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INTRODUCTION

The textbook on the disciplinec¢linnovative inorganic substan@ess
designed in accordance with the master's curricudmah isintendedto provide
students with experience in the latest technologies for obtaining functional
materials (bioorganic and magnetic materials, nanomaterials, photocatalysts
sensors, etc.) and specific technologieaimed aenvironment protectian

clnnovative inorganic technologiegliscipline belongs to the educational
disciplines of professional training and is the basic for the profiling disciplines in
the mastags curriculum of specialty 161 ¢ Che mi c al t echn
engi ne &heipurppse of the textbook is to deepen the lecture course and
provide methodological recommendations for laboratory work, analytical review,
course work and independent study of the discipline.

The lecture courseontains 2 sections, which provide an overview of the
synthesis processes of inorganic functional materials: magnetic and biomaterials
photocatalysts and sensors, and environmental protection using these newe
inorganic functional materials. The curdem section 1¢Modern advanced
inorganic technologies in indusérys presented in the textbook in chapters 1,-2, 4
6, and section ZModern advanced technologies for environmental protegfion
in chapter 3. Modern trends in technologies of inorganictanbes for various
industries, in particular, scienoetensive technologies; traditional and special
methods of obtaining functional materials (nanomaterials), and-cftde-art
environmental technologies are highlighted.

Within the ¢lnnovative inorgait technologies discipline in addition to
lectures, there are laboratory classes, so the textbook additionally provides
methodological recommendations for the conduction of laboratory work.
According to the programs for the study of tel nnovat inige
t e ¢ h n oAdisciplineestudents independently prepare an analyticaéve with

a presentation inPower Point software therefore, the textbook provides
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recommendationor its preparation. Alsosecommendations fathe course work
will allow carrying out of highquality independenstudies Provided rerate study
of the disciplinerecommendations for settudy arealsooutlined.

Thus, the textbook even during the independent study of the discipline
allows students to acquire theoretical knowledfjehe basics of the theory and
methods of chemical and technological research in the technology of fine inorganic
synthesis, to acquire modern ideas about the prospects and bases ¢
nanotechnology, principles anvironmentalmonitoring, technology assesent
and the protection of wildlife, the knowledge and application in practice of the
principles of building green industries, understanding the social and environmenta
consequences of their professbractivity that helps thento navigatein the
applied aspects of obtaining functional materiagdsich as ¢smaré materials,
biomaterials, composites, nanomaterials, which are used in various industries an

everyday life.



CHAPTER 1. FUNCTIONAL INORGANIC MATERIALS.
SYNTHESIS AND METHOD S OF THEIR STUDY

1.1. Classificationand characterization of new high-performance and

functional materials

Today, the most important areas for the development of any country are the
priority technologiesPriority technologyis a technolog thatcan radicallychange
“turn over"the entire structure of production and social conditions of human life.
These technologiesnclude information technology, biotechnology, genetic
engineering and, of course, new materialsdhfjthere is a tendency to replace the
materials used today Wit fundamentally new materialsThe prospect of
developing new materials evidenced byhe fact that almost one third of global
patents are issued for inventions in this ar€his is also evidenced by the
dynamicsof world marketggrowth of major types bnew materials.

The progresss especially noticeabla the development of theorganic
materialsproduction of inorganic materials is construction materials (composite
materials), materials for microelectronics (semiconductors, piezoelectrics,
dielectics), fiber optics, biomedical materials (biomass anddei@mics) and
many other functional materials. Thus, proceeding from the foregoing, it is
inorganic chemistry today that is the basis of future new functional materials. In
addition, there is an iahsive development of electronics, photohisgnsors and
spintronics, which require new materials with special properties [1].

The transition from chemical elements to materials is rather complicated.

Thus, 99.9% of inorganic materials are in a nondguim state, so that something

1 Photonics is the science géneration and applicatiaf light and other types of energy, the quantum unit
of which is a photon.

2 Spintronics is a branch of electronics that uses quantum properties of the spin of the electrons
characterized by twquantum states
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is happening to them over time, for example, metal is oxidized, and therefore its
properties change. This process can be quite slow, so it seems that the material h
stable properties.

Whatis the difference betweestableand unstabletatesof mattef? Stable
state is the state in which stability is preserved under big disturbances. There i
also a metastable state that is the state in which stability is retained under ming
disturbances. The collapse of stability at fastpall disturbances is typical of the
unstable state of matter.

In thermodynamics, the metastable state corresponds to one of the minima c
the thermodynamic potential of the system under certain external conditions; stabls
state corresponds to the lowestinimum. If you fix all the parameters
characterizing the state of the system, then only one will be stable and all the
others will be metastable. There are infinitely many metastable states even for on
substance with fixed composition, but the propedieghese states are different.

Let us consider some modern scientific areas on the basis of which new
inorganic materials with certain functional properties are created [1].

Chemistry of ionic and molecular precursbr§Vhen researchers aim at
creating ne materials, the ultimate goal is not the synthesis of compounds, but the
precursotbased synthesis of materials with a certain set of properties, and the
properties of materials depend on their structure. Each material has several leve
of structure thatare interconnected, and they all affect the properties of the
material. There are the following levels of material structure:

1 the first structurelevel is crystal structure This is the structure at the
atomic and ionic levels of the matter organizatithat is how the ions, atoms or
molecules are arranged in a unit cell relative to one another

1 the secondlevel that is more distantfrom the atomic stateis associated

with the presencef variouslineardefectsn the solid materiaj

3 Precursor is a term used in inorganic chemistry to denote an initial compound that participates in a
chemical reaction.
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1 thethird level is macroscopic defects (for example, pores) that appear in
solids during their formation or use.

For example crystal lattice in a single crystal is repeatedthroughoutthe
whole volume but more often we deal with polycrystallinesolids consistingof
small crystalsi so-called crystallites which are randomlyoriented In this case,
additional defects appear (dislocations, grain boundaries, pores, cracks) that mak
a significant contribution to the formation of material properties

So, if you obtain iron in t form of a single crystal, it will be completely
chemically inert. If iron is obtained by decomposition of iron carbonyl or iron
oxalate, then a polycrystalline material is formed that immediately burns in the air
with the formation of oxides. Both obta@id materials are iron, but they have
different properties. When managing the properties (levels of structure) of the
future functional materials, a certain state of the raw materials is required.
Unfortunately, this cannot be always achieved.

For thesynthesis of complex substances, in particutsrferrite* type, welt
know and simpleolid-phasesynthesisis usually used.

Unfortunately, this method was found to be ineffective for the synthesis of
complex substances, since it did not allow obtaining oinglesphase product.
This makes the properties of the final material unstable that greatly impairs its
guality. In order to overcome this difficulty, the use of initial products (precursors)
i solid saline solutiorfavas proposed.

Later, cryochemicadynthesid was developed to obtain solid solutions. After

a detailed study of the cryochemical synthesis processes (cryocrystallization

4 Ferritesi chemical compounds of iron oxide 88 blended with oxides of other metals.
5 Solid-phasesynthesis is a synthesis method based on mechanical mixing, compression of the obtained
mixtureand subsequent higbmperaturéreatre nt at 1200 A C.

6 The following example can explain what saline solutions are. When dissolving the simple NaCl salt in hot
water and subsequently lowering the temperature of the resulting solution, the latter becomes saturated and therefo
precipitates.If KCI salt is additionally added to the solution, then during the lowering the temperature not only
individual salts of NaCl and KCI precipitate, but also crystallites of the solid solution appear. In a solid solution, like
in a liquid solution, substansare mixed at an atomic level that leads to their uniform mixing. This is the difference
between the solid solutions and mechanical mixtures of crystals.

! Cryochemistry is the study of chemical transformations in liquid and solid phases at low (ug)tarkD
ultralow (below 70 K) temperatures.
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cryosedimentation, cryoextraction, cryodessication, etc.), it became the main
technology for obtaining many functional ma&és, namely, higkstrength
ceramics, pigments, sorbents, catalysts and many others.

An important feature of satype ionic precursors is the -salled
topochemical memory, that is, the ability to remember its origin and transmit this
information to subsguent reactions, which are also called topochefhical

Today, research on the synthesis of molecular precursors isfatealate,
as the latter are ideal initial materials for the production offihim coatings on
various materials by the method of nmléar layer deposition. Certain properties
are required from these substances: high volatility, relative thermal stability, ability
to hydrolyse easily or decompose with the formation of certain compounds, for
example, metal oxides.

Inorganic nano and sugramoleculaf chemistry Nanomaterials have been
attracting a lot of interest due to their unusual physical and chemical properties
Nanomaterials consist of particles smaller than 100 nm and in this range there is
sharp change in the properties of almalssubstances. For example, reducing the
size of semiconductor particles below a certain critical value can lead to the chang
in the bandgap width; reducing the particle size of structural materials leads to the
greater strength of these materials, &t.the same time, the biggest problem
of nanomaterials is the tendency of the free particles to aggregate that greatl
affects their physical and chemical properties. One way to overcome this problen
is to deposit nanoparticles on the inert matrix, whigbtects them from the
influence of the environment and prevents aggregatmmrganic chemistry also
studies synthesis methods of such nanocomposites. Silica gel, carbon nanotubs
and other materials with large specific surface or high porosity carsdu as

matrix for nanocomposite materials.

8 Topochemical reactions occur at the interface between the phases of the initial solid material.

9 Supramoleculachemistryis the interdisciplinarydomainof sciencethat studieschemica) physicaland
biological aspectf the researcton chemicalsystemgmore complexthanmolecule$ that arebondedin a single
wholethroughintermoleculai(norncovalenj interactions
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Modern inorganic supramolecular chemistry studies supramolecular
assemblies, which have special properties due to their structure. Their structure i
determined by the structure of the framework (host moleculkile functional
properties depend on the nature of the guest molecules. Such materials usual
have low thermal conductivity, but high mobility of charge carrieig. 1.1 shows
an example of such structure[HgsP4(TiClg)Cl, formed by the seldssemblyof

TiCl¢® andu 1 in the cavities of thfHgsPs]** framework

Fig. 1.1. SupramoleculaassemblyHgsP4](TiCle)ClI
(orderedarrangementf the guests of two typegiCls® andCl'

in the cavitiesof the threedimensionaframeworkof [HgsP4]*") [6]

Non-stoichiometric compounds Non-stoichiometric compounds were
discovered more than 100 years ago by Kurnakov Nikolai Semenovich, who
named them berthollides. It was found that almost all compounds with ionic
bonding obtained by solghase synthesis do not have a constamhposition.
Depending on the composition, such compounds may have different properties
For example, it seems that NaCl salt has constant composition, but in fact it is ¢
nonstoichiometric compound. However, its crystalline structure remains the same.
So for instance, stoichiometric NaCl is colorless, and if its crystals are treated with
sodium vapour at high temperatures, they become blue and start conductin

electric current. If the crystals of NaCl are treated with chlorine vapour, they turn
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green andilso conductive, but in this case it happens not because of the electron
movement, but due to the movement of the holes.

Inorganic biomaterials Today, such extremely necessary and promising
biomaterials are being developed as calcium phosphate biocerdfg. 1.2),

dental biocements, biocomposites, biosensors, tumor markers, etc.

Fig. 1.2. Titaniumandbioceramidmplants

Obtaining of hydroxyapatite with certain physical and chemical properties
is widely developing nowadays. Hydroxyapatite compasig¢erials have attracted
particular attention as analogues of human bone. Developing an analogue of
human bone is eathercomplex task

From the point of view of the material scientist, a human bone is a
composite material consisting mainly of hydrapgatite (HA) (up to 636) and
collagen (about 2@06). In addition, the bone contains a significant amount of such
ions as Na, Mg, K, Cl, F, C® and water. Still, it is not absolutely clear what
brings such a great strength to the bone. Therefore, todaynadt yet possible to
create a complete analogue of the bone tissue even ustogdag techniques. The
only alternative is to develop hydroxyapatite implants. However, synthesis,
modification and study of calcium phosphates with given composition and
morphology, assessment of their future bioactivity are chatlgntasks for all

chemists [1
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Classification of functional inorganic material¥here are several ways of
functional materials classifying. According to tladassification proposed in
work [1], functional materials are classified as follows

A composite material s,

Acsmare materials,
nanomaterials and supramol ecul ar
bi omaterial s,
magnetic material s,
semiconductor material s,

catalysts and sorbents,

o o o Do Do Do

me mbr anes.

Composite materials are materials consisting of two or more phases.
Combination of heterogeneous substances leads to the creation of a new materiz
the properties of which quantitatively and qualitatively differ from the properties of
each of its components and tere composite materials have higher strength,
higher hardness, etc. By varying the combination of the matrix and the filler, their
ratio, orientation of the filler it is possible to obtain a wide range of materials with
a necessary set of properties. @msites surpass traditional materials and alloys in
mechanical properties while being at the same time lighter. Use of composites
usually reduces the weight of the structure while maintaining or improving its
mechanical characteristics.

Smart materials ardesigned materials that are used for structures with
adaptivelyvarying properties. Smart shell platings of sea vessels and helicopter
rotor blades, which are capable of selinforcing, are being developed, as well as
soundabsorbing industrial structes.

Due to the development of smart materials based on dielectric and
magnetic nanoparticles, it is possible to manipulate the viscosity of liquid
substances under the influence of electric and magnetic fields. Under the influenc
of the fields chaotic aangement of particles inside the liquid is disrupted that

changes physical properties of the substance. Change of the properties in
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substance is directly related to the phenomenon of polarization. Performance o
smart fluids is based on the ability ofetlcharge to change its spatial orientation
under the influence of external field (Fig. 1.3). Smart fluids belong (according to

the classification) both to nanomaterials and magnetic materials.

t d. 3. Smart fluid(magnetitebased fluidl

The phenomenonf polarization (known from the courses of physics and
chemistry) can be explained by the following illustration. Fig. 1.4 shows the model
of the atom, and it can be seen that the shape of the atom before the influence ¢
the field (on the left) differs &m the shape after the influence (on the right). It is
common knowledge that different charges attract one another while the same
charges repelkndtherefore, when creating a field a positively charged nucleus is
made to move to the negative potentiald dhe negatively charged electron is
made to move to the positive potential of another atom. Spatial orientation of the

charges is achieved by this procgls

S =t

Fig. 1.4. Model of the atom before applying magnetic figda the lef}

and after applyingon the righ}

A Dbrief description of nanomaterials, supramolecular assemblies and
biomaterials is given above, and the characteristics of magnetic materials are

presented together with the description of smart materials.
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As a basis of semiconductors, semks, catalysts and membranes a class of
metal oxides is considered, as well as metal ekmed composited.ik discussed

in detailbelow.
1.2. Synthesismethodsof inorganic functional materials

Synthesis of functional materials is based, first of @il the obtaining of
materials with given properties, therefore, there are certain peculiarities in eact
individual case. However, any inorganic synthesis includes a number of commor
stages. These stages are as folldwsS]f

1. Raw material preparation (gding, purifying, dissolving, etc.).
2. Synthesis procedure.

3. Isolation of the end product and its purification.

4. Drying, heat treatment, grinding, packing.

Specific purpose of functional materials sometimes requires use of special
methods and synthesis comaiits. Thus, both weknown (traditional) and new
(nonttraditional) synthesis methods are used in the technology of functional
materials obtainingl].

Classification of functional materials synthesis methddsere are several
approaches to the classifica of functional materials synthesis methods.

The first approach is classification based on the phase state of the reagen
involved in the synthesis, according to which there are homogeneous anc
heterogeneous synthesis methods. This classificationdslyvused in inorganic
chemistry, as well as in general chemical technology.

The secondapproachwhich is usedin colloidal chemistry is basedon the
methods of functional material particles obtaining This approach includes
dispersing and condensatianethods. According to the same principle, the
methods are clasied as topdown and bottorup (Fig. 1.5).
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Fig. 1.5. Bottom-up (a) andtop-down(b) methods

The third approach is based on the nature of the processes used for th
material synthesis, naiye on chemical, physical and mechanical processes. In
this book, condensation methods of obtaining materials both from liquid and gas

phases based on chemical and physical processes are considered.
1.2.1 Liquid-phasesynthesisnethodsf functionalmateials

Methods usedfor liquid-phase synthesis offunctional materialsare
presented in Fig. 1.6. Classification of methods in this cadgas®d on the
influence on liqud phase in order to obtaparticles of the required dispersion and
form. Asit canbesea from Hg. 1.6, these mhabds include chemical precipitation
in aqueous and neaqueous solutions, hydrothermal andvetiermal synthesg
solgel method crystallization in solutionsspray pyrolysis,spray dryingand

plasmachemical synthesis. Thesgethods are describeddletailbelow.

Liquid
Chemical
prcc1p1tat10n Spray pyrolysis |
N Hydrottlllm:mal
S esis .
b Spray drying |«
— Sol-gel process
Plasma-chemical

. synthesis
> Crystallization

Fig. 1.6. Liquid-phase synthesis methods of functional materials
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1.2.2 Chemicalprecipitation

Chemicalprecipitationin aqueoussolutionsis a complex physicathemical
process that consists of the following &8[]:

1. Addition of reagents

2. Chemicalreactionbetweerprecipitant and solution components

3. Formation of solid phase

4. Chemicalinteraction betweenprecipitateand mother liquoKprecipitate
ageing.

Addition of reagentss a physicalprocessof masstrander between reacting
componentsEfficiency of the mixing depends on the phase state of the reagents
and the conditions of the proce3fius dependingn the phasestateof thenitial
reagentstherearehomogeneouprecipitationandheterogeneous prediation.

