2) — (p1"™- p2")
with 0.2<n<0.5, where p1, p, are oxygen partial pressures at the feed and permeate sides,
respectively. According to the literature data, the variable power index n>0 can be related to a
mixed surface exchange and bulk diffusion control or a sole surface exchange control [4].
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Temperature dependence of the oxygen fluxes across SCFM (x=0.05) membranes with
different membrane thickness L (1.35<L<3.20 mm) demonstrates thickness dependence of
oxygen fluxes at T>750 °C (fig. 1 b). Such behavior indicates a mixed surface exchange and
bulk diffusion control. Note the contribution of the surface exchange reactions to the overall
oxygen permeation was observed to increase with decreasing temperature. The measurements
of oxygen permeability through SCFM membranes in CO, atmosphere showed that
introduction to the SCF structure of Mo®* cations reduces degradation of materials in the CO,
atmosphere due to the acidic properties of Mo®* cations.
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Metamict minerals may contain significant quantities of U and Th that lead to the transition
from the crystalline to the aperiodic, amorphous state [1]. Amorphization occurs mainly due
to the effects of heavy-particle irradiation and their crystalline structures can be reconstituted
by heating [2]. The metamict state raised important fundamental questions concerning the
stability of different structure types in a radiation field [3,4]. The study of metamict minerals
IS very important to understand the behavior of Th-admixtures (as analogues of artificial
actinides such as Pu, Np, Am) during self-irradiation of host-phases and possible recovery of
crystalline lattices under heating or other impacts. Initially Th form solid solutions in the
crystalline structures of “fresh” host-phases but further metamictization and (or) recovery of
damaged structure can be accompanied by destruction of solid solutions and formation of
separate phases of radionuclides. This process should be studied in detail because it may
essentially increase the migration of radionuclides.

We have studied a large (1-3cm in size) and relatively homogeneous sample of natural
metamict lovchorrite (figure 1a). Untreated and annealed in air at different temperatures in
order to initiate recrystallization were analyzed in comprison by precise X-ray powder
diffraction (XRD), electron microprobe (EMPA) and scanning electron spectroscopy (SEM).
The diffraction data for lovchorrite indicated the mineral not to be completely metamict
(figure 2). The recrystallization of Rinkite structure (ICDD (PDF-2/Release 2011 RDB):01-
071-0440) was continuously monitored with temperature increase starting at 500 °C in air.
The Rinkite phase was stable up to 1000 °C. However, several other phase (fluobritholite
(ICDD (PDF-2/Release 2011 RDB):01-057-0908) - light color and cuspidine (ICDD (PDF-
2/Release 2011 RDB):01-013-0410) - black color) started to crystallize at 1100 °C (figure
1b).

The results obtained demonstrate very complex behavior of single-phase Th-bearing solid
solution based on lovchorrite under self-irradiation and recrystallization. Long-term radiation
damage may cause metamictization of single-phase minerals without destruction of the solid
solution. However, recrystallization caused by heating of the metamict mineral may cause
formation of new separate crystalline phases resulting in destruction of the initially
homogeneous solid solution. This process is a subject of potential serious concern because it
may be accompanied by segregation of Th (and other actinides for artificial minerals) into
separate phases. This phenomenon should be taken into account in order to develop optimal
ceramic waste-forms for actinide immobilization.
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Figure 1. SEM BSE images of natural lovchorrite: a) initial metamict sample; b) fully
recrystallized sample after annealing in air at 1100 °C for 1 hour.
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Figure 2. Diffraction patterns of the samples of metamict lovchorrite untreated (room
temperature - 23 C) and annealed (500, 800, 1000 and 1100 C). The dots denote peak
positions of the corresponding phases.
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Natural minerals may contain significant quantities of U and Th that lead to the transition
from the crystalline to the so called “metamict” or aperiodic, amorphous state [1].
Amorphization occurs mainly as a result of heavy-particle irradiation. Damaged crystalline
structures can be reconstituted by heating [2]. Metamict minerals are considered as natural
analogues of aged ceramic nuclear waste-forms [2-4]. The study of metamict minerals is very
important to understand the behavior of Th-U-admixtures (as analogues of artificial actinides
such as Pu, Np, Am) during self-irradiation of host-phases and possible recovery of
crystalline lattices under heating or other impacts. Initially Th and U form solid solutions in
the crystalline structures of “fresh” host-phases but further metamictization and (or) recovery
of damaged structure can be accompanied by destruction of solid solutions and formation of
separate phases of radionuclides. This process should be studied in detail because it may
essentially increase the migration of radionuclides.

A large grain (2 x 3 x 2 cm in size) of fully metamict Y-Fe-niobate from granite pegmatites
(Karelia, Russia) was selected for this study. The sample was dense, homogeneous (Figure 1a),
conchoidal-fractured and it had no faces. It was observed that mineral was fully X-ray
amorphous (Figure 2). The average chemical composition obtained by EMPA during our
previous research was (wt. %): Nb,Os — 42.6; Ta,0s5 — 4.4; TiO, — 9.2; UO3 — 4.4; ThO, —
1.0; MnO - 1.3; FeO - 19.4; Y,03 — 16.6 [5]. The pieces of the sample were annealed in air
and vacuum at 400 °C, 700 °C, 1000 °C, 1100 °C and 1200 °C. Then all materials obtained were
studied by XRD, SEM, EMPA and other methods. XRD results showed that recrystallization in
vacuum and air started at 400 °C and 700 °C, respectively. Further annealing at 1100-1200 °C in
all atmospheres caused the change of phase composition (Tab. 1).

The results obtained demonstrate very complex behavior of single-phase Th-U-bearing solid
solution based on Y-Fe-niobate under self-irradiation and recrystallization. Long-term
radiation damage may cause metamictization of single-phase minerals without destruction of
the solid solution. However, recrystallization caused by heating of the metamict mineral may
cause formation of new separate crystalline phases resulting in destruction of the initially
homogeneous solid solution. This process is a subject of potential serious concern because it
may be accompanied by segregation of U, Th (and other actinides for artificial minerals) into
separate phases. This phenomenon should be taken into account in order to develop optimal
ceramic waste-forms for actinide immobilization.
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Table 1.
atmosphere
T, °C
air air-HT vacuum argon
25 amorphous amorphous amorphous amorphous
400 amorphous amorphous FeNb,Og mon Not studied
700 FeNb,Og mon FeNb,Og
Fer206 FerZOS
(750 for Ar) YNbO, YNbO,
FeNbO, orth
FeNbO, tetrag
FeNbO, orth YTaO, YNbO,
YNbO,
YNbO, FeNbO, orth YTaO,
1000 FeNbO, orth
YTaO, FeNbO, tetrag FeNbO, tetrag
Ferzoe
Ta,05 Ta,05 FEszoe
YTaO,
Ta,05
FeNbO4 tetrag
FeNbO, tetrag
FeNbO4 tetrag YNbO,
YNbO,
YNbO, ] and traces of
1200 Not studied and traces of
FeNbO, orth YTaO,
YTaO,
Ta,05 FeNb,Og¢
FEszoe
FeNbO, orth
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a)

Figure 1. SEM BSE images of natural Y-Fe-niobate mineral: a) initial fully metamict
sample; b) fully recrystallized sample after annealing in air at 1100 °C for 1 hour. Black dots
are pores.
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A large number of luminescent materials such as silicates, vanadates, phosphates,
molybdates and tungstates with different crystal structures were investigated as potential host
lattices being doped with Eu®* as an activator for red luminescence [1,2]. The Eu**-doped
molybdate and tungstate phosphors demonstrate broad and intense charge-transfer (C-T)
absorption bands in the near-UV region and intense red emission with good color purity [3-
4]. These make such R,(Mo00O4)3 (R = rare earth elements) materials the promising candidates
for red emitting phosphors for the pc-WLEDs (phosphor-converted white-light-emitting-
diode).

The purpose of the present study was to obtain R,—xEux(Mo00QO,)3; (R=Gd, Sm; 0<x<2) solid
solutions and investigate their structure and luminescent properties as a function of chemical
composition and preparation conditions.

R,«Eux(M00O4); (R=Gd, Sm; 0<x<2) solid solutions have been prepared by solid-state
reaction; two types of host structure (monoclinic (a-) and orthorhombic (B’-)) have been
obtained. The transformation from the a-phase to the B’-phase results in notable increase
(~24%) in the unit cell volume for all R,xEux(Mo0O4)3 (R = Sm, Gd) solid solutions.
Transmission electron microscopy study and Rietveld refinements using the synchrotron X-
ray powder diffraction data confirm that a-Gd,(Mo00,)3; and B’- Euz(MoQ,)3 have structures
similar to other monoclinic a-R2(M00,)3; and orthorhombic B’—phases, respectively.

The study of luminescent properties demonstrates that all R,—xEux(M0QO4)s; (R=Gd, Sm;
0<x<2) phosphors emit intense red light dominated by the °D, — 'F; transition at ~616 nm.
The Gd-based R,xEuyx(Mo00O4)s solid solutions are the most efficient emitters, having
noticeably higher intensity in the range 0<x<1.75 under the same conditions after excitation
at 395 nm than Sm-based solid solutions (Fig.1). The Dy —'F, emission intensity of o-
Gd,—<Eux(M0Q,)3 is significantly higher under 395 nm excitation than that for [3’-
Gd,—«Euyx(M0QO,)3 in the range of 0.25<x<1.5. Switching from monoclinic to orthorhombic
structure for Sm,_xEu,(M0O,)s phases practically does not affect the °Dy —'F, emission
intensity.

Acknowledgement. This research was supported by FWO (project G039211N, Flanders
Research Foundation) and Russian Foundation for Basic Research (Grants 11-03-01164, and
12-03-00124).
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Defect Chemistry of Lithium and Sodium Peroxide
O. Gerbig, R. Merkle, J. Maier
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In search of new electrochemical storage devices with high specific energy densities, alkali-
oxygen batteries have become a field of increasing research activity. In contrast to
conventional lithium ion batteries, the alkali metal is not intercalated into a host material at
the cathode side, but reacts with oxygen to form either alkali peroxide [1,2] or superoxide [3,
4]. The absence of intercalation hosts typically consisting of transition metal oxides and
phosphates gives rise to an increased theoretical specific energy density.

The electrical transport properties and reaction kinetics of lithium and sodium peroxide were
studied employing electrochemical techniques such as electrochemical impedance
spectroscopy, dc polarization measurements and conductivity relaxation on cells with
selectively blocking electrodes. The electrical conductivity was separated into electronic and
ionic contributions, and the oxygen partial pressure was used as a control parameter to probe
the type of main electronic charge carrier. The ion transport mechanism (alkali vacancies or
interstitials) was determined from donor doping experiments. From conductivity relaxation
measurements, chemical diffusivity and surface reaction rate constants were obtained.

According to the results, these alkali peroxides are mixed conductors with alkali defects as
main ionic charge carrier and p-type electronic conductivity with holes localized on a
peroxide site yielding superoxide defects. The transport mechanism of alkali ions differs
among the materials. For Li,O, the ionic transport occurs via alkali vacancies, while an
interstitial mechanism is observed for Na,O5.

A defect model is proposed for Li, O, taking into account the strong association of oppositely
charged defects the low measurement temperatures, which are limited by the materials
stability [5]. These findings are considered crucial for understanding and addressing
limitations and problems in the cathodic reaction in alkali oxygen batteries. The presence of
superoxide ions is ambivalent: on one hand they lead to degradation of the common
electrolytes, but one the other hand they ase necessary for the electronic transport.
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Context

Thanks to their high specific modulus (E/p) and yield stress (ce/p), metal matrix composites
(MMCs) have attracted research and industrial attentions as unique materials for high
technological applications such as in the aerospace and automotive sectors. Compared to light
weight alloys (Al, Mg, Ti), the mechanical properties of MMCs, such as strength and
stiffness, are improved by the use of ceramic reinforcement [1]. Among the common used
reinforcement (C, BN, SiC, TiC, AlI203), TiC has been recognized as one of the most
important reinforcing phase for metal matrix composite materials.

The two most common processes to synthesize Al-based MMCs are powder metallurgy and
casting techniques. However, these two routes are associated with major drawbacks such as
clustering of the reinforcement that leads to the decrease of ductility and toughness. Novel
routes of synthesis as “reactive synthesis” could be explored in order to produce composite
materials combining high strength properties without any dramatic increase of brittleness.

Experimental

According to the Al-Ti-C ternary system (Fig. 1) [2], a mixture of C and Al3Ti was used as
precursor. In this case, the reactive synthesis of the Al/TiC follows the reaction: Al3Ti + C —
TiC + 3 Al [2-4]. This in-situ reaction occurs for a temperature higher than 812+15 °C
meaning that above this temperature aluminium and TiC are in thermodynamic equilibrium.
A short time heat treatment was selected in order to favour nucleation and to limit the growth
of the reinforcement particles [5]. The MMC was prepared by ball milling under Argon of the
starting powders followed by a cold isostatic compaction. Next the reactive synthesis was
realized by a flash heat treatment of 1 minute at 1000°C. Finally extrusion of the composite
was performed at 500°C.

Tensile testing was performed on metal matrix composite specimens machined from the
composite. The Young’s modulus, as well as the proof stress (ceo.2%), the ultimate tensile
strength (UTS) and the maximum elongation were deduced from the mechanical tests. Al/TiC
composite presents a Young’s modulus of 106 GPa and an uncommon maximum elongation
of 6.0 %. This elongation value is also associated to a high toughness of about 28 J.cm™ (Fig.
2), a value that is similar to the ones reported for pure Al (25-30 J.cm™). To the author
knowledge, regarding the high content of reinforcement particles (22 vol.%), this
compromise between strength and toughness appears to be uncommon and interesting.

Characterization of the composite microstructure has been performed by several classical
techniques such as Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM) and X-ray Diffraction (XRD).
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Discussion

This original set of properties is explained by the microstructure resulting from the novel
reactive synthesis route: despite the high content of reinforcement particles, no clustering of
the particles is observed. Most of the particles remains in the nanometer range (with a mean
diameter of about 80nm) and surrounded with percolating veins of Al matrix. Moreover,
reactive synthesis led to in-situ formation of the metal/carbide interface avoiding the presence
of oxide films and therefore leading more easily to a strong adhesion. As a consequence, no
brittle defaults are present in the microstructure and a ductile failure with characteristic
dimples is observed, leading to uncommon and promising mechanical properties (Fig. 2).
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Fig. 2. (Right) Estimated mechanical toughness, K*, as a function of the ultimate tensile
strength. The volume fraction of TiC reinforcement in the composites are indicated in
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Self-organization of the reaction-fracture coupled front on the mesoscopic
scale caused by morphological instability of flat reaction front at
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The kinetics of heterogeneous solid state reactions like dehydration of crystal hydrates can be
described as propagation of the reaction-fracture coupled front appearing as a result of the
feedback between the reaction and fracture. The nature of the feedback is that solid state
reactions are often accompanied by significant change of volume of the solid reagents. As
heterogeneous reactions are characterized by inhomogeneous spatial development the volume
change leads to the tension in the reaction zone. The tension results in cracking of the reagent
in the reaction zone. The cracks serving as a new reaction surface provide local acceleration
of the reaction and advance of the reaction front. Mathematical model of the reaction-fracture
front enables one to predict the rate of the reaction front and morphology of the fractured
product [1].

Anisotropy of the mechanical properties of reagents results in that the rate of the reaction
front depends on its crystallographic orientation. In particular this manifests itself in the
dependence of the overall reaction rate on the reagent crystal shape. But in addition a
possibility arises for the morphological instability of the reaction-fracture front. If a reaction
starts on a crystal face that corresponds to the orientation of the slow front movement then
definite local perturbations of the front shape may result in formation of the front regions
which move faster and so increasing initial disturbance. Finally the morphological
transformation occurs. Initial flat front is partitioned to the pieces in which local
crystallographic orientation differs from that of original front. This partitioning takes place on
the mesoscopic scale which is intermediate between the macroscopic crystal size and
microscopic internal scale of the fractured product. On average the resulting reorganized
front retains the initial front orientation but moves faster and produces different fracture
morphology and finer cracked reaction product.

This picture was observed experimentally when studying dehydration of CuCl,;-2H,0 in
vacuum at room temperature (Fig 1). The front starting from faces (110) moves in deep of
about 1 mkm, retaining flat shape (Fig 2). Thereafter it partitions to sharp wedged pieces
orieted as [010] and positioned in aperiodic manner distanced by 0.5 — 2 mkm from each
other (Fig 3). Average rate of the front increases several times. The fracture morphology
resulted from the wedges movement resembles a plate-like motif on the mesoscopic scale.
These plates internally consist of particles of 50-100 nm which corresponds to the measured
specific surface area 15 m*/g.

With the single-crystal X-ray diffraction it was found out that the product has two main
orientation corresponding to the two twins. Deformation tensor was computed from these
relations. It turned out that it is characterized by strong anisotropy. In two directions there is
shrinkage by 12% and 37% whereas in third an expansion occurs by 6%. We suggest that
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during formation of the product in the reaction zone the twins may arise in a ratio providing
minimization of elastic strain energy. It is shown that the most significant decrease of the
elastic strain energy can be achieved due to twining on the initial (110) crystal face.
According to the model of the reaction-fracture front this results in minimal possible rate of
the front in this direction. At the same time the twining can not provide a decrease of the
stress for the front parallel to the face (100). Consequently such a front could be the fastest
one. Thus the most likely perturbations of the initial flat front are the wedge-like formations
directed along [010] which provide appearing of local front pieces slightly inclined to the fast
direction (100). These theoretical results are fully confirmed by the experiments.
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Layered perovskite-like oxides are objects of close attention as represent one of the most
perspective classes of ceramic materials. These compounds exhibit important physical and
chemical properties (electric, magnetic, catalytic) owing to the features of their crystal
structure and find application in the newest areas of science and technology.

In the report we present results of the study on mechanism of formation, thermal stability and
thermodynamic properties of NaLnTiO, and Na,Ln,TizO1 (Ln=Nd, Gd) titanates that
belong to the Ruddlesden-Popper phases. These compounds are constructed by the
intergrowth of alternating perovskite-like blocks (P) and rock-salt type slabs (RS with
various thickness of perovskite layers.

Mechanism of formation and thermal stability of layered oxides have been investigated by
isothermal annealing-quenching method followed by X-ray powder diffraction analysis and
synchronous thermal analysis with constant speed of heating coupled with quadrupole mass-
spectroscopy. Processes of phase formation in Ln,O3-TiO,—Na,CO3 systems have been
studied in the temperature range of 500-1100°C, thermal stability of complex oxides has
been investigated in the range of 900-1400°C. The structure-chemical mechanisms of oxides
formation/decomposition and temperature intervals of phase transformations are defined.

NaLnTiO, oxides are stable up to 900°C. The decomposition of NaNdTiO, was found to
begin at 950°C, full decay is reached at 1050°C for NaGdTiO,4 and 1100°C for NaNdTiOy.
Na,Ln,TizO19 oxides are products of decomposition of NaLnTiO,4 together with Ln,TiOs
and Nd,TizO9 or Gd,Ti,O7. Na,Ln,TizO10 oxides are more stable and undergo
decomposition on Ndy3TiO3 and Nd, Ti,O7 in the range of 1200-1400°C.

The comparison of oxides stability is performed in terms of crystal chemistry. The essential
contribution in the phase transformations is brought by the effect accompanying change of
the coordination environment of Ln™ (coordination numbers = 9, 12, 6) and Ti**
(coordination numbers = 6, 5) cations and considerable distortions of their coordination
polyhedra. The difference in the length of Na—O bond connecting P and RS layers also results
in the greater stability of Na,Ln,Ti3O;o layered structure in comparison with the NaLnTiO,.
Less stability of Gd-containing oxides is caused by a mismatch of P and RS layers to
tetragonal symmetry.

Our investigation demonstrates that the single-layer perovskite-type oxides NaLnTiO, and
three-layer oxides Na,Ln,TizO1o at high temperature tend to be converted into more stable
structure, either perovskite or layered structure with a larger number of perovskite layers.
This experimental fact proves narrower limits of thermal stability of synthetic cation-ordered
layered structures in comparison with structure of natural perovskite. Moreover it points to
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the increase of thermal stability in process of increase in number of perovskite layers in
layered structure.

The present work combines the results of heat capacity measurements obtained from
adiabatic calorimetry and differential scanning calorimetry (DSC). The heat capacities in the
low-temperature range (5-340K) are measured in a TAU-10 adiabatic vacuum calorimeter.
Standard molar heat capacities, derived enthalpies, entropies, and derived Gibbs energies are
calculated. The high-temperature C, measurements are performed in Netzsch DSC 204 F1
Phoenix calorimeter in the range of 300-920K. An anomaly is observed in the heat capacity
curve of Na;Nd,TizOy9 at T < 7.5K. It is likely to be a descending branch for a magnetic
“disorder-order” phase transition, which lies outside the measuring range of the calorimeter.

A unit cell of the three-layer oxide structure (Na,Ln,TizO1o) can be visually assembled from
two fragments of the single-layer oxide structure (NaLnTiO,4) by addition of one layer of
corner-shared TiOg octahedrons. Therefore, the structural fragment of Na,Ln,TizO1, can be
viewed as a combination of NaLnTiO4 and titanium dioxide (TiO,) structures arranged in a
proper way. Good agreement between the experimental and calculated values of
thermodynamic properties allows to use the additivity principle for prediction of
thermodynamic properties for complex oxides.

This work was supported by Russian Foundation for Basic Research (N 12-03-00761) and St.
Petersburg State University research grant (reg. 12.0.105.2010).
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Synthesis and high-temperature properties of (Pr,Sr),(Mn,Co)O,_; oxides
with K;NiF,-type structure.

E.V. Zharikova®, M.G. Rozova®, S.M. Kazakov?, S.Ya. Istomin®, E.V. Antipov?

% Department of Chemistry, Moscow State University, Leninskie Gory, Moscow, 119991,
Russia

Layered oxides R,BOy, R — rare-earth cation, B — late 3d-metal cation like Co, Ni and Cu, with
K2NiF,-type structure are considered as promising cathode materials for intermediate
temperature solid oxide fuel cell (IT-SOFC) [1, 2]. In their crystal structures there are perovskite
blocks responsible for electronic conductivity and R,O, blocks with rock-salt structure where
diffusion of oxide-ions takes place. In the present work we report on the synthesis and study of
high-temperature crystal structure, thermal expansion behavior and electrical conductivity
properties of novel oxides Pry.«SryCo1.yMnyO45 (X =1.5,1.0; y = 0.0-0.5).

Ceramic samples of Pr,.4SryC01.yMnyOa45, x = 1.0 and 1.5, 0.0 <y < 0.5 were prepared by
heating stoichiometric amounts of PrgO;1, Mn,0O3, Co30,4 and SrCOg3 in air at 950°C, 24 h
with final annealing at 1250°C, 24 h. Single-phase samples were obtained for PrSrCo;.
yMnyOas, 0.0 <y < 0.5 and PrgsSri15C01.yMnyO4s 0.3 <y < 0.5. Their X-ray powder
diffraction patterns were fully indexed in tetragonal unit cells (S.G. 14/mmm). Refinement of
the crystal structures of Pr,.,SryCo1.,MnyO45 using the Rietveld method confirmed the
formation of K;NiF,-type structure. The oxygen content of the prepared compounds was
determined by iodometric titration. Only slight deviation of the oxygen content from
stoichiometric value is observed.

The temperature dependence of the oxygen content in air for the compositions
PrSrCosMngps04.5 and ProsSr;5C005Mngs04.5 in the temperature range 25 - 900°C showed
no significant weight loss. Thermal expansion behavior of the ceramic samples was studied
by high-temperature X-ray powder diffraction and dilatometry. Calculated values of the
thermal expansion coefficients (TEC) are 15.4 ppm K* and 17.9 ppm K? for
PrSrCogsMnps04.5 and ProsSrisCoosMngsO45, respectively. High-temperature X-ray
diffraction reveals high anisotropy of thermal expansion along a- and c-axis for
PrSrCoosMngs04.s with TEC(a)= 11.6 ppm K™ and TEC(c)=22.1 ppm K™ in comparison
with TEC(a)= 17.4 ppm K™* and TEC(c)=17.7 ppm K™ for PrgsSr15C005MnosOas.
Moreover, PrSrCogsMngs04.5 demonstrates non-linear thermal expansion behavior of along
c-axis in comparison with Pro5Sr15C0o5Mngs04.5.

Electrical conductivity measurements for PrSrCoosMngs04.5 and ProsSri5CoosMnos04-5
ceramic samples were carried out by a standard 4-probe method in air at 25-900°C. Both
compounds demonstrate a thermally activated (semiconducting-like) behavior with
conductivity values of 7 S/cm and 23 S/cm at 900°C for PrSrCogsMngs04s and
ProsSr15C0osMngs04., respectively.

This work was partially supported by RFBR (grant no. 14-03-01083) and MSU-development
Program up to 2020.
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Study of water intercalation and photocatalytic properties of layered
perovskite-type tantalates and niobates

A. A. Burovikhina?, M. V. Chislov?, I. A. Rodionov?, D. A. Porotnikov?, I. A. Zvereva®

%Institute of Chemistry, Saint Petersburg State University, 26 Universitetskiy pr.,
Petrodvorets, Saint Petersburg, 198504, Russia

Perovskite-type oxides of Dion-Jacobson series have attracted attention because of their
unique functional properties like superconductivity, ion conductivity, semiconductivity and
photocatalytic activity. Some layered oxides are capable of reversible intercalation of water
molecules into the interlayer space, which can lead both to increased effective surface area
and spatial separation and promotion of the redox centers. Thus, ion exchange and
intercalation reactions are possible ways to enhance photocatalytic activity of these
compounds.

Therefore the aim of this work was to study the
photocatalytic  properties of layered oxides
ANdM;07 (A = H, Li, Na, K, Rb, Cs; M = Nb, Ta)
and the factors that may influence it, including water
intercalation.

The high-temperature ceramic method allowed to

obtain cesium and rubidium-containing compounds &
from simple oxides and carbonates. Other members f
of the series can’t be synthesized in this way,
because they are unstable at high temperature. So
they were obtained from stable precursors by ion-
exchange method under mild conditions.

The structure of synthesized compounds is shown at
Figure 1. Displacement of perovskite layers depending on the size of the cation in the
interlayer space is observed. As a result the oxides crystallize in different structural types.

The possibility of water intercalation into interlayer space was investigated by
thermogravimetric method. The weight loss was observed only for the H- and Na-containing
compounds, indicating the possibility intercalated water presence.

The method of simultaneous thermal analysis (TGA + DSC) combined with mass-
spectrometric analysis of the gas phase and X-ray diffraction served as evidence that the
weight loss under heating is caused by intercalated water liberation. The composition and
temperature ranges of stable intercalates are presented in Table 1.

Li,Na K

Rb,Cs

P4/m  l4/mmm C222 P4/mmm

L —interlayer distance

Figure 1. Structure of ANdM,04
(A=H, Li, Na, K, Rb, Cs; M = Nb, Ta)

Table 1. Intercalated water content in layered oxides

ANdTa207 ANdszO7
A=H A=Na A=H A=Na
o Content of o Content of ) Content of o Content of
T.C water, mol T.C water, mol T.C water, mol T.C water, mol
<75 0,84 <65 1,35 <60 0,89 <50 1,27
165 0,40 105-125 0,60 160-250 0.44 80-105 0,69
300 0 >165 0 310-360 0 >310 0




Intermnational Symposium
on the Reactivity of Solids

ISRS. 18 Poster Presentations 193

Enthalpy of water deintercalation was determined by DSC which showed higher specific
endothermic effects for NaNdTa,0O--1.35H,0 then for HNdTa,07-0.84H,0.

The photocatalytic activity was estimated by measuring the hydrogen evolution rate from
oxide suspensions in 0.1% isopropyl alcohol aqueous solution irradiated by a mercury lamp.
Experiments were carried out in a custom made outer-irradiation photocatalytic reaction cell,
attached to a closed gas circulation system. The amount of released hydrogen was determined
by gas chromatography (Shimadzu GC-2014). Kinetic curves of hydrogen evolution have a
constant slope throughout the experiment. It has been shown that the rate of hydrogen
evolution varies among alkali metals non-monotonically, the rubidium-containing oxides
being the most active. The values of the band gap energy of ANdM,0; were found to be
slightly independent on alkali metal A (3.7 for niobates, 4.4 for tantalates). The BET surface
area of samples varies from 0.8 to 5.0 m?g. In general, for the layered oxides under
investigation there was found no correlation between photocatalytic activity, surface area,
band gap and capability of water intercalation into the interlayer space. The difference in
photocatalytic activity should be attributed to the electronic structure details.

Investigations were performed using a thermal analysis instrument (Netzsch TG 209F1 Iris,
Netzsch DSC 204 F1 Phoenix and Netzsch STA 449 F1 + QMS Aeoelos) in the resource
center «Center of Thermal Analysis and Calorimetry », SPbSU. Powder X-ray study is
carried out in the X-ray Diffraction Centre of Saint Petersburg State University. This work
has been supported by the RFBR grant 12-03-00761 and grant SPbSU 12.0.105.2010.
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Hydrothermal synthesis of zirconia nanoparticles and their
photocatalytic properties

A.N. Bugrov,® I.A. Rodionov,? O.V. Almjasheva® I.A. Zvereva ®

# Institute of Chemistry Saint Petersburg State University;
b |offe Physical-Technical Institute RAS.

Nowadays more and more attention is paid to the development of photocatalysts based on
zirconia nanoparticles which have n-type of conductivity with a band gap energy of 5.0 eV
[1]. Conductance and valence band potentials of —1.0 and + 4.0 V allow to use them as
photocatalysts for the production of hydrogen through water decomposition. Unfortunately,
the wide band gap prevents the absorption of visible light by zirconia nanoparticles, what is a
key issue for their use in photocatalysis [2]. Approaches based on the creation of structural
defects and change of specific surface area by doping with transition metal ions, deposition of
noble metals on the surface and surface modifying functional groups can be used to modify
optical properties for effective visible light absorption [3, 4]. In this regard, the aim of this
research was the synthesis of ZrO, nanoparticles with different phase composition, size,
morphology and the study of their photocatalytic activity in the photoinduced hydrogen
evolution processes.

Zirconia nanoparticles were synthesized by dehydration of zirconium oxyhydroxide
(ZrO(OH),) or oxychloride (ZrOCl,x8H,0) under hydrothermal conditions. X-ray
diffraction and electron microscopy showed that ZrO, samples, obtained from ZrO(OH), are
spherical shaped nanoparticles predominantly tetragonal (t-ZrO, ~80%) with a narrow size
distribution (average diameter of 18+20 nm, fig. 1a). Introduction of 3 mol.% Y,0O3 into
zirconia structure leads to the formation of only t-ZrO, with an average particle size of
10+2 nm (fig. 1b), herewith the specific surface area increased from 87 to 107 m%g. Solid
solution nanoparticles of lanthanides oxides (1 mol.% Ln,O3, Ln = Eu, Th, Tm, Sm, Er) and
zirconia obtained by the hydrothermal synthesis also have a tetragonal polymorph, but their
size was 15+3 nm (fig. 1c).

Preparation of nanostructures based on ZrO, with different morphology was carried out by
changing the pH value of the hydrothermal solution. For example, it was found that
dehydration of ZrOCI,x8H,0 in acid-alcohol mixture at pH=3 leads to the formation of
hollow spheres with size of 300+700 nm, and a wall thickness of 50+10 nm (fig. 1d).
Hydrothermal treatment of ZrOCIl,x8H,0 in the presence of sodium acetate (CH3;COONa)
and pH=2, promotes the formation of star-like nanostructures ZrO, with size around 80 nm
(fig. 1e). In the case when NaOH is used as a hydrothermal solution medium (pH=14) ZrO,
nanorods were obtained with a diameter of 50+5 nm and a length of 200£40 nm, having a
monoclinic structure (fig. 1f). It was found that mesoporous hollow microspheres, star-like
and rice-grain-like zirconia nanostructures are agglomerates composed of m-ZrO, crystallites
with an average size of 1+5nm. According to the method of low-temperature nitrogen
adsorption (BET), specific surface area of the zirconia nanostructures described above was
140, 91 and 17 m?/g, respectively. Zeta-potential of dispersions of the ZrO, nanostructures in
distilled water and greatly dilute solution of NaCl (10 mol/l) was measured by electrophoretic
light scattering method. The optical band gap of obtained crystalline substances were
determined based on diffuse reflection spectra with Kubelka-Munk transformation from the
onset of fundamental absorption band.
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The study of hydrogen evolution Kkinetics from aqueous suspensions of ZrO,-based
photocatalyst under UV-irradiation was carried out on the specially designed set-up
comprising an outer-irradiation reaction cell, equipped with a radiation source, a magnetic stirrer
and a closed gas circulation system attached to the gas chromatograph (MolSieve 5A column,
TC-detector, Ar carrier).

This work was supported by the Russian Foundation for Basic Research (grant Ne 14-03-
31722) and grant SPbSU 12.0.105.2010
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Fig. 1. X-ray diffraction and electron microscopy micrograph of nanoparticles based on
ZrO,, obtained under hydrothermal conditions: a - ZrO,; b - ZrO,-Y,03; ¢ - ZrO,-Eu,03; d
- hollow spheres ZrO,; e - star-like ZrO,; f - nanorods ZrO,.
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Effect of dopant type (Al, Ga, In) on adhesion of metal/oxide interface

N.S. Nikolaeva ?, A.A. Shubin &, A.S. Kholtobina ?, A.A. Kuzubov , E.N. Fedorova ?

®Siberian Federal University, Krasnoyarsk, 660028, Russian Federation.
E-mail: nsnikolaeva@sfu-kras.ru

The investigation of metal/oxide interfaces is important for many applications such as
functional composite materials, oxide-ceramic coatings on metals, electronic materials. In
many applications the metal/oxide interfaces in the material have a deep influence on
functional properties depending on adhesion.

Among the functional semiconductors, zinc oxide (ZnO) is one of the most significant
materials due to its high-electron mobility, high thermal conductivity and wide band gap
energy value (3.37 eV). Usually, ZnO is doped by XIlIIth group elements (Al, Ga, In) which
are the donors of the electrons in purpose to increase a conductivity. M,03 and ZnO form
solid solutions with solubility limit. In generally incorporation mechanism of M*" into ZnO
lattice is [1]:

ZnO / X
M,03 —==52MY, +2¢'+203 +50,.

But dopants in surface layers reduce the electrostatic interaction energy at interface,
meanwhile the oxygen vacancies can decrease adhesion because of the number of M-O
bounds decrease [2]. In addition, the adhesion on the M/ZnO boundary will be changed with
increasing dopant concentration in the oxide lattice, because the high concentration of the
dopants lead to the individual phase formation on the ZnO grain boundaries. Therefore, it is
necessary to find the characteristic properties of interfacial interaction in M/ZnO system
depending on dopant type and their concentration as a Ag/ZnO system.

In this work, dopant type (Al, Ga, In) influence on microstructure and surface properties
ceramics based on ZnO was investigated. Doped ZnO powders were prepared by the aqueous
solutions coprecipitation method. Pellets pressed from these powders were sintered at
T=1373K in the air. Scanning electron microscopy (SEM) was used to evaluate surface
morphology. X-ray fluorescence analysis were performed using a spectrometer
ARLQuant X. X-ray diffraction data were obtained using a X’Pert-Pro (PANalytical) (Cu
Ko, A=0,15406 A). The work of adhesion (Wa) was determined by measuring the equilibrium
contact angle of sessile metal drops on planar oxide substrates at T=1273K. The VASP code
[3] was employed to perform electronic structure calculations. The DFT plane wave (PW)
basis sets, PAW formalism [3], PBE DFT potential in Periodic Boundary Conditions (PBC)
were used.

The surface energy of undoped and doped ZnO (surface (110)) was calculated. The addition
of dopants increases the value of surface energy, except for In. The calculation data is
correlated with experimental adhesion work-dopant type relation.

It can be stated that interfacial adhesion is improved in the series Zn;«InyO—ZnO—Zn;-
xGay0O—Zn1xAlO (fig. 1). The value of the contact angle is sudden changed with increase
of dopant concentration due to ZnAl,04, ZnGa,04 or Zn7In,04¢ formation on the ZnO grain
boundaries.
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Figure 1. The contact angles and the adhesion work of doped ZnO pellets/Ag
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Mechanical Properties of SiO, + Si, SiO, + TiO, + ZrO, and Analysis
Automated System of Anisotropy
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Introduction

Elastic deformation e takes a place “instantly”. Inelastic deformation g is conditioned
motion of dislocations [1]. The influencing of ultrasonic deformation & was researched on
elastic and inelastic characteristics of Si + SiO,.

Experiment

For measuring of elastic module E and internal friction (IF) the impulse method on frequency
f~1,67; 5 MHz was used [2,3]. After irradiation there is diminishing of the velocity value of
longitudinal ultrasound elastic waves V|, of the velocity value of transversal ultrasound
elastic waves V1, elastic module E and shear module G of specimen. There was a small value
of IF background in SiO, QYo =210 to T = 385 K.

Experimental Results

The free vibrations are under acts of internal forces. The conditions of free vibrations are: 1)
one force on specimen are function of coordinates; 2) must be equilibrium position, at
withdrawal from which the nonzero resultant of all forces must be direct to equilibrium
position; 3) friction forces must be enough small. The Puasson coefficient p is equal to ratio
of relative transversal compression to relative longitudinal lengthening and is equal [1]:

(;VJ V.2

- 1
AR =

ﬂ:

where V; - longitudinal ultrasound wave velocity, V _ - fast transversal ultrasound wave

velocity. Debye model sets the conditions existence stand waves in solid state. The quantum
nature of elementary oscillators takes into consideration. The thermal capacity — parameter of
the thermodynamic system equilibrial state in Debye model. Therefore waves, that
elementary oscillators excite, can’t carry the energy. There are stand waves. One oscillator
produce 3 waves: 1 longitudinal and 2 transversal. Debye temperature &, was determined

after the formula [1]:
h (9N,.p Y3 1 2 B
A
O~ =— | 2L B
D Kg ( 47:Aj (VHS V SJ ' (2)

1
Discussion
The method of atomic-force microscopy is found out the increase of roughness of Si surface
as a result of irradiation by the 1B.* jons. It is showed that after irradiation the electrons e
there is destruction of Si surface layer, predefined the accumulation of vacancy complexes V-
V-V. Irradiation of Si surface by “'Bs* ions with dose D ~ 110" jon/sm® and with energy W
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~ 130 KeV, when energy output in volume unit considerably anymore at the same run-length
particles of these energies in Si Liigs+ > 360 000 nm, results to formation of high
concentration of defects in Si surface layer, interstitial atoms Si;.

Conclusions

Thus, the study of influence of structure defects on attenuation of elastic vibrations in Si +
Si0, wafer-plates allows to estimate the degree of nanostructure. Outcomes of an evaluation
of dynamic characteristics interstitial atoms Sij, vacancy V and O-complexes can be applied
for account of a condition of an annealing with the purpose of deriving specific structural
defects in Si + SiO,. The growth of heights IF maximums Q™ testifies the growth of
structural defects concentration in Si + SiO, wafer-plate.
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Figures:

Figure 1. 3D atomic-force microscopy of microstructure image of Si type KEF-7,5 with
orientation (100) after irradiation by **Bs" ions with doze D ~ 1'10" ion/sm? and energy W ~
130 KeV at T =293 K (15x15 mkm).

Figure 2. Microstructure of SiO, + TiO, + ZrO, + Ago.gs film with thickness h =~ 200 nm on
Si (100).
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Cis-Stereospecific Topochemical Alternating Copolymerizations of 7,7,8,8-
Tetrakis(alkoxycarbonyl)quinodimethanes with 7,7,8,8-
Tetracyanoquinodimethane
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Norimitsu Tohnai®, Mikiji Miyata®

#Division of Chemistry for Materials, Graduate School of Engineering, Mie University, Japan
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Solid-state polymerizations of 7,7,8,8-tetrakis(alkoxycarbonyl)quinodimethanes(RCQs) with
methoxy(MeCQ,1), chloroethoxy(CIEtCQ), and bromoethoxy(BrEtCQ) as alkoxy groups
were found to proceed topochemically under UV irradiation and by heating.” Previously, we
reported that RCQ with methoxy and ethoxy groups may form charge-transfer complexes
with 7,7,8,8-tetracyanoquinodimethane (TCNQ,2) in the acetonitrile solution.”? We tried to
form cocrystals of MeCQ with TCNQ, and then succeeded to obtain the crystalline charge-
transfer complex crystals. In this work, cocrystals of RCQs having various alkoxy groups
with TCNQ were prepared, and their crystal structures and their polymerization reactivity in
the solid state were investigated.

RCQs having methoxy, ethoxy, propoxy, and R02°> <:> (COZR R = -CHy (MeCQ)
butoxy groups formed red to orange crystalline ro,c CO,R -CH,CH3 (EtCQ)
charge-transfer complexe crystals with TCNQ, RCQ :23525’;‘2”3 E!‘.ii;cé?)
but RCQs with branch-type and halogen- e on -CH,CH,CH,CH;  (NBUCQ)
containing alkoxy groups did not.  The >:®:< SHcH(CHg,  (Bucd)
polymerization of the crystalline charge- N¢ CN CHCHLCI (CIELCQ)

transfer complex crystal of MeCQ with TCNQ TCNQ

under UV irradiation and by heating was found to proceed topochemically, as shown by XRD
measurement (Fig.1). Cocrystals of RCQs containing ethoxy, propoxy, and butoxy groups
with TCNQ showed the polymerization behavior similar to MeCQ/TCNQ cocrystals. X-ray
single-crystal structure analysis of the MeCQ/TCNQ cocrystals and the corresponding
polymer crystals were performed, and cis-stereospecific topochemical alternating
copolymerization was confirmed. This is the first example of a cis-stereospecific
topochemical alternating copolymerization for the substituted quinodimethanes.
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Oxygen non-stoichiometry and ion-electron transport in SrFe;,Sn,O3.;
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Oxygen ion and electron mixed conductors have numerous important electrochemical
applications including ceramic membranes for oxygen separation, solid oxide fuel cell
electrodes, etc. The strontium perovskite-like ferrite SrFeO3.s is notorious among them for
high level of oxygen permeability, which is provided by appreciable contributions to
conductivity from both ions and electrons [1, 2]. Also, this ferrite is found to exhibit rather
satisfactory stability toward reduction [3]. The most serious material drawback that
deleteriously effects transport characteristics is the tendency of oxygen vacancies to ordering
in the ferrite [4]. Moreover, the vacancy ordering eventually results in the perovskite to
brownmillerite phase transition, and accompanying dimensional changes favor loss of
integrity and fracturing of ferrite ceramics and coatings [5]. It is known that partial
replacement of iron for other cations having stable oxygen coordination often leads to
suppression and complete disappearance of the phase transition [6-8]. The present study is
aimed at tracking the influence of tin on structure, non-stoichiometry and transport
characteristics in the strontium ferrite.

The ceramic materials SrFe;«SnxO3.5, where x=0.05-0.5, were prepared via standard ceramic
route. The X-ray powder diffraction analysis showed that the as-prepared samples were
single cubic perovskite phases. The increase in the concentration of tin is accompanied with
the increase of the elementary unit parameters, which reflects replacement of iron for larger
tin cations. The oxygen content changes in SrFe;xSnxO3.5 at 700-950°C and oxygen partial
pressure variations within 102°-0.7 atm were measured by the using of a coulometric titration
technique. The obtained data suggest that tin cations invariably preserve their oxidation state
4+ in the entire range of experimental parameters thus resulting in the decrease of the 3-span
in SrFe;xSnxO35. The partial molar thermodynamic functions of labile oxygen in
SrFe1xSnyxO3.5 were calculated from the obtained data for equilibrium oxygen content. The
analysis of partial molar thermodynamic functions showed that the increase of tin
concentration results in the decrease of oxygen binding energy in the crystal lattice of the
ferrite while it does not practically influence the enthalpy ~1.3 eV of the reaction
2Fe*" = Fe** + Fe*.

The total conductivity in SrFe;«SnyOs.; as a function of oxygen partial pressure and
temperature was measured by the four-probe d.c. technique. The analysis of the conductivity
isotherms vs. partial pressure of oxygen was used in order to separate contributions from
oxygen ions and electrons. It is deduced that replacement of iron for tin leads to a strong
disordering of the oxygen sub-lattice and favors suppression of the perovskite to
brownmillerite phase transition. X-ray diffraction analysis of the reduced sample x = 0.05
revealed formation of the brownmillerite-like phase at temperatures below 700°C, while
samples with larger tin content retain their cubic structure at reduction. Interestingly, the 5%
tin doping leads to increased oxygen ion conductivity in SrFeO3.s, which is in accord with tin
induced oxygen disordering. However, further increase in the doping level results in
suppression of the ion conductivity due to excessive oxygen vacancy filling.
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The introduction of tin in the crystal lattice does not change the activation energy ~2.2 eV of
n-type charge carriers and, hence, the mechanism of electron hopes along Fe-O-Fe transport
chains.

This work is supported by the Russian Foundation for Basic Research (grant #13-03-00931).
The authors are also grateful to the Ural Branch of RAS for the support of this study through
the regional program (grant #12-3-2-002 Arctic).
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lon beam irradiation is an efficiency technique for phase formation and material modification
as a non-equilibrium state. At low energy (300 eV), the Ar® ions bombardment lead to the
formation of small nanodots on the InX (X=Sb, P, N) surface compounds. We used Auger
electron spectroscopy (AES) and electron energy loss spectroscopy (EELS) to detect the
presence of these features. The synthesis of nanostructures and their modification by ion
beam technique will be illustrated, analyzed and discussed. Annealing processes are required
for the complete growth of clusters formed in most of these ion irradiation techniques.
Furthermore, reactive sputtering of InX films in oxygen indicated no evidence of direct
formation of In,O3. It was suggested therefore that oxygen accelerates the formation of an
intermediate amorphous indium oxidation process phase inside the InX matrix, which
eventually oxidizes InX completely to form In,O3. Depending on species (e.g., mass and
charge state) and energy range, there are various modes for an energetic ion to dissipate its
energy. [1,2]

The advent of nanostructures using ion bombardment on InX semiconductor surfaces has
opened a very interesting field of research [3]. By such techniques, it will be possible, under
special circumstances, to replace the more expensive technology using lithography and
growth process for the development of nanodots and nanowires [1, 4]. These nanostructures
increase the surface area and form excellent black-body absorbers which are of great
importance for solar cell. Furthermore quantum dots (QDs) of InX (X=P, Sh, In) narrow gap
semiconductor, are applied as a potential platform for optoelectronic devices operating in the
mid-infrared wavelength region. InP, InSb and InN are the 111-V semiconductors with direct
band gap. Our purpose is to understand the effect of the argon ion bombardment on these
targets at normal incidence, we observe the bombardment effect on the surface and we
analyse the variation of their surfaces topographies. Our paper deals first with the careful
cleaning of the two surfaces achieved at low energy (300 eV). Afterwards, we study the ionic
irradiation of the clean and stoichiometric InP; InSh and InN surfaces. The effect of Ar* on
these compounds will be shown by using sensitive methods such as AES and EELS to
characterize the surfaces. However these techniques alone do not allow us to determine with
accuracy their disturbed dimension related to the height and periodicity. For this reason, we
combine these spectroscopy methods with the TRIM (transport and range of ions in matter),
SRIM (Stopping and Range of lon in Matter) and Sigmund simulation methods to show the
mechanism of interaction between the argon ions and the these InX compounds cited above
and determine the dimension of disturbed areas as a function of Ar* energy during 30 min.
The Auger electron spectra (AES) and electron energy loss (EELS) spectra are recorded by
using a hemispherical spectrometer. For the best compromise between the transmission and
the resolution of the apparatus, we use pass energy of 80 eV between the deflectors of the
analyzer operating in direct mode N(E) [1,4] The vacuum in the spectrometer chamber was
about 10 Torr.
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The unique properties of nanoscaled magnetic particles have generated much interest due to
their applications in different areas such as ferrofluid technology, catalysts and medical
applications, such as magnetically guided drug delivery, contrast agents in magnetic
resonance imaging (MRI) or hyperthermia [1].

On the nanoscale range the properties of the particles depend on finite-size and surface
effects that are enhanced as the particle size decreases. In small magnetic particles the size
effects are related to the low number of moment carriers inside the magnetic core, and the
surface effects are due to the lack of coordination, spin canting and disorder from the surface
atoms. Therefore, the magnetic behavior of nanoparticles is the result of the ordered core and
the covering shell of disordered spin. Dipolar and canted surface-spin interactions affect the
magnetic behavior of nanoparticles because they modify the anisotropy of the system.
Moreover, isolated particles can interact with the surrounding media, organic or inorganic
shell, polymers or inorganic matrices [2]. These interactions also modify the surface
anisotropy and affect magnetic parameters. The contribution and strength of these
interactions are different depending on composition, particle size and synthesis conditions
and therefore, it can be difficult to separate the size and surface effects on the magnetic
properties. In this context, the aim of this work is to study the magnetic behavior of ZnFe,O4
nanoparticles coated with organic molecules and encased in silica porous matrices in order to
investigate the effect of the particle interactions on the magnetic properties.

ZnFe,04 nanoparticles were prepared by two different methods. In the first case, zinc ferrite
nanoparticles were prepared using thermal decomposition of ferrite precursors in a high
boiling point solvent method [3]. Zn(acac), and Fe(acac)s were used as ferrite precursors and
phenyleter as solvent. Oleylamine, 1,2-hexadecanediol and oleic acid were used as stabilizing
agents in order to protect the surface of the particles (Figure 1a, sample Zn-3.7) and to control
the growth. The nanoparticles were also prepared encased in porous matrices. For this
purpose, aqueous solution containing stoichiometric amount of Zn nitrate and Fe nitrate was
infiltrated in MCM-41 and SBA-15 type materials and the infiltrated materials were kept at
room temperature for 24 hours and then, the solids were heated at 600 °C during 2 hours.
After this treatment, ferrite nanoparticles inside the porous networks of the matrices were
obtained (Figure 1b-c, samples MH-Zn and SB-Zn respectively).

Representative TEM images corresponding to monodisperse ZnFe,O,4 nanoparticles and
nanoparticles embedded in different matrices are collected in Figure 1. The zinc ferrite
nanoparticles coated with oleic acid present controlled size and shape and show a narrow
particle size distribution with mean size 3.7 nm. In figures 1b and 1c we can see ZnFe,0y4
nanoparticles with size of 2.5 nm and 6-9nm inside the tubular channel of the MCM-41 and
SBA-15 matrices respectively.

Figure 1d show the ZFC and FC magnetic susceptibility versus temperature curves of
different samples. The high values of susceptibility suggest that, in all cases, the



Intemational Symposium
on the Reactivity oOf S0lids

206  Poster Presentations ISRS

nanoparticles behave as superparamagnetic above the blocking temperature (Tg) and the
values of Tg increase when ZnFe, 0,4 nanoparticles size increases. The shape of the FC curve
below Tg and the high difference between the ZFC and FC susceptibility values at low
temperature suggests that the interparticle interactions are not significant. In the case of zinc
ferrite nanoparticles stabilized with oleic acid behave as magnetically independent without
interactions. Although the dipolar interactions could exist, they are not intense enough to
prevent the increasing in FC magnetization below Tg as it can be observed in figure 1d. In
ZnFe,04 nanoparticles encased in porous matrices, the nanoparticles are aligned inside the
pores of the matrix, therefore must present dipolar interactions due to the geometry of the
channels, but these particles can be strongly magnetized. It is noting that the higher values of
coercive field at 5K for zinc ferrite nanoparticles encased in MCM-41 and SBA-15 matrices,
in comparison to the Zn-ferrite coated with oleic acid, seems to be due to the mechanical
stress imposed by the matrix [4].
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Fig.1. TEM micrographs of: (a) ZnFe,O,4 nanoparticles coated with oleic acid (sample Zn-

3.7) and encased in (b) MCM-41 (sample MH-Zn) and (c) SBA-15 (sample SB-Zn) matrices.
(d) ZFC and FC magnetic susceptibility curves for the samples.
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Synthesis of high performance dense functional ceramics has two major requirements:
1) high quality of ceramic body, which is default by initial powder microstructure and
compaction and sintering procedures; 2) low concentration of certain impurities, which is
default by raw material purity control and absence of pollution during synthesis. Most routes
of synthesis of transparent and translucent ceramics imply use of nanostructured powders as
raw materials (having primary particles smaller than 100 nm), because small primary particle
size provides high powder sinterability. This type of ceramics based on rare earth and rare
earth containing oxides has existing and promising applications as laser materials,
scintillators, LED phosphors, etc. Non-transparent dense functional ceramics, such as SOFC
electrolytes or piezoceramics, also require powders with thoroughly controlled microstructure
and particle size of near-micrometer scale.

During the development of a given novel material, on initial stage of research the work is
mainly focused on obtaining necessary properties of powders and ceramics. Moving forward
to technological applications raises a number of additional issues concerning powders
production method: cost efficiency and throughput, technological stability, raw materials
availability, necessary workers qualification, ecological impact. In order to scale up the
process a number of additional studies must be done.

Requirement for minimizing impurity content makes mechanical milling of powders down to
nanosize an unfavorable procedure. There are several techniques that are mostly used for
synthesis of nanostructured powders by chemical means, such as coprecipitation, sol-gel
synthesis, spray pyrolysis, combustion. Among these coprecipitation presents a combination
of necessary parameters: allows obtain powders with necessary characteristics [1] and has
potential for scaling up. In current work dependence of powder characteristics on synthesis
conditions is studied and powder characteristics effect on ceramics sinterability. Technology
details, important for scaling the synthesis up, are emphasized.

Binary rare earth oxides and rare earth aluminum garnets were objects of current study. The
powders were synthesized in batches 10 g — 1 kg by (co)precipitation from nitrate solutions
using ammonium hydrocarbonate, with following calcination above 1000°C. Purity of raw
materials was controlled in-house using ICP-MS and ICP-AE techniques. Additional
purification of Al nitrate was shown to be necessary and performed. Ceramic samples were
compacted using uniaxial press with pressures 10-50 MPa and sintered in air at temperatures
up to 1600°C.

Phase composition was controlled using XRD («eMMA» GBC Scientific Equipment). SEM
was used to study primary particle size (Hitachi SU 1510). Agglomeration was studied using
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SEM, optical microscopy and laser diffraction (Mastersizer 2000, Malvern Instruments).
Thermal transformation of powders was studied by DTA (SDT Q600, TA Instruments).
Figure depicts a typical set of studies, performed to characterize a powder sample.

Synthesized powders have primary particles with nearly rounded shape and size in the range
50-100 nm, which form agglomerates with size 5-100+ um. Primary particle size is mostly
determined by solutions concentration and precipitant choice, while agglomeration strongly
depends on precipitation pH value and precipitate processing (washing, drying).
Measurement of technological solutions conductivity has shown to be useful technique to
control synthesis process. It was shown, that precipitate ageing could result in drastic
microstructure change, as it happens for yttrium oxide: rounded particles transform to plate-
like particles during several hours under mother liquor.

It was shown, that powder agglomeration plays crucial role in sintering of ceramics: while
differently agglomerated powders demonstrate equal green body density after pressing,
powders with high content of hard agglomerates above 80-100 um form strongly nonuniform
ceramics, and uniform and dense ceramics could be formed with weaker agglomerated
powders.
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Processing, phase transitions and functional properties of BSPT Ceramics
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Strong demand for piezoelectric materials, capable of working at high temperatures, drives
the development of new piezoelectrics with high Curie temperatures T¢ [1]. Ceramics based
on solid solutions (1-x)BiScO3; - xPbTiO3 (BSPT) was intensively studied in recent years
because its compositions close to the morphotropic phase boundary (MPB) revealed rather
high T¢ values > 700 K and high piezoelectric activity [2 - 5]. However, functional properties
of the BSPT-based compositions are not optimized up to date, and wide variations in
ceramics properties may be observed depending on preparation conditions.