During heterogeneous precipitatjdhe precipitant and theubstancéeing
precipitatedare in different phases and their interaction beginenthephases are
mixed During homogeneous precipitation, tpeecipitant and theubstanceéeing
predpitated are in the same phasge solution Precipitation starts only after
formation of the precipitant or precipitating ions from the intermediate as a result
of an additional reaction in the whole volume of the solutidonditionsthat are
formed during homogeneousand heterogeneousprecipitation processesire
significantly different. They affectthe subsequentstagesof the precipitation
process differently and therefore determine thproperties of the obtained
precipitates Rate of mixing processes demds o the conditions of reagents
interaction(sequencef reagents additioandreagent addition rae

Chemical interaction in solution is determined by the solubility of the
initial reagents irthe solution where synthesis takes place and the solubilithe
solid phasewhich forms in that solutionThe condition for the formation of solid
phase during chemical precipitation is thigtainingof low solublity compounds
in the reaction products, whichactually form a solid phaseAt the stage of

chemcal interactiorbetween theons of precipitantandthe ions ofthe substance
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being precipitateda new substance is formed as a result of the reaetnzhjts
concentrationincreases until it exceeds the solubility of the substance in the
solution,so that supersaturatidtitakes place

Supersaturation is characterized aluesof absolute(U) andrelative( b )

supersaturatiof¥]:

~

U=u - dg; (1.1)

b:—(H _ Ho) :9
o] H

: (1.2)
wherewy is the concentratiorof the solute at the given point of timgmol/L;

Hs IS the concentratioifsolubility) of the saturated solution #te given

conditions mol/L.

Precipitation of the solid phase occurs spontaneously only from
supersaturated solutions. Depending on the degreepefsaturatiorand external
conditions, supersaturated solutions can be labile and metafladtgitation in
labile supersaturated solutions staisiost spontaneouslyvhile supersaturation
in metastable solutionss lower and therefore, phase equilibrium can be
maintained for a long timeSupersaturation greatly affects the final size of the
solid phasepatrticles.

From classicalliterature[1] it is known that the processof a new phase
formation consistsof the two main stages formation of nuclei andtheir growth
Nucleus isa solid phasewhich is in equilibrium with theenvironment that has
infinitely large dmensions in comparison with nucland is suprsaturated in
relation to the solid phase. Therefore, formationnatla is a heterogeneous
process thabccursowing to the fluctuations afoncentration in the solution by the

relay mechanism whtthe sequential attachmentpdrticlesa:

O+0=Q, Q+0=0Q, Q+a=a,,.

10 Supersaturations an increase in the concentration of the substance above the soludéy given
circumstances.
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Nuclei, which areformed are not stableand canbreakup. Above certain
critical size nuclei are stable and start growing. Critical nuck&es(r, ) depends
on theformation of the solid phaseaused bysurface tension at the interface
between the phasesnd the supsaurationUof the solution

2@ O
M=o,
10°Q ARG G U

(1.3)

wheref is molecular masgy/mol;
0 is surface tensioat the interfacenucleussolutiorg Jn;
J isdensity g/mL;
Ris gas constant/(molK);
U is absolute temperaturk.

Formation rate(w,) of stable nuclei is defined by the following
equation 3]:

a  ad® MY NO
E30 (RT)OI n

W, = K, €éx

y (1.4)

wherj N, is Avogadro constant
Ki, Oare constants
After formation of stablenuclei, their growing starts with the rafev,),

which is defined by the following equati:

. a b@ N NO
W = K € O T
» = K pge;oﬁ BTO) ¢

(1.5)

wherj Kz is a constant

b is a constantwhich congders shape of the nucleus

Gis surface energy of twdimensional nucleys/m?,

} isthickness of twadimensional nucleysn.

Size of the solid phase particlbeingformed are determined by the ratib
nucleusformationrate and nucleus grdtwvrate It is seenfrom theequationsabove

that with the increase ofsupersaturatiorthe possibility of nuclei formation
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increases sharply andispersion of the formed solid particledso increass.
Otherwise if supersaturation ifow, growth of partites predominatesver their
formation,leading tothe increase of particlgsize. Similar situationalsooccurs f,
after nuclefformation supersaturatioim the system decreaststhelevel that new
nuclei formationbecomes impossibleut their growth ca still continue.

Inorganic substances obtained by chemical precipitatsually belong to
low-solubility compounds, formation of whideadsto high supersaturation. As a
result, highly dispersive systems with particle size o630 og¢cur, which are
called primary particlesThe hghly dispersve systems formed are unstable and
coagulatemore or lesver time, depending on tHermation conditions andthe
substanceature

Coagulation process runs gradudllgs a result of the collisiomggregates
form from the primary particleand have shap& chains and clustersr which the
particles are joinedy weak intermolecular force®imensions ofthe primary
particlesaggr egates can reach the size frr
depending ochemicdnature of thesubstance and precipitation conditid¢is pH,
precpitation method, etc.)Coagulation bondsra not strong, and the obtained
precipitate can turn again into a highly dispersive system undeanging
conditions, for exampleynder mechanial effects orafter addition of a peptizer
(disintegrator) Formedcoagulation aggregatdarther interact with the solution,
undergo structural and chemical transformatisnoghat precipitatageing occurs

Processes of interactidmetweernthe obtainedprecipitateandmother liquor
are divided into physical and chemicakmg. Irreversiblestructurechangeof the
precipitateafter its formation are called physicaleagy. Chemical geing means
chemical compositiorthange of the precipitateand mother iquor as a result of
their interaction.

Physical ageing processatiruns irreversibly and spontanelyusan occur
in three different mechanisms: a) agegation; b) recrystallizationg) Ostwald

ripening.
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Aggregation of precipitate particlesanifests itsk in the orientedgrowth
of the particles with the formain of aggregates up to 1 micrandlarger, and the
surface decreases by more than 10 times leading to possible block crystallization

Recrystallization of precipitate particles is the main proadsphysical
ageing, which manifests itself in a sharp reduction of the inner surface compared t«
external. Recrystallization is caused by the precipitate internal structure ordering
through the dissolution of excessive surface defects of crystalline ttonsmaor
aggregates.

Ostwald ripening consists idissolution of smalprecipitateparticles and
growth of large particles due to the dissolved mass of sradlkles caused byhe
difference in solubility ofsmall and large particle®ependence of thparticles
solubility on their sizas described byhe OstwaldFreundlich equation:

3y 0 o o ~
whereu% and4? aresolubilities(mol/L) of the spherical particles with radiin)
ry andry; andra > r.

The processccursunderthe nfluence ofsurface tensioforces whichare
aimedatreduang the interphase boundary.

Recrystallization and Ostwald ripening cansb@vn downor suspended by
impurities adsorption of organic and inonga nature, for examplepf methyl
violet dye or gdatin. Structural recrystallization can be accelerdigdhe local
heating ofprecipitateparticles.

Chemical aging is typicalof systemdike metal hydroxidewvaterandlow
solude saltwater. During this processmall and large crystals abzingformed
from the primary amorphougrecipitate with the simultaneous transition of
metastable modifications into stabieodifications This is corroborated by clear

Debye patterrd. For exampleduring chemical aging of coprecipitatedferrum

11 Debye patterns are diffraction patterns.
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hydroxidesfrom Ni?*and Co** new chemical compound$errites, spinellesare
formed.

Chemical aging of 6 p r e c-solutiord sy$teen can cause the following
processes:

1. Interactionbetweenbasic precipitateand acidic salt inmother liquor i
neutralization reaction;

2. Interation betweerprecipitateandwateri hydrolysisreaction

3. Interactionbetweersolid precipitateandneutral sali exchangeeaction

4. Interactionbetweencomponents of the complgxecipitatethatleadsto a
new compoundformationi synthesis reaction,ofmation ofsubstitutionalsolid
solutions as wel asinteractionbetweerprecipitateanddissolvedgasesn an open
system(oxidation, carbonizatigretc.).

On the surface of the solid phaseveral types of processean occur
completeress andlurationof which determinentermediate and final properties of
the system angbrecipitate Chenical ageingruns at the same time gshysical
ageing that changes the properties of tigprecipitatesolutiore system so that
propertes of the solid phase caitherimproveor deteriorate.

In order to obtain materialsiith certain characteristicasing chemical
precipitation different methods and techniques are usqutactice Thesemethods

include addition of precipitating agent to reagemiution method;pouringé and

simultaneous mixing of precipitating @gf and reagent solution methgdo o u r i n

togethee (Fig. 1.7). At the sametm&addi ti on of precipi

solution methodd can be pdrect and inderett
Sequene of reagents addition makes it possitole@btainprecipitates of constant
and variable composition, as icontributes tothe formation of medium
compositionandsurfacechargeof the obtainedsolid phaselons ofmother liquor
which are identicatharged tothe ionsof solid phase, are sorbed on swid phase
surface, defining its chargeSurface charge affectschemical compositionits

formationrateandproperties obothsurface andolume of the precipitate

n
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When obtaining precipitates with certaproperties, generalized laws of
P.PvonWeimarn are used]:

1.In case of a continuous increase in the concentration of reactive solutions
the average size of the precipitate particles, being formed at predetermined tim
intervals after the start gifrecipitation, passes through the maximuésnhsolution
concentrations from 0.001 to 1 M, formed precipitates are less perfect with a large
proportion of dendrite formsAt solution concentrations of more thanMil
jellylike precipitates are firstly formedyhich gradually turn into a fingrained

precipitates

precipitating precipitating reagent

agent i - agent i i solution
reagent

— — — |/ solution — — —

Fig. 1.7. Addition of precipitating agent to reagesatiution(a) andsimultaneous mixing of

precipitaing agent and reagent solutiiy) techniques

2. Product of reactivesubstances concentratiofss, mol/L), and particles

size(d, m) is a constant value

#Od =c o, (1.7)
whereni is an index

3. If the substance has different solubilitydifferent dispersion media, then
at any solution concentramn particles of the snallest size will be formed in the
medium with lowest solubility.

On the basis of these laws, the rule of obtairnpnecipitateswith better
physical propertiess formulated(WeimarnHaber rule). chemical precipitation
should & carred out indiluted solutions, under vigorous stirrirand with slow

addtion of precipitating agent
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Ratio of orientation and aggregation determines the shatieeqfrecipitate
that is formed crystalline oramorphous. This rule does nminsiderageing and
the role of seedin{gcloggingg, initiating of ¢crystallizatiorg) during precipitation.

M. O. Tananayev formulated the following rdéobtaining amorphous and
crystalline precipitates: amorphopsecipitatesshould beprecipitatedquickly in
concentrged solutions; crystalline precipitates should grecipitatedslowly in
dilute solutions.

According to N. P. Klyachko and Yu. A. Kondratyuk],[lyophobic solids
should beprecipitatedaccording to the classical rulein diluted solutions and
slowly, oraccordirg to the rule of M. O. Tananayévin concentrated solutions
and quickly.

Depending on the conditions pfecipitation processnany precipitas ca

be eitherlyophobic or lyophilic. For theleterminatiorof the typethere are several
rules: thesubstance iprecipitated irdilute solutions once quickigndthen slowly.
If the precipitatels more compacivhen obtainedluringrapid precipitation, then it
is lyophilic under these conditionand it should berecipitatedaccording to the
rule of N. P. Klyachko and Yu. A. Kondratyykotherwiseaccording to the rule of
M. O. Tanangev.

O. A. Nikolayev [1] concluded that limétion ofthe particle sizgrowthwas
due to the fact thabw soluble precipitateswere recrystallized crystals formed
from improperlyjoint primary blocksThatcausegensionand limits the growth of
particle size, andthereforedetermines density gbrecipitatesand their filtration
rate

Thus, physicaland chemical properties of @ecipitate are determindaly
synthesis condibting precipitate composition, its structure and preseacof
impurities. Pysical agng is typical only of constant composition precipitates,
while precipitates with variable composition undergo chemical ageing.

To obtain a solid with a given chemical comsgiion and physical properties,
first of all, it is necessary to establish functional relationship between the structure

and properties of the solid phase with the solution supersaturation during
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precipitation process. Secondly, it is importantdtermne how solid phase
composition depends on the secondary topochemical reactions, which take plac
during chemical ageing in the periodic process.

Chemical composition of the solids in the systems of precipitates with
variable composition depends on the @r®recipitation method. In case of an
excess of one of the reagents in a solution, synthesis, neutralization and exchang
reactions take place during chemical ageing. Therefore, precipitates with variable
composition should be obtained by continuous enismntinuous method with

adjusting stoichiometric ratios of the reagents.
1.2.3. Sotgel method

Sol-gel process includedransition from a dispersed system (sol) 10 a
integrated system (gel) by coagulation, struczation, etc. Sol is an
ultramicrohetengeneoussystem with a liquid dispersy medium and a solid
dispersd phase particle size of which rangeom 5 to 100nm (so,they paricipate
in the Brownian motion)while gl is a dispersed colloidystem with a liquid
dispersng medium in whichsolid particles form a spatial structuraketwork

Solgel technology as a method feynthesis ofinorganic oxide materials
(ceramics, glass, etc.) was firstly used in the-fr8th centuryP. Ebelman and
V. Graham 8] showed in their worksthat hydrolysis of tetraethoxysilane
(tetraethylorthosilicate) under acid conditions leadedthe formation of Si@in
the form of vitreous materiakrom a viscousgel, it waspossibleto stretchfibers
or form monolithic optical lenses But later (in the 1950's) a newage in the
development of sejel technology appeared due to the development of the
chemistry of metal alkoxide©n the basis of these alkoxides, many new ceramic
oxide compositions were synthesized including Al, Si, Ti, Zr oxides and other
metals that cald not be obtained using conventional powder ceramic techniques.

Main stages of the sgel method are as followWg]:

1. Mixing of the initial reagents

2. Formation of a solid phase (spl)
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3. Sol transformation into a gel

4. Drying;

5. Thermal treatment

Schematicall, processes of sgel technology can be represented as shown
in Fig. 1.8.Firstly, initial reagents are mixed with the formatiohaotrue solution,
in whicha sol is later formednder thanfluence ofexternal or internal factors.

Dependingon the product to be obtained the solgel technologyis carried
outaccording tahefollowing methods

1. Colloidal solgel method.In this case, the process performedin two
stages Hrst of all, hydrolysis of the initial components carried out in order to
form a stable corentrated sl Thenfilms or fibersare formedirom the obtained
sol throughgel formation.However, his method hasertaindifficulties. In case of
multicomponent systemi,is difficult to obtain stable concentrated sols.

2. Combined mthod. Stages ofsol andgel obtainingare combinedso that
gel formation is carried outdirectly after the formation of fine particles, and
sometimeseven at the same tim&he difficulty that may arise in obtaining
materialssuch as fibers, finpowders monoliths, aerosols is the need to ensure the

same rate fohydrolysis of all thanitial reagents.

Solution Aerogel
, .,
"_,,,.-"3 fr“}
Drying with & [2 ';aj'@.if %
- Pog! k& pRies
/ Fi il ;
\ Sol Gel Xerogel

DR Y
»:...::i' {f; :
— [N =
o W Drying o2V ‘&‘&

Film Fibers Ceramics glass

Fig. 1.8. Processes of the sgel technology
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3. Method of controlled hydrolysisn this case, partial hydrolysis is carried
out in the absence of water, resulting in the immediate formation of a
homogeneous gel (or polymer gel) due to the appearance of-oretal bonds
throughout the volume of the solutio@xide particles are formedduring drying
and heat treatment of the g8uchkind of solgel method is used for obtaining
films, fibers, monoliths.This method is the most cotigated in terms of
controlling the processes of the gl technology.

Colloidal and combined methods are very simitetermsof their chemism.
Thefundamental difference is thtte stages of obtaining sol and gel are separated
in timein the first casgbut not in thesecond casét is possible to affedherateof
a certainstage of the process/ varying suchparameters as pH (initial and fipal
of the medium, temperature of the process, precursor nature, solvent type
concentration of metal salts in aqueous and-aqureous solutiong-or example,

Fig. 1.9 showshe effect of pH orthe hydrolysis processte that is on thesol
formationrate

-

-

Beginning of
gel formation/hours

"0

o ' 2 ) 4. s

pH

Fig. 1.9. Effect of pH on the hydrolysis processe

Controlled hydrolysis isthe hydrolysis of metal alkoxides inalcoholic

solutionswhenaddinga certainamountof water. By addingsome certain amount
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of waterit is possible tanfluence the amountna size ofthe solparticlesbeing
obtained

So, solgel technology allowsynthesis ofpowders, monoliths, coatings,
films, fibers, aerogels, glass, ceramics, hybrid materiatsthe same time,
powders can be obtained botharystallineand amorphous pises.

Hydrolysis?, condensation and drying are kestagesof the soigel
technology, which determingarticlesizeof the final product. Hydrolysief metal

alkoxidescan be represented as follows:
[ J ( QRXH0O = Me(OR).xOH +x ROH. (1.8)

Mechanismof this reactioninvolvesintroductionof the negativelycharged
group1 [* into a positively chargedcenter of the metal [ jU* after which a
positively charged proton is attachedto the alko group with the subsequent

removalof ROH:

+

. . H .
"+ Me”"-O"-R = > O-Me- O°—R==

T.O

(1.9)

~H
_-T—”HO—Me—O\R.‘—_’ HO-Me + ROH

Condensations carriedout only if hydroxidemoleculesare boundtogether

thatresultsin thereleaseof watermoleculesandin the formationof hydroxidegel

net
/Me OH + OHMe\ ‘ /Me O Me\ + H,0 . (1.10)

2 Hydrolysis of metal alkoxides israucleophilic reaction with water
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Hydrolysis and polycondensationates are the main parameters that
influence the properties of the final product. Slower and more controlled
hydrolysis usually allowsbtaining ofsmaller particles.