In this work, influence of the initial powder preparation conditions on phase content, the unit
cell parameters, dielectric and piezoelectric properties of compositions in the BSPT system
close to the MPB (with x = 0.635 - 0.65) were studied. Ceramic solid solutions were prepared
using the powders obtained from Bi, Sc, Pb and Ti nitrate solutions following the procedure
described in [5]. The powders were calcined at 700 - 950°C (2 - 6 h), pressed into pellets and
sintered at 1130-1150°C (2 - 4 h) in the PbO-enriched atmosphere, then slowly cooled to the
room temperature. Small amounts of Cr,O3 were added to some compositions.

Phase composition and crystal structure parameters were determined using the X-ray
diffraction (DRON-3M with Cug,-beam). Microstructure of the powders was checked by
scanning electron microscopy (SEM) (JEOL JSM-7401F, Analysis Station JED-2300).
Dielectric properties were studied by the dielectric spectroscopy method (Agilent 4284 A,
1V) in the temperature range of 300 — 1000 K at frequencies 100 Hz — 1 MHz. The ds3
piezoelectric coefficients were measured using YE 2730A ds3 meter (APC products) with
preliminary poling of samples in electric field. The electromechanical coupling coefficient k;
was measured by the standard resonance — antiresonance method.

According to the X-Ray diffraction data, powders obtained at temperatures 750 - 950°C
possessed Perovskite-type structure (Figure). The convolutions of the diffraction peaks with
h*+k?+1%=4 (shown in inserts) demonstrate strong dependence of relative content of tetragonal
and rhombohedral phases, typical for the compositions in the vicinity of MPB, on both
sintering temperature and composition. Content of tetragonal phase increases with x value.
Small displacements of the diffraction peaks indicate small changes in unit cell parameters of
the samples caused by changes in composition.

According to the SEM data, average size of synthesized particles varies in a range 0.1 - 1 um,
and grain size in ceramics sintered at 1130 - 1150°C does not exceed 2 - 3 um. Small grain
size may be related to the neighboring of the tetragonal and rhombohedral phases in obtained
ceramics, which hinders grain growth by inducing strain during sintering.



Intemnational Symposium
on the Reactivity of Solids

210 Poster Presentations ISRS.18

Dielectric measurements revealed the 1* order sharp ferroelectric phase transitions marked by
peaks in dielectric permittivity &(t) and corresponding minima in dielectric loss tgd(t) curves
at temperatures ~ 700 K. Slight shift of the T¢ values determined by both x value and relative
content of tetragonal and rhombohedral phases was revealed. It should be noted that strong
variations in ¢ and o values, more than to 2 times and 1 order, respectively, were observed.
High piezoelectric coefficients ds; values up to 430 and 340 pC/N were measured in ceramics
with compositions, corresponding to x=0.64 and x=0.645, respectively. Additional quenching
of poled ceramics [6] allowed us to increase the ds3 value up to 520 pC/N, which is close to
the top values reported for BSPT ceramics [7].
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Fig.1. X-Ray diffraction patterns of the samples with x=0.64 annealed at 750°C (a),
850°C (b), 950°C (c). In inserts convolutions of the peaks with h*+k?+1°=4 are shown.
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The interrelation between structure and property is a crucial principle taken into account
when developing new functional materials including electrode materials for Li-ion and
Na-ion batteries. Analysis and further tuning of crystal structure and chemical composition
pave the way towards the enhancement of various electrochemical properties of such
materials, mainly specific capacity, working potential and kinetic characteristics of the ion
diffusion in the material.

Considering these ideas, fluoride-phosphates with a general formula of A,;MPO4F
(A —alkali metal, M -3d transition metal) were proposed and then recognized as a
perspective class of cathode materials for Li-ion and Na-ion batteries of various large-scale
and grid applications [1,2,3,4]. Indeed, phosphate-groups along with fluorine in the structure
give rise to a significant potential increase in comparison to oxide materials; a theoretical
possibility to extract more than one alkali ion from the lattice makes us expect a higher
specific capacity; moreover, a weaker affinity of lithium towards fluorine than oxygen along
with solid-solution intercalation mechanism forecast a faster ion transport in the cell.
Depending on the nature of alkali and transition metal there exist three basic types of
frameworks within the class found up to now: stacked Lio,MPO4F (M = Ni, Co),
3D Na;MnPO4F and layered Na,MPO4F (M = Fe, Co) [1,2,3]. Among them isostructural
Li,MPO4F (M = Ni, Co) reveal a remarkable prospective as high-voltage cathodes, operating
at potentials up to 5.5V [2,3,4]. However, the absence of a commercial electrolyte, whose
range of stability covers these operating voltages, hinders a comprehensive examination of
the materials [5]. It is supposed that the solid-solution intercalation mechanism attributed to
Li,MPQO4F enables to linearly shift the potential on substitution of Co and Ni by Fe and Mn,
possessing a lower M**/M?* potential [3,5].

Thus the aim of this work is synthesis and electrochemical investigation of
(Li,Na),Co;.xFexPO,4F cathode materials.

For the preparation of (Li,Na),Co;«xFexPO4F cathode materials conventional solid-state and
freeze-drying methods were utilized. It was shown that the solid-solution range of
Li,Co;<FexPO4F was limited to x < 0.3. A deeper substitution of Co by Fe leads to multi-
phase samples. With the increase of x annealing temperature should be elevated up to 750°C.
The further rise of temperature results in melting of samples.

Owing to the “elasticity” of Li,MPO4F framework [6] it was suggested that the further
substitution would be achievable by simultaneous substitution for Na of Li. As a result
Li1gNap4CogsFep4PO4F and LiNaCogsFeosPO4F compounds were obtained. The Rietveld
refinement of LiNaCogsFeosPO4F structure, based on joint synchrotron and neutron
diffraction data (orthorhombic Pnma, a = 10.9532(2) A, b = 6.33704(7) A, ¢ = 11.3900(2) A,
V = 790.59(2) A®), revealed sodium is mainly located in [010]-channels, while other alkali
positions are occupied by lithium (figure 1.). Fe oxidation states in the material were
determined by Mdssbauer spectroscopy, that found only two doublets attributed to Fe®*. The
chemical composition of the materials was confirmed by EDS microanalysis.
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Figure 1. The graphic representation of LiNaCogsFeqsPO4F structure.
MO4F; units are depicted as blue octaedra, sodium and lithium are drawn as colored spheres.

Electrochemical behavior of LiNaCogsFeqsPO4F, prepared by a ceramic route, was
examined by means of cycling voltammetry (CV) technique. This material demonstrated a
reversible electrochemical activity towards lithium in a potential range of 2.5-4.5 V. The
initial discharge capacity was 75% of the theoretical value regarding Fe®**/Fe** couple. It
should be noted that an average Fe®**/Fe?* potential in LiNaCogsFeosPO4F is 0.1V higher
comparing to pure LiNaFePO4F, that confirms the idea of fine potential tuning by means of
substitution. Going beyond 4.5 V an anodic peak corresponded to an oxidation of Co*" was
observed but no cathodic activity was detected, that may be explained by non-optimized
particles morphology of the ceramic sample taken for these measurements.
LiNaCogsFegsPO4F materials prepared by the freeze-drying technique are now under
investigation.

The substitution for all lithium by sodium brings to another structural type with quasi-2D
framework [1]. Cathode materials on the basis of Na,CoosFeosPO4F showed reversible
electrochemical activity towards lithium in 2.5-5.4V range. Broad peaks corresponded to
Fe**/Fe** (2.7-3.5V) and Co**/Co®* (4.1-4.7V) were identified.

The comparison between synthetic routes and electrochemical properties of two types of
fluoride-phosphate materials will be presented.
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The resistance of high-temperature alloys to combined environmental attack and mechanical
stresses is partly governed by their ability to maintain a protective oxide scale, i.e. an oxide
layer with low growth kinetics and high adherence to the substrate [1].

The main objective of the present study is to investigate the oxide/metal interfacial behavior
during high temperature isothermal oxidation, thermocycling and static mechanical loading.
The sulfur content was used as a sensitive parameter influencing the adhesion. The negative
effect of sulfur on the adherence of oxide scales grown on alumina or chromia forming alloys
after high temperature oxidation have been widely studied and is known to be the major
cause of protective layer failure [2, 3].

Two austenitic stainless steels, AISI 304L and AISI 303, provided by Ugitech were chosen as
substrates. AISI 304L contains a small amount of sulfur (0.025 wt.%), whereas the other
alloy contains 0.249 wt.% S. Isothermal and cyclic thermogravimetric tests were performed
using a high precision SETARAM™ TAG 24S thermobalance. To investigate the isothermal
oxidation kinetics the samples were oxidized at 1000 °C for 50 hours with a heating rate of 60
°C min™. Synthetic air flow rate was maintained at 0.6 I/h corresponding to a linear flow of
0.17 cm/s at RT. Tensile specimens were isothermally oxidized in a tubular furnace under the
same conditions. During cyclic oxidation, a thermal cycle consisted of a heating period at 50
°C.min* up to 1000 °C, followed by a dwell of 60 min at 1000 °C and a cooling ramp with an
initial rate of 60 °C. min™’. The total duration of one cycle was 180 min.

To study the oxide/metal interface, failure mechanisms and oxide scales morphology after
isothermal oxidation and thermal cycling, the oxide scale surfaces and sample cross-sections
were analysed by SEM-EDS. The chemical and phase composition of the oxide scales were
determined with X-Ray diffraction and Raman spectroscopy.

In situ tensile tests on isothermally oxidized samples of 303 and 304L alloys with different
sulfur content were performed using a horizontal tensile machine designed to be placed
within the JEOL JSM 6400 SEM chamber [4]. The elongation rate of 100 um/min was
applied. To follow the oxide damages during tensile loading, series of SEM pictures were
periodically taken to be treated by image analysis. The data were used to develop a
characteristic curve: cracks density vs. applied strain. The dependence was fitted by a semi-
empirical relationship [5, 6].

The net mass gain curves obtained during isothermal oxidation at 1000°C for 50 hours
showed faster oxidation kinetics for 303 samples. The parabolic rate constant for AISI 304L
calculated between 7 h and the end of the experiment was about 3.5 -10° mg®/cm?s and this
parameter was one order of magnitude higher in the case of AISI 303: 2.9-10" mg%/cm?/s.
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It was observed that during the tensile test the cracking of the oxide scale on the 303 steel
was more intensive: cracking begins earlier, crack density increases faster and the saturation
value is higher than for the 304L steel (see Fig.).

The cyclic oxidation behavior of the alloys revealed the expected improvement in scale
retention as the sulfur content was decreased. After 85 cycles, the 303 alloy sample
underwent significant oxide spallation with an average weight loss of 2.6 mg/cm? whereas the
weight loss of 0.17 mg/cm2 was observed for the 304L sample after 145 cycles.

All those results are discussed in relation with the sulfur content, oxide scale chemistry and
microstructure.
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MFe,0,4 (M = Fe, Co and Zn) oxides crystallize with the spinel-type structure, S.G. Fd-3m,
where the M and Fe atomos are occupying 1/8 tetrahedral (Td) and %2 of the octahedral (Oh)
sites of the cubic close packing of O® arrangement. In the case of the ZnFe,0O, prepared as
particle of several microns crystallizes with the so-called normal spinel (Zn)[Fe>]O4, where ()
and [] refers to the tetrahedral and octahedral sites of the O® cubic close packing. As a
consequence of this cationic distribution this Zn-spinel is antiferromagnetic with Ty=10K.
By contrast the case of the MFe,O, with M= Fe and Co, are inverse spinel (Fe)[FeM]O, and
behave as ferromagnetic with T¢ of 848K and 793K respectively. However, when these
ferrite spinels are prepared in the nanoscale, a mixed spinel configuration is obtained where
the Fe** and M?* cations are simultaneously occupying both the Td and Oh sites giving as
result spinel of general formula (Mi.xFex)[Fe.xMx]O4 where x is the so-called inversion
degree [1]. These materials present superparamagnetic behavior above the blocking
temperature (Tg) and their magnetic properties are dependent of the particle size, inversion
degree and the interparticle interactions.

Nowadays, many synthetic methods have been developed to prepared nanoparticles with
controlled size and shape; however in most of the essays the obtained materials are formed by
aggregates that it constitutes a serious problem when these materials are intended to be
technologically employed. In order to avoid this problem as well the possible interparticle
interactions that will modify their magnetic properties, some alternative synthetic routes have
been investigated such as for example encasing the nanoparticles in different organic or
inorganic matrices. The present work is focused on the comparative analysis of
morphological, structural and magnetic properties of ternary ferrite nanoparticles having iron,
cobalt and zinc coated with oleic acid molecules in order to minimize the interparticle
interaction and to obtain isolated nanoparticles.

MFe,0,4 (M=Fe, Co, and Zn) nanoparticles were synthesized following a method of thermal
decomposition of ferrite precursors in high-boiling point solvents [2]. Iron (I1I) and M (1)
acetylacetonates were used as inorganic precursors, 1,2-hexadecanediol as a reductant, oleic
acid and oleylamine as stabilizing agents and phenyl ether as solvent (BP: 259°C). The
reagents were mixed and magnetically stirred under Argon flow. The mixture was heated to
200°C for a certain time and then heated up to the boiling point of the solvent. To obtain
nanoparticles with different size the reaction time was changed.

TEM images reveal an homogeneous rounded morphology for all the samples with a particle
size of 4.7, 2.6 and 3.7 nm for the ferrites with M=Fe, Co and Zn respectively, as it can be
observed in Figure 1. These MFe,0,4 show a superparamagnetic behavior with a blocking
temperatures, estimated from the maxima found in the ZFC susceptibility vs T plots, of
6.35K, 53.6 K and 13.3K for the Fe, Co and Zn ferrite respectively. The higher value of Tg
observed in the case of Co spinel, which is due to the intrinsic anisotropy of this ion in
comparison with Fe** and Zn** cations [3]. Below Tg, FC susceptibility increases that it is
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indicative of the absence of interparticle interactions due to the particle coating by the oleic
acid.

Magnetization is strongly dependent of the interaction between the surface cations with oleic
acid molecules. The nature of bonding of oleic acid with MFe,O,4 nanoparticles and the
amount of oleic acid have been determined from the IR spectroscopy. In the case of
magnetite, carboxylate groups are chelating ligands and this fact increases the surface
anisotropy that decreases magnetization and it also justify that the smaller Tg value of 6.3K.
However, in zinc ferrite the carboxylate groups acting as bridging ligands increases
magnetization and the saturation magnetic moment unusually high, takes the value of 80
emu/g which corresponds to an inversion degree of 0.3. By contrast, in the case of the inverse
MFe,0,4 (M=Fe and Co) spinels a remarkable decreasing of the magnetization is observed in
comparison with the bulk counterparts as it can be observed in Figure 1c.
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Perovskite-family oxides have attracted much interest due to their exotic electronic,
magnetic, and structural properties. It is well known that a perovskite ABO3 with a tolerance
factor less than 1.0 forms a three-dimensional frame network of corner-sharing BOg
octahedra, which can be described as a stacking sequence abc... Perovskites with a tolerance
factor (t) greater than unity form face-sharing BOg octahedra, and the stacking sequence
varies with the value of t.

If two kinds of cations are present in the B site, the ordering ratio of B and B’ cations
increases with an increasing difference in charge and size between B and B’ cations. Most
perovskites BalLn;«MxO3 containing both transition metal (M) and rare earth (Ln) ions
exhibit a perfectly ordered B sublattice due to the difference in their ionic radii. The stacking
sequence is controlled by changing the ratio of the Ln and M ions; double perovskites
Ba,LnMOg have a 1:1 type B-site cation ordering with the sequence abc.., and triple
perovskites BasLnM,Og crystallize in a 6H-perovskite structure with a 1:2 type B-site cation
ordering (the abacbc... sequence).

In this study, we report preparation, crystal structures and magnetic properties of quadruple
perovskites Ba;LnM3O1,. Polycrystalline samples of Ba;LnM3;O;, (Ln=rare earths; M = Ru,
Ir) were prepared by the standard solid-state reaction. BaO, BaO,, Ru, RuO,, BalrO3, and
Ln,O3 were used as standard materials. They were well mixed in an agate mortar and pressed
into pellets. They were enclosed with platinum tubes and heated at 1250 °C for 12-240 h.

From the powder x-ray and neutron diffraction measurements, it was found that M ions are
octahedrally coordinated by six oxide ions, and three MOg octahedra share faces forming a
M3O1, trimer, and that the M3O3, trimers and LnOg octahedra are alternately linked by
corner-sharing and form the perovskite-type structure with 12 layers (Fig. 1) [1]. The change
of lattice parameters (a, b, ¢, and ) and volume for Ba;LnM3O1, against the ionic radius of
Ln®" show that except for the compounds having Ln = Ce, Pr, and Tb, they increase
monotonously with the Ln** ionic radius. However, the values for Ln = Ce, Pr, and Tb
compounds are considerably smaller than this trend (Fig. 2). For both M = Ru and Ir cases,
the Ln —O bond lengths are close to the Ln**-O? lengths calculated from Shannon’s ionic
radii. These results show that the Ce, Pr, and Tb ions are in the tetravalent state. Therefore,
the oxidation states of Ru and Ir are also tetravalent (BasLn*"Ru*301,, BasLn*Ir*"301,).
For other Ln ions, the mean oxidation state of Ru and Ir ions is +4.33 (BasLn**Ru****304,,
Ba4Ln3+Ir4'33+3012).

Measurements of the magnetic susceptibility for Ba;,LnM3;O;, give the contrastive results
between the ruthenium-containing compounds BasLnRu3zOj, and the iridium-containing
compounds BasLnlr;O1,. Any of the BasLn**Ru****301, compounds shows similar magnetic
transitions at very low temperatures (3~8 K), whereas BasLn*Ir***;0,, (Ln # La, Lu)
compounds are paramagnetic down to 1.8 K.
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Magnetic properties of Ba,Ln*"1r****301, clearly show that we have to treat the Ir ions as the

Ir;01, trimer to understand their magnetic behavior. Both compounds BasLn**1r****;01, (Ln
= La, Lu) are diamagnetic, indicating that the Ir*3**304, trimers are diamagnetic. Other
compounds BasLn**1r*3**304, (i.e., Ln # La, Lu) are paramagnetic down to 1.8 K, and their
effective magnetic moments (uc¢) are close to the magnetic moments of Ln** ions (). That
is, the contribution of the Ir****;0,, trimer to the magnetic properties of BasLnlrsO1, is
negligible [2].

Ba,Ce**Ir** 301, orders antiferromagnetically at 10.5 K, while the corresponding ruthenium-
containing compound Ba,Ce*"'Ru*301, is paramagnetic. These magnetic results were well
understood by the magnetic behavior of M303> [3]. The effective magnetic moments and the
entropy change for the magnetic ordering show that the trimers Ru****304, and 1r**301, have
the S = 1/2 ground state, and in other cases there is no magnetic contribution from the trimers
RU4+3012 or |I’4'33+3012.

Unique magnetic properties of quadruple perovskites Ba;LnM3;O1, were compared with
those of triple perovskites BasLnM,Og and double perovskites Ba,LnMOs.

Measurements of the electrical resistivity of Ba;,LnM3O1, and its analysis show that these
compounds demonstrate two-dimensional Mott-variable range hopping behavior [4].
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Over the last two decades, the search for new materials with high lithium ionic conductivity
has attracted considerable interest. A wide variety of solid electrolytes with potential
applications in all-solid high-energy batteries and other electrochemical devices have been
reported [1]. In this respect, the interest in perovskite type oxides of the La (o.,3LiyTiO3
(LLTO) system (0 <y <0.5) has not diminished since the discovery of the excellent electrical
properties of these materials [2]. A-sites are partially occupied by La** ions and small Li
cations do not sit on the A sites themselves but in off centered positions or in the O4 windows
between two A-sites. Then, low rate A-occupation and adequate A- cation size are crucial
factors favoring lithium ions and vacancies to percolate through the crystal.

Powder diffraction studies, either using X-rays (XRD) or neutrons (ND), have shown that
LLTO-type materials have a highly defective A-sublattice and High Resolution Electron
Microscopy (HREM) has revealed a really complex microstructure. However, in spite of the
considerable effort made in this respect the structural factors controlling Li-ion conductivity
are still not completely well established.

In this contribution, we present the results obtained in the detailed microstructural
investigation performed in the Sr-substituted LLTO compounds Laj;xLiipxSroxTiO3. State-
of-the-art scanning transmission electron microscopy (STEM) has been used to explore the
solid solution nature from the nanostructure. Powder XRD patterns exhibit cubic symmetry
(Pm-3m) but the microstructure results in a heterogeneous distribution of A-species. From the
continuously changing lithium amount, the effective A-vacancy concentration is also
continuously changing across the series. A mosaic type structure constituted by small
domains is observed in which a double periodicity arises from the partial order of A-species
in alternate A-O layers. This is consistent with previous studies. There is a clear dependence
of domain size with Sr content and for the highest concentration domains are a few unit cells
wide only. Selected Area Electron Diffraction (SAED) showed extra diffraction maxima of
the type %2[111] which are not consistent with the average cell symmetry and this diffraction
effect become clearer when increasing Sr content. Z-contrast HAADF imaging was used to
visualize the chemical distribution in the samples. Local clustering of lithium atoms is
observed, in agreement with recently published results [3]. In addition, spatially well
distributed crystal regions of a few nanometers size are observed in which contrast in A-O
layers correspond to a F-type lattice. The investigations performed led us to propose the local
endotaxial segregation of a secondary phase in which La-rich and La-poor positions order in
a NaCl-type distribution, thus giving rise to local F symmetry. Across the series, the system
retains the perovskite structure by a structural and compositional phase separation, which
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occurs solely on the A sites within a single B(Ti)-O matrix. Interestingly, a previous example
has been very recently reported in which segregation involves just the B sublattice [4].
Spontaneous Endotaxial Phase Nanosegregation is a concept that applies well to describe this
remarkable microstructure and the results we have obtained provide further support.
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Fuel cells have been one of the most expected technology to solve many economic and
ecologic problems of hydrocarbon economy during last two decades. However, until now, we
can speak only about perspectives of such technology due to high cost of energy produced by
fuel cells. The catalysts for fuel cells are rapidly poisoned during storage and operation,
limiting fuel cell lifetime. Cheaper Ni based catalysts could be used for direct alcohol [1],
alkaline [2] or direct borohydride [3] fuel cells. These types of cells are considered as one of
prospective types of fuel cells for mass production. To produce fuel cell catalysts many
methods exist [1-3], but most of them have some disadvantages — high size of catalyst
particles, irregular structure or complicated synthesis route. Here we present a new method
for producing fuel cell catalyst in situ at functioning the cell, without any previous
manipulations for activation of the catalyst. The method works at room temperature, the
received catalyst have nano-sizes of metal hydroxyde particles and regular structure with
necessary spacing between particles.

In the case in situ means that the catalyst could be kept in inactive, stable state for any time as
polymer film of metal complexes with Schiff base ligand on substrate layer. Deposition of
such complexes is simple and described for variety of substrates [4-6]. Then as the fuel cell
work starts, alkaline electrolyte at certain potential destroys the ligand polymer matrix and
nanoparticles of metal are kept on the substrate surface and catalyze alcohol oxidation
process later. Polymeric structure of the Schiff base complex ensures enough distance
between nucleation centers during the hydroxide formation, so no agglomeration of
nanoparticles is observed.

Fig 1. demonstrates the scanning electron microscope (SEM) image of the obtained catalyst
layer on a polished glassy-carbon surface, where catalyst particles of about 10 nanometers
size can be distinguished; fig. 2 proves the catalytic oxidation of ethyl alcohol on the formed
catalyst in alkaline electrolyte.
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Figures:

)

OH catalyst, deposited on a glassy-carbon surface by proposed
technique.

Fig. 1. SEM image of NiO

0,003
1 (A)

0,002 +

0,001 [~

-0,001 | | 1 )
-0,5 0 0,5 1,0
E (V vs. Ag/AgCI KCl sat.)

Fig. 2. Electrooxydation of ethyl alcohol on NiOOH catalyst in solution of
0.2 M NaOH and 1 M C,HsOH, electrode area is 0.07 cm?.

References:

[1] Tarasevich M.R., Kuzov A.V., Direct alcohol fuel cells (2010), International Scientific
Journal for Alternative Energy and Ecology, 7, pp. 87-108

[2] Guelzow, E., Nor, J.K., Nor, P.K., Schulze, M. A renaissance for alkaline fuel cells
(2006) Fuel Cell Review, 3 (1), pp. 19-25

[3] Ma, J., Choudhury, N.A., Sahai, Y. A comprehensive review of direct borohydride fuel
cells (2010) Renewable and Sustainable Energy Reviews, 14 (1), pp. 183-199

[4] Delime F., Leger J-M., Lamy C. Enhancement of the electrooxidation of ethanol on a Pt—
PEM electrode modified by tin. Part I: Half cell study // J. Appl. Electrochem. 1999. Vol. 29.
P. 1249,

[5] Lamy C.J., Belgsir E.M., Leger J.-M. Electrocatalytic oxidation of aliphatic alcohols:
Application to the direct alcohol fuel cell (DAFC) // J. Appl. Electrochem. 2001. Vol. 31. P.
799.

[6] Spinace E.V., Neto A.O., Linardi M. Electrooxidation of ethanol on PtRu/C
electrocatalysts prepared from (n-C2H4)(Cl)Pt(uCI)2Ru(Cl)(n3,13-C10H16) // J. Power
Sources. 2004. Vol. 124. P. 426.]



Intermnational Symposium
on the Reactivity of Solids

ISRS. 18 Poster Presentations 223

Effect of surface active sites modification on nanocrystalline tin dioxide gas
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Nanocrystalline tin dioxide is a perspective material for utilizing in semiconductor metal
oxide (SMOX) gas sensors. Its advantages include high sensitivity to low concentrations of
toxic and explosive gases in air, stability and low device sizes. The main limitation of
semiconductor gas sensors is low selectivity [1]. The gases having similar redox properties
interact with the SMOX surface in a similar manner during sensor signal formation. Most
toxic gases belong to the group of reducing gases, like CO, NH3, volatile organic compounds.
Interacting non-selectively with oxide surface results in similar sensor properties to each of
them and an inability of the sensor to distinguish between the gases. An efficient tool to
improve selectivity is sensor surface modification aimed at specific active sites creation [2].
An appropriate choice of the modifiers for selective detection of particular gases discussed in
[3,4] is a nontrivial problem because of the fact that the additives influence the active site on
SnO; surface leading to unpredictable sensor phenomena [5].

In this presentation the results of experimental research of nanocrystalline tin dioxide
modification by catalytic noble metal clusters, their influence on the surface active sites and
sensor properties to ppm-range concentrations of CO and NHj3 are discussed. They were
taken as an example of a pair of chemically different molecules belonging to reductive gases.
Bases on literature data, palladium and ruthenium oxides were used as the modifiers aimed at
SnO, selectivity increase as their specific catalytic activity to CO and NH3, respectively, is
well-known [6,7]. Nanocrystalline SnO, was synthesized via aqueous deposition of alpha-
stannic acid from SnCl;*5H,0 solution followed by thermal treatment. Tin dioxide surface
modification was performed by Pd(acac), and Ru(acac)s impregnation subsequently annealed
at 220-260 °C. In this way SnO,, SnO,/PdO and SnO,/RuO, nanocomposites were obtained
with BET surface 90-100 m?/g and SnO, particle sizes 3-10 nm. The modifiers were shown
by HRTEM, EXAFS, XANES and XPS to cluster (1-3 nm) on the agglomerates of SnO,
nanoparticles in the form of amorphous PdO and structured RuO5.

The following types of active sites on the materials surface were determined: oxidizing sites —
chemisorbed oxygen; acid sites — tin cations (Lewis sites) and OH-groups (Broensted sites);
spin-centers — O," and OH-; and hydrated species — molecular adsorbed water and its
dissociated derivatives. The experimental tools used for their investigation include
temperature-programmed methods: reduction by H, and desorption of NH3; electron spin
resonance, IR spectroscopy and thermogravimetry. Comparing the results, it was deduced
that PdO clusters promote SnO, surface hydroxylation leading to the increase of common
hydrated species concentration and in particular OH-groups, Broensted acid sites and OH-.
This is believed to be due to PdO electron-acceptor properties promoting donor-like H,O
molecules chemisorption. Ruthenium oxide was shown to increase the concentration of
oxidizing (chemisorbed oxygen) surface sites. From oxygen isotopic exchange studies [8] this
effect is explained by RuO,-promoted O, adsorption and spillover.
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The specific modifiers promotion of different active sites on SnO, surface results in its gas
selectivity increase. Examining the sensor properties by in situ DC-conductance
measurements to 2-50 ppm of CO and NHj3 in air at various temperature, the increase of CO
sensitivity of SnO,/PdO was observed especially at low (25-50 °C) temperature. The CO
sensitivity increase should be due to PdO catalytic action, while the optimal detection
temperature lowering is accounted for by OH-assisted CO oxidation (Fig.1a). This suggestion
is confirmed by protonic species release during room-temperature SnO,/PdO interaction with
CO deduced from in situ impedance measurements [9]. The RuO,-modified nanocrystalline
tin dioxide is highly sensitive to NH3 at raised temperature (150-200 °C). The SnO,/RuO, —
NH3 selectivity was observed when testing sensor properties to CO+NH3 mixtures in air.
High ammonia sensitivity and selectivity is accounted for by RuO,-catalyzed deep NHj
oxidation to NO by chemisorbed oxygen species which are promoted by the modifier (Fig.
1b) [10].
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Figure 1. Interaction model of SnO,/PdO with CO at room temperature (a) and SnO,/RuO,
with NH3 at raised temperature (b) in air.
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Polycrystalline calcium manganese oxides (CaMnOs3.5) are promising n-type materials for
thermoelectric converters sustaining temperatures above 1200 K and oxidizing atmosphere.
We are focusing on aliovalent heavy cation substitution on the manganese site, in particular
with tungsten (CaMn;.xWx0Os3.5). At high temperatures a partial reduction and a phase
transition have a crucial influence on the thermoelectric properties. From about T=1000 K
“self-doping” due to the formation of oxygen vacancies dominates the electronic transport,
diminishing the effect of the substituent. The analysis of the transport properties yields that in
the investigated regime the band filling is sufficiently high to overcome barriers of polaron
transport. Therefore the Cutler-Mott approach is considered to describe the transport
properties most suitable. The highest figure-of-merit (ZT) of 0.25 is found for x=0.04 at 1225
K [1].

For the fabrication of thermoelectric converters the production of highly dense (~97%) legs
without cracks and easy processability are necessary. Therefore, different sintering
techniques, including spark plasma sintering, are assessed regarding their practicability and
impact on the transport properties. The as produced materials are combined with spark
plasma sintered p-type CaszCo4Og9 to all-oxide thermoelectric converters. They are
characterized in a testing rig up to 1100 K in ambient air yielding high power densities [2].
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The ability of thermoelectric materials to convert heat flux into electricity determines them as
a key source of the “clean” energy of the future. Thermoelectric oxides are nowadays
considered as more stable and less toxic materials in comparison with the conventionally
used metals and semiconductors, but their thermoelectric efficiency is still lower. Therefore,
the state-of-the-art research is mainly devoted to identify oxide materials with higher
thermoelectric efficiency [1-2].

Lantanum cobaltate, LaCoO3, with a perovskite type structure, is recently considered as a
material with potential application in thermoelectricity due to its high Seebeck coefficient
(IS|>500 uV/K at room temperature) [3]. The transport properties of LaCoO3 are determined
(to a great extent) by the ability of Co®* ions to adopt low-spin, intermediate-spin and high-
spin configurations in the perovskite structure, leading to an additional spin entropy effect
[3]. However, the electrical resistivity is high (about 10 Qcm at room temperature), which
lowers the thermoelectric activity (ZT<0.01 at T=300 K) [2].

Recently we have demonstrated the improvement of the thermoelectric efficiency of LaCoO3
by double substitution with nickel and iron for cobalt [4]. The improvement is achieved by
balancing the opposite effects of nickel and iron ions, as a result of which double substituted
LaCoogNig1Feq 103 exhibits the best thermoelectric efficiency with ZT=0.16, which is by an
order of magnitude higher than that of LaCoO3 at room temperature.

In this contribution we extend our studies on the role of nickel and iron ions for improving
the thermoelectric properties of LaCoOs;. We examine perovskites with composition
LaCoaz(Fe1z-yNiy)O3z, where 0<y<0.5. All perovskites are obtained from freeze-dried citrate
precursors at 900 °C. This method is shown to be effective in the preparation of single-
substituted perovskites, where Ni and Fe are randomly distributed (LaCo;«xNixO3 and LaCo;.
«Fex03) [5]. Structural and morphological characterizations are carried out by powder XRD,
SEM and HRTEM analyses. The thermoelectric efficiency of the perovskites is determined
by the dimensionless figure of merit, calculated from the independently measured Seebeck
coefficient (S), electrical resistivity (p) and thermal conductivity ().

The formation of LaCoy,,(Fe1,-yNiy)O3 starts at 400 °C by the reaction between La,0,CO3
and a spinel phase after the decomposition of the organic components. The solid state
reaction proceeds at a nano-scale level, as a result of which well-crystallized LaCoy/,(Fe1-
yNiy)O3 with a rhombohedrally distorted perovskite type structure are formed at 900 °C. The
lattice parameters decrease with increasing the Ni-content in LaCo12(Fe12-yNiy)Os, which is
consistent with ionic dimensions of cobalt, nickel and iron ions. HRTEM data confirms the
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formation of rhombohedrally distorted perovskites with compositions LaCo1,(Fe12-yNiy)Os,
0<y<0.5.

The transport properties of LaCoyp(Fei2-yNiy)O3z are effectively modified by double
substitution with nickel and iron (Fig. 1). The electrical resistivity (o) significantly decreases
with increasing the nickel content, while the Seebeck coefficient (S) increases during the
progressive increase in the iron content. Contrary to the monotonous changes in the electrical
resistivity and the Seebeck coefficient with iron and nickel content, the thermal conductivity
displays a non-monotonous change (Fig. 1): double substituted oxides exhibit lower thermal
conductivity as compared with single substituted oxides. As a result, the double substituted
perovskites display the best thermoelectric efficiency, which is by an order of magnitude
higher than that of LaCoO3 at room temperature.

This study demonstrates that by a rational choice of the content of iron and nickel additives it
is possible to obtain the LaCoO3-based ceramics with desired thermoelectric efficiency. In
addition, the structural approach of selective ion substitution can be extended towards other
groups of thermoelectric oxide materials.
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Today, electric energy is one of the most basic, but also the most resource-demanding needs
of the modern society. It is from the generation of electric energy that we trace such problems
as global warming and greenhouse effect, yet without it, our society would be unable to run.
With the ever-increasing population, the needs for electricity continue to rise every day, and
the current technologies would soon be unable to support them. For that reason, it is vital to
perfect more effective means of electric energy generation, such as the SOFC (solid oxide
fuel cell).

The SOFC, like any other electrochemical cell, is composed of a cathode, an anode and an
electrolyte. While all the parts of the cell are not yet perfected, in this work, the emphasis is
made on the electrolyte materials. Currently, fluorite-structured YSZ (yttria-stabilised
zirconia), GDC (gadolinia-doped ceria) and perovskite-structured LSGM (lanthanum
strontium gallium magnesium oxide) are considered best suited for this purpose. However,
each of them has its own issues, such as their high cost of production and low availability of
resources, and it is imperative to research new and better materials to serve as the electrolyte
for the SOFC.

In earlier works, Fe-doped SrSnO3; was shown!*? to display high conductivity; however, the
addition of Fe introduced electronic conductivity, which would hinder its performance as an
electrolyte. For that reason, doping of SrSnO3 by Ga was proposed as a potentially effective
way of improving the material’s conductivity while keeping its electronic component
sufficiently low.

SrSn;.«GaxO3.5 powders were prepared from Ga,03, La,O3 and SrCO3 powders via solid-
state synthesis at temperatures of 1250 to 1350°C. A shift in peaks’ positions is visible on the
XRD patterns of the powders, with the a parameter of the unit cell ranging from 4.0317(3) A
for SrSnO3; to 4.0234(4) A for SrSngsGagsOs.5. The oxides’ coefficients of thermal
expansion were measured via high-temperature X-ray diffraction, the resulting values ranging
from 1.09'10_5 for SrSnO3 to 1.28'10_5 for SrSng 625Gag.37503.s.

Dense SrSnOj3; and SrSng75Gag2503.5 membranes were consequently prepared from the
resulting mixed oxide powders. The highest densities (95% and 87% correspondingly) were
achieved via SPS (Spark Plasma Sintering) of the resulting powders. Other methods of
achieving high densities (sintering with the addition of PVA or 5 mol. % Co(NO3), and
Cu(NO3),) were tried, however those methods yielded considerably lower densities (up to
65%). The materials’ conductivities were measured using impedance-spectroscopy. SrSnOs,
obtained via SPS sintering, displayed conductivities of 2.68:10° S-em™ at 1073 K and
8.45:10° S-em™ at 873 K, while the one obtained via sintering with addition of 5 mol. %
Co(NO3), displayed corresponding values of 5.56:10* S-cm™ and 1.39:10° S-em™, which
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may be attributed to the higher density of the one synthesised using SPS. SrSng75Gag 25035,
too, displayed lower conductivities of 1.02:10* S:'em™ at 1073 K and 1.13-10° S-em™ at 873
K. This can be attributed to the molten admixtures, which, although are invisible on the XRD
pattern, can be seen on the SEM image. Currently, we are leading attempts to prepare
admixture-pure membranes of SrSng75Gag 2503.5 and SrSng 125Gag 875035,
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At present, lithium transition metal phosphates, LiIMPO, (M=Fe, Mn, Co and Ni), known as
phospho-olivines are attracted great research and technological interest as positive electrode
materials for lithium ion batteries with application in the hybrid electric vehicles [1]. The
interest is motivated by the numerous advantages of these materials: high theoretical capacity
and cyclic stability, excellent safety related to the structure stability, low cost and
environmentally benign.

More recently, in response to the current requirements for the development of cheaper
"green" batteries the preparation of sodium analogues, NaMPO, phospho-olivines, becomes
very attractive [2]. The synthesis of sodium phospho-olivines is a great challenge and
requires original synthesis approaches since the thermodynamically stable NaMPO, do not
form the electrochemically active olivine-type structure. To improve the low rate capability
of the phospho-olivine materials there is a need to develop new synthetic methods that enable
to control the morphology and the particle size distribution.

The precursor-based methods are a powerful tool for the formation of nanosized and
nanostructured electrode materials, where the choice of the proper precursor is a key factor.
In respect to the phospho-olivine structure, dittmarite-type compounds having the
composition MM'PO,.H,O (M* = K, NH4; M?* = Fe, Mn, Co, Ni) display remarkable
structural similarity: the topology of the M'—PQO, layer in the ac plane of the dittmarites
completely matches the topology of the M'-PO, layer in the bc plane of the phospho-
olivines. This makes the dittmarite compounds very suitable as precursors for low-
temperature synthesis of lithium and sodium phospho-olivines [3,4].

In this contribution we have extended our studies and report new method on the formation of
NaMnPQO, phospho-olivine with controlled particle size distribution and morphology. The
method is based on ion exchange reactions with the participation of potassium and
ammonium manganese dittmarite precursors as structure and morphology templates.

The ion-exchange of K* and NH," for Na” into the dittmarite matrices is carried out using
NaCH3;COO0.3H,0 taken in excess. The reactions are studied in wide temperature range of
75-250 °C, at various mole ratios from 1:3 to 1:12 between the precursor and the sodium salt
and different reaction times from 6 to 24 h. The phase composition in the reaction systems
KMnPQO4.H,0-NaCH3;C00.3H,0 and NH;MnPO4.H,0—- NaCH3COO.3H,0 is determined
by X-ray powder diffraction. It is established that the transformation of the dittmarite
precursors into sodium phospho-olivine is a favorable process at temperatures of 200—-250 °C.
The structure and morphology of NaMnPO, prepared from both precursors at 200 °C are
characterized by the Rietveld method, IR spectroscopy, SEM and TEM. The thermal stability
of the olivine structure is followed by TG-DTA analysis. The Rietveld analysis evidences that
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NaMnPO, derived from both precursors are well crystallized with unit cell parameters a =
10.5275(5) A, b = 6.3232(3) A, c= 4.9843(3) A (space group Pnma). A very small antisite
mixing (below 1%) between Na* and Mn*" on 4a and 4c crystallographic sites can be
supposed. The SEM images (Fig. 2) show that during the ion-exchange of K" and NH," for
Na" the plate-like morphology of the precursors is transformed into a rod-like morphology
that can be related with the hindered Na* diffusion due to its larger ionic radius. The TEM
observations confirm the presence of rods (50 nm wide and 250 nm long) and well-
crystallized particles with sizes up to 50 nm. The ability of NaMnPO, to intercalate
reversibly lithium is tested in model two-electrode lithium cells of the type Li | LiPFs
EC:DMC) | NaMnPO,.

In conclusion, the ion exchange reactions with the participation of MMnPO,4.H,O (M* = K,
NH,) are effective in the preparation of electrochemically active NaMnPO, phosho-olivines.
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Fig.1. SEM images: KMnPO,4.H,0 (A); K-derived NaMnPO, (B); NH;MnPO,4.H,0 (C);
NH,-derived NaMnPQO, (D)



Intemnational Symposium
on the Reactivity of Solids

232  Poster Presentations ISRS.18

New method of metal fluorides synthesis

Anna Fedorova, Sergey Arkhipenko, Andrey Fedulin, Igor Morozov

Lomonosov Moscow State University, Chemistry Department, Moscow, Russia
E-mail: fedorova@inorg.chem.msu.ru

Metal fluorides have a wide variety of applications. Thus they can be used as ionic
conductors, as carriers for catalysts, as laser materials and so on. There are many methods of
metal fluorides synthesis. But often they do not permit to obtain metal fluorides with
necessary morphology. Besides that the problem of synthesis of complex fluorides is the low
degree of homogeneity of the products obtained. Therefore the very important task is the
search of new methods of metal fluorides synthesis.

In our work we propose a new method for simple and complex metal fluorides synthesis by
decomposing metal trifluoroacetate hydrates in the presence of beta-cyclodextrin. This
synthesis method is particularly attractive because it allows obtaining metal complex
fluorides at relatively low temperatures. Moreover metal trifluoroacetates using as starting
materials are available compounds. An important advantage of this method compared with
alternative soft chemistry approaches are its ample opportunities. This method permits to
obtain different types of metal fluorides including solid solutions and complex
multicomponent fluorides. Also one of the advantages is the lack of need of synthesis of
intermediate containing several metals in a definite ratio (single-source precursor), which is
often necessary to produce homogeneous products.

This new synthetic method was used for obtaining different types of metal fluorides: a)
simple metal fluorides with large surface area (MgF,, CaF), b) solid solutions RF3-CaF, (R
= YD, Nd), ¢) complex fluorides M,RF;, MsR3F17 (M — Ca, Sr, Ba), d) complex fluoride
NaYF, doped by Yb*" and Er®".

It was shown that the decomposition of metal trifluoroacetates in the presence of beta-
cyclodextrin allows obtaining MgF, and CaF, with a large surface area (~60-80 m?g™Y). It is
interesting to mention that the surface area values depend on the beta-cyclodextrin content in
the initial reaction mixture. Thus, the increase of beta-cyclodextrin content in the mixture
with magnesium trifluoroacetate from 0 to 50 wt. % leads to a threefold increase in the
specific surface of MgF,. The maximum surface area values were 60 m’g™ for MgF, (beta-
cyclodextrin content 66 wt. %) and 80 m°g™ for CaF, (beta-cyclodextrin content 33 wt. %).
Increase of the beta-cyclodextrin content lead to decrease of surface area.

Also this synthetic way was successfully used to produce solid solutions of fluorides
CarxRxF2:+x (R =Yb, Nd) and complex fluorides M;RF7, M4R3F17, (M = Ca, Sr, Ba; R =Yb,
Nd) and NaYF, doped by Yb* and Er®*". The formation of solid solutions and complex
fluorides with a homogeneous distribution of the elements was confirmed by XRD, X-ray
microanalysis and X-ray fluorescence analysis.

It is important to note that the decomposition of the corresponding metal trifluoroacetates
without beta-cyclodextrin in case of solid solutions Ca;.xRxF2+x (R = Yb, Nd) and complex
fluorides M,RF7, M4R3F17, (M = Ca, Sr, Ba; R =YD, Nd) does not lead to the formation of
solid solutions and complex fluorides, and the formation of a mixture of simple metal
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fluorides was observed. In the case of NaYF, samples obtained in the presence of beta-
cyclodextrin are more homogeneous and have more uniform pore size distribution than those
obtained without beta-cyclodextrin. At the same time, the addition of beta-cyclodextrin
prevents the pyrohydrolysis process.

In conclusion, we have developed a new soft chemistry synthetic method for preparation of
simple and complex metal fluorides and solid solutions of metal fluorides with homogeneous
distribution of elements. Advantages of this method are simplicity, availability of precursors
and low temperature of the process.

The work was supported by RFBR, grant number 14-03-01032.
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Introduction

Dental bleaching is commonly carried out to correct discoloration of human teeth. Most
bleaching agents are strong oxidizing agents and the most popular is hydrogen peroxide.
Although this bleaching agent is highly effective in lightening tooth color, currently some
concerns regarding its use have been expressed, due to mainly the associated post-bleaching
complications [1]. These include alterations in the morphology of dentine and enamel, change
in its chemical composition and increase permeability of the teeth [2,3]. Several studies have
shown that the bleaching causes notable changes in the microstructural characteristics in
dentine and enamel surface [4]. However, these studies were conducted using the scanning
electron microscopy (SEM), which requires a previous specimen preparation, allowing the
study on dehydrated teeth and affecting to real microstructural features with respect to fresh
teeth. In the present study the environmental scanning electron microscopy (ESEM) has been
used to study the real effect of bleaching on structural features of dentin and enamel due to its
ability to operate in low temperature and pressure conditions with minimal sample
preparation [5]. Moreover, the effects of bleaching on growth, differentiation and activity of
osteoclast-like cells on human teeth as well the modulatory action of osteostatin and
fibroblast grow factor 2 (FGF2) on osteoclast activity were also evaluated.

Materials and Methods

To preparation of human molar teeth and bleaching, eight third human molars from different
patients were extracted, disinfected and stored in deionized water according to Tooth Bank
protocol and Local Ethics Committee of the Colombia University. The specimens were
treated with 38% H,O, bleaching gel applied for 20 min. Specimens without bleaching were
used as controls. ESEM studies were carried out in a FEl QUANTA 200 at an accelerating
voltage of 30 kV. For these purposes the specimens were cut longitudinally with a diamond
blade after surface bleaching. Previous, to in vitro cell evaluation with osteoclast-like cells
murine, the molar teeth with and without bleaching were cut transversally with a diamond
blade in disks of 2 mm thickness. Osteoclast-like cells were derived from murine RAW
macrophages cultured during 7 days on these disks. Different cell parameters were evaluated
as osteoclast-like cell proliferation, viability, intracellular content of reactive oxygen species
(ROS), pro-inflammatory cytokine (IL-6 and TNF-a) secretion and resorption activity.
Moreover, the putative modulatory action of osteostatin and fibroblast grow factor 2 (FGF2)
on these osteoclast parameters was also determined.


mailto:vallet@ucm.es

Intematicnal Symposium
on the Reactivity of S0lids

ISRS,1 Poster Presentations 235

Results and Discussion

Figure shows ESEM micrographs displaying significant changes concerning the
microstructure features of the bleached-enamel surface compared with the unbleached.
Typical enamel structure prism is observed in the untreated side (A) [6]. However, after
bleaching, a total loss of this typical morphology is observed, appearing deep longitudinal
cavities through both enamel and dentin (C). This morphological changes increase the
porosity owing mainly to the disruption of matrix protein, which causes loss of structural
components by free radical oxidation [7]. On the contrary, peritubular dentine structure
appeared more resistant to the effects of hydrogen peroxide than enamel, appearing also small
cavities in its surface and increasing slightly its porosity (B and D, respectively). Concerning
the osteoclast activity, the results indicate that bleaching produces increase of osteoclast-like
cell proliferation, decrease of cell viability, lower cytokine secretion and higher resorption
activity on dentin. The presence of either osteostatin or FGF2 reduces the osteoclast-like cell
proliferation induced by bleaching. FGF2 enhances ROS content whereas osteostatin
decreases ROS but increases TNF-a secretion. The bleaching effects on resorption activity
were increased in the presence of osteostatin, but less evident with FGF2.

Conclusion

The exposure to 38% hydrogen peroxide for 20 min on human molar teeth caused a
significant increase in the porosity of the enamel and total loss of its initial enamel structure
prism.
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In situ

Fig.1. ESEM micrographs corresponding to a longitudinal section through human molar tooth showing the
enamel and dentin before (left) and after bleaching.
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Nanocomposites based on tin dioxide with heterogeneous additives of transition metals may
be used as anode materials, in chemical sensors or supports for catalysts. As a rule, such
materials may be prepared at relatively high temperatures and have relatively large grain size
of the components. The aim of this work was to elaborate low-temperature method of
synthesis of nanocomposites SnO,-CoO from a double hydroxide precursor CoSn(OH)s and
study of their physical and chemical properties.

The precursor, CoSn(OH)g, was prepared by sol-gel method from water solutions of CoCl,-
6H,0 and SnCl4;-5H,0 in 1M hydrochloric acid for the atomic ratio of metals Sn:Co = 1:1.
Deposition of sol was carried out by adding of 1M solution of ammonium hydroxide up to pH
of 5-6. The obtained amorphous precipitate was filtered, dried at room temperature and
annealed at temperatures from 100 to 1000 K. The phase composition and microstructure of
the powders was studied using X-ray diffraction technique with a Bruker D8 Advance
diffractometer using CuKa-radiation. Average grain size of both components was evaluated
from the lines broadening using the Debye-Scherrer formula. Thermal properties of the
samples were studied using NETZSCH Jupiter STA 449S synchronous thermo-analyzer
coupled with the mass spectrometer QMS 403C Aéolos (TG-QMS) in an argon atmosphere.
Surface properties of the powders were studied by low-temperature nitrogen adsorption at
77K using a Quantachrome Nova 1000e specific surface meter.

As a result of the co-precipitation double hydroxide CoSn(OH)g was obtained in the form of
crystals with the average size of nearly 1 micron. On heating its dehydration starts at
temperatures higher than 120°C. However, the crystal structure of initial hydroxide remains
stable up to temperatures of 250°C when the final decomposition of the hydroxide takes place
accompanied by strong endothermic peak. As a result, porous pseudomorph is formed
consisting of very fine X-ray amorphous nanoparticles (Fig.1, a). This material has high
specific surface area 150 m?g and consists of nanoparticles with average size less than 4 nm
and very low particle size distribution. Further heating leads to crystallization of SnO, and
CoO and formation of nanocomposites with particle size of 5 and 8 (£ 2) nm, respectively
(Fig. 2). Upon further calcination at 800 ° C the grain size of both phases increases, more
strongly for CoO (Fig.1, b,c). At 1000 °C the chemical interaction takes place in the systems
and all cobalt oxide transforms into new phase SnCo,0,4 with spinel structure [1] (Fig. 2),
SnO, remaining partially unreacted. In this composite SnO,-SnCo,0,4 both components have
large grain size exceeding 100 nm (Fig.1, d).

In conclusion, we have demonstrated that thermal decomposition of the double hydroxide
precursors may be regarded as a reliable low-temperature technique for preparation of well-
mixed nanocomposites with very small particles size and narrow particle size distrubution.
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Fig. 1. Electro-microscopy images demonstrating the change in the morphology of a single
crystal of the precursor SnCo(OH)s during its thermal decomposition and further sintering.
Heating temperature is 250 (a), 400 (b), 650 (¢) u 800 °C (d).
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Fig.2. X-ray difractograms of the samples obtained after the heating at 250 (1), 450 (2), 650
(3), 800 (4) u 1000 °C (5).
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Concept of high-throughput materials exploration research in inorganic materials started from
the multi-components thin films preparation using sputtering technique by Kennedy et al.[1]
and Hanak et al.[2] And, we have also developed the high-throughput materials exploration
apparatus "M-ist Combi" based on the electrostatic spray deposition method, which is one of
solution processes for obtaining films or fine particles. [3] Including our "M-ist Combi"
system, previously reported combinatorial processes have been able to control chemical
composition, heat-treatment temperature, atmosphere and pressure under less than
atmospheric pressure. Normally, in conventional materials preparation processes, high
pressure is important parameter for studying the reactivity of solid. So, we focused on the hot
isostatic pressing (HIP) method. The HIP method was invented in 1950s and is used for
making sintered bodies, is one of these high-pressure processes.[4] The procedure of the HIP
process needs much work time to obtain the product because the process consists of the
weighing and mixing of starting materials and heat-treatment under high-pressure. We
studied a system for reacting at the same time under high-pressure in a materials array which
was obtained by the "M-ist Combi" system. In particular, we designed and fabricated a
combinatorial high-pressure vessel for use with HIP apparatus.

In order to develop a high-pressure vessel that can withstand HIP pressures such as 200 MPa,
we made a reaction vessel that has high-pressure tightness. We aimed at fabricating a vessel
that would fulfill the condition of being able to be put into HIP apparatus and set to the
reaction plate (35 mmx35 mmx5 mm") used in the "M-ist Combi" system. The reaction plate
has 36 hollows and a separate function of the HIP capsule for each hollow. Furthermore, we
explored candidate metal films for the top of the reaction plate that would allow the vessel to
be used for the same function as HIP multiple capsules. In this study, we focused on the
commercial flanges (ICF standard flunge, ICF70 (70 mm®)) used in vacuum equipment.
Figure 1 shows a schematic diagram of the reaction vessel. The underside of the reaction
vessel had a recess for fixing the reaction plate. And, the upper side had through-hole for
applying high-pressure to the prepared library. As mentioned above, the most suitable metal
cover for achieving the same reaction in the developed vessel as in conventional capsule HIP
processing was explored. The metal foils used were SUS304 (0.01 ~ 0.08 mm thickness), Ni
(0.01 mm), Mo (0.01 mm) and Cu (0.1 and 0.3 mm). These metal foils were superimposed on
the reaction plate, and an overlap was set to the vessel. Then 200 MPa was applied to the
vessel using the cold isostatic press (CIP) method under ambient temperature and it was
checked whether each metal foil hollowed along the form of the reaction plate without
cutting.

Figure 2 shows the actual image of the reaction vessel (75.6 mm®, 12.7 mm"). Size of the
reaction vessel was adjusted for fitting nearly into the inside diameter of HIP apparatus.
SUS304 was used as the material of the reaction vessel because, conventionally, we use it in
capsule HIP processing. The upside the reaction vessel has edges for imposing on the metal
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cover to the reaction plate. And screw holes were used to allow the upper side and underside
of the reaction vessel to be fastened with bolts. In addition, the optimum metal foil was
SUS304 with a 0.08 mm thickness. Finally, the developed reaction vessel could be used up to
200 MPa and 500°C. [5]
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YBaCo0,07.;
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Complex oxides with chemical formula LnBaCo407+¢ (LN=Y and rare-earth ions), a new
class of geometrically frustrated magnets, have attracted a lot of attention in the recent years
due to their unusual physical properties [1]. The main interesting feature of these compounds
is their peculiar crystal structure which leads to the unusual physical properties. These
compounds also show a large thermoelectric power factors at high temperature and can be
suitable for the thermoelectric power generation. Moreover, these compounds show a high
degree of chemical flexibility, having a large capacity for reversible oxygen absorption and
desorption in the temperature range 520-720 K, which makes these materials suitable for
cathodes of high- and intermediate—temperature solid oxide fuel cells, oxygen membranes,
magnetoresistors, emission cathodes for CO,-lasers, catalysts for oxidation of hydrocarbons
and exhaust gases, etc.