Solgel synthesisof metaloxidesis carriedout from inorganicprecursorsn
the sameway. Hydrolysis and condensation reactions for inorganic precursors can

be represented by the following general equations, respectively:
Me(H.0)?*Z [ M e 4DH]@D* + H*, (1.11)
Me(H.0)Z*Z2 [ .0)Me(OH):Me(OH).1]@#2* + H*, (1.12)

whereMe are metal ionsn is metal valencyz is anion charge

Based on the presented reactions 1(1.82), solgel method can be
performed either through hydrolysis process (interaction of metals with water to
form metal aquo complexes), or through the processes amndensabn-
polymerization (also witlthe formation oimetal aquo complexes). Both in the first
and in the second case sol is formed, which transforms furti@o a gel.

According to the regtions (1.81.12), a scheme of the typical syl
methodof nanosized metal oxide powders synthesis can be presented as shown |
Fig. 1.10, and a flow chart as shown in RidL1.

Advantages of the sgel method are as follows:

A possibility of ensuring the purity of the final materials in case of use of
such preursors as metal alkoxige

A possibility of obtaining &ighly homogeneouproduct;

A possibility of obtaining gels with an adjustable microstructure (density,
porosity, pore sizeand specificsurfacecan be widely varied which is very
important in the pradlction of catalysts, sorbents, porous films, etc.);

A sol-gel method allowssynthesisof new crystalline and amorphous
substances, etc.

A possibility of obtainingiine powders with low polydispersity (very close

to monodispersion).
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Me(OR),, solvent

Hydrolysis (H,0) Mixing
v
Me(OH).. ROH. solvent

-H, 0, gelation
Aging

v

Gel NA

Hydroxide + solvent

v

Solvent removal, drying

— ‘f -
Nanodispersed hydroxide

Heat treatment

v
Nanocrystalline oxide

Fig. 1.10. Schemeof the solgel methodof metaloxide powderssynthesig 3]

Preparation of initial materials

l

Hydrolysis

l

Polycondensation

l

Gelling

l
Drying

l

Thickening

l

Heat treatment

Fig. 1.11 Flow chart of the sefjel method
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1.2 4. Hydrothermalsynthesis

Hydrothermal synthesis is based on heating of the initial reagents solutions
at given temperatures and pressures for a cgraaind of time. Theessencef the
method is that during the procesisheating (hydrothermal treatment) iagents
aqueous solutions a sealedautoclavereactorup to the temperaturegxceeding
100A4, the pressure of garated vapoincreases to values greater than 0.1aMP
(latm). At the same time, temperature
up to 100 MPaJ].

This method is used for the synthesis of many metal oxides due to the

runningof hydrolysis reactions under the given conditions:
MeCL+HO Y MeO + 2HCI , (113
Me(NGs),+HO Y Me O = 2HNO(@1.14)

At high pressures, a process of metal salts transition into nanodispersec
powders (oxides) takes place, skipping the stdgmlt conversion into hydroxide.
Under normal conditions, these reactions do not occur, as metal oxides dissolve i
acids.Such method is used to syntheses#rapure oxideswith the possibility to
obtain particles imanoscale. The temperature shdutdabovehe equilibrium line
of oxidei hydroxide on the H diagram.

The autoclave used is a steel thwélled reactor, lined with teflon, quartz,
or glassy carbon and hermetically sealed. Thus, this is a batch reactor.

Hydrothermal method allows obtang metal oxidenanoparticle®f a 10 nm
size with high monodispersity 4, 3]; and it is possible to adacids or alkalis to
avoid pH changeof the solutions duringreatmentas well as hydrogen peroxitie
inhibit hydrolysis, andtherefore obtainsmaller particles. When obtaining
nanobjects byhydrothemal method, it is found thawith a longer duration of
hydrothermal treatment is possible to synthesize metal oxidanoparticlesof
larger size The same applies to temperatutarger solids are obta&a when

treatedat higher temperatures
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At the same time, hydrothermal synthesis is complicated in terms of
equipment and energy efficiency. Moreover, materials used for reactors (Fig. 1.12
and autoclaves production have to satisfy strict requiremengéy. mhust be
chemically inert in acidic and alkaline environments at elevated temperatures anc
pressures. However, hydrothermal synthesis is more reasonable and efficient i
terms of main process control parameters (pressure and temperature) compared

solgel and thermal methods.

Obturator

Thermao

Teflon couples

reactor

Fig. 1.12.Reactor for hydrothermal synthesis

1.25. Cryochemicakynthesis

The essence dhe cryochemical technologig that the initial solution with
dissolvedsalts is sprayed in a letemperaturesolvent, where the droplets are
cooled.

After cooling the droplets harden in the form of ice. Under reduced
pressure, the ice sublimatgy thatdrying without meltingtakes placea freeze
drying. During the drying process, aqueous solution is not foymaech means
that there is no particlegrowth and their coagulation. IRig. 1.13 andFig. 1.14
flow chart of the cryochemicatechnologyand schemeof the oxide powders
productionare shownrespectivelyThis method is used for the synthesis of many

powders of both inorganic and organic origin. This technology is very often
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appliedto multicomponent systems in order to increase their homogeneity and to
obtainpowders ofa certain dispersion.

Preparation of initial solution

l

Mixing of solution
Cryocrystallization

Cryoextraction Sublimation Cryosedimentation
Product dehydration

Heat treatment of the product

A

Additional processing

Fig. 1.13 Flow chartof cryochemichal technolodys]

AB

Liquid
Nitrogen

Quick-freezing
\

Frozen granules

Sublimation

Product

Heat treatment
Oxide’s powder . |

Fig. 1.14. Schemeof the oxide powdersproductionby cryochemicatechnology[1]
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1.2.6. Gasphaseandplasmachemical syntheses of functional nanopowders

Gasphase and plasmzhemical synthesismethods are vensimilar by
naturedue to the similarity of theirdy process$ transbrmationof raw materials
into gaseous statasingenergy carries (heated gas or plasmat the same time,
raw materials can also undergchemical and/or physical transformations.
By adjusting parameters dhe processes, it is poss#bhto obtain particles of
a certain size and morphology, as wellgth the given composition.

Spray drying Spray drying is already a wethown process and, moreover,
is well-tested It is useal to producea lot of dry food productsas well asmany
functional inorganic materials such as metal oxides.

Spray drying is used to obtain powdered or granular dry product from
solutions or suspensions. For spray drying, special devices are used, schemat
diagram of which is presented in Fig. 1.Cuality of the final product depends on
the drying process, implementation of which is achieved throught the use of
special device$ nozzles, disks, etc. At the same time, there is an intensive heat
and mass transfer with a gas carrier (heatedeaimaustgase¥ Dry powdeed
product falls to the bottom of thepray dryerchamberandis discharged from it
into theproductbin. Part of the producthatdoes not fall down and flies awayth

gas is captured in cyclones asdeturned to the product bins.

Gas Solution Gas
N\ /

Powder Gas
—

-
I

Fig. 1.15 Schematicdiagramof a spray dryef9]

In a spray dryer, the main technological process is the interaction of solution

(or suspension) dropwith a hightemperature heat carrieGpray dryes are
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divided intotwo categories taking into account such mainuess: direction ofjas
and productmovements in the drying chamber; methodiepfid phasespraying

According to the first featuralryers aredivided into those that work under
parallel, countecurrent and mixed streams of gas and protdattg dried

The most widely used dryeese those witlthe topdown solution supply
underparallel flow (Fig. 1.16a). Advantagesare as followsability to usehigh-
temperaturegaswithout overheating the solution (temperaturedoy particles is
determined bygas temperature at the outlet); less adhesion of particles to the
chambemwalls; homogeneousize of the sphreidal particle. Besidesapart from
vertical sprayingof the liquid, it isalsopossible to implement horizontspraying
(Fig. 1.16,b).

In parallelflows (Fig. 1.16,C) it is necessary that the flow rate of the gas is
higher than the flight speed of the largest particisch methodallows drying
process to be performedore evenly (large particletaylonger than small ones).
The drawback is the pessity of thestrict controlof the sprayinguniformity [1].

Solution Gas+Product

Sohltig:D br

VVVV Gas
Product +Product
a b c
Gas Gas Product
Sobution .
Solution t__G“’
7 eIl
>ﬁ( N
! Gas
Product Solution Product
d e f

Fig. 1.16. Work schemeof drying chamberg1]: Q b, ci underparallelflow;

di under countecurrent flow e, f i under mixed flow
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Realization of theprocessunder countecurrent (Fig. 1.16,d) is a
convenient method due to produamoval from the bottom of the chamber
However low temperature othe heat carriedeads to the low dryingfficiency
and therefore,there isa high probability ofpartides adhesion tahe chamber
walls. Countercurrentis used whenthere is a need t@ombine drying and
calcination orto obtain a large amount of paler. Dryers according to the scheme
in Fig.1.16, e are more manufacturablgarge particles are unloaded frotie
bottom, while small particles from the top, but their efficiency is also low.
Mixed scheme (Figl.16,€e) is more efficient, but becausé¢ oollisions between
largeand smalbarticlesin theupstreamtheystick together, and the product is not
homogeneous iaize [].

In aspray dryingprocesst is necessary to ensure homogeneity ofgases
distributionin the cross sectiom{aximum tubulent modds needell One of the
crucial stages ofthe technological process ia rational preparation of the
suspensioncomposition for spraying Suspensioncomposition refers to the
percentage ratio of dispetsgphase (powder), dispéos medium (watex and
organic matter of different functional purposes. By varying the composition of the
suspensiorand technological regimes for obtainingowders it is possible to
regulatepropertiesof the dried materials a wide range

Typical technological processf obtaining powder by spray drying
(Fig. 1.17)is considered further in detail®n the basis of this process, production
of a number of technological powderaith various functional purposes was
established After a chemical analysisfahe basic substace contentand the
calculation of the chargeomposition initial materials are weighed on the scales,
premixed in the mixer and, together with the estimated amount of water and
organic additives, are loaded into thériadrs for the suspensiopreparabn. If
necessary, the charge after mixing undergoes a chemical analysiqrepared
suspensioris transferednto a mechanical stirreand isfurther stirred wjorously
to avoiddelaminationand formation of coagulatl structures. Athe same time,

the mixer is afeedtankfor a spray dryerThen, aying and granulation of the
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chargetake placean the spray dryeiGranuldedcharge is prealcinatedn a rotary
kiln. Then, crushing othe calcinated granules apteparation othesuspension in
the secondttitor are carried ousimultaneously. Preed powders are prepared in
the second dryingranulation unit.The obtainedpres&d powder is dissipated by
fractions on a special vibrasie and thenundergoeshe operation oforoducts
pressiig.

Advantagesof the spray drying process are as follows: high speed of the
process; ability to regulate powder characteristics in a wide range (size and shap
of particles, humidity, bulk density, etc.); ability to perform drying process in a
large temperature rangeidadvantages of the process include large dimensions of

the dryer; significant investments and higiergy costs.

Initial materials
!
Mixing
!

Chemical analysis

H,O

— l

Mixing and disintegration

l
Spray drying

Calcination

|

Mixing and disintegration

|

Preparation of suspension
| «~—Additives

Spray drying (2 stage)
l

Classification

Fig. 1.17. Flow-chartof the obtainingpowdersby spraydrying[1]
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Plasmachemical synthesisPlasmaforming gas plays a key role in this
synthesis. Theoretically, plasniarming gas can be any gas that allows creating
necessary environment (oxidizing, reducing or neutral) in a reactor.

Plasmaforming gas is characterized the followingparameter§l]:

1. Value of specific enthalpy (it charagkzes heat contenp, kJ/kg);

2. Maximum heating temperatu(euK);

3. Physical and chemical properties (density, viscosity, diffusion
coefficient, thermal conductivity, etc.);

4. Designated purpodearrier or carriereagen,

5. Behaviour duringyjuenching and purification

Fig. 118 demonstrates flowehart of theplasmachemical synthesis Gas
should bepurified from dust, impurities, water, oxygen arahalyzedon the
content of impuritiebefore entering the plasmotrddust removals carriedoutin
oil filters with Raschigrings while watervapour is removethy adsorption using
silica gel or active alumina Synthetic zeolites antbn exchangers are used to
remove watewvapaur, CO,, Ar, O, NH3, SO, H,S, etc.

To create a plasma streafplasma® generatiol, special devicesi
plagnotrones are usedIn plasmachemicaltechnologyof powders botharc and
high-frequencyplasmotronesare used Depending on the gas used, plasmotrones
can produce plasma temperature up@60 10000 K.

At the stage of raw materials preparation, chemmidture is maximally
homogenized (by crushing, grinding, mixing) and harmful impurities are removed.
Raw materials are fed by a feeder, which must provide the uniformity of the feed
and the possibility of regulating the flow. Solid raw materials aretlealgh the
dispenser and further by pneumatic transport into the reactor. Liquid raw materials
are fed into the reactor in the form of droplets, and gaseous raw materials are fe

through calibrated holes.

13 Plasmais a partially or completelyionized gascharacterizedby electricalconductivityandin which the
densiy of positiveandnegativechargess almostsimilar.
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Synthesis in a plasmehemical reactor is carriedut according to the
following stages:

1. Mixing raw materials with plasma.

2. Heating of raw materials.

3. Chemical reaction.

4. Formation and growth of particles.

Preparation of
plasma-forming gas

Raw material Plasma-forming gas
v 1
) Preparation Preparation of L
: of raw materials plasma-forming gas :
v
I - ; |
| |Supply of raw material . |
| : Plasma generation |
| into the reactor |
| |
| L Plasma-chemical processes J |
: in the reactor :
| X |
l Rapid-cooling strengthening |
f—————— > - ———— —— i
| of product |
| v |
| |
: Product [+ Separation of product :
| T |
I I
' Liquid | Purification of initial gas and liquid [ Gas [

Fig. 1.18 Flow-chart of plasmahemical synthesigl]

Processing of raw materials in lgna-chemical reactor is accompanied by
processes of melting, evaporation, condensation and crystallisation. In the higkt
temperature zonalmostall the substances are in a gaseous siéteen cooling at
temperatures close tbe evaporation temperatuéthe solid phase, two zones can
be distinguishedof minor supersaturationthreedimensional embryosre not

formed and of minor and major supersaturatioiftwo processesrun
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simultaneously formation of new centers androwth of previously drmed
centes; a polydisperse productis formed.

Dispersion of theendproduct is influenced bguchfactors as reaction rate,
temperature antds changeate,presence of nucleation centers in the system, and
chemical nature of the crystalligy substances.

Quenclng is used to fix products formed at high temperatures and to
prevent their decomposition. Quenching is cooling, which is expressed in K/s, that
is for how many Kelvins a gas mixture is cooled in a second. Quenching can be
provided by various methods: tgeerative or regenerative heat exchange; bringing
into the flow of cold streams or particles of reagents; use of de Laval nozzle.

Mainly amixture of endproducts and byroducts(unreacted raw materzl
plasma gas, liquid or gas used for quenchilegye the reactar Methods and
apparatus used to separatetproducts do not differ from those used in traditional
technologiesFor the separation ajassolid systemsthe following methods are
most commonly usedgravity separation,inertial separation, firation wet
scrubbing electrostaticseparation.

Productionof oxide powdersin a plasmachemicalreactoris considered
furtherin details The process of thermolysis of salts, which are usually in a liquid
phase, is described by the following generahaical equation:

Me(NORAH,O Y MgOs+ 3NO + 9/4Q+nH,07 Q.

Shapeand size of the oxide particlesbeing formed during decomposition
dependon manyfactors[9]:

1 initial drop size, which is determined by the type and operating mode
of the nozzle;

| dynamic interaction ofhe drops with the flow of heat carrier, which
leads to th&lrop breakage

| grinding of particles at the stage @folid crustformationas a result
of evaporation in the presence of a liquid cdypital of salts, which donot form

melts in crystallization watg
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1 self-breakage ofthe particle into smaller ones, when decomposed
according to the schenf$ )sY As + 15, andwhen the volume of th@ J)s phase
is usually greater thaihat of thed ..

The main advantages of thisynthesis method are as follows high
productivity of the method antligh purity of the endproducts;opportunity of
obtaining complexcompoundswith different degrees acdlloying (doping); hgh
activity of obtainedpowders (incase of catalysts). The disadvantages include high
corrosion and enormous energy Costs.

Plasmachemical technology is used to obtain simple and complex metal
oxides that are utilized in ceramics, microelectronics, as ferrites and catalysts, etc
Besides, the latter obtained by this technology are considered to be more activ
catalysts than those obtained by other technologies (due to nonequilibrium

conditions of tle process).
1.2.7. Gasphasesynthesis

According to modern classification, gpbase synthesis methods of
functional materials can be divided into physical and chemical. Physical methods
or PVD (physical vapor deposition), are based on evaporating theriahait
controlled temperature in an inert atmosphere oth& vacuum followed by
condensation near or on a cold surface. This method is considdredrie easiest
due toits high performanceUnlike evaporation in th&acuum, atoms of the
substance @porating in an inert atmosphere lose their kinetic enfasgfgrdue to
thecollisions with inert gas atomand form clusters.

Chemical methods, or CVD (chemical vapor deposition), are based on
thermal decomposition of various salts at a given temperatith the formation

of endproducts. Both methods are shown schematically in Fig. 4]19 [
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Physical vapor deposition Chemical vapor deposition

PVD CVD

ARARANENCE I
Yy . G’ O &
2 $ 0 0 8 90 9 m

Fig. 1.19. Gasphasedeposition

Devices intended for synthesis of functional materials by PVD method differ
in the way of introducing evaporating material; waf energy supply for
evaporation; working environment; organization of condensation proaedsin
the method of removing the powder being obtained. For example, in Fig. 1.20 anc
1.21 two methods dPVD synthesismplementation are showin the first case
evaporation of the material (copper) occurs directljtdheating thatesuts in the
formation of cuprum atoms. They d@ransported and deposited on the tube, which
is cooledfrom theinsideby liquid nitrogen. In the secornthse material evaporates
due to tle electric arc discharge plasma and is deposit@t a specially prepared

platei the secalled substrate.

Copper atoms S
Mico—photo of copper
nanoparticles

~ a4 COppCI‘ L1qu1d
nitrogen
cooled tube

Heat source

Fig. 1.20. Obtaining of cuprum coating by PVD methjat]



44

Using PVD method, particles can be obtained with the size of 2 nm and
bigger This method is mostly used for scientific purposder obtaining small

amounts of powders, or ultthin films.

Substrat
Plasma T— Pump
S
- A
Substance
Vacuum
camera
Source

Fig. 1.21 Obtainingof films (powder$ by PVD method using electrical arc discharge in

plasma4]

CVD method is used to obtain functionaatings, films and powders by
chemical decomposition of precursors followed by produd#positionon a
surface or irmavolume.

Main advantages of the CVD method compareBWD are the opportunity
to obtainfunctional materials ifower energy consummin modesthat do not
require special conditions (high vacuum, solutions of electrolytes, mtdtk, le
addition, the opportunity tause a large number of differeninitial reagents
(precursors), which allowsynthesis ofthe same substances with differen
functional dharacteristics and thus optimizationrodterials with given properties.

Initially, chemical depositionwas used to obtain coatings from refractory
metals by decomposition of iodides, hydrides, carbonyls. This determined
cclassc a sckeme othe CVD method, which includes the following components
and processes$|;

1. Asprecursors mainly coordination colapesareused which consist of
a central metal atom and one or mogafids, capable of passingo gasphase
andbeingresistanto the reaction mediuntonditionson the way to substrgte

2. Reaction medium is volume,in which reagentvaporis transported to

theareawhere the initial reagents are decomposed;
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3. Carrier is a substancethat does not react with precusors and
decomposition produst It provides transportation of precursaeo the reaction
medium and removal of dempositionproducts from the reaction medium;

4. Substrate is a substance on which decompositiorpardlicts formation
from the reaction medium taltace.

Scheme of the CVInethod can be presented, as shown in Fig. 1.22.

In recent yearsnumerous modification®f the CVD method have been
developed which differ interms ofsynthesisconditions equipmentdesign, ad
precursor type.Therefore CVD methodsare divided intoatnmospheric, low
pressure and vacuum; aerosol afdirectfluid injection; plasna and a number of

specific CVDmethods.

Flow of carrier gas Flow of carrier gas

m—— m——

Evaporation "*Cf::' Desorption !
' / Nucleation and

or sublimation Adsorption
/ \ Destruction Diffusion growth of particles

e —>$ 44 8 —>

I Lining

Fig. 1.22 Scheme of chemical vapor deposit{@VD method [1]

A specialmethodof CVD is the epitaxy method In Fig. 1.23 examplesf
carbon nanotubes and silicon nanowires formation via this method are presentec
In the first case, a carbon nanotube grows on a catalyst; in the second case in ord
to obtain a silicon nanowire, a gold nanoparticle is placed into the silane
atmosphergSiH,) as a catalyst, on which silane decomposes to Si antidtiid
Si slips under thé\u nanoparticleand crystallizes therédlanowire grows as long
asepitaxy process continues.i@meterof the catalysts determinesameters of the

nanowires.



Yang, P. etal,, Chem.
Eur. J. 8:6 (2002)

Fig. 1.23 Synthesis of nanowires by epitamethod a1 carbon nanotube growls; silicon

nanowires formation

Synthesis of functional materials by aerosol CVD method is very attractive,
as it allows obtainingf spherical powders in the form of a porous or dense shell
(particle). Such a variety of particles can be obtained by changing certain synthesi
conditions: nature of precursors, their concentration, temperature, pressure, et
Fig. 1.24 demonstrates en@me of aerosol CVD method.

Aerosol
drop

Fig. 1.24. AerosolCVD method

The most commoilCVD method is that, for whicimetalorganigorecursors

are usedSynthesis is carried out in a spelgialesigned reactor (Fig. 1.25) that
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consists of an evaporatan which initial reagentsare introducedthrough the
injector), as well as oxygen anzhrrier gasThe reagents are traported through a
hot zone to theguartz reactor, wher reaction and depositioof the obtained
products on the substrate take placeardacted prodtt and carrier gas are

removed from the reactor by a pump.

~ MOCVD S

Injectors |

i\\ -

To pump

Evaporator
~

, Reactor
Hotline;

Fig. 1.25. MetalorganicCVD method

1.2.8. Templatesynthesis

Recently, template synthesis has gained wide popularigmplate, or
matrix, synthesis is performed in a confined space that makessible to control
phase structure being formed, which is set using a tem@lathe same time,
polymerisation or polycondensation of the template occangl the particles
structurebeing formed is determined lgmplate (matrix)macromoleculesThe
most striking example ofthe template synthesis is the synthesis of protein
molecuks, matrixes for which areucleic acids{].

Using template synthesisnaterialsare obtainedvith pores of a given size
(mesoporous materials), certain forms and nanopartze Besides porous
matrix determines not only the shape and size of the particles, but also their spatic

arrangement.
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Template isacenter around which the main structural units of the matrix are
organized, and a frame is formeédicelles formed byrganic molecules (surface
active substances) in solutionan be used as templatéarther removal of the
template leads to the formation of a cavity of particles of the same size and shap

as an organic micell&cheme othetemplate synthesis is shownFig. 1.26.

Fig. 1.26. Scheme othetemplate synthesid]

Accuracyof the templateform repetitionby poresform dependson three
factors:

1. Nature of the interaction between the template and the matrix;

2. Ability of the matrix to repeat the tengié's form;

3. Correlationof thetemplatesize and thsize of"building" blocks.

Depending on the nature of the template molecules, templates are subdivide
into the following groups:

1 Anionic (sulfonic acids, carboxylic acids, etc.);

9 Cationic (various d&ylammonium and alkylpyridiniursalts;

1 Nonionic (primary amines and esters).

The main requirement for templates is the ability to form micelles. It is the
micellesformation and their concentratidinat determinghe structure of th&uture
mesoporousnatrial. Crucial role in the future structurtormationis played by
critical concentrations of surfactant micelles in solis where the synthedigkes
place the secalled CCM1*and CCM2°. Besidesthe structure of the mesopas

material is influenced ypthe synthesis conditions (temperature, solvent type and

¥ CC 1is a surfactant concentration in a solutiahwich a new colloidaimicellar) phase appears.
15 CCM2 is a surfactantconcentratiorin a solution at whichoverlapping of the double electric layaf the
micelles occurs while maintaining their spherical shape.
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template type) and the interactiorbetween hydrolysis productsand template
moleculesFig. 1.27 shows a phase diagram of cetyltrimethylammorbusmide
(CTAB).

CCM1 " Cubic liquid \'.
i CC’M— crystals ’!
= 2 » |

| Ideal solution

Lamellar
liquid crystals

quid

crystals

micelles

Cylindrical
Hexagonal li

Spherical micelles

Temperature, °C

Crystals in water
r—yr—rr—yrry 1T rr e

0O 10 20 30 40 50 60 70 80 90 100
Concentration C16Hs3(CH;3)3;Br, mas. %

Fig. 1.27. Schematigphase diagrarof g1 33( #3)sNBr  ( diwwétdr)

Most fully, today, the template synthesis of mesoporous, $& been
studied, the scheme of which is presented in Fig. 1@8de mesoporous
materials are obtained using hydrolysis of various precursors (organometallic,
conplex and inorganic) in the solutions containing templates. Today, template
synthesis of mesoporous i@ the most studied, the scheme of formation of

which is presented in Fig. 1.28.

A1
AN/ 8,
oy Liquid crystal :
Y of surfactants Composite
Surfactant F
micelles )\(( “_’ Top—

Si0, addltlon Heat treatment in

atmosphere O,

Fig. 1.28 Schemeof mesoporousilicon dioxideobtaining
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1.3. Methods of functional materials study

Study of functional materials (smalled characterizationis an integral part
of inorganic synthesis aimed toontrol and obtain substances with given
propeties. The following studynethodsare distinguished

1. Chemical (cheiical analysigs carried outreactivity of substancdas
determinegt

2. Physical (identification of substances carried out their phase
composition and structure are determinedgdependence otheir propertieson
certain parameteis establisheq

3.  Physicochemical ¢ompositionpropertyp di agr ams). ar e

In thestudyof inorganic matterfirst of all, its structure should be identified
Depending on the structure of the compound (moletudamonmoleculat’), two
different approaches are usedhastudy.

If achemical compound has molecular structure, &nalyzel by chemical
and spectral analysisathods. For molecularompoundsidentification andstudy
of the structue is not usually the ultimate goalAttention in this case is mainly
focuseal onstudying ofthe propertieandchemicéactivity of suchcompounds.

In the study of nommolecular crystalline bodies, in most casesra¥
methods are used, which are supplemented with the results of either chemical c
spectral analysis methods [1].ofF nonmolecular compounds, the notion of
O0structurebod IS of t he ut most I mpor t
characterized if the following is defined:

1. Whether body is monocrystalline or polycrystalline (for polycrystalline
bodies, quantity, s shape of crystallites are indicated);

2. Type of crystalline structure;

3. Distribution of variouscrystalline structuredefects, their nature and

concentration;

18 Molecular compounds are compountte smallest structural particleswhichare molecules.
17 Norrmolecular compounds are compounihe smallest structural particleSwhichareatoms o ions.
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4. Presence of impuritieswhich appeared in eandom and nonandom
mannery and their digibution inavolume;

5. Surface structure, including its heterogeneity and presence of absorption
layers.

Usually, a solid can not be completely characterized by only one method of
study. Therefore, several methods are often used for characterizatioh, ada
rule, relate to physical methods. All physical methods used for the study of solids
can be divided into the following main groups:

1. Diffraction methods X-ray diffraction neutron diffraction, electram
diffraction);

2. Spectral methods(vibrational R and Raman spectroscopy resonant
NMR, EPR M°ssbauerspectroscopyNQR spectroscopy electron UV, PES
ESCA Auger electron spectroscopy

3. Microscopic methods (electron microscopy: TESEM, AFM, optical
microscopy);

4. Thermal methodghermography Ggs, DTA; calorimetry;

5. Electrophysical and magnetic methods.

Table 1.1 provides information on which data on teenpoundstructure
can be obtained using some study methods of materials.

Diffraction methodsarethe mostimportantmethodsfor the investigatian of
crystalline solids among which radiography is the most popular method the
essencef which is asfollows. When an Xray beam falls on an organized crystal
lattice, atoms of the latter become the centers of secondary wave emission. At
certain wavedngth, Xrays are amplified under certain angles of scattering
(Fig. 1.29,a). As a result, roentgenogram is obtained, which is a set of peaks of
different intensity, and their position is determined by lattice spadhgr(Bragg
scatteri ngig. 4.89b). #E@ eathdcjystallife compound, position of
X-ray lines is strictly fixed and is characteristic only of Hach crystalline
substancéasits individual gypical only of this substancelffractogram, which

can be used for its identification
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Tablel.1. Characterization of solidsby somestudy methods[7]

= A - o 3 =1 5 %)
S |22 |98 |5 |z|8/8%8 |52|% |3
E.|S|e|S% |8 |8 |8 Sle | €
s c| = c > = S = o & Q0| = <}
0| B © o ® =] o o 8 do|E ©
Study method SElo |L | 2E © o |5 | & |SE£|o s
oL | g 8 7] E 8 c < _- = © o S
v?®l S |5 | 3 S | S 5| @ E0| g S
Q b [ 8] o= = L1 o E Xl a0 S
> 3 | @ | 80 2 1515 = <5 | 8 =
Radiography () ) (H |+ ] + + + ()
Electron diffraction
andelectron + + + + + + + +
microscopy
Neutron diffraction + + H | |+
Optical microscopy + (1) + + | (#)
IR spectroscopy (+) (+) + | + +
Ultravioletvisible + @ + +)
spectroscopy
NMR andEPR
spectroscopy (+) | ()] + " ) | ®)
Electron spectroscop
(ESCA,XPS, UPS + + |+ + |+ (+)
AES,EELS
X-ray spectroscopy
(XRF, EXAFS, ) | ()] + + |+ (+)
XANES)
M°ssbauer
spectroscopynuclear| (+) (+) +
J-resonance)

Identification is performedy comparing experimental data with the data of
standard diffractograms (Fi.30).

Q
Intensity

-
o

|

o—e oo —eo oo —e—0 ‘_J_“ IL'M
20

O b
Fig. 1.29. X-ray diffraction on a crystql® and typical roentgenografh)
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Coincidenceof the maja peaks provides a basis for determining the
substance Standard diffractograms are collected in a database of powder
diffraction patterns, known as th€DD (formerly JCPDS. In this database, more
than 35,000 diffracigrams of inorganic powders are colied, which are
replenished annually.

Identification
(NH, ) (NiMo,O;,)-6H,0
Green: experimental database
Red: theoretical database

| | l |
|
| | | |
’ ke | N 1 I A . a

j 4 "
S| e AT oM U U AU U A

7400 50.0 20

10.0

Fig. 1.30. RoentgenogrartNHa4)s(NiM09O32) L 4\

Using data obtainedfrom diffractograms it is possibleto calculate lattice
spacing(Braggs law) [1]:
2d G@ind A | (1.15)
where a-is the wavelength of the wayg ;
disthelattice spacing;j ;
n=1 (order of diffractiontaken asl);
dis the Bragg angle, rad
Peaks present in the diffractogram have their own indekiesalled Miller
indifies. After identifcation and deéermination ofhkl, it is possible to calculate
lattice parameters armlystallitesize(coherent scagting domain sizé CSD sizg.

Lattice parameters are calated according to the following equation:

1R

42 a2 2 JC%, (1.16)
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whereh, k, | are Miller indces

a, b, c areparametersf a unit cell(lattice constanjs

From the obtainedalues of lattice spacing and quadratic forms, which link
d? andlattice constants (Table 1.2), it is possible to calculate real lattice parameters
for all crystallographic systems.

Crystallite size is calculategtcording tdScherrer equation

_ 0%
B@osd”

whereB is the line broadening at half the maximum intensiyl

(1.17)

Line broadening is calculated according to the following equation

B:a/af B, (1.18)

wherel s is line broadening in a sample, rad

l stis line broadening of standardnacrodispersed powdend

Tablel.2. Quadratic forms for all crystallographic systems

Lattice system Lattice spacingdukL
Cubic 1 h2+K2 42
q2 a2
Tetragonal 1 h2+Kk2 |2
42 2
Orthorombic 1 h2 k2 | 2
—_— =t —+ —
d2 a? p2 ¢
Trigonal 1 (h2 + k2 +12)sin? a + 2(hk + kI + hi)(cos® a - cosa)
d a? @a- 3cos? a +2c0s° a)
Hexagonal éhz +kh+ K ) |2
20 e
Monoclinic 1 h? k2 |2 2hl cosb
= 4+ 4+ -
d2 aZsin’b b2 c’sin® b acsin® b
Triclinic 1 1 ) 2 )
? - _2[511h 8,K™ + 537 + 5,k + 5,5k + 5,5hk]
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So, diffraction methods allovgubstancadentification, calculahg of the unit
cell paraneters andCSD size identification of the crystalline latticestructure For
example, TiQ has three modificatiorisrutile, anatase and lwkite. Each of them

has its own structure, and hence its owra}{pattern(Fig. 1.31).

TiO2 — brookite
‘Y

Intensity

| 4
TR 0 rom Sqp - \\<‘
59 3.0 z.'{) s d(A) ‘:‘4'&’3‘»:4‘
< >' <

Intensity

‘ TiO:2 — anatase

NCA N A
D>
59 3.0 2.0 1.5 1.3 dA) v>\‘§v V>\‘>

'§ ‘ TiO2 — rutile ‘i@" Eg ’iq )
|| 4_4_4 4
59 3.0 lzfo lllfsui.'s d(A) m ﬂ “

Fig. 1.31 Substances witthe same chemical composition, but with different crystalline structure

Electron diffraction and neutron diffraction also belong to diffraction
methodsElectron diffraction idased on the wave properties of electramd their
high dissipatiorability. The disadvantage of this method is secondary diffraction.
This method is often usadgether withtransnissionelectron microscopyNeutron
diffraction refers tothe expensivanalysismethods, becaesfor the creation of an
intengve neutron source, a nigarreactor is needed. Only sonadoratories in the
world have such equipment.This method is very valuabléor the study of
magnetic materials.

Today, many differentspectral methodsare used to study substance
structure (Table 1.3). They are based ¢ tsame principle: under certain
conditions, a substance can absorb or release various types of energy. This
usually electromagnetic radiation, but there mayalse acoustiavaves, material
particles, etc. Spectral data (spectra obtained during the study represent
dependenceof absorptionor emission intensity on energy (or frequency or

wavelength.
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Table1.3. Characteristic scaleof spectroscopymethods

Scalé Gamma Ultra- Visible Micro- Radio
- M-rays : ) Infrared
spectrum | radiation violet light waves waves
Frequency 20 18 18 17 17. 15 14 13 12 129 9 7
Hz 10 710 10 710 (10 710 10 10 710 10 710 10710
Wavenumber 10, 8 8. 7 7. 5 4 3. 2 2. -1 S
cm-l 10 710 10710 10710 10 10710 10710 107110
Wavelength 10, -8 8 7 7. 5 -4 3 2 2 1 1, 3
cm 10 110 10710 (10710 10 107110 10710 10710
EnergyeV | 10710 | 10710 | 107110 1 |10%10° | 10910 | 107710
M° s s b

IR NMR

| ectro 19 isi ’ 1 ’
Spectroscop) zp;op)}s XPS UV, visible Ramar® EPR NQRZ2

IR and Ramanspectroscojes are usedfirst of all, to identfy functional
groups,mainly organic, and some inorgani@H, CO:*, SO, NOs, PQ?, etc.
Vibrationalspectra of inorganic sidis can be used to identify phases,ibhatgantc
compounds can not be unambiguousigntified with this method (unlike organi
compounds).Vibrational methods may also be useful for obtaining structural

information (Fig 1.32).