However, the main disadvantage of LnBaCo,0O-; materials is instability of their hexagonal
crystal structure within the intermediate temperature range 873-1050 K [2]. Therefore
knowledge of the thermodynamic stability limits of YBaCo,O; type oxides is of key
importance. So far there are only data on thermodynamic stability of YBaCo40+ in air while
there is obvious lack of such data depending on oxygen partial pressure (pO2). On the other
hand, no reliable data are available in literature on oxygen nonstoichiometry, overall
conductivity and thermo-emf of thermodynamically stable YBaCo,07 type oxides.

Therefore the priority purposes of the present work were (i) to determine limits of the
thermodynamic stability of layered oxide YBaCo,0; depending on oxygen partial pressure
and, (ii) to measure its oxygen nonstoichiometry, overall conductivity and thermo-emf of
thermodynamically stable YBaCo,0; as functions of oxygen partial pressure at selected
temperature.

Powder sample of the nominal composition YBaCo,07.5 was prepared by means of
glycerol — nitrate method using Y,03, BaCO3; and Co as starting materials. All materials
used had a purity of 99.99%. The powders obtained were finally calcined at 1100 °C for 12 h
in air. The phase composition of the powder sample prepared accordingly was studied at
room temperature by means of X-ray diffraction (XRD) with Equinox 3000 diffractometer
(Inel, France) using Fe K, radiation. XRD showed no indication for the presence of a second
phase for as prepared oxide.

Oxygen nonstoichiometry, 6, of YBaCo4O7.5 as a function of temperature in air was
measured by means of thermogravimetric (TG) technique using STA409PC (Netzsch,
Germany) and DynTHERM LP-ST (Rubotherm prézisionsmesstechnik GmbH, Germany)
microbalances. The oxygen nonstoichiometry as a function of pO, was studied by means of
the coulometric titration technique. Absolute value of & in YBaCo4O7:5 samples was
determined by both direct reduction of the oxide sample by hydrogen flux in the TG setup
(TG/H;) and iodometric titration.
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It was found that the onset of low temperature and high temperature oxygen absorption in
YBaCo,07.; takes place at about 200 and 675°°C, respectively, during relatively slow
heating with rate of 0.5 °C/min in air. Low temperature oxygen uptake at around 350 °C was
found to be irreversible in terms of temperature change but does not lead to any phase
transition. Therefore, YBaCo,07.5 sample slowly cooled from 350 °C to room temperature
retains its crystal structure with cell parameters which are slightly different from those of as
air prepared sample. On the contrary, enormous oxygen uptake at around 800 °C is
accompanied by the YBaCo0407:5 decomposition with formation of YCoO, ;, BaCoO,

and Co30..

It was revealed on the basis of the coulometric titration of YBaCo,0-.s that this oxide
possesses at 950 °C really narrow range of homogeneity with respect to oxygen, 6.822<7-
0<6.765, which corresponds to a really small change of the average oxidation state of cobalt
from 2.133 to 2.161 (See Figure). At high pO, stability limit YBaCo,07.; decomposes
likewise it happens at 800 °C in air whereas Y,BaCoOs BaCoO, and CoO were identified as
the products of its decomposition at low pO, stability limit. Both total conductivity increase
with pO, and positive sign of thermo-EMF indicate in favor of electron holes as predominant
charge carriers in YBaC0407.5.

This work was supported by the Russian Foundation for Basic Research (grant No. 13-03-
01031).
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CHEMICAL EXPANSION OF PEROVSKITE-TYPE MIXED IONIC
AND ELECTRONIC CONDUCTING MATERIALS

A.Yu. Zuev, V.V. Sereda, D.S. Tsvetkov
Institute of Natural Sciences, Ural Federal University, Ekaterinburg, Russia

Perovskites and double perovskites based upon substituted oxides LnBO3.; and LnBaB,0s.s,
respectively, where Ln=lanthonoid, B=3d-transition metal, are the state-of-the-art materials
for a variety of different devices for moderate high temperature applications such as solid
oxide fuel cells (SOFCs) and mixed ionic and electronic conducting (MIEC) membranes. The
unique feature of the oxides is their ability to undergo both thermal expansion and that
induced by the defects of oxygen nonstoichiometry in the oxide lattice. The latter is chemical
or defect-induced expansion. The mechanism of this phenomenon is still controversial topic.
Recently [1,2] we have evolved the chemical expansion model based on the relative change
of the mean ionic radius and showed that the chemical expansion of undoped LaCoO3_; and
LaMnOg_s observed on oxygen deficiency growth is solely caused by this reason. However,
the question on the nature of chemical expansion in other MIEC oxides with wider oxygen
nonstoichiometry domains still remains open.

It is worth to note that chemical expansion is extremely sensitive to the defect structure of the
oxide material. Therefore reliable data on the defect structure of oxide materials is of key
importance for understanding the origin of their chemically induced lattice strain. The
refinement of defect structure of the selected oxides La;xSrxFe;yByOs5 (B=Co or Ni; x=
0.2, 0.3; y=0.1) and PrBaCo,0¢.s by means of the quantitative modeling on the basis of the
measured oxygen nonstoichiometry was, therefore, the first priority purpose of the present
study. The second one was to explain the chemical expansion of MIEC oxides studied on the
basis of relative change of the mean ionic radius.

Powder samples of Lag 7Sro3Coo9Fe01035, LagsSro2Co9Nip1035 and PrBaCo,0¢.5 Were
synthesized by glycerol-nitrate technique described elsewhere [1,2]. The phase composition
of the powder samples prepared accordingly was studied by means of X-ray diffraction
(XRD) with an Equinox 3000 diffractometer using Cu Ko radiation. XRD showed no
indication for the presence of a second phase. Chemical expansion of Lag 7Sro3Cog9Feg.103.
s, LapgSro2CoogNip1035 was measured as a function of pO2 at temperature between 600
and 1050 °C using a home-made dilatometer supplied by pO2 control and adjustment system.
Chemical expansion of PrBaCo0,0s.; was studied as a function of pO2 in the temperature
range 500-1000 °C by x-ray diffraction “in situ” using Equinox 3000 diffractometer equipped
with the high temperature camera HTK 16N and pO2 control and adjustment system.

It is generally recognized that the defect structure of the oxygen deficient LaBO3.; (B=Mn,
Fe, and Co) is based on the simultaneous presence of B—species in different oxidation states
such as B**, B*, and B?* cations in its structure. The following defect equilibria may,
therefore, be written

e . [V5'1[Cog,)* po;’
Og +2Co¢, < V3 +1/20, +2Cog, , K, = [0:][Cor. T2 1)

and
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_[Cog,1[Cog, ]
[Cog, P @)

where [Cog,],[Cog,], and [Cog,] correspond to concentration of Co®*, Co**, and Co®,
respectively. Fe and Ni were assumed to have constant oxidation states +4 and +2,
respectively. The defect structure model proposed for La;.xSrxFeiyByO35 (B=Co or Ni; x=
0.2, 0.3; y=0.1) was shown to fit the experimental data on oxygen nonstoichiometry really
good over the complete pO2 and temperature ranges investigated.

2Cog, < Cog, +Col, K,

Isothermal defect-induced expansion of La;«SrxFe1.,ByOs.5 (B=Co or Ni; x= 0.2, 0.3; y=0.1)
was evaluated as normalized change of average ionic radius using concentrations of ionic
specie calculated using defect structure model described above. The results of such
calculations are shown in Figure (points — experimental data, lines — calculation according to
Eq (3)). As seen the model proposed for pseudo-cubic oxides coincides completely with
experimental data on chemical expansion for the perovskite La;xSrxFeiyByOs.5 (B=Co or
Ni; x= 0.2, 0.3; y=0.1). On the contrary, chemical expansion of PrBaCo,0¢.; along a axis and
contraction along ¢ axis were found to compensate each other completely in the double
perovskite and, therefore, its volume (overall) chemical expansion becomes negligible. As a
result the cell volume linearly increases with temperature in air contrary to simple cubic
perovskites such as La;.xSrxFe1.yByOs.5 (B=Co or Ni; x= 0.2, 0.3; y=0.1).

This work was supported by the Centers of Excellence Program at Ural Federal University,
Russia.
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Reversible Lithium Intercalation in Layered
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The increasing demand on renewable energy sources requires a relevant increase in energy
storage capacity in order to integrate them into a grid. Sodium-ion batteries are considered as
a potential alternative of current lithium-ion batteries. In contrast to lithium, sodium is more
abundant and economically advantageous. Lithium and sodium ion batteries operate by the
same mechanism comprising a reversible electrochemical intercalation of Li* and Na*. The
battery performance is closely related with the selection of the electrode materials. Among
several groups of electrode materials, lithium-cobalt-nickel-manganese oxide
(LiCoysNiyzMny30,) and its sodium analogues (NaCoysNiyzMny30,) have been
considered as promising electrode materials [1,2]. Contrary to the conventional LiCoO;-
based electrodes, both LiCoy/3NiyzsMny30, and NaCoisNiysMny30, display two electron
electrochemical reactions during reversible lithium and sodium intercalation, a phenomenon
that is generally considered to be rare for layered oxides.

Lithium and sodium analogues have a layered crystal structure composed on discrete
transition metal layers [1,2]. The sodium and lithium ions are sandwiched between the
CoysNiysMny30,-layers so as to occupy octahedral sites. Based on the number of the
Coy3NiyzsMny30,-layers in the unit cell and the symmetry of the sites occupied by Na or Li,
the structure of both LiCo13Niy3sMny30, and NaCoi3NiysMny30; is classified as O3-type
according to the notation of Delmas et al. [3]. The deintercalation process from
NaCoy3Niy3sMny30, to CoysNiyzsMngyzO, is accompanied by a reversible structural
transformation from the hexagonal O3 to the monoclinic P1-type structure via monoclinic O1
and hexagonal P3-types [2]. In comparison with NaCoy;3Niy3Mny30,, the delithiation of
LiCo1/3Niz3sMny30; t0 Lic25C01/3Ni13Mny30, leads to the transformation of the O3-type
to the Ol-type structure [4]. Although much research work has been done on
LiCoy/3Niy3Mny30,, the studies on NaCo13Niy3sMny30, remain scarce.

In this contribution, new data on the preparation, structure and lithium intercalation properties
of sodium-deficient cobalt-nickel-manganese oxides NaxCoi;3Nij3Mny30, are provided in
order to analyze their potential for direct use as cathodes in lithium ion batteries. This is a
novel approach that could open new perspectives in the design of electrode materials. For the
preparation of sodium oxides we have used two methods of synthesis: the acetate and the
oxalate precursor methods. The acetate precursor method consists in freeze-drying of agueous
solutions of sodium and metal acetates, followed by thermal decomposition at 400 °C in air.
The oxalate precursors were synthesized using acetate-oxalate precursors, which were
obtained mechanochemically at room temperature from metal acetates and oxalic acid. This
method has been reported to be suitable for the preparation of nanosized spinels with close
particle size distribution [5,6]. Among several sodium-nickel-manganese compositions, the
studies are focused on sodium deficient oxides NaxCo1/3Niy3Mny30, with x=1/2 and 2/3.
These compounds are different as electrodes in sodium-ion batteries from the recently
proposed stoichiometric NaCo13NiysMny30, composition [2]. Powder XRD, SEM and
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TEM analysis were carried out for structural and morphological characterization of the
sodium-deficient oxides. The reversible lithium intercalation in NaxCo1/3Ni3sMny30; is
evaluated in model lithium cells using a galvanostatic mode with lithium as an anode and the
examined layered oxides as cathodes. The electrolyte includes the 1M LiPFg solution in
EC.DMC (1:1 by volume). Both acetate and oxalate precursor methods vyield well-
crystallized NayCoy;3NiysMny 30, with P3-type structure. The precursor type affects the
particle size distribution: oxides derived from oxalate precursors display nanometric particles
with close particle size distribution, while a broad particle size distribution becomes visible
for oxides obtained from frieze-dried acetate precursors.

Layered oxides NaxCoy/3Niy3sMny30, display a reversible lithium intercalation between 1.5
and 4.4 V (Fig. 1). During the first discharge of the electrochemical cell up to 1.5 V, Li" ions
are inserted in the empty sodium positions, leading to the formation of a mixed Li*, Na*
oxide LiypNay»Co13NiyzMny 30, with a structure that deviates from the pristine layered
structure. The electrochemical reaction takes place via a structural transformation that
depends on the rate of the cell discharge and charge (Fig. 1a). A partial exchange of Na* with
Li* occurs during the first few cycles, followed by a steady state performance.

In conclusion, the capability of NayCoisNiysMny30, to intercalate reversibly lithium
determines their potential for applications in both lithium and sodium rechargeable batteries.
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Fig.1: The first and second discharge/charge curves and their first derivatives for
Nao5Co13NiysMny 30, at rate of C/20 (a). The first discharge curves and their first
derivatives for NagsCoq/3Ni13Mny30; at rate of C/20 and C/100 (b).



Intemnational Symposium
on the Reactivity of Solids

246  Poster Presentations ISRS.18

Thermal stability of cerium tetrafluoride

Z. Mazej,2 N.S. Chilingarov,” A.V. Knot’ko,” .M. Shlyapnikov,? M. KristI°

% Department of Inorganic Chemistry and Technology, JoZef Stefan Institute, Jamova cesta
39, 1000 Ljubljana, Slovenia
b Department of Chemistry, M. V. Lomonosov Moscow State University, Leninskije Gory 1-
3, 119992 Moscow, Russia
¢ Laboratory of Inorganic Chemistry, University of Maribor, Faculty of Chemistry and
Chemical Engineering, Smetanova ulica 17, 2000 Maribor, Slovenia

Cerium tetrafluoride is used for selective solid-phase fluorination of Cgo(s) which yields
mainly CgoF3s [1]. Because of that, it would be beneficial that its thermodinamic data are
more precisely determined. In the Ref. [2] it was firstly established that among the known
tetrafluorides of rare earth metals (CeF4, PrF,4, TbF,), only the cerium tetrafluoride turns into
a gas phase upon heating. Later, this conclusion was confirmed by mass spectrometric studies
of the vapor composition [3-5]. Up to now reliable thermodynamic parameters of the CeF4(s)
sublimation have not been obtained. The vapor pressure hasn't been determined. Sublimation
enthalpies were obtained [4,5], but reported values have a significant discrepancy. In
addition, the question about partial pressure of fluorine, which is achieved during CeF4(s)
thermolysis, remains open. This value has never been measured experimentally, although its
estimations were made.

The purpose of this study was to examine the following aspects: (1) the possibility to describe
the CeF4(s) thermolysis by means of equilibrium thermodynamics, (2) the influence of the
thermolysis on the equilibrium of CeF,4(s) sublimation, and (3) the processes which are
responsible for the initiation and course of CeF,(s) thermolysis in a standard effusion
experiment.

In the course of research of CeF4(s) evaporation by high-temperature mass spectrometry
method, the values of the saturated vapor pressure P°(CeF,) =0.28 + 0.05 Pa, at T = 873 K,
and enthalpy of sublimation Ag,,H°(CeF4) =257 £ 6 kJ/mol, at T = 840 K, were obtained. It
was found that during isothermal CeF,4(s) evaporation about 50% of substance decomposes
into trifluoride. Evaporations were carried out from platinum effusion cell, but fluorine and
gaseous platinum fluorides were not detected in the mass spectra. The estimation of the
equilibrium pressure of fluorine from the known enthalpies of formation of cerium tetra- and
trifluoride is: Peg(F) = 10®° Pa and it doesn't exceed the threshold of sensitivity of our
equipment, P ~ 10° Pa. If a fluorine flow from the effusion cell would be only in agreement
with calculated equilibrium pressure Peq(F), the amount of the formed phase CeF3(s) should
be 10* times less than observed in the experiment. The amount of fluorine, corresponding to
the amount of formed cerium trifluoride was not recorded experimentally due to its loss.
However, the total quantity of formed fluorine should be well-measurable, as long as all
fluorine leaves the effusion cell through effusion orifice as molecular beam! For that reason,
it is necessary to reduce the accumulation of fluorine or fluorination products in the effusion
cell as much as possible.

In all experiments, after the isothermal evaporation, the bulk of the resulting cerium trifluoride
was accumulated on the inner surface of body and lid of the effusion cell and its quantities were
defined by weighing. This implies that almost all original sample of CeF4(s) turns into vapor.
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During the evaporation of CeF4(s), sorption and desorption of CeF, molecules occur, that leads
to sample redistribution inside the effusion cell. On the inner surface of the effusion cell the
layer of cerium tetrafluoride is formed. This layer is a source of CeF, molecules, entering the
gas phase. Sublimation of CeF,4(s) is accompanied by thermolysis leading to cerium trifluoride,
CeF3(s), and fluorine atoms (Fs) bonded to the surface of the effusion cell and CeF3. Since the
amount of cerium trifluoride clearly exceeds the equilibrium one, we can assume that the
thermolysis is controlled by the flow of fluorine atoms Q(Fs) - the diffusion transfer of Fs
atoms from reaction zones of thermolysis to the zones of irreversible drain from the system.
Those zones are most likely areas where the integrity of metallic shell of the effusion cell is
disrupted (i.e. effusion hole, body-lid connection).

To confirm the assumption of the presence of atomic fluorine drain zones of the effusion cell
and to get arguments in favor of the existence of Fs atoms diffusion fluxes, different
experiments were carried out. Predetermined amounts of CeF4(S) were evaporated
isothermally (T = 873 K) in the presence of various special designed parts made from
platinum or nickel. Those parts were different in size, shape and/or material (triangular plate,
tube). Triangular plates made from platinum or nickel were mounted inside the effusion cell
so that they were in contact with the inner surface of the effusion cell only by their vertexes.
Contrary to triangular plates, the nickel tube was designed on the way to have the maximal
contact area between it and inner surface of cell, i.e. outer diameter of the tube was equal to
the inner diameter of the effusion cell. In all experiments a direct contact between special Pt
(Ni) parts and CeF,4(s) sample was excluded. During evaporation mass spectrometric control
of CeF, pressure was carried out. At the end of the experiments, the changes of masses of all
participants of evaporation process were estimated. Additionally, the surfaces of triangles,
tube, lid and body of the effusion cell were analyzed by scanning electron microscope.

It was found that piles of CeF3(s) particles, formed during thermolysis, are located around
assumed drain zones of Fs atoms (i.e. effusion hole, body-lid connection, contacts between
triangle plates and body of the effusion cell). Thermolysis of CeF,4(s) is initiated and
controlled by the diffusion fluxes of Fs atoms which are directed to drain zones and to
reductant (e.g. Ni special parts). In the case of large contact area between the effusion cell
and reductant (Ni tube), the equilibrium is perturbed due to large fluxes of Fs atoms, directed
from the sample to reductant. Without any special parts or with triangular plates (minimum
contact between the effusion cell and plates) low fluxes occur and the equilibrium is retained,
i.e. thermolysis does not perturb thermodynamic equilibrium during the process of
sublimation.

It can be stated that in the absence of reductants and "leakages™ of fluorine from the system,
the decomposition of cerium tetrafluoride would be governed only by the thermodynamic
equilibrium.
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Natrophoshate is a natural mineral first described by Kapustin, Bykova & Bukin (1972) from
pegmatites of Yukspor Mt. (Khibina massif). Its synthetic analogue, the double salt of sodium
fluoride and trisodium phoshate was first obtained by Briegled (1856). Neuman (1933)
carried out X-ray investigation of this compound and determined its crystal system and
probable space group [1].

In our study, the sample of synthetic natrophosphate was prepared by evaporation of an
aqueous solution of sodium phosphate and sodium fluoride at 25°C. Single crystal suitable
for an X-ray diffraction experiment was fixed on a micro mount and placed on an Agilent
Technologies Supernova Atlas diffractometer equipped with CCD detector using micro
focused monochromated CuKo radiation. The unit cell parameters were refined by the least
square techniques using 5164 reflections in the 20 range of 8.94-152.56°. The structure had
been solved by the direct methods and refined to R; = 0.042 (WR, = 0.109) for 812 unique
reflections with |Fo| > 46 by means of the SHELXL-97 program [2]. Empirical absorption
correction was applied by means of the CrysAlisPro [3] program using spherical harmonics,
as implemented in the SCALE3 ABSPACK scaling algorithm.

The compound has a cubic symmetry, Fd-3c, a = 27.978(7) A. The structure is based upon
polycationic complexes consisting of six corner-sharing NaF(OH;)s octahedra with one
common fluorine vertex. The complexes form hydrogen bonds to PO, tetrahedra and are
linked to the A site occupied by 25 % of Na, 25 % of H30" and 50 % of H,O.

We have been able to locate seven hydrogen-atom positions. The O,(4) site is splitted into
three sites with the site occupancy factors of 0.75, 0.65, and 0.70.

The crystal chemical formula of the compound can be written as
[NaGF(Hzo)lg]zNa(H30)(PO4)4(H20).
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Nanomaterials are of great scientific interest because they can exhibit some different
properties from the bulk material, special properties that usually depend on the size and
shape. Nanoparticles of metals, semiconductors or oxides are of particular interest because of
their mechanical, electrical, magnetic, optical and chemical properties. Surface plasmon
resonance found in noble metals and superparamagnetism in ferro and ferrimagnetic
nanomaterials are two well-known examples of size-dependent properties in nanomaterials
unknown in bulk materials until now. In the last few years, nanomaterials and their properties
are being exhaustively investigated with the aim of searching for potential new applications
beyond the great variety they are already known to exhibit. In this way, the
superparamagnetic character of some magnetic nanoparticles is being studied to be used in
many different biomedical applications as non-invasive cancer treatment by drug delivery or
magnetic hyperthermia, as their magnetic properties allow them to be carried to a defined
location or be heated in the presence of an external AC magnetic field [1-2]. In this way,
homogeneous SPIO (Superparamagnetic Iron Oxide) nanoparticles, composed by magnetite
(Fe304) and/or maghemite (y-Fe,O3), are the most used due to their high magnetization
values and their low toxicity [3].

One of the challenges in this area is to be able to grow oxide nanoparticles while controlling
their composition, morphology and size. SPIO nanoparticles have been conventionally
prepared by different methods but thermal decomposition of metal-organic precursors in
organic solvents with high boiling points has been demonstrated to perform dispersions of
nanoparticles with controlled size and shape and narrow size-distributions [4]. In other hand,
taking into account that the magnetic properties of the spinel ferrites mainly depend on the
occupancy of cations at the tetrahedral (A) and octahedral (B) sites, the already high
magnetization values found in the magnetite nanoparticles could even be improved by doping
the magnetite material with paramagnetic ions similar in size to Fe?* ions. In that respect, it
is known that the Ni** ions have a strong preference for the octahedral (B) sites in the inverse
spinel structure. So, the magnetic moment in the new Fe;«NixFe,O4 ferrimagnetic structure
would became more unbalanced and the net magnetic moment would be increased [5].

Therefore, in this work we present Fes«NixO,4 nickel-doped magnetite nanoparticles in the
11-14 nm range, synthesized by the thermal decomposition method using a mixture of
Fe(acac), and Ni(acac), metal acetylacetonates as metal-organic precursors, 1,2-
hexadecanediol as dispersant, benzyl ether as solvent and oleic acid and oleylamine as
coating. Moreover, some of them have been used as seeds to grow bigger (19 nm)
nanoparticles. The structural characterization of the nanoparticles has been carried out by
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using X-Ray Diffracttion (XRD) and Inductively Coupled Plasma Spectroscopy (ICPS). The
morphology and size dispersion of the samples have been studied by Transmission Electronic
Microscopy (TEM) and Dynamic Light Scattering (DLS). The analysis of the magnetic
properties of the nanoparticles has been carried out by measuring the magnetization at
different magnetic fields and Electronic Magnetic Resonance (EMR) at atmospheric
temperature. The EMR results have been fitted to a model of non-interactive particles in
order to calculate their ferromagnetic component and the evolution of the signal with the Ni
content and the particle size has been analyzed, appearing that a special correlation between
the signal-width and the particle-size could exist [6].
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Figure 1. TEM image of Niggs Fe»1404 sample (average diameter of 11.4 nm)
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There is a great interest in magnetic nanoparticles as they are very promising materials in the
area of medicine because they can provide approaches to novel diagnostic and therapeutic
applications by means of magnetic targeting, drug delivery, magnetic resonance imagining or
magnetic hyperthermia [1, 2]. The later one is based on the heating ability of magnetic
nanoparticles under an alternating magnetic field and represents a therapeutic concept to
cancer treatment, as cancer cells are more sensitive than healthy ones to temperatures higher
than 41°C [3]. In this case, nanoparticles must be biocompatible, which requires a proper
optimization of the synthesis method and an adequate surface functionalization, which allows
a good stability. Among the magnetic materials Fe3O,4 nanoparticles are the most interesting
ones, as they present high magnetic saturation, high remanence and modarate anisotropy
constant together with good biocompatibility.

So, we present the preparation and characterization of Fe3O,4 nanoparticles to study the
influence of the size of the nanoparticles in their magnetic properties. Fe3O4 nanoparticles
have been synthesized by a modified solution-phase thermal decomposition of an iron
precursor with 1,2-hexadecanediol as dispersant, benzyl ether as solvent and oleic acid and
oleylamine as coating. The innovation is the utilization of the seeded-growth method based
on succesive additions of reagents over previously synthesized magnetite nanoparticles.

The chemical, structural, morphological and spectroscopic characterization was performed by
thermogravimetric analysis, X-ray diffraction (XRD), Dynamic Light Scattering (DLS) and
Transmission Electron Microscopy (TEM). Dynamic Light Scattering (DLS) and
Transmission Electron Microscopy (TEM) studies have concluded that the diameter of
magnetic nanoparticles varies depending on the synthetic parameters. The optimization of the
synthesis method yields particles from 10 to 30 nm with contents of organic matter in the 15
— 35 % range (Fig. 1), which corresponds to the oleic acid surrounding the nanoparticle. All
the samples show typical XRD patterns of magnetite (JCPDS no 19-629), the broad
diffraction peaks further suggesting the nanocrystalline structure of the particles. It is to note
that the seeded-growth method leads size tunable nanoparticles with high cristallinity.

In order to study magnetic properties of the samples, magnetization measurements were
carried out in function of magnetic field and temperature, as well as Electron Magnetic
Resonance Spectroscopy (EMR) measurements in dispersed particles assuring a lack of
interaction. It has been found a superparamagnetic like behavior for most of the samples with
low blocking temperatures. The hysteresis loops of the three samples can been observed
below Ty, temperature (Fig. 1b) but they do not have coercivity (H.) nor remanence (M) at
room temperature as expected for a superparamagnetic behavior. The room temperature EMR
spectra of the samples in toluene dispersion show an intense and isotropic line in the samples.
The position of the effective resonant field (Her) and correspondingly the derived effective g
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value (gef), as well as the peak to peak line width changes for one sample to another
depending of the size and the dispersion of the nanoparticles. When the size of the NPs
increases, the applied external field is able to align them to a certain degree, resulting in a
positive HK contribution. This effect causes the signal to shift to lower H¢s values with the
increase of NP size. This is just the contrary of that found for the linewidth (AHyp), it
becomes wider when the particle size increase.

Hyperthermia measurements have been performed for nanoparticles with the highest
magnetization values. The SAR values were measured by using a previously described
homemade device. A, B, C samples in toluene dispersion were exposed to an applied
magnetic field of 10 kA/m at different frequencies (in the range 100-900 kHz). SAR values at
853 kHz and 10 kA/m changes depending on the size being the largest value, around 700
W/Qre30s. The magnetic study has also led us to find a relationship between magnetic
behavior, size, geff value and hyperthermia response.
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Complex oxide materials with controlled microstructure are widely used in catalysis.
NdCaCoO..5, which has teragonal K;NiF, structure, is promising catalytic material due to its
high selectivity in partial oxidation of methane to syngas [1]. Conventional way to produce
such compounds involves processing at high temperatures that leads to coarse grained body.
However, catalytic applications usually demand finely dispersed powders. It is known that
chemical synthesis methods provide high homogeneity of the component distribution in
precursor. It permits to decrease the temperature and the duration of heat treatment and to
obtain materials with smaller grain size and higher specific surface. The common obstacle
during application of chemical synthesis methods deals with accelerated formation and
stabilization of undesirable intermediate or metastable phases. So, the freeze drying synthesis
of NdCaCoOQ,.; from nitrates is complicated by the preferential formation of orthorombic
(Nd,Ca)CoO3 during thermolysis [2]. Thus the purpose of the present study is developing
more effective chemical way to obtain NdCaCoO.; fine powder.