18 Mo sshaueispectroscopyrecoillessnuclearresonancdluorescenciis basedon the M° ssbaueleffect,
which consistdn theresonanabsorptiorof monochromatio-radiationemittedby a radioactivesource

19 X-ray photoelectron spectroscopy is based on the external photoelectric effect. XPS spectra are obtaine
by irradiating anaterial with a beam of Xays in an ultrehigh vacuum whileegistratng dependence dhe number
of electrons mitted on their kinetic energy. The analyzeléctrons areemittedby thetop 1/ 10 nm layerof the
investigated material.

20 Raman spectroscopy being a part of visible spectroscopy is based on the interaction between
monochromaticradiation andmatter, which is accompanied by a change in the energy of scattered radiation
compared to the energy of excitirediation.

2! Electron paramagnetic resonance spectroscopy or electron spin resonance (ESR) spedsrascopy
method for recordindgransitions between spin levels of unpaired electfna moleculein an external magnetic
field. EFR (ESR) spectroscopy Isased on the absorption oficrowave energy of an electromagnetic field by a
sample placed in such a field. Absorption is a furctifthe unpaired electrons presémt molecule.

22 Nuclear quadrupole resonance consist in the resaizsurption of radio waves due to the quantum
transitions of nuclei between energy states with different orientation of the electitugole momentf the
nucleus caused by the presenceelettric fieldgradients in crystals. Unlike nuclear magnetic resonance (NMR),
pure NQR can be observed in the absence of an external magnetic field.
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Particles energy and wavelength are linked according to the equation:
E = hf = hca, (1.19)

where his the Planck constants]

fis the fequency, 3

fmis the speed of light, f&

ais the wavelength, m

At first, spectral methods were used to study molecular substanaedy
liquids or gases. Today they are also used to study sblads crystalline and
amorphous. The study dolids by spectral methods supplemented witlthe
diffraction results. Diffraction methods allow obtaining informatiammthe long
range order in a substanedjile spectral methods ammedto determine thghort

rangeorder, namely, the symmetry ofohecules, defects, impurities.

A

< 100 |—

Transmission, %
|

l |,
4000 2000 1000 10

-~
L

Fig. 1.32.Spectrum obtained by IR spectroscopy

Electronspectroscopy (visible and UV) is used to obtain informatiorhen t
structure of amorphousolids and laser materials, by obtainimtataon energy
levels and possiblelectronic transitions.Resonah spectr@copy, in particular
NMR, makes it possible to carry ostructuralstudy, to determine the degree of
covalerty of chemical bondsstc [1].

Using microscoyy studies in addition tothe particlessize, it is possibléo
establishmorphology $hape ofthe particles) of theobtainedpowders, which
sometimes plays erucialrole in the properties & substance. Microscepstudies

use different types of microscopes that can baldiinto optical and electronic
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With optical microscopes it is possible to observe particles with a diameter
of several micrometers. Particle size that can be observed in an optical microscop
is limited to the wavelengghof visible lightin the range0.4i 0.7 microns. To
investigate smaller particles, electron microscopes are usedJsing electron
microscopes, it is possible to observe particles with diameters of several
angstroms, that is, today it has become possible to observe individual atoms.

Both in optical and in electron microscopy,oiwypes of devices are used.
The first ones arehbse that work otheregisteringanimage n the reflected light
(light raysor electrons are reflected from the surfatéhe sample), the lattere
those thatwvork on thetransmission ofight or electons through it (lightaysor
electrongassthroughthe sample).

In optical microscopy, the first typancludes polaried light microscopes
(the light is reflected from the sampbeing studied); the second type includes
metallographic microscopeshg light passes through themsple); in electron
microscopyi scanning microscope<E® (electronsare reflected from the sample)
and transmission microscopes TEN&lectrons pass through the sample)
respectively Depending on the microscopbeing used, electmic photographs
shownin Fig. 1.33are obtainedwherea andb are TEM images¢ andd are SEM
images.Thus, TEM images allow obtaining information on tparticles size and
shape, crystallographidefects, crystal structurenyhile SEM images provide
informationon the size and shapetbt particles texture andurface structure.

In practice, bothtransmissiorand scanning ele@n microscopes are used.
Many SEMs and TEMsire also equipped with numerous additiocathchments
that allow studyingthe elematal composition of the samples (poiabalysis),
obtaining electron spectra (Auger spectroscopy) and elediffsaction patterns

(electron diffraction).
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Fig.1.33. v [ [ aafdb)andS; [ cdndd)images
Thermal analysis is used to study seliase reactions, thermal
decomposition reactions, phase transformations, and to build phase diagrams
Many substances that change their properties wethperature change can be
studied by thermal analysis.
The main typesf TA are thermognametric analysis (TGA) and differential
thermal analysis (DTA). In the first s@,mass change is recorded, depending
the temperature or time; in the second casejpera ur e di f fisr en
recordedn the heating or cooling mode.d~il.34 shows #&ypical mass loss curve
in the process d substancdecomposition
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Temperature, °C

Fig. 1.34. Typical thermogram

In the experiment, a sample (usually ~ several mg) is heated at artonst
rate (I20AC/ mi nute, usually 10 AC/ mi3dut e
decomposition starts at the temperaturesodnd endsat u:. The valuesW,;, W;,
g Ware the main characteristicshat are determinedexperimentallyand are used
furtherfor quantitative calculations Temperature3;, T; dependon the heating rate
of the solid and orthe environment. The impact of the environment can be

significant (Fig.1.35).

CaCO3;—Ca0+C0O; 10 mg CaCO;
10 °C/min

400 1000
Temperature, °C

Fig. 1.35. Influence of the environment on the decomposition temperature

Differential thermal analysis is based on the comparison of the sample

temperature with the temperature of the standard during programmed temperatur
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change, which results ihhe obtaining dependence

allows establishing of thermal effects that arise in the sample heating process.
Quiz

1. Point out the essence and benefits of-gadl technologyfor obtaining
functional materials.

2. Give the fow chartof solgel technology.

3. Describe gagphase and plaswchemical synthesis methods for obtaining
materials with given properties.

4. Descrbecryochemical technology and give itow chart

5. DescribePVD andCVD methods.

6. Describe PVtechniques

7. Describecomponentaindprocessesfthe@c | assi cal 6 s c h.eme
8. Whar are the advantages of CVD method compared to PVD ntethod

9. DescribetemplatesynthesisWhatarecrucialparameters

10. Bring the classification of research methods used to study functional inorganic
mateials.

11.What information is obtained in the study of solids by differezgearch
methods?

12. What information is obtainedsing diffraction methods?

13.What is the basis of spectiaahalysismethod?

14.What information is obtainedssing microscopy studies?

15. What poperties of substances are determined by thermal arfalysis
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CHAPTER 2. CHEMICAL BONDING, ELECTRONIC AND REAL
STRUCTURE OF CRYSTALS

2.1. Chemical bonding

In nature, there are three force fields that can influence mapariatiesi
electic, magnetic angravitational. The latter two types are very weak and can not
be responsible for the experimentally established high strength ohtortec
bonds, so bonding in atoms is causady by electrical interaction betwee
positive and negative charges. Tlaials to a decrease in the potah&nergy of all
atoms of a substan@ndin the energy of valence electronghich are inolved
into chemical bonding

The specific mechanism of electrical interaction depends on the electronic
structure of the atoms of thgiven substance, that is, from their position in the
Mendel eevds periodic table. At t he s
interaction and the types of chemical bonding, respectively, are disting{iighed

1. Coulomb interactionlt can be staticirfteraction between thenes or
the displaced centers dajravity of the oppositechargesi a case ofionic
(heteropolar) bondingdr dynamic (interactiorbetween theoppositeinteratomic
(intermolecular) chargesaused bydynamic polarizationi a case ofVan der
Waalsbondng).

2. Interaction ofvalence electrons with nuclefhis type of interaction is
also dual in naturdn the first case, when the atoms are approaching, @bita
pair of valence electrons with opposite spins overlap. Such pairs rareucusly
moving from one atom to anotheBut such movingoccurs ofly along the se
called 'bridges”, which combine thadjacentatoms in certaimirections.Electron
density is concentrated only in these directions, hence, the valence electrons al
localized i this is a case ofovalent(homeoplar) bonding.In the second case

there isan interaction of delocalized (collective) valence electrohsll atoms
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formed by thesuchpossible mechanism oigocalizationasnumerousverlapping
of valent orbials. This is acase oimetalic bonding

The general characteristic of the bond type is the electron denrsitit
describes the character of the valence electrons distribution in a crystal lattice.
chemicalelements(and especially in compoungghereis an overlap of several
bond types Besides, considerindour possiblebond types (Van der Waals,
covalert, metallic and ionif; elementary substances have ofigt threetypes,

while compound$ all four types

2.2. Structure and properties of the substances with different types of

chemical bonding

lonic bondingoccursdue to the electrostatic Coulomb irgetion between
various charged ionsyhich differ in the ability to attract electrons. The ability of
atoms to attract electrons in a chemical bond is called electronegdiatgents
of Group | are characterized llye minimum electronegativity, whilelements of
Group VIl have the maximumelectronegativity (Fig. 2.1). In general, ionic
compounds are those in which electronegatidtiference of the compound
componentss 1.5 20 eV [].

lonic bonding isnondirectional so theion crystal lattice are elatively
compact and are characterizediigh symmetry (oftn cubic crystal system). The
most compact is crystal lattice BRCl type (Fig. 2.2), which cabe considered as
two cubicfcc® lattices (Na and ClHowever, other ionic crystals with the same
stoichiometric formula (for example, CsCl, ZnS) have another type of cubic
lattice T bcce® lattice. This is due to thfact that the divergence ddttice types in
substances with the same stoichiometric formula depends not only on the
stoichiometric formla, but also on the size o&nions and cationsSuch

coordination numbers as 4, 6 and sometimes 8 are typical of ionic crystals.

23 Valueof the electron densitlyis e/nn?. Electron density islso calledorobabilitydensity
24 Facecentered cubic
25 Body-centered cubic.
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Group number — o

—

<«——— Period number

os Relation of electronegativity of
:' elements with their position in
the Mendeleev periodic system

0,5 1.5 25 | 35
Electronegativity, eV

Fig. 2.1. Dependencef elements electronegativity dheirlocationin the periodictable
The lattice energy of ionic crydsais almost completely characterized by the
Coulomb attraction forces. An important feature of the iobanding is its

polarizdion, which iscaused bypolarization of the ions, that is, the placement

of the centersf negative and positive charges.

> e
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e mry

QNa 2 CI”
Fig. 2.2. NaClcrystal lattice
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Van der Waals (polarization) bonphg, like ionic one is caused bythe
Coulomb interaction between different charges, in which the centers of gravity are

shifted relative to one anotheAlthough in case of ionic bondingdifferent
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charges belong to different atofmsations and anions, in case\¢dn der Waals
bonding different chargeswhich aredisplaced relative to one another (dipoles)
areformedinside tle atom (moleculeylue to he chargepolarizationof the nucleus
and electrongthe secalled electron polarizatignVan der Waals bonding is a very
weak type of bonding. Besides, energy of Van der Waals bonding decrease
sharply as the distance between the atoms increases. From the above, it follow
that this type ofbonding must be present in the atoms of all substances without
exception.However, in the atoms of the substances, in which, along with the Van
der Waals bonding, other (stronger) bonds are present, this type of bonding eithe
does not form at all, or fars in the directions in which strong bonds are weak. In
the elements of the periodic tablewhich external valence shells are completely
filled, strong bonds do not fornn this case, Van der Waals bonding is the only
bonding present. Therefore, elengerdf the Group VIIIT noble gases are
chemically inert and usuallyo not form compounds; they hatre lowest relting
point. Van der Waals bonds are daectional, therefore these substat¢ave
simple cubic lattices |1

Metallic bondingarisesfrom the delocalization of valee electrons of the
atoms.Valence electrons of metals, due to a number of reaswasweakerly
bound to thenucleus, and therefose more easily detached from nuclei, forming
theso-called electron gas, which freely movesnronenucleus taanother

One important differencebetweenmetals and othersolids is that their
chemical bonds are nondirectional and unsatuyated therefore metals hahegh
symmetry and compactstructures. Close packed crystal structures with
coordnation numbers 12 and 8 (Fi@.3) are the most widespread among metals.
Due to the unsaturad metallicbondng, metalscan form solids with a high
contentof impurities.

It has been experimentally showhj fhatin crystals withcovalent bonihg
(Fig. 24) electron density of valence electrons is unevenly distributed in .space
The bondingis formed by pairs of valence electrons, which doxated on a

commonfor two neighboring atombinding orbit. Besidesjn case of elementary
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compounls, each atonfigiveso one valence electroi a bond Thus, in order to
form a covalent bond, it is necessary to have two unpaired electrons with opposit
orientation of the spins. In the formation of a covalent bond, each atom completes
its shell to 8 electrons at the experofthe unpaired binthg electrons from each

of the 4 closest neighbors in the lattice.

Fig. 2.3. The most widespread types of metal crystal lattices
Oi body-centerectubiccrystallattice b1 facecenteredccubiccrystallattice
ci hexagonatlosepackedattice

In general cases, p- and d- electrons are involvednto formation of
covalent bonding. In some cases, during bondorgnation orbits of valence
electrons are almost unchangedother casethere is a sharp changemnixed and
hybrid orbitsform. Covalent bonahg has a directionTheidea aboutlie covalent
bonding direction in acrystal is presented ithe theory of directed valence.
Direction of the chemical bomy can bedetermined ¥ the molecular orbitals
methodand by the valace bond methofb].

Covalent bonohg leads to the formation of specific crystal structures, as
well asto peculiar energy spectrum of valence electrons. The main peculiarity of
the structures with covalent bomd is theband gap between the valence band
the conduction bandand gap( p) depends on temperature and pressure. At a

temperature of O K, thealence band is completelylf, and the coduction band is
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completelyempty(Fig. 2.5 a). Thus,electrial resistance of such a semiconductor

tends to infinity and it is not condute.

L d

I i

i !

) i
I

Fig. 2.4. Distribution of electron density in the diamond lattjidég

Table 2.1 shows examples of compounds with different types of bonding,

some of their characteristics and properties.

a
r---r
Ey
v 2
NN
N
b

Fig. 2.5. Energydistributionof conductionelectronan undopedsemiconductorgl]:
Oi atsY &,biatus>0K
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An increase in temperature above 0 K leads tomtoeiranceof temperature
fluctuations in the crystal lattice, which ensure transfer of electrons from the
valence bandat the conduction band (Fig. 2.6). Thus,in semicondators at
T > 0K electrons appear in the conduction baarad hols i in the valence band.
Also, hydrogen bondsanoccurin crystals, which are formed in some molecular
substanceshat include hydrogen and one of timost electronegative elements
(fluorine, oxygen, nitrogen). Hydrogen bohds adirection and is stronger than

Van der Waals bondindput muchweaker than covalent one

Table2.1. Examples of compounds with different types of bonding, some of their

characteristics and properties[1]

Compound characteristics
k;rgrﬁ)gir?; Com. Crystal Bond General properties
pound structure _energy a
JV/molecule
Dielectrics at low
temperatures. lonic
KCI 7.3 3.14 | conductivity at high
lonic AgBr Cubic 5.4 2.88 |temperatures. Transparen
BaF, 17.3 2.69 [in the visible spectrum.
Light absorption in the IR
spectrum
Si 3.7 2.35 |High meltingpoint High
Covalent| InSb Cubic 3.4 2.80 [strength. Dielectrics or
Mg,Sn 1.0 2.92 |semiconductors
Na bcc, 1.1 3.70 | Highelectrical
Metallic Ag fcc, 3.0 2.88 | conductivity Non
Ni fcc 4.4 2.48 |transparency
Hydrogen| Ice Hexagonal 0,5 1.75 Dielectrics. Optical
transparency
Van der Ar fcc, 0.1 3.76 |Low melting and boiling
Waals Cl, tetragonal 0.3 4.34 |points

2.3. Electronic structure

Regularities of theatomelectronic struatre of various substancdsrm the

basis ofthe Mendeleev priodic table Deep understanding of tteom electronic
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structureand the behavior of electrons is¥gn by quantum mechanitsatis based
on the wave functions of electrons, whiee describe byt he Schr °c
equationSol ut i on of the Schr °dnnmkes it possiglel a t
to find the valueof theelectron energy in a crystal][1

Whena crystal is formed, energy level of the electron splits thenergy
band$®. A simplified energy scheméFig. 2.6) is usually usedto demonstrate
energybandsof a crystal Since many processes in the crystal (elecmagnetic,
optical) arecaused byhe state of alence electrons, only twaandsare shown in
the scheme: the valence barwiresponihg to theground(nonexcited) state of
these electrons and the conduction band corresponding to thedestte of the
electronsBandtheory’ explains the distribution ahe substances on conductors,
semiconductors and dielectridependingon thefilling of the valence band and the

conduction band of the crystal with electrons.

EA

band

Conduction

AE

zone

Valence

Fig. 2.6. Simplified energy scheme of a crystal

Formation of energy bands in the crystals of some chemical elements anc
filling of these bands with electrons am@sidered below.

In the atomof Lithium in its groundstatethere are two electrorat 1s level
and one electron ats2evel. When a crystal is being formed frolthium ions,
there is expansion and splitting of both levels inb@ands Fig. 2.7 shows the

26 Bandtheoryexplainsformationof the band structure
27 Quantummechanicatheory of electron movement in a solid
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splitting (on the right) of these levels, depending on the distance between the atom:

d (whered, is the constanof the crystal lattice (nit cell paameter) of lithium in
the groundstate) and the scheme efergybandsof the Lithium crystal (on the
left). In the b zone, all levels areilfed, andthey can not participate in creating
electric current in the crystdh the Zzone, only halbf the level is filled, so these
electrons take part ithe electrical conductivityand thereforegrystals of ithium

ions are conducts, as well axrystalsof sodiumions, potassium, and others.

E ¢ E

——

Fig. 2.7. Energydiagram oflithium crystal[14]

In the atom of Beryllium, the 2s level is compleely filled and, in theory,
electronsdo not participate in the af&ical conductivity. However, theplevel is
empty and, as can be seen from the scheme ZRy the filled2s zoneoverlaps
with the empty2p zone andat d=d, a partially filled zone is formedThus the
crystal made oberylliumions conduct&lectriccurrent.

If a fully filled valence bandn a crystalis separated from the camction
band by the band gaphen in the absence of externakigation (for example,
heating oiirradiation), the crystal is not conductive.

In theatom of diamond (covalent hding), there arel valence electrorthat
are distributecequallyat 2 and 2 levels Whencarbon atomsire approachings
and 2 levelsspilit first into two separatdands and then atl; < d < d, the bands
merge.With further approaching the energyband splits into two zones again.

However,both2s and 2 electronsare at the bottom level, completely fillingdte
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to the sp® hybridization, sothat the upper zone remairmmpty Diamond is a
dielectricwith gE=5.6 eV.

E

Fig. 2.8. Energydiagram ofberyllium crystal[20]

For conveniencesemiconductorare considered to bbe substance with a

bandgapless than 3 eV (in some sources, less than 4 eV). Dielectrics (insulators)
E A E A

- 2p
- 25

AE

I
I
1
0 dldl

Fig. 2.9. Energydiagramof diamondcrystal[8]

In NaCl crystals (ionic bating), energy bands are formed as a result of the
expansion and splitting of energy levels of sodium and chloride ions, which have
filled electron shells of the noble gases type*(bfaNe type; Clof Ar type). From
Fig. 2.10 it can be seen that in th@amted atoms,sdevel of Na atom is located
below 3 level of Cl, but when the atoms are approachimgz@ne is below 8
zone.This is due to the fact that tlvalence 3 electrons otthe Na atom transfer

into the3p zoneof the Cl atom and filall thevacant energy levelbhere. Thus, 3
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zoneis full, and 3s zone is empty. At the same tipthese zones are separated by a
wide band gap (6 eV), hence, the crystal is not conductive.

Thus, the main difference between sssnductorsdielectricsand metalsis
associated withthe difference in the nature afhemical bonohg and electronic
structure of these materialwith the nature oknergy bands fillingvith valence

electronswith the presence ddoth positive and negativaharge carriers, etc.

E A E 7 En

-3 pCl level

AE
-3 s Na level

Fig. 2.10. Energydiagramof sodium chloride crystdfl]
2.4. Defects in crystals

Any deviation from the crystal symmetry is called a defect. Defects can
occur if an atom des not exist in &attice site if there is a different atom; if there
are additional atos) etc. Defects substantially affect the prtips of crystalline
materials. Suclproperties as electrical conductivity, photoconductivity, plasticity,
transparency, color, luminescenaee verysensitive to even a small number of
defects

There are thedllowing types of defectgl]:

1 point(0-dimensiona);

1 line (1-dimensionag|;

1 planar(2-dimensiona);

1 bulk (3-dimensiona).

Point defectsinclude vacancies interstitial atoms substitutional atoms
(Fig. 2.11).



73

Fig. 2.11 Pointdefectsa’i vacancydefect bi distortionof a crystallattice becaus®f anunoccupied
site ¢ interstitialatomin a crystalatticeandd 1 distortion of a crystal lattice because of an interstitial
atom[7]

There are two main mechanismwithe point defecs formation In the first
casean atom moves from the crystal lattice site into an interstitital site, and creates
both a vacancy and an interstitial at{fig. 2.12,0. Such pais are called Fankel
defect These defects often occur in crystals with large interatomic gapgbe
tightly packed structures other defeappear, which arealled Schottkyefects In
this case, a vacancyccurs, when an atom leaves thecrystal structure
(Fig.2.12,b). As a rule, this occurs on the surface lo¢ trystal whenan atom
moves fromthe upper layers of matter to the surface as a result of thermal motion.

Theformedvacancymigrates into the crystablume
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Fig. 2.12 Frenkel(® and Schottkyb) defectq 1]

Point defects can occur as a result of heating solids, deviations from
stoichiometry, plastic deformation, etloint defects have a great influence,
especially in ionic crystals, on such properties as electrical condyctwd
photoconductivity.

Line defectsinclude various dislocations dnchains of point defects
(Fig. 2.13), which extend far beyond the parameters of the unit cell. Dislocations
usually occur in the process of plastic deformatiamnystal growth or during

subsequent treatment

—>Shift

Fig. 2.13 Line defects 1 @slocations,
b1 chains of point defec{4]
Planar defectshave dimensions that are many times larger than the unit cell
parameters. These include grain boundaries, crystal facedaade boundaries,

etc.Planardefects affectatalytic, seaar and sorption properties of materials.
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Bulk defectsnclude micrevoids, cracks, inclusions of another phase. Their
effect extends to properties such as strength, sorption and ion exchange capacit
etc.

Impuritiesare the most important avddely spreadiefects in the structure
of real crystals. They significantly affect the electronic structure of materials,

especiallyof semiconductors.
Quiz

1. Give the mechanism of chemical bondiiegmationand the types of chemical
bonding according to it.

What kindsof interaction do you know?

Give the specifics of ian bondingformation

Describe thé&/an der Waals anldydrogen bonihg.

Describethe properties amnetalic bondng.

Give the specifics ahe substances wittovalent bonuhg.

Give a simplifiedenergydiagram ofa crystal.

© N o g bk~ WD

Give a schemef the electronic structure of dielectrics, semiconductors, and
metals. Specify the main differences between them.

9. What types of defects can occur in crystalline bodies?

10. Explainformationof Frenkel andschottkydefects.

11. Which propertiesareaffeced bydifferent types of defects?
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CHAPTER 3. SEMICONDUCTORS: CHEMICAL SENSORS
PHOTOCATALYSTS , QUANTUM DOTS

3.1. Chemical sensors

According to the IUPA@ classification,a chemical sensois a device that
converts chemical infonation into analytical signal. Informatiaran be obtained
either from thechemical reaction of the analyte or fréh@ changes in the physica
properties of the systebeingstuded. Chemical sensormgsuallyconsist ofsensing
elementsand transducers.

There are several classifications of chemical sensors. A classification basec
on thenature of the interactiobetween a sensing element amthlyte is very
convenient. According to it, chemical sensors are divided into physical, chemical
and biochemicasensorg[1].

Physical sensors record information tisabbtainedrom a physical process
suchaschange itmass, absorption, refraction, temperatureganductivity.Work
of chemical sensors is based on the registratfarhemical reactions between the
amlyte and thesensing elementBiochemical sensoralso belong tochemical
sensors but with one differencei they record infomation about biochamical
processehemical sensorare considered below more detail.

Chemical sensors are classif@ctordng to[1]:

1. The principle of action: optical, electrochemical, magnetic and others;

2. Thetype ofsensing elementmetal oxide, polymer, inorganic;

3. The production technology: screen printing, gas synthesis, tableting,
pressing, sintering;

4. The scqe of application automotive, medical andor environment

monitoring.

Metal oxide (semiconductor) gas sensars considered below. There

used to detect gas components in a mixture ananareufacturecn the basis of



77

inorganic metal oxide systems, @lsalled chemoresistive. The essence of the
chemoresistance effecttise change in the conductivity of semiconductdtsing
chemisorption of gases. The main sensing element (receptor) of such seasors is
metal oxide compoundnainly tin (IV) oxide (SnQ). The structure of a typical

metal oxide film gas senswith SnQ assensng material is shown in Fig. 3.1.

Sensitive material

Substrate

“— Platinum electrodes

Platinum heater

Platinum temperature
controller

Fig. 3.1. Structure of a typical gas sendmsedon metaloxides[1]

A sensitive layer of metal oxide is applied to the substrate, whichdglrea
has predeposited platinum (possibly silver or gold) electrodes 0.5 mm thak
measure conductivity of the sensitive layer. Dielectric materials such as glass (ir
laboratory), AJO; and Si (in industry) are used assubstrate.The substrate
usually has such dimesions a8 mm x 10 mm. A platinum heater and a
temperature controller arplaced underneath the substrate to create working
temperature durinthe measurement.

Today, film gas senso@rethe most widely usedensorsn industry They
include thin-film gas sensorfup to 2 microns) and thieklm gas sensorémore
than 2 microns). Other types of sensafso exist Typesof block sensors are
schematically depicted iRig. 3.2.In these two devices, sengilayers of metal

oxide are obtained m fundamentally differentways In the first casescreen

28|UPACT InternationalUnion of PureandApplied Chemistry



78

printing or gagphase synthes@re usedin the second case, the powder is pressed
into a tablet andhen sintered or applied to the surface of the ceramic tube by

sputtering with subsequent sintey.

Block Sensor container
o

3m V

| B mm‘ " 10 mm

— Hole

|
>

Heater and
electrode

Porous

Electrode —
Ceramic tube

-

&
&3

Fig. 3.2. Typesof block sensorsai tabletshapedb i applied to the ceramic tulpi]

wu ()

wuw G|

Ty
I mm Heater

Today, the most widespread technology of a sensing layer applying in
industry is screen printing. However, in this case the sensing layer is thick that
resultsin high energy costs to maintain the operating temperature. Therefore, the
solution to this problem at the moment is to obtain a nanoparticlengdaser of
metal oxide on theubstrate.

The efficiency of gas sensors is characterized by the followingriaupt

parameters [19]:
1.  Sensitivityis thechange in the measurement signahvwhe change in

analyte concentrationg the slope of the calibratioturve
2.  Selectivity is the characteristic thadetermines how effectivelya

sensor respus to the targetnalyte ina mixture.
3.  Sability is the ability of a sensor to ensure reproducibility of the

results over a period of time.
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4. Limit of detectionis the lowest concentration of analyte that can be
detected.

5. Responsémeis the timerequired b receive a sigal.

Other parameters for characterizing gas senswiside dynamic range,
linearity of the calibratiorurve,recovery time, life cyclegtc.

All these parameters are used to describe the properties of a particula
sensng material or device. An ideal chiecal sensoshould have high sensitivity,
large dynamic range, high selectivity and stability, low detection limit, linearity,
short response time, long life cycle. Different types of real sensors have some
properties morer lessclose tothe ideal charzeristics.

Mechanisms of the processtsattake place during themeasuringpf analyte
with metal oxide gas sensof$nQ) is considered belowA change in the
electrical conductivity of metalxide semiconductorsluring the measurement of
analytes isuswally causedby the diemisorption of oxygen fromair on the Sn@

surface.The following reactions may occur [19]:

[ogast ¥ dass (353423 K) (3.1)
[2asst ¥ Zafs (423573 K) (3.2)
{agst ¥ Fas (573 873K (3.3)

So,ascanbe seenfrom reactions 3.13.3, the form of oxygen adsorbed on
the SnQ surface depends on the operating temperature of the senstie At
temperatures below23 K, surfaceoxygenis in the molecular form of £ above
423 K1 in the ionic forms: Oa n . Ab aresult of this electron transfer from the
SnQ surface to the chemisorbed oxygen, an eleeti@pietedareais formed
which is a areaof high resistancel herefore conductivity of the sensg material

decreases. This mechanism is shown on the I&igin3.3.
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Surface of the particles Surface of the particles SnO,

SnO, 1n air under the action of gas
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Fig. 3.3. Processes on tf#nG surfacewithout analytegon theleft) andwith analytes
(ontheright) [7]

In the presence of analytesor{ example CO), the following surface

reactions with chemisorbed oxygeocur.
24 [ ks 264 ] (3.4)
o Y[ teft (3.5)

resulting in the electron being released and returned te, &m@ thus, electrical
conductivity of the material increases.

Today, two mechanisms, electronic (physical) and catalytienecal), have
become widespread to describe physical and chemical processéskthaiace
when gass interact with the Sn@surface.Electronic and catalytic mechanisms
occuringon the surface ad sensng layer are considereaelow usingthe example

of ametaldoped metal oxide (Fig. 3.4).
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Electronic mechanism Catalytic mechanism

(IJ- " 5 o & O (l)-

Adsorption

Reaction

Electronic transfer
and charge change
in the layer

Electron
SnO:
Charge in the layer

Metal

| M1 He

Adsorption site

Fig. 3.4. Representationf electronic and catalytic mechanismscuringon the surface cd
metatdoped metal oxidg7]

According to the electronic mechanism, also called Férhavel control
mechanism, compressgds reacts with the surfaceaimetal dopant, releasiran
electronthat istransported to SO Changes in electron density near the SnO
surface lead tthedecrease in resistance.

According to the catalytic mechanism, metal dopant acts as a cafiagst
which the compressed gas is transported to the, Suace, where it reacts with
the adsorbed oxygen, and the electreleaseleads tothe decrease in resistance.
So the difference between these mechanisrtiseig/ay of chargeransfer

According to the mechanisms presented, the following general stages of
analyte detection by the sensing material can be proposed:

1. Adsorption of oxygen on the surface;
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2. Transfer of an electron to it;

3. Adsorption of the analyte;

4. Chemical reaction;

5. Electran transfer to the metal oxide;

6. Desorption of reaction products.

Developmentof sen®r materials with high sensitivity and low detection
limit has become possible today thanks to the latest scientific achievements in th
world. According to the latterhe greatest effect osensng characteristics of
sensng layer is caused by Hhe dimensional effects andoping of metal oxide
materials by metals or oxides of other metals.

Fig. 3.5 shows the experimentally found dependence of the Gaglsensor
sensitvity on the size of its crystallites8]] As can be seen from Fig. 3.5, a
significant increase in sensor sensitivity begins when the crystallite size is reducec
to 10 nm or lessHowever, such small particle sizes are diffictdt apply in
practice becaus sensors ith sensng material consishg of SnQ crystallites
smaller than 10 nm have low mechanical strength. In additiuring operation at

thetemperaturgof 473/ 873 K, crystallitestend toaggregate.

180

150

100
800 ppm H,

Sensitivity

50

800 ppm CO

T LI | T 1 L L LI T T 1

1 1 1 1 1
0 5 10 15 20 25 30

Size of crystals, nm

Fig. 3.5. Dependence of sensitivity on theeioftin (IV) oxide crystallites[20]

2% Located approximately in the middle of thand gap
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Various carriers, such as carbon nanotubes, which stabilize [@ntxles,
have already been proposed to overcome this problem.

N-type® semiconductors, such as SnMave a low adsorption capacity
towards Q comparedto, for example, noble metals. This is caused by potential
barriers on the particle surfada.addition, thepart of SnG;, surface which can be
occupied,is quite small (<1%)8§]. Thus, the addition of compoundshich form
additional adsorption centersan significantly increaséhe sensitivity of the
material, but as shown in Fig. 3.6, presencthetiopants can also have a negative
effect increasing (if aluminum is added to SHQr decreasing i stybiumis
addedto SnQ) the Debye lengfh, and theefore the sensitivity of the sensor.
Also, when modifying the surface @h (IV) oxide with different dopants, nature
of the interactiorbetweengasesandsensor surface changemnd thereforéransfer
of the charges on the surfacdso changes. All of iis ultimately affects the

sensitivity of the sensors.

\\ Al-dopant SnO,

. 160 | =
2 ey
Z120 T
2 e & N
w

80 |- Sno,

40 L
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" Nt ~ Sb-dopant SnO,
0 10 20 30 40 50

Size of crystals, nm
Fig. 3.6. Influence of different dopants dhe sensitivity of senssf8]

Fig. 3.7 shows the mechanisms of sensor signal generation in the

measurement of hydrogen in the air: catalytic (a) andrel@ct(b). As can be seen

30 N-type semiconductordnclude semiconductorsin which the main charge carriers are conduction
electrons.
31 Thisis the shielding radiuis length that characterizahielding of the Coulomb potential
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from the figure,catalytic mechanism of the reaction occurs on the surface of the
oxide, and electronic mechanisnon the suace of the metal dopant. d¢al oxide

is used as a aterial to measure the changeetdéctrical signal.

O M

T
b

Fig. 3.7. Mechanism®f sensoisignalgeneration®i according to the catalytic mechanism
b1 according to the electronic mechanifdh

3.2. Photocatalysts

Photocatalysis refers to the processes of accelerating chemical reaction
(oxidaton or reduction) caused factivation of a catalyst (semicondag, usually
a metal oxide, by ultraviolet or visible radiatioit. has recently become a
widespread methodf water and aipurification from organic and, in some cases,
inorganic compoundsAs photocatalystssuch semiconductor materiads TiO»,
ZnO, Cd5, FeOs; and WQ are considered first of all

In 1972, Japanese scientists Fujiza and Hond&und outthat water ould
oxidize to oxygen omhe TiO, electrodeunder UVirradiation[10]. This discovery
initiated research on photoinducexidationreducton reactions on semiconductor
surfaces.

Photocatalytic properties of the catalysts are characterized by such
parameters saactivity and efficiencyActivity of a photocatalyst depends on the

ability of the catalyst to generate electtoole pairs; the lagr are capable of
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generating free radicals thaiarticipatein secondary photocatalytic reactions.
Efficiency of the photocatalyst is determined by the quantum vyield of the
photocatalytic reaction and tlaetionspectrunof the photocatalyst.
Photoreactiomuantum yields the ratio of the number of product molecules
formed & a result ophotocatalytic reaction to the numberpbfotonsabsorbed by

the catalyst. The quantum yield can be represented as:

A &Ld, (3.6)
where d is thepartof chage carriers thateached the surface
d, is thepartof charge carriers thatrticipated in the reactidine., those
carriers thaavoided recombinatidf).