In the present study NdCaCoO,.; is obtained by the cryogel technique and by the solid state
synthesis method. In the first case the coprecipitation of Nd**, Ca** and Co®* by the mixtures
of KOH + K,CO3 (1) or by NaOH + Na,CO3 (2) was used. After washing, the precipitate
was frozen by liquid nitrogen and freeze dried. Freeze drying stage allows avoiding
considerable agglomeration of coprecipitated particles [3]. Direct solid state reaction between
Nd,03, CaCO3 and Co304 (3) was used as a reference method.

In case of (1) a single-phase NdCaCo0O,.; was obtained by thermal processing of precursor at
1000 °C for 2 hours. However, in case of (2) the temperature of phase formation was reduced
to 800 °C. In method (3) single-phase NdCaCoO,..; was obtained by annealing the initial
mixture at 1100 °C for 1 hour.

SEM imaging shows that the grain size of obtained powders correlates well with processing
temperature. In (1) and (3) the particle size is 0,8-1.2 um while in (2) it doesn’t exceed 0.2-
0.5 pm.

To explain the difference in phase formation temperatures in (1), (2) and (3) synthesis routes,
the investigation of NdCaCoO,.; phase formation was carried out by means of in-situ XRD
analysis and by EDX mapping. Analysis of the high temperature XRD patterns demonstrates
that formation of (Nd,Ca)CoOg is a necessary step in chemical evolution of both cryogel
(1,2) and solid state (3) precursors. In (3), the reaction between crystalline components starts
at 800 °C. In methods (1) and (2) reaction mixture remains amorphous up to the 500 °C.
However, significant transformation of (Nd,Ca)CoO3; to NdCaCoO . is observed in (1) and
(3) at 900-1000 °C only. Hence, the activity of orthorhombic intermediate was found rather
limited in both routes.
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EDX study reveals the presence of residual Na in samples obtained by method (2). It may be
explained by the capture of Na™ during the coprecipitation due to similarity of ionic radii of
Na®, Nd* and Ca®*. The X-ray mapping shows the uniform Na distribution in precursor
(Fig.1, a,c) and its redistribution during the thermolysis (Fig.1, b,d). This redistribution is
confirmed also by the appearance of NaggC0O, peaks in XRD patterns. The NagsCoO,
content estimated by the Le Bail decomposition of XRD data is 3 mol. %. So, we suggest that
it is activation by side chemical process which provides more intensive formation of
NdCaCo0Og.;s. It results in dramatic decrease of the synthesis temperature from 1100 °C in
direct solid state reaction (3) to 800 °C in case of cryogel (2).

It is significant to note also that this kind of activation is not a unique phenomenon. The
freeze drying synthesis of NdCaCoO4.s from nitrates with addition of small amount of
NaNOj results in the formation of target oxide at 800 °C which is similar with (2) reaction
route. It implies that activation of intermediate phase by side chemical process is rather
general feature of solid state reactions.
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IBAD-MgO templates in HTS heterostructures

. Martynova,*® D. Tsymbarenko,? , V. Amelichev,” A. Kamenev, ® A. Molodyk,”
S. Samoilenkov, ° V. Petrykin, ¢ S. Lee,* N. Kuzmina,® A. Kaul °

% Lomonosov Moscow State University, Chemistry Department, 1, Leninskie Gory, Moscow,
Russian Federation, 119991;
Y SuperOx, 20-2, Nauchnyi proezd, Moscow, Russian Federation, 117246;
“SuperOx Japan LLC, Sagamihara Incubation Center (SIC-3), 1880-2 Kamimizo,
Sagamihara, Kanagawa, Japan 252-0243.

Recently the ion-beam assisted deposition (IBAD) is recognized as effective approach to
fabrication of second generation high temperature superconductors (2G HTS). The roughness
value of metal tape surface is key factor in this process. The chemical solution deposition of
nanocrystalline smooth oxide films of Y,O3; and Al,Og3 is very promising and simple
alternative to process of long-length metal tape electro-polishing.

To deposit smooth (roughness <1 nm) Y,03 and Al,O3 films we have suggested new metal
organic (MO) precursors based on M(Carb); (M = Al, Y; HCarb = aliphatic carboxylic acids)
and different N- and/or O-donor ligands (2-ethanolamines, N,N-ethyleneamines, glymes),
which can act as hydrolyzing agent and/or solvent. This strategy of precursor design allows to
vary concentration, viscosity of the solutions, their surface wettability and thermal stability in
required ranges.

The composition of the new precursors and their thermal stability in both solutions and thin
films were characterized by 1H NMR and simultaneous thermal analysis with evolved gas
mass spectrometry. The most suitable MO precursors were chosen and tested in deposition
experiments. We have fabricated long-lengths (50-100m) smooth M,0O3 films by drawing
Hastelloy C276 tapes through precursor solution baths followed by thermal treatment (in up
to 10 cycles). Nanocrystalline oxide films were characterized by EDX, XRD, SEM, AFM,
TEM, their thicknesses were measured on cross section SEM images.

The smoothing surface effect was achieved. So, the deposition of oxide films with thickness
~ 300 nm on Hastelloy C-276 tape reduced the surface roughness by 11 times (from 9.0 to
0.8 nm on area 5x5 pum?).

The manyfold repeated deposition and annealing processes resulted in appearance of lamellar
structured coats (fig.). According to TEM data that is related with differences in size of M,03
crystallites inside layers (~5 nm) and in interlayer interfaces (~2 nm). Probably, this
originates from non-equivalence of annealing conditions (temperature and oxygen potential)
in thickness and layers interface. Moreover the annealing temperature sharply influences on
crystallinity of films. So, the size of X-ray coherent scattering region grows from ~2 to ~4 nm
at temperature increase from 500 up to 550°C.

The suggested approach allowed to obtain the final 2G HTS tapes with the architecture
GdBCO/buffer layers/IBAD-MgO/Y,03 with critical superconducting currents > 400 A/cm,
which was competitive with up-to-date published results.
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Figure:

100 nm
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Fig.1. TEM cross-section of Y,03 coat on Hastelloy C276.
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2D LaF;nanocrystals synthesized in **soft chemistry** conditions and
formation of microtubules from them
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Synthesis of 2D-dimensional nanocrystals of inorganic substances is one of the important
tasks of modern preparative inorganic chemistry, because it opens the new opportunities to
creation of new advanced functional materials. For example, the nano- and microtubules of
oxides, sulfides, and other compounds can be prepared from 2D-dimensional crystals. Much
attention is being paid lately to synthesis of the nanosized metal fluorides due to the high
potential of their practical application. For example, the lanthanum fluoride is used as a
superionic conductor, phosphor matrix, solid membranes in to fluoride sensitive ion-selective
electrodes, catalyst and for biological fluorescent labeling. Therefore, the development of a
facile synthetic method toward highly ordered nanocrystals with uniform size and shape
appears to be of key importance for the exploration of new research and application fields.

The new opportunities for such synthesis are opened by the new methods of "soft
chemistry”. The aim of this work is a presentation of the synthesis results of lanthanum
fluoride nanosized particles in "soft chemistry™ conditions.

The study of synthesized nanocrystals was done by SEM, XRD, FTIR spectroscopy, and
EPMA. It was established that during the synthesis the transparent layers with thickness to
1,5 um are formed. The layers have crystalline fluocerite (tysonite) - structure. They are
formed by arrays of LaF3;-nH,O nanosheets approximately 7-15 nm thick and from 0.5 to 2.5
um? in area. As follows from the microscopy results (Fig. 1) these nanosheets are highly
ordered and densely packed and are mostly located as perpendicular to the surface of layer.

It was shown also that these layers can be curled up in microtubules of diameter 20 to 80
microns and a length of 2 mm. Examination of the microtubules walls by electron micro
probe analysis (EMPA) indicated that the substance of the walls contains La and F atoms.
These results were confirmed by the FT-IR spectroscopy data, i.e. by the spectra in which the
absorption band at 352 cm™ can be related to La-F stretching vibrations in the LaF3 crystal
tysonite- structure.

In this work we have developed a facile and efficient synthetic method of "soft chemistry"

for fabrication of highly ordered 2D nanocrystals of LaF3; and microtubules from them.

The work was supported by RFBR grant # 12-03-00805-a.
a b

Figure 1. SEM images of LaF; layers. a- side view, b- inside view, c- general view of
microtubules.
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Water assisted room temperature synthesis of YVO,
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Introduction:

Ceramics are generally synthesized at high temperature to increase the reactivity since ion
diffusion in a conventional solid-state reaction is very slow at room temperature. In our
previous study, it was found that some compounds such as RbVO3 from Rb,CO3; and V,0s,
can be synthesized at room temperature just by mixing the raw materials. In addition, the
reaction was accelerated by adding a small amount of water and completed in few minutes."
2 In this study, we synthesized YVO4, which has been widely applied as a host material for
phosphors and laser materials, using a water assisted room temperature solid state reaction
(WASSR) method. We also investigated the reaction mechanism of the room temperature
synthesis method.

Experimental:

A stoichiometric ratio mixture of Y,03 (0.2769 g) and V,05 (0.2231 g) was mixed using a
mortar for 3 h after addition of different amount of de-ionized water (0, 0.05, 1 g) to
synthesize in a single phase. Powder X-ray diffraction (XRD) data were obtained using an X-
ray diffractometer.

Result and Discussion:

Figure 1 shows the XRD patterns of the mixture of Y,03 and V,0s mixed for 3 h after the
addition of different amount of water. The YVO, powder mixed in the presence of the 0.05 g
water had a tetragonal rare earth orthovanadate structure as the main phase. In contrast, the
sample mixed raw materials without water is observed diffraction peaks of the raw materials,
Y,03 and V,0s, only in the patterns. The sample mixed raw materials in the presence of the
1 g water is observed the peaks corresponding to YVO,, however, the peak intensity was
extremely smaller than that of the sample mixed in the presence of the 0.05 g water. This is
considered to be due to the following reaction mechanism. A schematic of the reaction
mechanism is depicted in Figure 2. The reaction mechanism for the WASSR method can be
attributed to the conduction of the reaction heat by the covered water. The reaction heat
generally generated at the particle-particle contact points cools down rapidly in the absence
of water. In contrast, in the WASSR method, the reaction heat produced at the particle-
particle contact points is conducted to other particles by the water without heat loss, which
enables the reaction to proceed at room temperature. However, excess water leads to a
reduction in the number of particle-particle contacts and thus a reduction in reaction heat.
Therefore, WASSR method strongly depends on the amount of water added.

References:
1) K. Toda et al., Japanese Unexamined Patent Application Publication No. 2011-16670
(2009).
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Controlled Topotactic Synthesis of the Layered [Sr,0,],Co0O,
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Layered cobalt oxides - described with the general formula, [MuA;Omir5]1qC002 (M = Co,
Bi, Pb, Tl, etc.; A =Ca, Sr, Ba, etc.; m=0,1,2;,q9>0.5r>0; 6> 0) - possess a 2-
dimensional crystal structure consisting of two types of layer blocks: hexagonal [CoO;] block
and typically rock-salt-structured [MnArOm+r-s] block stacked incoherently to each other
forming a composite crystal. The high structural anisotropy and weak inter-block interaction
result into an easy modifiability of the physical and chemical properties of these compounds
making them interesting objects for the research exploring new oxide materials.

In this work we have focused on (r =2, m = 0, 6 = 0)-type phases of the layered cobalt-oxide
family featuring an AO bilayer as its rock-salt block. First reported in year 2006, only two
compounds have been discovered so far with [Sr,0;]4C0o0, and [Ca;02]4C00;
compositions. [1-2] Synthesis of these phases is a sintering procedure taking place under
elevated pressures of O, (g) and is known to be facilitated by the presence of H,O (g). [3]

Multi-phase samples with a general composition of Sr,CoO; - rH,O were synthesized using a
topotactic synthesis approach, where a (r = 1, m = 0, 6 = 1)-type SryCoO, layered cobaltite
phase with a single non-stoichiometric A-cation layer between the [CoO;] blocks is promoted
to a [Sr,02]4qCo0; phase through sintering SryCoO, + SrO, mixtures under elevated H,O
and O, partial pressures. To understand the influence of the synthesis pressure and the
stabilizing role of the H,O in the structure, different p(H,O) + p(O,), p(H20)/p(0-) values
were tested. The phase compositions of selected synthesized samples were evaluated using
XRD and thermal analysis.

XRD results indicate, that the [CoO,] interlayer distance of the [Sr,0,]4qCo0O; phase can be
controlled through adjusting the p(H,O)/p(O>) value. While higher p(H,O)/p(O;) increases
the [CoO,] interlayer distance, it also promotes the decomposition of the SryCoO, into
Co304 and hydroxidic Sr-salts. Elimination of p(H,O) on the other hand leads into
stabilization of the rhombohedral SrsCos015.5 phase. TGA-MS measurements revealed for
the first time, that the phase commonly known as [Sr,0,]4C00, contains large amounts of
H* bound either as H,O or OH™ species. The almost 1:1 relation of the Sr** and H* in the
[Sr20-] block implies that the given block might rather have hydroxide than oxide nature.
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Synthesis and thermal expansion of Ba-Silicates
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The system BaO-SiO, was first studied in [1], the last study was in [2]. Eight phases is
known in this system. There exist homologous series of barium silicates of general formula
Bam+1[SiomOsm+1] (M =1, 3, 4, 5, ©0) [3] and silicates with isolated tetrahedra.

This paper present synthesis and thermal expansion of three Ba-silicates Ba,SiO,4 (with
isolated tetrahedra), BaSiO3 (chain silicate, M = 1) and Ba,Si3Og (silicate with triple chains,
M = 3). These silicates were obtained by solid-state reactions at temperatures of 1400 °C for
15-20 hours with intermediate mastication each 5 hours.

Thermal behavior of these silicates was studied using in situ high-temperature X-ray
diffraction in the range 30-1100 °C with temperature steps of 40 °C in air. The main
coefficients of the thermal expansion tensor were determined using second order polynomial
approximation of temperature dependencies for the unit-cell parameters by the TTT program

[4].

Orthorhombic silicate Ba,SiO4 has weak anisotropy of thermal expansion, which decreases
with increase of temperature: at 30 °C 04 = 20, ap = 12, ac = 10, ay = 42x10 ° K™ (ctmax/Cmin
=2), and at 1100 °C aa = 18, ap = 15, 0c = 18, oy = 51x10° K™ (amax/amin = 1.2), that was
predictably for silicates with isolated tetrahedra. Orthorhombic chain silicate BaSiO; (M = 1)
has pseudo isotropic thermal expansion at low temperature (at 30 °C a, = 12, ap = 13, o¢ =
10, oy = 35%x10 ¢ K™, but with increasing of temperature structure of this compound expands
intense inside of chain along a-axis and normal of chain along c-axis, whereas expansion
along b-axis remains constant (at 1100 °C aa = 28, ap = 11, ac = 24, ay = 63x10 ° K'). The
thermal expansion of monoclinic silicate with triple chains Ba,SizOg (M = 3) is anisotropic:
at 30 °C 11 = 15, a2 = 11, agz = 3x10° °C™", u (s ~ €) = 10°, ay = 29x10 ° K" and at
1100 °C a1 = 21, app = 23, 033 = 5%10°° °C™!, (s~ ¢) = 38°, iy = 48x10 ¢ K™'. Directions
of the minimal a3z and maximal ai; expansion are in the monoclinic plane ac, f-angle
increases with temperature. The structure expands minimal practically normal to plane of
triple chain and maximal in this plane. The character might be caused by shear and hinge
deformations inside this triple chain.

The access to the X-ray diffraction equipment was granted through SPbSU X-ray Diffraction
Resource Centre.
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Residual Carbon Influence on Texturing of La,Zr,0; and La,Hf,O; Films
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Oxides with pyrochlore or fluorite structure, La,Zr,0; (LZO) and La,Hf,O; (LHO), due to
their low lattice mismatch with the YBa,Cu3O07.x (YBCO), can be good buffer layers in the
high temperature superconducting tapes [1, 2]. The development of simple buffer layer
architectures as well as cheap techniques of the deposition is still important tasks for coated
conductor technology. By this the aim of the work was to develop chemical solution
deposition (CSD) process to obtain thick <001>(001)-textured La,Zr,O7 and La,Hf,O7 films
on metal substrate.

The coating solutions consisted of a stoichiometric mixture of lanthanum oxide and
zirconium or hafnium acetylacetonates dissolved in propionic acid. The advantages of those
solutions were their stability at high concentrations and excellent wetting behavior on metal
substrate surfaces. The chemistry of the precursor solutions was studied using
thermogravimetric analysis and infrared and NMR spectroscopy.

To obtain smooth LZO/Ni-5W coatings with perfect cubic texture and with very small side
effect we’ve developed continuous real-to-real CSD process using carboxilates, followed
with continuous texturing thermal treatment. The film texture quality was shown to be
drastically dependent on the residual carbon content which is strong function of the film
thickness and thermal treatment regime. Thus, the attempt to get sharply textured LZO films
with thickness more than 50-nm (this thickness is not enough to stop diffusion of Ni to
superconducting layer) using the only thermal treatment in reducing Ar/H, atmosphere,
recommended in the literature [1, 2], was unsuccessful. For one deposition step obtaining of
200 nm-thick LZO films with sharp biaxial texture we’ve proposed to combine low-
temperature (450°C) oxidative treatment with the following high temperature treatment
(1150°C) in H, (pH,= 20-30 mbar). The texture was much improved when the low-
temperature oxidation was activated with ozone admixture to the furnace atmosphere. The
effective carbon elimination at the low temperature oxidative treatment promotes faster
diffusion of oxide components at the high temperature texturing annealing, leading to much
higher texture and crystallinity. The possible mechanism of the inhibiting effect of carbon on
oxide layer texturing is discussed. The quality of the buffer layers obtained made possible to
realize the simplest 2G HTSC tapes YBCO(MOCVD)/200 nm LZO(CSD)/Ni-5W with J. =
1.1 MA/cm? (77 K, Self Field). The XRD, Auger — spectroscopy, EBSD, SEM, TEM and ED
techniques were used to characterize buffer layers.
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Quintinite [Mg4Al;(OH)12](CO3)(H,0); is a Layered Double Hydroxide (LDH) and a
member of the quintinite group of the hydrotalcite supergroup and also commonly known as
«anionic clay». Layered Double Hydroxides are characterized by structures based upon
double brucite-like hydroxide layers [Mn?*M,**(OH)am+n]™, where M** = Mg*, Fe”,
Mn%, Zn%, etc.; M* = AI**, Fe**, Cr**, Mn®', etc. The positive charge of the layer is
balanced by interlayer species that may consist of anions (CO3*,Cl,SO4*, etc.) or both
anions and cations (Na*, Ca?*, Sr**, etc.). Due to their layered character, LDHs display
polytypism and layer stacking disorder. Due to their crystal structures and physical properties
LDHs have become important to industry and found applications in its different spheres. The
main part of research on LDHs was done on synthetic materials, whereas many natural
samples, which are prototypes for new materials, require further studying [1-3].

The archetype of LDHs is hydrotalcite [MgsAl»(OH)16](CO3)(H20)4, which was the first
phase to be discovered by Hochstetter in Sweden in 1842. X-ray studying of hydrotalcites
from four localities revealed presence of two phases rhombohedral one with a = 3.065, ¢ =
23.07 A and hexagonal phase a = 3.06, ¢ = 15.34 A. The hexagonal phase was called
“manasseite”, which is now hydrotalcite-2H. Quintinite was described as a new mineral
species by Chao and Gault (1997) on samples from Mont St-Hilaire (Canada) as 3T polytype
(P3112 or P3,12, a = 10.558, ¢ = 22.71 A) and from Jacuperanga (Brazil) as 2H polytype
(P6322, a = 10.571, ¢ = 15.139 A). Distinction of quintinite from hydrotalcite and
“manasseite” is by means of the Mg:Al ratio (2:1 vs. 3:1) [4-7].

Within recent years, we have studied dozens of quintinite samples, which have been
previously described as ‘hydrotalcites’ and ‘manasseites’. Four quintinite polytypes have
been strycturally characterized: 2H-3c (R32, a = 5.2745(6), C = 45.364(10) A), 2H-1c (P-3¢c1, a =
5.2720(6), ¢ = 15.113(3) A), 2H (P6s/mmc, a = 3.0446(9), ¢ = 15.178(5) A) and 1M (C2/m, a =
5.266(2), b = 9.114(2), ¢ = 7.766(3) A, g = 103.17(3)°), from which two have been unknown before
our research. Cation ordering and superstructures observed by us in quintinite polytypes are
probably common to many natural and synthetic LDHs. At the moment quintinite has been
detected by us in four Russian localities: Kovdor alkaline massif (Kola peninsula);
Bazhenowo ultrabasic massif (Middle Urals); Rudnogorskoe deposit (Irkutsk region, Ilim
river); Malishevskoe (Mariinskoe) deposit (Middle Urals). Our research indicated that
quintinite is much more widespread in the nature, than it was though previously [8-11].

It is noteworthy that a review of literature on *hydrotalcites’ reveals more cases and localities
where ‘hydrotalcite’ or *‘manasseite’ actually appeared to be different polytypes of quintinite.
Cerny (1963) described a rhombohedral mineral from Vé&zna (Western Moravia, Czech
Republic) with Mg:Al = 2:1 under the name of ‘hydrotalcite’ (Cerny, 1963), which is
obviously quintinite (Chao and Gault, 1997). The structure determination of this sample
showed the space group R-3m (a = 3.054, ¢ = 22.81 A) (Allmann and Jepsen, 1969). A
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hexagonal sample from evaporate deposits (Pre-Caspian depression, Central Asia) with the
composition identical to quintinite was reported as ‘manasseite’ with the following unit-cell
parameters: a = 3.042, ¢ = 15.12 A (Drits et al., 1987). Recent reinvestigation of
‘hydrotalcite’ from type locality (Snarum, Norway) found the Mg:Al = 2:1 and 2.3:1
(Stanimirova, 2001), what also corresponds to quintinite [12-15].

This work was supported by the Russian Foundation for Basic Research (project no.14-05-31229).
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MAYENITE
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Mayenite Caj»Al14033 has recently received great attention as promising mixed protonic,
oxygen ionic and electronic conducting material. The unique feature of this material is related
to the state of electrons formed during its reduction. They were shown to be localized in the
centers of cages in the structure of Caj2Al14033. However defect structure of this compound
has not yet been studied although it is well known that defect structure is of key importance
for understanding the properties of solid materials.

The priority purpose of the current work was, therefore, the refinement of defect structure of
the mayenite Ca;2Al14033 by means of the quantitative modeling on the basis of the
measured oxygen nonstoichiometry.

Powder samples of Ca;2Al14033 was synthesized by glycerol-nitrate technique described
elsewhere [1]. The phase composition of the powder samples prepared accordingly was
studied by means of X-ray diffraction (XRD) with an Equinox 3000 diffractometer using Cu
Ka radiation. XRD showed no indication for the presence of a second phase.

Oxygen nonstoichiometry of Ca;2Al14033 as a function of temperature and oxygen partial
pressure was measured by thermogravimetric technique using DynTHERM LP-ST
(Rubotherm prézisionsmesstechnik GmbH, Germany) microbalances supplied by the pO2
control and adjustment system.

Results obtained are discussed on the basis of the defect structure of the mayenite
CaipAl1403s.

This work was supported by the Russian foundation for basic research grant No. 13-03-
96118.
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Sr,4BayBi,B,07 solid solutions (crystals and glass-ceramics)

A.P. Shablinskii *, R.S. Bubnova %, S.N. Volkov * S.K. Filatov !, M.G. Krzhizhanovskaya™®
I.A. Drozdova >

Department of Crystallography, Faculty of Geology, Saint-Petersberg State University,
199034,7/9 University Emb, Russia
?Institute Silicate Chemistry of RUS, 199034, Makarov Emb. 2, Saint-Petersberg, Russia

Solid solutions Sr;.4xBaxBi,B,0; (x = 0.00, 0.25, 0.50, 0.65, 0.75, 0.85, 1.00) have been
prepared by glass ceramic crystallization with the starting materials of Bi,O3;, BaCOs3,
SrCO3, H3BO3 at 600°C for 1 to 30 hours time. These prereacted materials have been
grounded and used to press pellets. These pellets have been heat-treated at 600 °C for 2
hours. Then these pellets were placed in platinum crucibles and melted at a temperature range
of 900-950°C for 0.5 hour. The melt was poured onto a steel plate at room temperature. The
cooled melt was investigated by electron microscopy and DSC and TG methods. Size of
crystallites changes from 50 nm to 100 nm in depends of Ba. Glass-ceramics have been
investigated by powder X-Ray diffraction. Samples of glass-ceramics are amorphous, but Sr-
rich samples (x = 0 and 0.5) have peaks of crystal phase SrBi,B,07 [1].

Single crystal data of solid solutions Sr;—4BaxBi,B,07 (x = 0.5, 0.65, 1) were collected by
means of a Bruker “Kappa APEX DUQO” diffractometer using MoKao radiation. Unit cell
parameters of x = 0.5 (SG P63, Z = 6, a = 9.194(1) A, ¢ = 13.299(3) A) have been
determined like SrBi,B,0~ [2]. Crystal structures of solid solutions (x = 0.65, 1) have been
solved by direct methods and refined to Ry = 0.04, R, = 0.023 respectively. Crystal system is
hexagonal, space group P63, Z = 2, a = 5.3378(8) A, ¢ = 13.583(2) A, for x = 1 and a =
5.3246(3) A, ¢ = 13.4013(8) A, for x = 0.65. On the diffraction pattern of (x = 0.65, 1) solid
solutions have been observed very weak and diffuse superstructure reflections. So crystal
structures (x = 0.65 and x = 1) refinement has been implemented in reduced cell.

These structures consist of isolated BO3 triangles, between these triangles three cationic
positions are located (M1, M2 u M3). In contrast to SrBi,B,O; [2] where Sr occupied
smallest M3 position, Ba-rich solid solutions have more complex occupancy of positions
(Fig. 1). Each of them is splitted.

The studies have been supported by Russian Fund of Basic Researches project 14-03-32076.
The access to the X-Ray Diffraction equipment was granted through SPbSU X-Ray
Diffraction Research Centre.
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Transport properties of LINO, and LINO,-SnO, composites
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Solid electrolytes are widely used in various applications, such as power sources, sensors and
other electrochemical devices. However for application in lithium batteries they should be
chemically stable towards metallic lithium, have wide electrochemical stability window and
high lithium ion conductivity. A lot of information about the ionic conductivity of lithium
solid ionic conductors has been reported in the literature, including ceramic materials based
on Li;SO4 [1-2], LigSiOy4 [3], LizXO4 (X=P, As, V, Cr) [4-6], LisGeOy4 [7], LizN [8], lithium
phosphates [9], electrolytes of LISICON-type structure [10-11], etc. Due to high volume
changes of the electrode materials during charge-discharge cycles it is very difficult to
provide reliable contact between and solid electrode and ceramic solid electrolyte. This
problem may be, at least partially, solved if solid electrolyte is a plastic salt or when
composite solid electrolyte is used instead of the pure salt. Composite solid electrolytes have
several advantages compared to pure systems as they usually have enhanced conductivity and
their transport and mechanical properties can be easily varied by changing of chemical
nature, microstructure and concentration of additives. It has been reported earlier that
composite solid electrolytes based on LINOs; [12] and LiCIO, [13] have high ionic
conductivity. Unfortunately, both lithium perchlorate and nitrate are strong oxidizers,
especially at elevated temperatures. In this work we present the results of the experimental
study of physical and transport properties of pure lithium nitrite LINO, and composite solid
electrolytes based on LiNO,. Nitrites are known to be moderate oxidants and should be more
stable than perchlorate and nitrate analogues at high temperatures in reducing media.

In this work lithium nitrite was synthesized and its structural, thermodynamic and electrical
properties were investigated. Lithium nitrite was obtained from agqueous solutions in the form
of the monohydrate LiNO,-H,O which has monoclinic crystal structure and dehydrates on
heating with formation of pure LiNO,. The change of the crystal structure of LINO,-H,0
was studied by in-situ heating to T = 190°C with the increment of 10°C. lonic conductivity
was studied in vacuum or in humidified atmosphere by means of HP-4284A Meter and
NOVOCONTROL Beta Impedance Analyzer on pellets with pressed-in silver electrodes.

It has been shown that the dehydration of LiNO,-H,O proceeds via two stages. On the first
stage (at 40-70°C) the sample loses approximately a half of the total water content, however
its structure does not change. Complete dehydration takes place at temperatures of 140-180°C
and leads to the formation of the anhydrous LiNO, with the melting temperature of 222°C
and the structure not reported in the literature. Pure lithium nitrite LINO, has rather low ionic
conductivity, near 10° S/cm at 180°C, which seems to be caused by extrinsic cationic
vacancies.

In order to enhance the conductivity of LiINO, we have prepared LiNO,-based composite
solid electrolytes. As a dispersed additive in the composite we have used highly dispersed
nanocrystalline tin dioxide SnO, prepared by oxidative thermal decomposition of tin oxalate
SnC,0, at 220°C [14]. This sample had a specific surface area of 100 m?/g and the mean
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particle size of 9 nm. Solid composite electrolytes LINO2 — SnO, have been synthesized by
mixing of preliminary dehydrated components followed by sintering at 200°C and their
structural, thermodynamic and electrical properties investigated.

It was shown that the conductivity of composites goes through a maximum. The highest
conductivity, 2-10° S/cm at 180°C, was observed for composite containing ~ 40 mol% (or 50
vol%) of oxide. Arrhenius plot for this sample is non-linear indicating to formation of
amorphous interface phase in the composite. Similar behavior is typical for composite solid
electrolytes where the conductivity occurs via ionic salt-oxide interface regions. The
conductivity parameters and their variation with the type of oxides is investigated and
compared with the relative data obtained earlier for composite solid electrolytes based on
lithium perchlorates [13].

Acknowledgements: The work was supported by the Ministry of Education and Science of
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Fig.1. Temperature dependences of conductivity for LINO,-SnO, composites under study.
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lon solvation energy: nonlocal electrostatics calculation.
Effects of cut-out ion volume and of charge distribution inside ion
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Existence of an internal structure inside a solid or liquid polar medium means a nonlocal
relation between the static distributions of the electric displacement, D(r), and the electric
field, E(r'): Do(r) = J eqp(r,r") Eg(r’) dr' [1]. If the medium occupies the whole space and it
is isotropic and uniform, then one can derive analytical expression for the electric potential
distribution, o(r) (E = - Vo(r)), via longitudinal dielectric function of the medium, g(k), and
the distribution of immersed charges, p(r) [2]. This formula has been used to calculate the
solvation energy of a spherical ion for several models of the dielectric function and for
various distributions of the electronic density of the ion: uniform charge on the external
spherical surface of the ion, |r| = r; (Born model for the ion charge) [2-4] or inside this
surface [4].

The above approach ignores formation of a spherical cavity inside the medium, |r| <rj, by the
ion. In the absence of correlations of polarization fluctuations between the outer and inner
volumes the above nonlocal relation is only valid for points, r, inside the medium, |r| > r;,
while the integration is carried out only outside the sphere, |r'| > r;. Then, the medium in the
outer space is only polarized by the electric displacement outside the sphere which is equal to
Q/r* (Q, total ionic charge). Within the linear response of the medium to the electronic
charges of the ion the dielectric response of the medium outside the sphere, eqg(r,r'), should
not depend on the distribution of these charges inside the ion. Thus, the potential profile
outside the ion and consequently the ion solvation energy should be identical if the same total
charge, Q, is located at the outer sphere or inside it. This conclusion is at variance with the
marked dependence of the ion solvation energy on the electronic charge distribution inside
the ion found in the model disregarding the absence of the medium inside the ion [4].

The goal of our study was to analyze the origin of this disparity, by considering the ion
charge redistribution in combination with the theories which take or do not take into account
the cut-out space inside the medium occupied by the ion. To clarify this key question we used
the simplest approximations for calculations. The electronic charge was assumed to be
located at a sphere, |r| = re, with the density, Q/4nr.®, where the radius of the sphere, re, is
either on the surface of the ion, re = r; (Born model), or inside the ion, re < ri. The single-
mode formula was used for the dielectric function: 1/e(k) = 1/6. — (1/e, — 1/es)/[1 + A%K?],
where gs = g(0) is the macroscopic dielectric constant, €., = g(0) is the dielectric constant at
short wavelengths, A is the correlation length of the medium.

The ion solvation energy for such system in the approximation of the continuous medium
without a cut-out space [2,3] for the spherical distribution of the electronic charge, |r| = re, is
given by the formula:

Wi = (Q%2re){1 — 1/es— (1 /e, — 1/es)[1 — exp(=2re /A)] A/(2re)} (1)
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Since the medium occupies in this approximation the whole space the energy only depends of
the charged-sphere radius, re, but not on the external ion radius, r;.

Calculation of the potential distribution inside the medium and the ion solvation energy
requires an extra assumption on the relation between the nonlocal dielectric function inside
this medium with the cut-out sphere, eqg(r,r"), and the bulk-volume dielectric function of the
medium, g,s(r-r') = dqp &(|r-r'f) which is Fourier transform of the single-mode dielectric
function, g(k). The so called dielectric approximation identifies g.g(r,r") for any pair of
points r, r' inside the medium with g,g(r-r') while there are no spatial correlations if at least
one of these points is located outside the medium [5]. Then, one may use a formula for the
potential distribution outside the ion derived in [5]. As a result one can obtain an expression
for the ion solvation energy:

Wy = (Q%2r){1~1/es —(1 /e—1/es)I{1+r; /A+(gs le)[(Pri /A) coth(Bri /A)-1]}} (2)
where B = (g, /es)”. In accordance with the general reasoning above the energy, Wy, is
determined by the external ionic radius, r;, while it is independent of the electronic charge
location, re. This result confirms once again that the dependence of the energy, Wy, on the
charge distribution inside the ion, r. in Eq (1) originates fully from the neglect of the cut-out
space inside the medium.

W /W, W, - solvation energie on Vorotyntsev 1978 191 Ratio of the ion solvation energy in

2,00 W, - solvation energie on Kornyshev 1981 two approximations, WK/WV, depending
A =0z on the location of electronic charges

inside the ion with respect to the external
ion radius, re/ri. €s=78.5, £,=1.8, values
of ri/A are equal to 0.298 and 1.

1,75

1,50

1,254 .
Fig.1 demonstrates that for the Born

0 ‘ ' ' ' ' model for the ion (re = rj) both
05 08 07 08B 09 1D approximations gives practically identical
/T values for the solvation energy. On the

contrary, the location of the charge density inside the ion results immediately in a significant
error in predictions by W.
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The importance of polymorphism of molecular crystals is hard to overestimate, especially
when dealing with compounds used as materials or drugs. Different polymorphs of a drug
substance may have different properties related to their manufacturing, therapeutic usage, or
storage (density, hygroscopicity, melting points, thermal stability, solubility, rate of
dissolution, surface free energy, toxicity, bioavailability, tabletting, etc.). Different
polymorphs, solvates, and co-crystals can be patented, and this opens the way for a
competition with brand drugs.

Since the energies of different polymorphs are sometimes very close, producing desirable
crystalline forms is quite a challenge and can also be complicated by the phenomena of
concomitant polymorphism (when several polymorphs crystallize simultaneously from the
same batch), or erratic and poorly reproducible (when crystallization gives different
polymorphs even at seemingly identical experimental conditions).

The aim of the present study was to crystallize various solvates of furosemide, to check
whether these solvates can be used as precursors for producing different polymorphs of pure
furosemide on their subsequent decomposition upon heating, and to search any correlation
between the crystal structures of the solvates and on the furosemide polymorphs produced by
desolvation. Four solvates of furosemide with tetrahydrofuran, dioxane, dimethylformamide,
and dimethylsulfoxide were crystallized. The detailed structural analysis of furosemide-
containing crystal structures showed that the molecule of furosemide has a high
conformational lability because of the rotations of the sulfamoyl and furanylmethylamino
fragments. Some of the furosemide conformations were shown to be stabilized by the
intramolecular N—H---Cl H-bond. Desolvation of the four solvates was studied by TG and X-
ray diffraction and was shown to give different products depending on the precursor and
particle size. Desolvation of large crystals of the solvates of furosemide with tetrahydrofuran,
dioxane, and dimethylformamide with characteristic dimensions more than 1 x 1 x 1 mm?®
leads to the formation of the furosemide Form-I1l, while powders of solvates of furosemide
with dioxane, dimethylformamide, and dimethylsulfoxide with characteristic diameter of
particles ~1-10 um give the furosemide Form-1 instead.

References:

[1] V.S. Minkov, A.A. Beloborodova, V.A. Drebushchak, E.V. Boldyreva, Crystal Growth &
Design, 14 (2014) 513-522.



Intermnational Symposium
on the Reactivity of Solids

ISRS. 18 Poster Presentations 273

Pressure induced phase transitions in glycine derivatives sarcosine and
betaine: relative roles of H-bonds, steric repulsion of methyl-groups, and
dipole-dipole interactions
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Infinite head-to-tail chains of zwitterions present in the crystals of all amino acids are known
to be preserved even after structural phase transitions. In order to understand the relative roles
of the two types of interactions linking zwitter-ions in these chains (charge assisted N-H---O
hydrogen bonds and dipole-dipole interactions) in structural rearrangements, the crystal
structures of two N-methyl derivatives of glycine (N-methylglycine, or sarcosine, with two
donors for hydrogen bonding, and N,N,N-trimethylglycine, or betaine, with no hydrogen
bonds and with an even bulkier amino-group) were studied in a wide pressure range. Though
increasing pressure lead to phase transitions in both crystal structures, structural changes
were more pronounced in sarcosine, than in betaine. Namely, dramatic changes in the
conformations of zwitterions, as well as in intermolecular N-H---O hydrogen bonds were
observed for sarcosine, whereas only slight changes within the head-to-tail chains and in the
reorientation of the -N-(CHs); group occurred in betaine. Both phase transitions were
accompanied by fragmentation of crystals, but it was also different for the two systems: the
crystals of betaine cracked into several large fragments, whereas those of sarcosine
transformed into fine powder. Phase transitions in sarcosine and betaine strongly depended
on the rate of pressure variation: the higher the rate of increasing pressure, the lower the
pressure at which the phase transition occurred.



Intemnational Symposium
on the Reactivity of Solids

274 Poster Presentations ISRS.18

One hydrogen bond - two ways to build a structure. The role of N-H...O
hydrogen bonds in crystal structures of N,N-dimethylglycine
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Crystal structures of amino acids are considered to mimic important interactions in peptides;
therefore the studies of the structure-forming factors in these systems attract much attention.
N,N-Dimethylglycine is an interesting model compound that was used to test the role of the
N-H---O hydrogen bonds in forming the head-to-tail chains, the main structural unit in the
crystals of amino acids. It was hypothesized previously [B.A. Kolesov, E.V. Boldyreva. J.
Raman Spectrosc. 2010, 41, 670—677] that additional side N—H---O hydrogen bonds play an
important role in forming the head-to-tail chains of amino acid zwitterions linked via
N-H---O hydrogen bonds between the charged -NH3" and —COO  terminal groups. The
twice methylated amino group of N,N-dimethylglycine is able to form only one N—-H---O
hydrogen bond in the crystal structure, so this hypothesis could be tested. In the present
article, we describe the crystal structures of two polymorphs of N,N-dimethylglycine, in
which the zwitterions are packed in two different ways. In one polymorph (orthorhombic,
Pbca), they form finite four-membered ring motifs not linked to each other via any hydrogen
bonds but only by weak van der Waals interactions. However, in the second polymorph
(monoclinic, P2;/n, which was never described before), the zwitterions do form infinite head-
to-tail chains though the N—H:---O bond is the only interaction and is not assisted via any
additional hydrogen bonds. The effect of cooling on the two crystal structures was followed
by single-crystal X-ray diffraction combined with polarized Raman spectroscopy of oriented
single crystals, in order to compare the response of the N—H:---O bonds to temperature
variations. The crystal structure of the monoclinic polymorph with infinite chain motifs
compresses anisotropically on cooling, whereas that of the orthorhombic polymorph with
finite ring motifs undergoes a reversible single-crystal to single-crystal phase transition at
~200 K accompanied by nonmerohedral twinning, reducing the space symmetry to
monoclinic (P21/b) and doubling the asymmetric unit from two to four molecules. This phase
transition could not be detected by Raman spectroscopy and DSC. The temperature
dependent structure and relative stability of both polymorphs were studied by periodic DFT
calculations. The monoclinic polymorph appears to be more stable (by 0.8—1.2 kcal/mol,
depending on the density), but with the increasing density and decreasing temperature, the
difference decreases. The phase transition of the orthorhombic polymorph has no detectable
impact on its relative stability.
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Nanoparticles of transition metals continue to attract high interest across diverse areas of
science due to their unique physicochemical properties which are quite different from those
of bulk materials and are attributable to the quantum size effect. Thus, this tendency
discovers a wide range of a potential applications such kind of substances in nanodevices.
Especially interesting are the superparamagnetic phenomenon and quantum tunneling effect
which appears when the particle size decreases toward a critical value and formation of
domain walls becomes energetically unfavorable, so nanoparticles consist of single domain
[1]. Bimetallic and core/shell nanoparticles are of great significance because of the
combination and modification of the observed properties compared with individual particles
that results in enhanced mechanical and oxidation strength, catalytic properties. As a result of
the kinetically unstable nature of nanoparticles, various techniques with different stabilizers
have been developed for particles synthesis with specific sizes and shapes, for example,
preparation in homogeneous solutions, reverse micelles, thermal decomposition etc. [2, 3].

Iron magnetic nanoparticles represent an important class of nanostructured materials and
have a great potential for applications in magnetic fluids, catalysts, sorbents, nickel-iron
batteries, magnetic resonance imaging, and hyperthermia generation. Depending on the
application area, different forms of Fe nanoparticles (aggregates or well-dispersed colloids)
are needed [4].

In this investigation, iron nanoparticles were fabricated using interphase synthesis technique
[2]. We have studied and demonstrated the preparation possibilities of iron(Il) oleate and
iron(l11) oleate for interphase reduction with NaBH, solution in heterogeneous systems
composed of polar and nonpolar solvents (water/hexane and ethanol/hexane). It was analyzed
and shown, the products’ localization phase and their state (colloids or dispersed sediments)
depend both on type of precursors, their concentrations, nature of two-phase systems, and
reagents molar ratio. Particles’ size, morphology, composition and crystal structure were
characterized by TEM, XRD and FT-IR spectroscopy.

It was shown the dispersed phase in colloidal dispersions consists of 4+15 nm spherical
particles and aggregates of 20+50 nm (see Fig. 1) and represents Fe® and FeO. The
experiments designated the catalytic amount of Pd nanoclusters (heterogeneous nucleation
seeds) should be added to complete the interphase reduction successfully. As it appeared,
Fe(Oleate), reduction unlike Fe(Oleate)s; one is more favorable since it allows to control the
tendency for particles synthesis with required characteristics.

Magnetization versus temperature was measured using a ponderomotive method in the
interval from 100 to 800 K. The results showed Fe nanoparticles with a ferromagnetic
behavior and saturation magnetization of 35 emu/g (in contrast to 190 emu/g for bulk Fe),
that may be related to a partial surface particles oxidation and strong interaction of the
surfactant coated on the nanoparticles [5].
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According to the results of IR-spectroscopy, the stability of iron colloidal dispersions and the
facility of the metal preparation in nanometer size were achieved by the surfactants formed in
situ during interphase synthesis and determined nucleation conditions for nanoparticles.
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Fig 1. TEM image (left) and histogram of the size distribution (right) of Fe nanoparticles
prepared by interphase synthesis of Fe(Oleate), [2-10 M] and NaBH, in hexane—water
system
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A Single-crystal study of garnet-related type Li;LasZr,0;
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Li-ion rechargeable batteries are most advanced energy storage device, but their application
has been presently limited to several portable electronic devices including mobile phones and
notebook computers. In the case of applications to large electrical power storage systems
such as electrical car and hybrid car, all-solid-state Li-ion rechargeable batteries have
attracted attention because of their high energy density and safety desired. Therefore, there
has been an extensive effort to develop Li-ion-conducting inorganic materials for the use as
solid-state electrolyte which is a key materials of all-solid-state Li-ion rechargeable batteries,
including NASICON-type Lij+xAlxTi2.x(PO4)3 [1] , perovskite-type Lays.«LisxTiO3 [2], and
Li,S sulfide glasses [3]. In recent years, as one of the oxide base Li-ion-conductor, garnet-
related type structure have gain solid-state electrolyte. The structure of the garnet-related
type structure, two types structures are reported; that is tetragonal-type and cubic-type.
Li5L&3Nb2012, Li5La3Ta2012, Li5|_8.38b2012, Li5La3Bi2012, LiGCaLazTaZOu,
LigBalLa,Ta,O;, and LisLazZr,0O;1, show the cubic-type structure, and Li;LazZr,01p,
Li;LagHf,0O1, and LisLazSn,0;, show the tetragonal-type structure. Among the garnet-
related type materials, cubic-type LizLasZr,0; is reported as the best Li-ion conductivity [4].
The crystal structure of cubic-type LizLaszZr,O;, was determined by the powder X-ray
diffraction method [4]. Moreover, the detailed structural parameters have been recently
refined using the single-crystal X-ray diffraction data [5]. In the present study, we revealed
the crystal structure cubic-type of Li;LaszZr,01, by single-crystal X-ray and neutron structure
analysis. Especially, structure analysis with single-crystal neutron diffraction is for the first
time. We also demonstrated the characteristic Li site population and occupancy of impurities
in the garnet framework structure.

Single crystals of cubic-type Li;LasZr,O1, were synthesized by high-temperature heating at
1100 °C in air. The starting materials used in this study were LINO3, La,Os3, and ZrO,. The
mixture was filled in alumina crucible, heated in air, and then cooled naturally. Next,
obtained single-crystals was annealed at 300°C in air. The chemical formula, analyzed by
electron probe micro analyzer (EPMA) using a single crystal. X-ray intensity data were
collected by a single-crystal X-ray diffractometer with an imaging plate (Rigaku R-AXIS
RAPID-II) using graphite-monochromatized Mo Ko radiation at room temperature. Neutron
intensity data were collected by a single-crystal neutron diffractometer with CCD detector (J-
Parc, BL18, SENJU) at room temperature.

The obtained crystals were colorless and transparent, and approximately sphere-shaped with a
typical diameter of 0.2 mm. The quality of crystals with diameters less than 0.1 mm was very
high. The EPMA analysis revealed that the crystals were contaminated by Al from the
crucible and Hf from the ZrO, impurity. The results have also been reported previously, the
contamination of a small amount of Al is as useful to the stability of the crystal structure.
The cubic lattice parameters, determined by a least-squares refinement was a = 13.0064(3) A
by single-crystal X-ray diffraction. This value was in good agreement with the reported
values [5]: a = 12.9827(4) A. A small transparent and sphere-shaped crystal, diameter of 0.1
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mm was used for the structure analysis by single-crystal X-ray and neutron diffraction. The
single crystal is too small to obtain the neutron diffraction data, but we have succeeded in this
measurement. The structure refinement was initiated with the garnet framework structure
finding that the La, Zr, and O atoms located at 24c, 16a, and 96h sites, respectively. All
calculations were carried out using a computer program Jana2006. Subsequently, two Li, Al
and Hf sites were determined by the difference-Fourier map using X-ray and neutron
diffraction data. The results, site of Li and Al were occupied 96g and 24d. Site of Hf was
occupied 16a. Figure 1 shows the refined crystal structure of cubic-type LizLasZr,0;, by
single-crystal X-ray and neutron diffraction data.

In summary, single crystal of garnet-related type LisLaszZr,Oi1, with cubic-type was
successfully synthesized by a solid-state reaction. A valid crystal structure of cubic-type
LizLaszZr,01, was determined by single-crystal X-ray and neutron diffraction data for the
first time. We demonstrated crystal structure including the impurities incorporated into the
crystal using X-ray and neutron diffraction data.
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Figure 1. Crystal structure of LizLazZr,0;
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There are not so many sufficient examples of the synthesis by low temperature “soft
chemistry” methods of highly dispersed powders, fibers, thin films of compounds with
complex cationic composition.

In this report we present the results for nanodispersed perovskite-like ferrites GdFeOs,
GdSrFeQ4, Gd,SrFe,O; synthesized by sol-gel technology. These compounds belong to
Ruddlesden-Popper phases and exemplify the 1/1 and 2/1 intergrowths of ABO3 Perovskite
(P) and AO Rock-Salt (RS) type slabs.

At the present time there is no information of the synthesis conditions and physicochemical
properties for nanodispersed layered oxides GdSrFeO, and Gd,SrFe,O;. As for the complex
oxide GdFeOs3- it was recently reported that this compound, obtained by ceramic technology,
shows multiferroic properties at 2.5 K [1]. The magnetic properties of these oxides in
nanocrystalline state and their dependence on the size of particles have not been investigated
yet. The size of particles is also very important for increasing the catalytic activity. Thus it is
very necessary to obtain nanopowders of GdSrFeQ, that was used as a catalyst [2] and more
stable oxide Gd,SrFe,O7, which has not been studied in detail.

GdFeOs, GdSrFeO,4 and Gd,SrFe,O; were synthesized by sol-gel technology and by high
temperature solid state reactions. The sol-gel technology was performed by using citrate-
nitrate techniques in case of GdFeO3, GdSrFeO4, Gd,SrFe, 07 and glycine—nitrate techniques
in case of GdFeOj3. Determination of the temperature of formation of complex oxides
GdSrFeO4 and Gd,SrFe,O; performed simultaneous thermal analysis. Methods of powder
X-ray diffraction (XRD) and scanning electron microscopy (SEM) have been used for the
determination of the structure and morphology of synthesized samples. The decrease in size
of particles from 10 pum, obtained by high temperature ceramic synthesis, to 50-200 nm,
obtained by sol-gel technology, was demonstrated. Photon correlation spectroscopy have
been used for evaluation average particle size and size distribution. Photon correlation
spectroscopy data are consistent with scanning electron microscopy at the maximum amount
- the length of the particles.

The valent state of iron atoms in complex perovskite-like ferrites have been investigated
using Mossbauer spectroscopy. Heterovalent state of iron atoms (Fe™ and Fe™) was
determined only in layered oxide GdSrFeO4. It was shown that iron atoms of complex
ferrites obtained by sol-gel technology were in different oxygen surrounding. It hasn’t been
detected for the same compounds synthesized by high temperature solid state reactions.The
results indicate that complex ferrites obtained by sol-gel method exists not only in



Intemnational Symposium
on the Reactivity of Solids

280  Poster Presentations ISRS.18

ultradispersed state but also in heterovalent iron state with oxygen vacancies that is necessary
for catalysis.

The catalytic activity of complex oxides was tested for the reaction of the conversion of the
mixture of methane and carbon dioxide. The conversion of CH; and CO, at 1223 K in
presence of powders of investigated oxides reaches 35 and 55 % correspondingly. In spite of
high temperatures the catalysts activity does not decrease during 30 hours. Catalytic activity
increases in the row GdSrFeO,4, Gd,SrFe,O;, GdFeOs. For all oxides the quantity of
obtained CO was greater than H,. Heterovalent iron state and oxygen vacancies are favorable
for the surface oxidation-reduction reactions and the process of CO, activation.

The reported study was supported by RFBR grant 14-03-00940 and grant SPbSU
12.0.105.2010.

References:
[1] Tokunaga, Y., Furukawa, N., Sakai, H., Taguchi, Y., Arima, T., and Tokura, Y., Nat.

Mater., 8 (2009), 558.
[2] Christopher, J. and Swamy, C.S., J. Mol. Catal., 68(1991),199-213.



Intermnational Symposium
on the Reactivity of Solids

ISRS. 18 Poster Presentations 28I

Nafion-based composite materials containing aerosil and
polyorganosiloxane modified by aromatic sulfogroups and water-soluble
fullerene derivates
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Proton-conductive polymer electrolytes in spite of their comparatively recent origin have
provided a base for new electrochemical devices (low-temperature fuel cells, moisture
sensors etc.). Nafion membranes (“Du Pont”, USA) as well as their russian analogues MF-
4SC based on perfluorinated polymers with chemically bonded sulphacid groups are
commonly used. They possess rather high proton conductivity and chemical stability, and are
mechanically resistant. Nevertheless, the use on Nafion brings with it several problems such
as significant reduction of proton conductivity under low water content condition and
increased temperature. A possible way to extend the Nafion membranes application range
optimizing their properties is to create nanostructured composites with hydrophilic dopant.

A dopant for the Nafion membranes in this investigation was aerosil with aromatic sulfo
groups (=Si — (CH3), — CgH4 — SO3H). It was synthesized by precision method of chemical
assembly. On the surface of aerosil the chemosorption of 2-phenylethyl- trichlorosilane, and
then the sulphonation of phenylethylsilyl groups were carried out. The content of sulfo
groups in the synthesized material determined by acid-base titrating method was equal to
(C=0,47 mM/g). Polyorganosiloxane containing sulfo groups was synthesized by hydrolytic
polycondensation. The content of sulfo groups was equal to 3,8 mM/g. A method of
synthesizing nanocomposites on the basis of Nafion and synthesized dopants on dielectric
substrates was developed for investigating the proton conductivity of materials. Prior to
introducing into Nafion, aerosol was dispersed on ultrasonic disperser. Then the 15 wt%
Nafion solution was mixed with a certain volume of colloidal solution of dopant, and then
applied on the substrate with drop-by-drop method and dried. Thus Nafion composite films
containing 1, 2; 4 and 8 wt % of dopant were obtained. Nafion composite films containing
water-soluble fullerene derivates were obtained in the similar way.

The proton conductivity research was carried using impedance spectroscopy method under
relative air humidity (RH) 12-97%. Introduction into Nafion of dopants with aromatic
sulfogroups results in the increase of proton conductivity as compared with that of pure
Nafion within the range of relative humidity 12-59%. The highest electrical conductivity is
shown by the 1,2% sulfonated aerosil containing composite material. The same material
showed a 150-fold proton conductivity increase under RH=12%, and a 5-fold increase under
RH=59%. The increase of proton conductivity as compared with that of pure Nafion was
found out for water-soluble fullerene derivates under low humidity.

The research was carried out with financial support of the RFBR, grant Ne14-08-00885.
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Study on the Mechanism of Reversible Lithium Intercalation in
P3-NaXNi1/2Mﬂ1/202 (X:1/2, 2/3)
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The systematic study on the relationships of the intercalation properties of solids with their
crystal structure paved the way for rational design of cathode materials for lithium ion
batteries [1]. Among several groups of compounds, the layered lithium—nickel-manganese
oxide, LiNiy2,Mny,,0,, is considered as a cheaper and environmentally-compatible electrode
material in comparison with the widely used layered LiCoO, oxide. However,
LiNiosMng 50, displays a limited rate capability [2] that retards its application in the market.

Recently, the demand for searching cheap electrode materials has become dominant. Since
lithium ion batteries are still expensive, sodium ion batteries have been advanced as an
alternative [3]. Both lithium and sodium ion batteries operate with the same mechanism
comprising a reversible intercalation of Li* or Na" between the anode and the cathode.
Taking into account the intercalation properties of lithium and sodium transition metal
oxides, we have proposed recently sodium deficient nickel manganese oxides
NayxNi2Mny,0, (0.5<x<0.75) as positive electrodes in lithium ion batteries [4]. Because of
the capability of NaxNigsMngs0, to intercalate lithium reversibly, the battery delivers a
reversible capacity of about 130 mAh/g. The good intercalation properties of
NaxNi;,Mny,0, are a consequence of their stable structure: NayNii»,Mny,0, adopt a
layered crystal structure, which can be classified as a P3-type (according to the notation of
Delmas et al. [5]). This structure differs from the structure of the well known stoichiometric
lithium and sodium nickel manganese oxides (O3-type for Li/NaNiosMns0; [2,6]).