The following stages of the photoreaction process are distinguished for
semiconductor articles as photocatalysts

1. Absorption of light bythe photocatalyst andjenerationof an electron
hole pair in it;

2. Diffusion of electrons and holes to thkotocatalyst surface

3. Bulk recombination of electrons and holes;

4. Surface recombinatioof electrons and holes;

5. Photocatalytic reactionsf electrons and holes with molecules adsorbed
on the photocatalyst.

The mechanisrof the photoactivesurfaceformationof the catalyst involves
formation of holes in the valence baid,g) and electrong the conduction band
(ece) by absorbing a photon of energy greater than or equal to the band gay
(hs Egy) of the semiconductor (féFiO, the band gajs 3.0 eV for rutile 3.2eV
for anatase)l]. At the same time, holes contribute to the formatbmydroxide
radicals and oxidation of organic compounds, and elexirda thegeneration of
superoxide radicals and decompositioand oxidation reactionsl1]f So

32 Recombination is a process characterized bigaease in charge carridyscause ofhe collision with
thecharges of the oppositdargeand which is the reerseof the ionization process.
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photocatalytic activity othe semiconducta (in particular, TiQ) is characterized

by hydroxide and superoxide radicals obtainedh®sfollowing reactions 11]:

TiO,+h ¢ Ti(€©OCB+ h*VB), (3.7)
TiO2 (e CB+ h*VB) Y ,{rdcanbinatio, (3.8)
TiO, (h*VB) + Y[ 1Ti+0O [\ (3.9)
TiO,(e€CB) +Y [T4i+0.q (3.10)

where CBis conduction band
VBis valenceband
Schematically the mechanissha semiconductor particfghotoactivation by

ultraviolet radiation is shown in Fig. 3.8.

Energy level 9’
s @ction
//—\ P
/4()' / N — O:

’"’_.‘ /'/ - 7N ~~\

Degradation of
intermediates

H +OH

p H;0 Oxidation

Fig. 3.8. Schematic representation of the mechanism of photoactivation and photocatalysis on
theTiO2 surfacg24]: t T pollutants 1 band gap

Wavelength ofthe photonthat has the required energgn be calculated

usingthe knownequation
( =hL &LiFE o, (3.11)

where his the Planck constant & (¥%);
3 is the frequencys?, Hz;
fmis the speed of lightm/s;
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ais the wavelengdt, m.

Substituting the energy value into formy&11), it can be found that for
generating free electrons and holes i@, particle, the wavelength of thEhoton
for irradiation must be at least 3at.

So, when photocatalystare irradiated witlenegy greaterthan3.2 eV, free
electronsand holes are generated Captured electron and hole are completely
specific chemical particles. For exampéa electron is T4 on the TiQ surface,
and a hole (electron vacancy) is localized on the surface oxygeming O
(see Fig. 3.8 They are reactive with corresponding potaisti electron ~0.1V,
and hole ~ + 3V (relative toormal hydrogen electrode).

An electron that reachesthe semiconductor particle surface under
irradiation is able to react with the oxygen adsorbedon it, as a result the

following reactiongnayoccur.

i ey [ (3.12)
2+ 4 20 [# (3.13)
{7+ 2Y > (3.14)
I+ 42y { (3.15)
12f2+ 4 Y+ {0 (3.16)
I+ Y [Aa (3.17)

at the sametime, such strong oxidants as oxidj |, fuperoxide( f and
hydroxide( [ A radicals

Formedhydroxide and superoxide radicals react with organic pollutants, and
oxidation of the latter occurs. The general scheme of photocatalytic degradation o

organic pollutants can be represented as:

TiOzh g

OrganicPollutants(t ) Y Reaction intermediasey u.f > . (3.18)

Thus photocatalyticoxidationof organicpollutantsoccursaccordingto the

following stages
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[ —

. Transfer of the mass of an organic pollutant from the liquid phase to the
TiO, surface

Adsorption of the organicgtiutant on the photoactivated TiGurface;
Photocatalytic reactions on the TLi€urface

Desorption of products (including intermediates) from the, Eiface

a kw0 n

Mass transfer of products to the aqueous medium.

According to the presented mechanism, itolsvious thatfor effective
photocatalytic process inétvisible light, TiG, shouldhave high specific surface
area (in order to increase efficiency ofganic compounds&dsorptiof), small
particle sizes (to reduce recombination of electrons and haleslow band gap
The latter follows from the following consideratioie wavelength othe light
required for the photoactivation of the titanium (IV) oxide surface should be less
than 390 nmSaq, TiO, will only absorb UV radiationProportion of the latr in the
visible light is about 6. Therefore, such a photocatalyst will not be effective in
the visible light. In addition, providing UV radiation for the photocatalytic process
will generate additional energy costt the same timeproportion of visble
naturalradiation in the spectrum ig to 43%. Thus,developmenbf the catalyst
based on titanium (IV) oxide, which would work in the visible radiation range, is a
very importantscientific and practical tasthat requires reducing the band gap of
the catalyst based on TiO

Photocatalyticoxidation (PCO) in applications. ®O can be used to purify
both air and aqueous solutiasough destroyingrganic compoundfl].

The advantages of air and wastewaW\() purificationtechnologies from
harmful @mpounds include the fact that organic substances are either completel
degraded (mineralized) or destroyed to harmtesspoundsThe disadvantages of
air PCO includelow efficiency of humid air PCO because tiie nonwettable
TiO, surface. The disadvame of wastewaterPCO is inefficiency of thdlow
reactordecause ofhe slow diffusionof organic compounds to the surface of 71O
in water. What is more, usagé TiO, suspensions not effective because dhe

complexity of removingiO; fine particlesIn addition, UV lamps are used in both
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air andWW purification,leading to the need iperiodic replacemertdf UV lamps,
disposal of mercury lamps and significant energy costswhich is another
drawbackof the PCO technology.

Typical devices for photocaliytic air purification are shown in Fig. 3.9.i§h
device consists of a porous substratsually porous glass), on which Ti@s
deposited and which is irradiated with UV liglwhen air contaminated with
organic mattelis passing through the devjcerganic molecules are adsorbed on
the TiG, surface ad decompose under UV irradiation (idealbyganic molecules
are oxidized to C@and water). Thusair is purified andhenremoved from the
deviceby a fan. Such air PCO devicae ma n u f a clToshileeegbhatgy ¢
cTOTOe.

165 MM
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Fig. 3.9. Air PCO devicesOi laboratory photoreactob,i industrial photoreactor

Photocatalytic reactions in aqueous solutions occur in a similar way.
Moreover, according to literatur&q], today almost all organic compounds can be
oxidized by phtocatalysts under the UV light.

Fig. 3.10 shows devices used for the study of photocatalytic reactions in
aqueousolutions anddr the conductingvaterPCOprocess omndustrial scale.

Both laboratory cell (Fig. 3.10a) and industrial reactor (Fig. 3.10)
contain such basic elements as an immersive UV lanjQ, layer deposited on
the reactorsurface, and a cooling jacket. In additiamjustrial reactor contains a

pipe with tangential inlet of waste water. As a result, turbulent regicreade in
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the reactor, which helps to increase the rate of photocatalytic decomposition of

organic matter.
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Fig. 3.10. Water RCO devicesa' laboratory cellpi industrial reactor

In order to intensify the operation of flow reactors (to increase theofate
diffusion), block photoreactors have been developed, the designs of which are

shown in Fig. 3.11.

Fig. 3.11 Examplesof ¢sandwicle type block photoreactors
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These photoreactors contain blocks with reactor panels interconnected by
panels of UV &amps, manufactureth a ¢sandwicle type. Reactor panels are
interconnectedy canals in ordeto increase residence time the reactorSuch
design of the photoreactor provides a fairly high efficiency of photocatalytic
decomposition of organic substances

When using sufficiently photoactive catalysts, it is possible to purify
aqueous solutions from dyes, phenolic compounds, pesticides, pharmaceutical
destroy microorganisms, etc.

One of the practical and rather interesting applications of a-G@aSed
photocatalyst is to use it as a film on the glass that is capable aflsating and
does not become misted (Fig. 3.12). The ability of the glass coated with a thin film
of TiO, to seltcleaning and resistance to becoming misted can be explained as
follows. Glass with TiQ is purified from organic compounds undaght due to
photocatalytic process, resulting in the glass surface being well wettable, and wate

is not collected in droplets bigspread on the surfacandthusevaporated.

Sunlight
s

TiO,

Fig. 3.12 Sef-cleaningglass

One ofthe rather interesting, scientifically and practically actual uses of
photocatalysts is their use in the processesvafer photolysis for hydrogen
production.

Fig. 3.13 shows a typical photoelectrochemical cell consisting oftgpe
TiO, electrode (anode), a platinum electrode (cathode), a membrane, gas burette
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a resistor and a voltmeter. Under UV irradiation of an electrode with, Ti@
oxidation reaction (oxygen evolution) occurs on it, and the recovery reaction
(hydrogen ewlution) takes place on the platinum electrode.

UnderUV irradiation of the TiQsurface anelectrorhole pair is generated:
U ffh o e h. (3.19)
At the same timeanoxidationreaction takes place on taaode
2w +TYA N+ 4, (3.20)
and a recovery reactignon the cathode
217+ XJj (3.21)
General reaction of water photolysis:

2wl hFs [+ 2 (3.22)

Fig. 3.13 Photoelectrochemicakll: 17 anode 27 cathode 37 membrane4i gasburettes, 57

resistor 61 voltmeter

Today, unfortunately, such system has a very small quantum yield. It
should be taken into consideratithratin orderto obtain 1 molecule of oxygen it is

necessary to decompose 2 molecules of wadlhrs requires 113.4 kcal/mol.
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Ultraviolet light (252 nm) isalmostabsent in solar radiation (0.B microns) that
falls on the Eartés surfaceTo increase the quantum yietd water photolysis,
scientistsin the whole worldsynthesize highly active photocatalysts that would
alsowork in visible light.

Methods of photocatalytic activity intensification (both in the processes of
PCO and water photolysis) and its increase isible light include metals
depositionon TiO, surfaceandcreatingTiO,-basechanocomposites.

Deposition of metallic dopants (usually noble metals, r@aently dmetals)
on the surface of a semiconductor substantieligngesphysical and chemical
propertes of the surface, thereby changing the photocatalytic properties. The
presence of metal on the TiQ surface can alter the final product composition
and/or the rate of photocatalytic reactialB8]] Photocatalytic process on such
deposited systems is [misle provided that the semiconductooidy partlycoated
with metal. In this case, at the mes&miconductorborder, Schottky barrier
appearswhere the metalcts as aatalyst by changing the electronic structure of
the semiconductorAfter excitatian, the electron migrates to the metalhich
entrapst, and electrorhole recombination is suppressed. The holes diffuse to the
semiconductorsurface where they take part inphotocatalyticreactions.The
decrease in the electron densitiya semiconducto leads to an increase in the
acidity of hydroxide groups on the surfatkat also affects photocatalytic
properties of the semiconductor. In practice, PtiT&)stem iswidely used.
Platinum deposition on the TiQurface is particularly effective for ptozatalytic
reactions in which gas &mitted

Developmentof composites (in particular, heterostructures) based on two
semiconductors represents a promising direction for increasing efficiency of the
photocatalytic process due to better charge distribuaad widening of the
operating light rangel]. For example, for a Cd%iO, composite photocatalyst
whenusing aphoton ¢ less than 3.2 eV (Ti©band gap but more than 2.8V
(CdSband gap p h o t @memwisnoenoughfor direct excitation of TiQ but it
iIs enoughto transfer an electron from the CdS valence band to the conduction
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band. According to this scheme, the holes formed in the CdS valence band as
result of excitation remain in the CdS particle, whereas the electron is transferrec
to the TiO, conduction bandhat increases the efficiency of the photocatalytic

process. Separated electrons and holes can then participate in the electron trans

process on the surface with the participation of the adsorbate.
3.3. Quantum dots

Quantum dots a small particles of atoms of one material, consistingnof
average of 5a.0° atoms.Electronic spectrum of an ideal quantum dot corresponds
to the electronic spectrum of a single atom, although the quantum dot sometime:
even consists of several thousatdms.That is whyquantum dots are also called
cartificial atome.

Fig. 3.14,a shows a quantum dot in the form of a pyramid located on a
single crystal of other material. Based on such quantum dots, different
semiconductor devicethat use quantum dimeonsal effects for their work are
being developed. At the same timey varying the location, ise, morphology
(pyramid, plateetc.)it is possible to changbe crystalproperties.

Colloidal guantum dots are semiconductor nanocrystals of 2 to 10 nm in
size, consisting of 110° atoms.Usually, colloidal quantum dots ameatedrom
inorganic semiconductor materials (Si, InP, CdS, etc.) that are covered by &

monolayer of the stabilizérthe soecalledc¢fur coae (Fig. 3.14,b).

Fig. 3.14. Quantum dots:ai in the form of a pyramid located on a single crystal of other

material,b i a colloidal quantum dot covered withi@r coab
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Quantum dots are characterized by composition and size. Also, quantum
dots are classified into brodwhnd (absorptionn ultraviolet rangg, mid-band
(absorptionin visible rangg, and narrowband @bsorptionin nearinfraredrange
semiconductors.

In addition, quantum dot shape has a great influence on its properties. Ther:
are spherical, ellipsoidal quantum dots andocaystals with complex geometry.
Among the mentioned, spherical quantum dots are mostly used due to the ease
their manufacturing. There are also doped quantum dots and quantum dots on tr
basis of solid solutions and heterostructtfres

Chemical method®ased on the growth of nanocrystals are used for the
synthesis of colloidal quantum dots. Obtaining of kiglality quantum dots of a
narrow size distribution is quite challenginQuantum dotsof high quality are
obtained by the method of growth in nomgmokolutions, the soalled colbidal
method, which has the followings advantages: opportiaigpntrol the process of
guantum dotgrowth, narrow size distribution and the pimlity of subsequent
separatiorand purification of quantum dot$4].

In cdloidal synthesisthreemain stagesaredistinguishednucleation nuclei
growth and Ostwald ripening According to the classical nucleaticimeory,
nucleaion occurs spontaneously (Fig. 3.15). The rate of nuidenation is
proportional to the relativeupersaturation and can be expressed byollaving

equation:
U = kLS = kL i§,i )/, (3.23)

where Kk is theproportionality factoy
Sis the degree of supersaturation
f3pis the concentration of theupesaturated solutignmol/L,
fiyis the oncentration of saturated solutjonol/L.

33 Heterostructures are sesoinductor structures consisting of layers of heterogeneous semiconductors with
heterojunctions between them.
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The greater the differencdyf{ i f3) and the smaller thég, the faster the
nuclei are formed, the more crystallization centappearand the closer to some
averagesizecolloidal particles form.

The growth of crystalsrunsat high speedanddepend®nly on the diffusion
rate According to thatthe main pamaeter that can be used to regulate nuclei

growth isthetemperature.

___Nucleation
_Nucleation level

Particle
growth

Concentration —

Saturation level

Time —

Fig. 3.15. Chang in the concentration ofhe condensg matter duringhucleation andts growth

from asupesaturated solutiony]

When the reagents are exhaudtedause othe crystalgrowth, the process
of Ostwaldripeningbegins. If the reaction is stopped at this stage, the particles will
have a wide size distributioAt this stage it is impossible to obtain monodisperse
particles. Such particles can only be obtained by explosive nucleation and stoppin:
the reaction after its completidout before the Ostwaldipening For explosive
nucleation it is necessary to creathigh degree of supersaturation.

To obtain stable sol, it is necessary to achieve not only the desired
dispersion, but also to stabilize the particle size over time. This is achieved througt
the use of stabilizers. Adsorbed at the interface, they caesttecturalmechanical
barrier and thus prevent aggregation (Fig. 3.16). @roperchoice of stabilizer is

crucial in the colloidal synthesis of quantum dots.
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The requirements for the stabilizer are extremely high. It should prevent the
aggregation of pécles of the dispersed phaseut not impede the diffusion
growth of quantum dots. In additiobeingon the surfacef the colloidal particle,
stabilizer moleculeshouldbe firmly bonded tat on one side, and on the other
side, the free endshould haw a strong affinity for the solvent to ensure a
sufficiently high¢ s o | u bfiguantumyd@ts.

= PTG
4 N
Fig. 3.16. Mechanisms that counteract thgproactof colloidal particles©i by the local

increase in the concentration of the stabilibér by the mechaical repulsion

Possible organic stabilizeere any nucleophilic reagents with lofipain
radicals. These include amines (mostly aliphatic), thiols and higher carboxylic
acids (oleic acids consideredo be he best of this clays

Quantum dots are large size than traditional molear cluster¥ (~ 1 nm
if the dot consists oimore than 100 atoms). Jaoidal quantum dots combine
physical and chemical properties of molecules with the optoelectronic properties of
semiconductors.

Quantumsize effects playa key role in the optoelectronic properties of

guantum dots14]. The energy spectrum is fundamentally different fittve same

34 glusteris a bunct29.
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of a bulk semiconductorffig. 3.17 showdransformation of the semiconductor

band structure whethe size of the semiconductsrneduced.

CdSe semiconductor base CdSe quantum dot (QD)
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Fig. 3.17. Transformation of the band structuretioé semiconductor in case of its size reduction:

Oi microcrystalline semiconductds,i quantum domadefrom semiconductor [28]

An electronin the quantumdot (nanocrystglbehavessif it is in a potential
well. In this case, electron ergy andhole energy have several stationary levels

with a charateristic distance between them:
N %/(2mdp), (3.24)

whered is the size of a quantum dot

Thus, the energy spectrum depends on its size.

Similarly to the transition between energy levels in an atom, a photon can be
absorbed or emitted when a chargeriearmoves between energy levels a
gquantum dot. The frequencies siich transitions (absorption or luminescence
length) can be easily controlled by resizing the quantum dot (Fig. 3.18).