In this contribution we provide new data on the mechanism of reversible lithium intercalation
in P3-NaxNiy,Mn,0, (x=1/2, 2/3). For the preparation of the oxides, we have adopted a
simple precursor method that consists in thermal decomposition of mixed sodium-nickel-
manganese acetate salts obtained by freeze-drying. The structure and morphology of
NayxNiosMngs0, are determined by powder X-ray diffraction, SEM and TEM analysis. The
oxidation state of manganese and nickel ions is identified by XPS. The lithium intercalation
in NaxNigsMnosO, is carried out in model two-electrode lithium cells of the type
Li|LiPFs(EC:DMC)|NaxNig5Mngs02. The mechanism of the electrochemical intercalation is
determined by ex-situ XRD experiments, chemical and XPS analysis.

Thermal decomposition of freeze-dried sodium-nickel-manganese-acetate precursors yield at
700 °C sodium deficient oxides NayNigsMnos0, with a P3-type structure. The XPS analysis
shows that the oxidation state of Ni ions is intermediate between +2 and +3, while Mn ions
are in their usual oxidation state of 4+.

The layered oxides NaxNiosMngs0, display a reversible lithium intercalation between 2.5
and 4.6 V (Fig. 1). During the first discharge of the electrochemical cell up to 2.5 V, Li" ions
are inserted in the vacant sodium positions, leading to the formation of a mixed Li*,Na*
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oxide Li-axNaxNigsMnos0, with a structure that deviates from that of the the pristine
oxide. We demonstrate that the capacity of the first discharge versus Li anode can be used to
estimate the sodium content in NayNipgsMnos0,. The electrochemical reaction takes place
with the participation of the Mn**/Mn** ionic couple and is accompanied with a structural
transformation. The reversible lithium intercalation is accomplished between the
Na_o4NigsMnos0, and Li-ggNa-g4NigsMngs0, phases. A partial exchange of Na*™ with Li*
occurs during the first few cycles, followed by a stable performance. In the same potential
range, the surface of NayNigsMngs0, is covered with lithium, sodium and nickel fluorides
together with P,Os and/or LixPF,O. It is noticeable that the profile of the electrochemical
charge/discharge curve depends on the potential limits. Our electrochemical studies show that
the most favourable potential limits for stable performance are 2.5-4.5 V (Fig. 1).

This study is the first experimental evidence for the direct use of sodium deficient nickel-
manganese oxides as cathodes in lithium ion batteries. The results obtained can also be of
interest for the development of the newly proposed mixed sodium/lithium ion batteries [7].
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Figures: (a) First discharge and charge curves expressed as derivatives for
Nai2Niy2Mny,0,. (b) Second charge/discharge curves of the model cell cycled in the
potential range of 2.5-4.4 V (top), 2.5-4.5 V (middle) and 2.5-4.6 V (bottom).

319

200
100

ol
b W_
200 - 3.58

1
200+ 3.97

Intensity, a.u.

3 3.13 a =oF R
- " 10f
= 3.96 %0
= ‘w o
a E -100 L]
P £ 208 \Y/ 292
Q a0 f 3.42
z . . )
200f
3.72 3.24

100 -

ol

=100

w

(=]

o
Intensity, a.u.

3.39
200}

) 277 ) . ) ,
2.5 3.0 35 4.0 4.5
(a) Voltage, V (b)

25 3.0 35 40 4.5
Voltage, V



http://www.nature.com/srep/2013/130605/srep01946/full/srep01946.html#auth-1#auth-1
http://www.nature.com/srep/2013/130605/srep01946/full/srep01946.html#auth-2#auth-2
http://www.nature.com/srep/2013/130605/srep01946/full/srep01946.html#auth-3#auth-3
http://www.nature.com/srep/2013/130605/srep01946/full/srep01946.html#auth-4#auth-4
http://www.nature.com/srep/2013/130605/srep01946/full/srep01946.html#auth-5#auth-5
http://www.nature.com/srep/2013/130605/srep01946/full/srep01946.html#auth-6#auth-6

Intemational Symposium
on the Reactivity oOf S0lids

284  Poster Presentations ISRS 1§

Synthesis and luminescent properties of NaYF,:Yb:Er nanopowders
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Development of the modern material sciences at the intersection of chemistry, physics and
biology results in discovery of the new materials including visible light range fluoride-based
up-conversion luminophores for medical applications. One of such materials is sodium-yttrium
fluoride NaYF, (in both hexagonal and cubic forms) studied in the present work [1-4].

We synthesized aforementioned NaYF, nanopowders via precipitation from vigorously
stirred aqueous solutions at room temperature by dropwise addition of aqueous rare earth
nitrates to NaF solution (direct synthesis) or by dropwise addition of aqueous NaF to nitrate
solution (reversed order synthesis). Obtained precipitates were thoroughly washed with
double-distilled water. Some experiments were carried out in the presence of surfactants,
e.g., polyethyleneimine (PEI) or citric acid. Concentrations of starting solutions varied from
0.05 to 1.00 M.

X-Ray diffraction and scanning electron microscopy (SEM) data indicate that precipitates,
obtained at NaF:Y = 10:1 starting ratio, contained primary 25 nm particles (94 nm area of
coherent scattering, 1*10™° microdeformations; Fig. 1) that formed 150-300 nm agglomerates.

100 nm

Fig. 1. TEM image of single-phase cubic NaY g Ybo17EroosFs sample (Na:Y=10:1 starting
ratio; 0.35 M starting solutions).

We determined the conditions (PEI concentration, reaction mixture pH value, order of
reagent mixing, etc.) of the single-phase specimen preparation. Cubic NaYF, was prepared
at pH = 10 when nitrate solution was added dropwise to aqueous NaF, whereas hexagonal
NaYF, was synthesized by addition of NaF nitrate water solutions at pH = 12. PEI
concentration was always 9 g/L.
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In addition to intrinsic NaYF,;, we also prepared Yb/Er-doped nanofluorides
Naos5.x(Y1.y-2 YDyErz)os4xF2+2x With 2-90 mol% Yb and 1.5-20 mol% Er and studied their
luminescence properties. Luminescence quantum vyields of these samples are presented in
Fig. 2 and Table 1.
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Fig. 2. Luminescence quantum yields of NaY 1.x., YbxEryF4 samples.
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Table 1. Luminescence quantum yields for the doped specimens.*

Sample composition | QY, % frig QY:, % | QY,y, %

NaYo,37Ybo,10EI’0_03F4 3.35 1.12 2.73 0.62
NaY0.885Ybo_1oEr0.015F4 3.63 0.55 2.48 1.14
NaY0_315Ybo,17EI'0_015F4 2.03 1.01 1.62 0.41

*) QY= QY. + QY — total quantum yield, %; f,y — red to green peak intensity ratio; QY —
red peak quantum yield, %; QY4 — green peak quantum yield, %. Pumping power - 1 W/cm?.

This work was supported grant RFBR 12-02-00851-a and grant Russian President MK-
3133.2014.2.
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New ferroelectrics based on calcium-bismuth vanadate

D.A. Beskorovaynaya? D.V. Deyneko?, B.I. Lazoryak?
®Lomonosov Moscow State University, Moscow

At the present time inorganic materials with structure of whitlockite have a wide use due to
its fluorescent, nonlinear optical and related properties. Also such compounds have
ferroelectric properties. Thus, the effect of second harmonic generation (SHG) is
characteristic of whitlokites, what is important, for example to create new sources of laser
radiation. Furthermore, the whitlockite type structure is a promising matrix for
implementation of valuable luminescent properties of lanthanide-series cations due to optimal
distance between the centers of luminescence.

Solid solution with whitlockite structure Cag xPbxZnBi(VO4)7, Cag.xPbxCdBi(VO,)7, Cag-
xPbxMgBi(VO,)7, CagxPbxBi(VO,4)7, 0.5<x<1.5 were obtained by solid phase method in
powder and ceramics forms. The synthesis was carried out from stoichiometric mixtures
CaCOs3, PbO, V;,0s5, Zn0O, MgO, CdO, Bi,03 at 900 °C during 150 hours with intermediate
triturating. The single-phase of synthesized substances was proved by X-ray phase analysis.

Parameters and volume of unit cell for synthesized compounds growth expectedly according
to increase of concentration of lead in the solid solution. Solid solutions crystallize in the
polar space group R3c and show ferroelectric and nonlinear optical properties. In this case
there is an increase in the SHG effect depending on raising of lead’s amount in Cag-
xPbxZnBi(VO,)7, CagxPbxCdBi(VO,4)7 systems. The intensity of the second harmonic signal
has a maximum in Ca8—xPbxMgBi(VO4)7 systems at x = 1 (Table 1).

Significant increase of nonlinear optical properties in case of introduction of three types of
cations and joint settlement of M1 - M3 positions is determined in comparison with
previously studied CaigsxPbx(VO4)7 and Cag_Bix(VO,4)7 [2]. Apparently, introduction of
two highly polarized cations Pb** and Bi** in vanadate systems increases the crystal-chemical
friability of structure and placement of cations Mg, Zn, Cd with r <r (C**) in the M5 positions
provides the additional space for the realization a strongly asymmetric spatial arrangement of
electron lone pair, which, as it is well-known, is the main mechanism for the record values of
optical nonlinearity.

Table 1. The intensity of SHG signal in CagxPbxM;,3Bi(VO4)7 systems of the lead content
X, M1,2,3 -Zn, Cd, Mg

X M M> M3
0.5 35 140 250

1 70 410 300
15 100 450 5)

The phase transition temperature is reduced by Ca**— Pb%*" substituting. Thus, Curie
temperature for CagsPb;sCdBi(VO,); vanadate is 600 °C, while Curie temperature for
CagCdBi(VOy4)7 is 727 °C [3], and T for CagPbBi(VO4); is 635 °C. This corresponds to
conservation of mobility tetrahedral VO,*, located on the axis c, at the phase transformation
to lower temperatures. First obtained vanadates with whitlokite structure exhibit high values
of nonlinear optical activity that represents the technical interest for development materials
based on them.
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Mechanical properties of chlorpropamide polymorphs determined by
Instrument nanoindentation
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Evaluation of mechanical properties of solid pharmaceutical materials is an important
component of the drug development and formulation. Structural anisotropy, presence of
defects and slip planes as well as crystal packing of molecular crystals have significant
impact on their behavior during milling and compression (where material is exposed to
deformation), as well as affinity towards water which affects in solubility and
pharmacokinetics.

Considering organic molecular crystals one should take into account their tendency to form
different crystal structures while preserving chemical composition, namely polymorphism.
This phenomenon is extremely important on industrial-scale because of noticeably different
physicochemical properties of various polymorphs. Apparently, polymorphism plays crucial
role in mechanical behavior of pharmaceuticals, for instance due to stress-induced phase
transitions which should be taken into account during examination of stability and efficiency
of the drug product.

Sulfonyl ureas form a vast class of pharmaceutical compounds which exhibit useful
hypoglycemic effect and can be potentially interesting in terms of polymorphic properties.
Typical member of the first generation of antidiabetic agents - chlorpropamide
(C10H13CIN203S, 4-chloro-N-(propylamino-carbonyl)benzenesulfonamide) — exhibit rich
conformational polymorphism and can be obtained at ambient conditions as five polymorphs
(o, B, v, 6 and ¢).

Crystal structures of chlorpropamide polymorphs are stabilized by hydrogen bonded ribbons.
Presence of this structural motif in a certain crystallographic plane as well as its direction
with respect to the certain crystallographic axis differs from one polymorph to another.
Overall organization of hydrogen bonded network is preserved for all polymorphs of
chlorpropamide. Significantly different conformations of molecules and their position in
relation to each other give rise to different conformational polymorphs of chlorpropamide
with various molecular packing.

The key aim of the present work was to study mechanical properties of conformational
polymorphs of chlorpropamide in relation to intermolecular interactions, molecular packing
and anisotropy of the crystal structure. For the very first time nanoindentation was used for
investigation of nanomechanical properties of chlorpropamide polymorphs.

Samples of polymorphs of chlorpropamide (a, B, y and 8) were obtained from heptane — ethyl
acetate mixture by variation of crystallization conditions (solvents ratio, concentration of
solution, rate of cooling).
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Single crystals with flat clear faces appropriate for indenting were selected from several
crystallization batches. Orientation of the crystallographic axes with respect to the external
faces and edges of selected crystals was determined on STOE IPDS and Oxford Diffraction
diffractometers.

Mechanical characterization of chlorpropamide polymorphs was performed by continuous
stiffness measurement (CSM) at nanoindenter. The dominant faces of the thin plates shape
single crystals were chosen for the nanoindentation measurements.

Crystal structure characteristics, such as d-spacing, attachment energy and specific interaction
energy, of the polymorphs were assessed using quantum mechanical calculations and
compared with experimental results.

Nanoindentation results revealed differences in mechanical properties of investigated
chlorpropamide polymorphs in respect to molecular packing and orientation of H-bonded
ribbons. While indenting the dominant crystal face of a-chlorpropamide, the stress was
dissipated along the hydrogen bonded ribbons, which resulted in the slipping effect. This was
confirmed with lower indentation hardness (increased plasticity) when compared to 3- and -
polymorphs. Indenting of (001) crystal face of the B-chlorpropamide in normal direction to
hydrogen bonded ribbons, the pop-ins (small cracks) occurred at the loading curve. Reduced
plasticity and brittle character of B-form can be supported with shorter hydrogen bonds,
which are related to stronger interactions between the planes. Nanomechanical properties of
y-polymorph were similar to f-form. Slight increase in Young’s modulus of y-polymorph can
be related to monoclinic crystal face and more compacted structure related to short contacts
between propyl tails and benzene rings of the neighboring molecules. According to
parameters of elasticity and plasticity, the main mechanism of deformation for investigated
chlorpropamide polymorphs will be additionally addressed.

The research was supported by a grant for Russia-Slovenia collaboration BI-RU-12-13-038,
and the Integration project 108 of the SB RAS.
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The effect of Pd loading on the electrocatalytic activity of PEDOT:PSS/Pd
composite films towards hydrazine oxidation

Elena G. Tolstopjatova?, Svetlana N. Eliseeva®, Veniamin V. Kondratiev?
®Department of Chemistry, St. Petersburg State University

The aim of the present study was to investigate the appropriate way of the synthesis of
aqueous dispersion of PEDOT:PSS/Pd composite and its application for the formation of
thin-layered electrode surface. We used a novel method of synthesis of PEDOT:PSS/Pd
composite based on commercially available PEDOT:PSS dispersion. Preliminary synthesized
PEDOT:PSS/Pd water dispersion was drop cast on glassy carbon electrodes to form thin
metal-polymer composite layers. We used this approach in order to develop easy in
preparation Pd catalysts with highly dispersed, non-agglomerating nanoparticles. Catalytic
properties of PEDOT:PSS/Pd composite films were studied in respect to hydrazine oxidation
by cyclic voltammetry and voltammetry on rotating disk electrode.

Previously we have investigated the synthesis of PEDOT/Pd composite by spontaneous
electrodeposition of Pd into PEDOT films from PdCl, /0.1 M H,SO, solutions [1]. The same
reaction may proceed in the case of PEDOT:PSS water dispersion at raised temperature. The
spontaneous formation of palladium nanoparticles in PEDOT:PSS water dispersion is
ascribed to the following spontaneous redox reaction:

Pd? +2PEDOT : PSS —A 5 Pd°® - (PEDOT* : PSS)- A"

where PEDOT:PSS is a redox fragment of a polymer chain, comprising several monomer
units.

Composite PEDOT:PSS/Pd films with various Pd loading were obtained. Pd loading was
varied by two experimental procedures: 1) number of drop cast layers (from 1 to 8), 2)
concentration of Pd** ions introduced into preliminary formed PEDOT:PSS/Pd water
dispersion (5-10°-5-10 M PdCly,).

A continuous increase of oxidation currents with increase of Pd content was observed,
showing that the rate of the process of hydrazine oxidation accelerates with increase of
number of accessible metallic Pd particles. Therefore, composite electrodes with higher Pd
content show higher sensitivity in respect to hydrazine. It was found that at high level of Pd
loadings (corresponding to 4-8 layers) the maximum of limiting current of the NyH4
oxidation is observed. Further increase of the number deposited layers does not change the
limiting currents. The oxidation wave is shifted to more negative potentials with increase of
Pd loading (both for films of different thickness cast from dispersion with constant Pd content
and the films of the same thickness cast from dispersions of varied Pd content). The observed
dependence of hydrazine oxidation currents on the Pd coverage additionally points to the
acceleration of the hydrazine oxidation, which proceeds on the palladium particles.

In general, it can be concluded that the observed phenomenon results from a gradual
transition from a small active surface of palladium particles acting as separate
microelectrodes at their low contents in PEDOT composite films to the conditions of semi-
linear diffusion mass-transfer of reacting particles near electrode surface when increasing the
palladium particles coverage.
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Amperometric method was also used to examine the sensitivity of PEDOT:PSS/Pd electrodes
towards the detection of hydrazine in phosphate buffer solution. A fast, sensitive response to
various concentrations of hydrazine was achieved. For a 4-layer composite film the
maximum sensitivity of hydrazine determination was calculated from the obtained calibration
plot and was 5.7-10° A/M cm? The limit of detection, LOD= 0.13 pM, was estimated at
signal to noise ratio of 3. The obtained value is quite competitive with other data, obtained for
hydrazine detection on Pd-containing electrodes.
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Synthesis and Hydration of the VVacancy Ordered Perovskite Type
Compound BaFeO;s
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BaFeO, 5 is one of the most (probably the most) complicated vacancy ordered perovskite
type compounds (see Figure 1) and its structure was only solved recently using a combination
of X-ray and neutron powder diffraction [1]. The structure contains seven
crystallographically different iron ions, which show the following coordination scheme:

Ba(FeOu2)1(Fe032011)3(FeOs2)2(FeOsr2)1 = BasFel® Fell,Fe,0475

Topochemical reactions are known to be viable tools to modify the anion sublattice of
perovskite type compounds [2] and have been widely explored for fluorination reactions on
the different modifications of BaFeOs., [3-6]. Usually, F and OH" show a similar
coordination chemistry and similar ion sizes, which enforced also to study the hydration
chemistry of BaFeOs.

In recent experiments, we found that BaFeO, s can incorporate large amounts of water, which
then forms hydroxide groups (similar to other oxygen deficient perovskites, e. g. BalnO35
[7]), which are likely to show proton conductivity. Depending on the hydration temperature,
two different water containing, monoclinically distorted perovskites with approximate
compositions of BaFeO,5(H,0)x (x= 0.30 and 0.385) could be observed, showing a
similarly complex structure than the precursor compound BaFeO,s, which were again
investigated by means of X-ray and neutron powder diffraction as well as DSC/TG/MS
measurements.
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Figures:

(b)

Fig.1. Schematic representation of the location of the vacancies (black balls) in BaFeO; s
(Ba ions are not shown). Strongly shifted oxygen ions O,, O3, and O, are shown as green
balls, the pseudocubic positions of O, O3, and O4 are shown as purple balls. Viewing
directions were chosen along the a- (a), and the b-axis (b).
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Electrochemical fluorination of perovskite-related mixed metal oxides
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Mixed metal oxides of the perovskite type with the general composition ABX3 show a
variety of magnetic and electrical properties, thus lending themselves to a number of
technical applications. These material properties are often controlled by the detailed oxidation
state of the B-site cation, and chemical doping / substitution of the A and X ions is known to
have an influence on the average B-site oxidation state.

For modifications of the anion sublattice, chemical doping / substitution with fluoride ions is
a viable strategy in the case of oxide materials. However, due to the high thermodynamic
stability of the alkaline earth fluorides (and / or lanthanide oxide fluorides), high-temperature
synthesis routes are unsuitable and low-temperature topochemical fluorination methods are
needed. A number of such synthesis routes have been developed using oxidizing (F,, XeF,,
CuF,), non-oxidizing (NH4F) or reductive (PTFE, PVDF) fluorination agents [1,2].

As a result, the electronic as well as the crystallographic structure of the precursor material
can be influenced by changing the oxidation states of the transition metal cations and/or the
occupation of anion sites. Three different fluorination mechanisms can be imagined, and all
of them have been observed so far: (1) If vacancies are available additional fluoride ions can
be added to the structure, increasing the cation oxidation states. (2) One oxide ion may be
substituted for two fluoride ions, keeping the metal oxidation states unaffected. (3) Replacing
one oxide ion with one fluoride ion leads to a decrease in the cation oxidation states.

The present work explores the possibility of electrochemical (and potentially reversible)
fluorination of mixed metal oxides. The experimental setup is based on the report by Reddy
et al. [3] who have demonstrated a fluoride ion battery based on conversion type materials.
Three-layered pellets are pressed containing powders of a metal fluoride MFy (e. g. CuF; or
CeF3), BayLaixFsx and the respective perovskite type oxide. By application of an external
voltage, fluoride ions are released from the metal fluoride MFy (forming elemental M) and
migrate through the solid electrolyte of BaxLa;.xF3x to be incorporated into the perovskite
type oxide in an oxidizing manner. In contrast to conventional fluorination agents which act
at a given chemical potential against the oxide material, electrochemical methods should
allow to specify the potential difference between the two materials via control of the external
voltage. The resulting products are characterized by use of diffraction methods, and
compared to the corresponding oxyfluorides prepared by conventional chemical fluorination
routes.
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Figure:
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Fig.1. Schematic drawing of the electrochemical fluorination cell and experimental setup;
taken from [4]. The terms anode and cathode material are used as it is common in the field of
battery research, e. g. based on their respective behavior during discharge of a fluoride ion
battery.
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Lithium ion batteries remain the fastest growing electric power storage systems due to their
high energy density, long lifespan, as well as cost-effective and abuse-tolerant properties. At
the same time, dramatic developments in the next generation of electrical transportation
techniques and utilization of renewable energies will require substantially greater amounts of
materials to build large batteries. The low natural abundance of lithium and its non-uniform
distribution across the world make large-scale applications of lithium ion batteries
problematic. These inherent limitations make the development of secondary batteries based
on abundant and cheap alternative elements to become an important new research direction.
Similarities between lithium and sodium electrochemistry, coupled with high abundance and
low cost of the latter, are major motivations behind the search for experimental sodium ion
cells. However, sodium ion intercalation and storage mechanisms are scientifically
challenging because Na® ion is about 70% larger in radius than Li* ion. This makes it difficult
to find a suitable host material to accommodate the Na* ions and to allow their rapid and
reversible insertion/extraction.

Perovskites NaMF3; (M = Mn-Ni) have been identified as prospective oxygen-free cathode
materials. High voltage displayed by ternary fluorides can help to overcome intrinsic
drawback of sodium ion batteries associated with a lower standard electrode potential
compared to that of lithium. Besides that, the strong M—F ionic bonds in this type of materials
empower its robust structure of corner-sharing [MF3] matrix and ensure its stability and
safety during the work cycle. Unfortunately, the ionic character of the M—F bonds is the main
reason why mixed-metal fluorides exhibit a poor electronic conductivity. Therefore, fine
particles and thin films of complex metal fluorides that provide short conductive paths for
electrons are required for achieving high Na* ion diffusion and improving the capacity of the
cathodes. Low temperature methods of the soft chemistry approach are ideal for obtaining
particles with narrow submicrometer size distribution as well as compositionally
homogeneous thin films. In particular, single-source precursors that offer Kinetically
attractive decomposition routes at moderate temperatures and permit precise control over the
materials stoichiometry can be explored for the preparation of fine particles that exhibit
fundamental modification in electrochemical behavior of cathode materials.

We report isolation, characterization, and decomposition study of the volatile heterometallic
single-source precursors with a proper sodium:transition metal ratio for non-oxide cathode
materials NaMF3. Heterometallic fluorinated f-diketonates NaM(hfac)s (M = Mn-Ni; hfac =
hexafluoroacetylacetonate) [1] were obtained in high yield by simple solid-state reactions that
employ commercially available reagents. Substantial scale-up preparation was achieved using
a solution approach. The products were crystallized and characterized by single crystal and
powder X-ray diffraction. The crystal structure of heterometallic precursors consists of
infinite polymeric molecules held together by diketonate ligands acting in a chelating-
bridging mode. Importantly, the complexes are stable in open air and highly volatile. Their
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mass spectrometric investigation indicates the existence of heterometallic molecules in the
gas phase. The presence of heterometallic species in solutions of several solvents was
unambiguously confirmed. Heterometallic precursors were shown to exhibit clean, low-
temperature decomposition in argon atmosphere that results in phase-pure perovskite
fluorides NaMF3, the prospective cathode materials for sodium ion batteries. Single-source
precursors were used in the CVD technique for formation of nanocrystals of the target
materials.
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Spinel materials based on Mn and Ni has been intensively studied over the past years due to
their excellent semiconductor properties. Nickel manganite as NTC thermistor is widely used
today in different industrial sectors. Here we report the complex polymerization method
(CPM) for producing nickel manganite fine particles with a homogeneous distribution of
constituent cations in the crystal lattice that ensures formation of dense monophased ceramic
with the novel magnetic properties after been sintered in oxygen and air atmosphere.

Phase composition of the synthesized materials was examined by XRPD, while the
morphology of the powder and microstructure of ceramic were investigated using FESEM
and SEM analyses, respectively. The magnetic properties of the samples have been studied
by measuring the temperature and field dependence of magnetization.

Magnetic measurements of M(T) reveal rather complex magnetic properties and multiple
magnetic phase transitions. In the case of air atmosphere we found three magnetic phase
transitions with transition temperatures at Ty1=35 K, Tm2=101 K and Ty3=120 K. Tm
maximum is strongly dependent on the strength of the applied magnetic field (Tw; decreases
with increasing applied field) whereas the Tys is field independent The values of the
coercivity, remanent magnetization and saturation magnetization at 100 K are: Hc = 184 Oe,
Mr = 1.92 emu/g and Ms = 7.88 emu/g, respectively. The measured values at 5 K are H¢ =
1035 Oe, Mr = 7.70 emu/g and Mg = 14.47 emu/g. These values are comparable with those
for nickel manganite systems reported in the literature by authors P.N. Lisboa-Filho et al.,
2005. [1]. Moreover, hysteresis properties measured after cooling of the sample in magnetic
field show exchange bias effect with an exchange bias field |Heg =196 Oe.

For the sample synthetized in oxygen atmosphere, the magnetization dependence of
temperature M(T) and AC susceptibility data obtained from SQUID measurements clearly
demonstrates that quadruple magnetic phase transitions can be readily detected at Ty;~115
K, Tm2~105 K, Tm3~38 K and Tus~7 K. These findings suggest the novel magnetic
transition for nickel manganite at low temperature Ty4. Additionally, temperatures of
observed maximums in %’(T) and y’’(T) parts of susceptibility are frequency independent,
whereas the height of the peaks decreases with increasing frequency. This behavior is usually
observed in ferromagnetic-like and antiferromagnetic-like magnetic transitions. The fact that
Twma does not shift with the increase of the frequency leads us to the conclusion that there are
no spin-glass/surface effect and/or blocking temperature/finite size effect connected to the
NiMn,O4 ceramic. Therefore, we suggest that the low-temperature peak Tms in AC
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susceptibility is associated with ferromagnetic-like and antiferromagnetic-like magnetic
transition in the interfacial FM/AFM internal structure. The exchange bias effect was found
in a field cooled hysteresis loops at 5 K. The field cooling of the sample was under a
magnetic field of 100 Oe and 10 kOe whereas the determined exchange bias fields are
|[Heg|=129 Oe and 182 Oe, respectively.

The analysis of the results and comparison with literature data allowed us to conjecture that
the mixed oxidation states of Mn ions and ferromagnetic and antiferromagnetic sublattice
orders tailor these interesting magnetic properties.
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