Quantum dots have dimensions of abaeteral nanometersn some
cased tens of nanometers. According to the laws of optics, if the particle sizes are
smal l er than the wad80@nmg thgythdve roshadoand h t

no light can be reflected, that is, they cannot be seen.
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Fig. 3.18 Fluorescence of colloidl&dTe particles suspensions of different sizes [28]: from left

to right from 2 to 5 nm

However the light wave should stihave an effecbn the naneobjects, just
like the electromagnetic field. For example, by falling on a semiconductor
nanoparticle,ight with its electric fieldcan detach one d@hevalence electronef
the nanoparticlérom its atom. This electron will become a conduction electron for
a while, and then returmack releasing ghoton thatcorrespondto the width of
the band gap,e. the minimum energy required to make the valence electron free
(Fig.3.19). Thus, semiconductors, even nanoscale ones, shouldhé&edight
falling on themgmittingthe light ofless frequency. In other words, semiconductor
nanoparticles can become fhescentin the light emitting light of a specific
frequencythatcorrespondto the band gap.

Although fluorescence of the semiconductor nanoparticles was known at the
end of the 19 century, this phenomenon was only described in detail at the very
end d the last century. And the most interesting thing in this case was that the
frequency of the light emitted by these particles decreased with the increase in siz
of these particles. This dependency can be explained as follows. The minimun
energy requiredo detach a valence electron and transfer it to the conduction band
depends not only on the charge of the atomic nucleus and the electron position i

the atom, but also on the amount of the atoms around. The more atoms around, tl
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easier it is to detach alectron, since the nuclei of neighboring atoms also attract

it to themselves.

»

conduction band
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valence band

electron energy
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Fig. 3.19. The occurrence of fluorescenidg

Dependence of the energy spectrum tbe size provides aenormous
potential for the practical use of quantum dots. First hfgalantum dots are of
practical interest as fluescent materials. They are applirtptoelectric systems,
such as lightmitting diodes, flat lightmitting panels, lasers, solar cells,
photoelectric converters, biological markers. wherever opticawavelength
adjusting properties are required.

Biological markers is a very useful application of quantum dots. Different
cellular structures are equally transgarand not colored, and whéooking at
them in a microscope, it is possiblegee nothindout their edges. Quantum dots
are used to color them.

The smallest quantum dots (green) adhere to the microtubulesitimahe
inner skeleton of the cell. Mediusized quantum dots (yellow) adhere to the
Golgi membranes, and the largest (rédp the nwleus of the cell. Whea cell
was immersed o the solution containing all these quantum dots and held there
for some time, thguantum dots penetrated inside and stuck in certain places. The
cell was then rinsed in a solution containing no quantum aladsplaced under a
microscope. As expected, the abawentioned cellular structures became

multicolored and clearly visible.
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In Fig. 3.20 it is seen that the microtubules are colored green, the

membrane$ yellow and the nuclédi red.

Fig. 3.20. Coloringdifferent intracellular structures in different colors using quantum dots: red
colori nucleus; greeih microtubules; yellow Golgi apparatus

Quiz

1. Givethedefinition ofthesensors and their classificatiddow do they work?

2. How are chemical sensors stafied?

3. Basic structural elements of a typical metal oxide gas sensor and their brief
description

4. Give the parameters that characterize the efficiency of gas sensors based c
metal oxides.

5. List the mechanisms thaake placein the process of measuringet analyte

with metal oxide sensors.

6. Name and characterize the factors that affect the sensitivity of the metal oxide
gassensors.

7. Give the definition of photocatalysis. Wth materials are considered as
photocatalysts?

8. Give parameters that determine pluatialytic properties of photocatalysts.

9. Givethe stages of photoreaction on semiconductor particles.

10. Summarize briefly the mechanism of photocatalysis on semiconductor
particles.

11.PCO of aqueous solutions and advantages and disadvantages
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12. Give otherexamples ofTiO,-based photocatalyasaggexcept from PCQ
13.Give and briefly describe the methods of intensificationsemiconductor
photocatalytic activity

14.What are quantum dots? Whamds of quantum dotare thee?

15. Give the specifics of the energy sfrem of quantum dots.

16. Give practical use of quantum dots.

17.What characterizes quantum dots?
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CHAPTER 4. NANOMATERIALS AND NANOTECHNOLOGIES

Recently, the termsinanotechnology and finanomaterials have become
quite popular. What i§Nana? fiNana (Greek wod finannos) in Greek means
Adwarfd. The nanometer is very small: it is less than one meter in number of times
the thickness of a finger is smaller than the diameter of the Earth.

Most atoms have a diameter of 0.1 to 0.2 nm, and the DNA thickness is
about 2nm. The erythrocyte diameter is 7,000 nm, and the human hair thickness is

80,000 nm. Fig. 4.1 shows various objects in order of increasing size from left to

rightT from an atom to the Solar Systefj. [

Continent

1'_"
- - 9

Earth Planets
T ] T T T ' T T T T T
10-10 m ST 10%m 104m 102m im 102 m 10¢m 102 m 108 m 10% m
Biology Social - Geology
sciences 2
> g
2 : S —
S.2 B =
- =7 b +
=R I <
o =i (@]
.8l g
Z\ | -
M ©
5 9 2
A o]
51 i

Fig. 4.1. Variousobjectsi from anatomto the Solar System

Today, rmanotechnology is considered as a key technology of theetttury.
It offers solutions to many existing problems. Nanotechnology is opening up a new
market of opportunities, namelgevelopment of new materialdevelopment of
biotecmology, catalytic and sorption processes, nanoelectronics, energy, healtl

care,andarmament
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The termfinanotechnology combines different ideas and approaches, as
well as different methods of affecting the matter. Nanotechnology can be
considered as a sef technologies or techniques based on the manipulation of
single atoms or molecules in the range of 1 nm to 100 nm.

The ideaof the possibility to work withnanesized objects was first
expressed in apeech ofNobel PrizelaureateRichard Feynmam 199. A classic
example of nanotechnologgchievements washe development of scanning
tunneling microscopes (Fig. 4.2). The first microscopéhis typewasdeveloped

by IBM laboratory.

Fig. 4.2. Scanning tunnéig microscope needl&i theneedle at a constant distance above the
layers of the study surfae@oms b1 selforganization with the help @fie scanning tunnel

microscope needle

The principle ofsuch microscope operation is as follows: when the probe
approaches the surface betsamplatl ess t han 0.1 em, an
between them due to the quantamechanical tunneling effect. The essence of the
tunneling effect is that the electric current between the sharp metal needle and th
surface depergdon the distance between theifhe smaller the distance, the
greater the current. By measuring this current and keeping it constamiossible
to keep constant distance between them, thus scanning the surface. Thi
microscope cabe usednly to study he surface of metals or semiuctors.

The scanning tunneling microscope can also be used to move atoms o

molecules across the surface to create certain nanoelectric ciFanxample,
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Fig. 4.3 shows a nickel plate with 8&positedxenon atoms in thehape ofiBM

name.

Fig. 4.3. Name of the IBM company, which is made up of 35 xenon atoms on a nickel plate

(made by the compafs/employees using a scanning probe microscope in 1990)

This method of creating monolayers of molecules or patterns from them is

called nanolithographyi].
4.1 Classification of nanomaterials

There are nanoobjects and nanomaterials, which are the basis of
nanotechnology. Nanotechnology is a set of techniques for manipulating a
substance at the atomic or molecular level in order to obtain objects with new
chemical, physical and biological properties. Nanotechnology includes
technologies that allow the nanomaterials to be created and modified in a
controlled manner, and to integrate them into fully functioning lasgale
systems.

Today, the main branchesf onanotechnology are nanomaterials,
nanoinstruments, nanoelectronics, microelectromechanical systems anc
nanobiotechnologies. Nanomaterials, thanks to their unique properties, initiatec

occurrence of new industries (Fig. 4.4).
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Fig. 4.4. Branches of sciere related to nanotechnolopb)
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Variety of nanoobjects and nanomaterials is presented in Table. 4.1.

Table4.1. Nanoobjects and nanomaterials, which are the basis of nanotechnololdy

Nanoobjects

Nanoclusters

Nanotubes, nanofibers

Nanocrystals,

nanocrystallites

Layered nanostructures

Adsorption layers

NANO-

TECHNOLOGIES

Nanomaterials

Aerosols

Nanopowders

Porous nanoceramics

Dense

nanocomposites

nanoceramics

Heterostructures

There are many different ways to classify nanoobjects. Accordingamb
s o)l $olkd

them,alldj ect s

ar e

di vi

ded i

nt o

ones include nanoclusters, nanofilms, nanowires, datsp while porous 1

nanotubes, nanoporous materials.

Solid nanebjects in mnochemistri? are classified aéD, 1D, 2D, and

objects (Fig. 4). Objects that belong toDOobjects are ordinary nadots (or

guantum dots) that are nanosized in all directidis.objects include whisker

nandhreads and others where one of thengnsionsis not nansized Similarly,

35 Nanochemistry deals with the development of synthesis methods and the study of chedhjaiaysical

properties of namubjects

(¢
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2D objeds are nanofiims (two dimensiorae not in the nanoscale), an® 3
objects are three dimensiorsfuctures called nanoclusteBesidesnanoclusters
consist of metal atoms or relatively simple molecules &aste their own

classification 1].

3D 2D 1D 0D
e IR iR

Fig. 4.5. D dimensiors of nanoobjects

Some properties of nanomaterials (for example, their color, thermal and
electrical conductivity, melting point) are significantly different from the
properties of the same materiélgt of theordinary size This iscaused bythe se
called dimensional effects

Such dimensional effects include, first ofl, aquantum dimensional
effects[1]. Depending on theobject size there areclassic and quantum
dimensional effect, which can affect almost any property of the saibse.lt is
clear that nanometer objecis, which the particle sizas comparable to thele
Broglie wavelengthto the mean free path of the charge carrire characterized
by quantum dimensional effects that determine sudfstance nopertiesas heat
capacity, electrical conductivity, some optical properties, etc.

The most striking representative of quantum size effectguantum
tunneling, a phenomenon that playseay important role in nanotechnology. The
essence of thquantumtunneling isthe overcoming of the potential barrieby the

36 Dimensional effect is thdependence of theubstance specific characteristizsthe size of itparticles.
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microparticle whenthe particle total energy islower than the barrieccheighte
(Fig. 4.6).

, / s ‘ﬂ

'
re :i_l

Fig. 4.6. Quantum tunnelling scheme

This is a quantum phenomenon, since a classical particle cannot be inside
the potentid barrier of heightV if its energyE<V, becausdhe particlekinetic
energy becomes negatjwehile its momentuni an imaginary value:

te

—=E-V
2m ’ (4.1)

where tgis the momentum;

mT is the microparticle mass

However, this conclusion isot true for the microparticle. Due to the
uncertainty ratio, fixing the particle inside the barrier makes its momentum
uncertain. Since the particle potential energy is uniquely determined by its
coordinate, kinetic energyby the momentum, and as itimpossible to determine
the coordinate and momentum of the particle simultaneously and accurately
because of the uncertainty ratio, then the distinguishing between kinetic anc
potential energy is meaningless in quantum physics. Therefore, there is &
probaility that a particle will pass through the potential barrier

Size effect is one of the most important effects in nanochemistriias
already found a theoretical explanation in terms of classical sciembemical
thermodynamics. The changetimermodnamic characteristicsvith the decreas

in particle sizecanbe consideredising anexample of melting poinDependence

37 just as the laws of physics are divided inessical (according to Newtolight is considered to ba
stream of particles (corpuscles)) and quantum (according to Huyigamss considered to be wave process).
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of the melting point on the size is explained by the fact that the atoms inside the
nanoparticlesare exposed to thadditional surfae tension which changes their
Gibbs energy.

Analyzing the dependence of Gibbs energy on pressure and temperature, it i
easy to derive the equation that links the melting point and the nanoparticle radiu:
I GibbsThomson equatior]:

20

— solid-solution
T.(n=T,(9@ DH ), (4.2)

m3 solid

where T(r) is the meltingpoint of nanoobjects with radius) of nanoparticles

Tm( Big the melting point of metdbulk phasg

Ui is the surface tension between liquid and solid phases;

oHn is thespecific heat of fusign

} sis the density of solids

Using this equation, it is pabde to estimate from what sizeanophase

properties start to differ from the properties of ordinary mateki®d dfference in
melting point( a b o u@ for gold) c@n be taken as criterioRrom the literature
[1], the following data is provided for goldHy, = 12.55 kdmol = 63.71 ; } s =
19.3 gt for the surface tensioi.s = 0.55 N = 5.5 10° Jcn?. The following

inequalitycan be solved using the data mentioned above

(ZSSLSONUOH) >0,01,
DH .7 il

23,5 10°

————)>0,01,
(63,71019,3r8)

r 8. 9%m4895nm.
Although this calculation is quiteough, resulting value correlates perfectly
with the value of 100 nm, which is commonly used as a limiting size of
nanoparticles. Obviously, dependence of the heat of fusion on temperature an

dependence of surface tension on particles size were not tdakesmccount, while
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the latter effect may be quite significant, as evidenced by the results of scientific
studies.
Fig. 4.7 shows how the melting point of aluminum nanoparticles changes as

their size decreases. It can be seen that the melting pointo{44j ) par t

140 AC |l ess than that of an al umi num
700 . — — T
650 F - 0"
x-éf600- -
H
550 1
500 L

0 350 100 150 200 250 300
R(A)

Fig. 4.7. Dependance of the melting point of aluminum nanoparticles on their size

Similar dependencies were oioted for many other metals. For example, as
diameter of tinnanoparticlesdecreases to 8 nm, their melting mtodrops by
100AC (from 230 AC to 130 An€ling poilitifreoreg r ¢
than 500 AC) wa goldodneparticesed i n case of

So, the reason for the decrease in melting point witmedse in particles
size is that atoms on the surface of all crystals are in special condiios;
the proportion of suchsurface& atoms in nanopatrticles is very large. Proportion of
csurface atoms for aluminium is estimated below.

It is known that 1 o of aluminum contains approximateé/ T % @&oms.
For simplicity, it can beassumd that atoms ardocatedin the nodes of cubic
crystal lattice Then the distance between adjacent atoms in this lastegual to
a b o u t®cm Thérdfore, atomdensityon aluminumsurfaceis 6 Tt dbr2.

If an aluminum cube with an edge of 1 cm is considered, then the number of

surface atoms in it i8 6 F41ahd the number of atoms inside@sT % Thus,
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proportion of surface ams in such an aluminum cube @rdinarye size is only
6T40

If the samecalculations for a cube of aluminum with a size of 5 nm are
done, it turns out that on the surface of such a "nanocube”, 30 % of all its atoms ar
located. And on the surface of 1 nm cube, there are more than half of all atoms
Dependence of the amount sfirface atoms on the particle size is shown in
Fig.4.8.
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Fig. 4.8. Dependence of the amount of surface atoms on the particle size

The forces thatnakethemstay in the nodes of crystal lattice affeélsem
only from below. Therefore, usface atoms (or metules) can easilyevad
cembracee of moleculeslocatedin the lattice, and if this happens, then several
surface layers of atonteehave in such a way. As a resulfijrma of liquid is formed
on the surface of all crystalBesidesice crysals are no eception. That is whyce

is slippery (Fig4.9).
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Fig. 4.9. Schematic representation of a crgsstion of the ice

The example of ice demonstrates the difference between surface atoms an
bulk atoms. In surface atoms with temperature increagstal latice can besasily
destroyed, and a liquid film is formed on the suefadstemperature increases,
thickness of such a filmlsoincreases. If thdilm thicknessexceed 1/10size of
the crystal, then the entire crystal lattice is destroyed and the ahadtens into
liquid. Thus it is evident thatmelting point decreases withedecreas insize.

Also, as particle size decreases, electrical characteristics of material alsc
change. It was found out that resistanceX, of a cyl i ndri ca

cannot be calculated using the wiatiown formulg 2]:
R= L/S (4.3)

where L is the length of the resistan;
Sis the crosssectional area of the resistar;
} is the specific electrical resistancetioé materigly Lm.
However, sometimes resistaniReof nanoresistors does not depend on their
size and thematerialthey are madef, and is determined by two fundamental

physical constantsnly [4]:
Rs=h/(26)=12,9k Y (4.4)

where eis the electro charge 1.6A0'° C,
his the Planck constaré.6A 034 J's,
Rswas called the quantum of electrical resistance, given that resistance of

all resistors ighe same in nanoscale
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Quantization of electrical resistance is not the only featuremdwctivityin
nanoscale It turned out that sometimedoule heahg is not generatedn
nanaesistorwhen electriccurrent passes through. This unusual conductivity in the
nanoscale, which does not depend onr#sstorlength, its crossectional area
and is not accompanied by hegéneration has been called ballistic By this
name, its authors wanted to emphasize that electronsywbikelaunched shells,
move through the nanoresistor without colliding with its atomshe nodesof
crystal lattice.

An example of nanoresistors with ballistic conduction is carbon nanotubes.
Discovery of the quantum (discrete) nature of conductivity in carbon nanotubes
was made when measuring dependence of their resistance on nanotube length |
immersing them into merey. The diameter of nanotubes during the experiment
ranged from 1.4 to 50 nm and the lengtitom 1 to 5 microns, but despite such a
large variation in dimensions, resistancelofla nanot ubes was ab

Existence of ballistic conduction allows engineers further reduce the size of
electronic circuits, because theoretically the circuit elements, reduced to nanosize
should not heat up.

Change inoptical characteristicsvith the decrease in nanoparticle size was
considered using the example of quantum dots in Section 3.3. Photonic crystal
should be also mentioned.

Photonic crystals are materials with a structure that is characterized by &
periodic change in the refractive indim spatial manifestations; a medium with a
spatial periodic dielectric permittivity. Principle of their action is similar to the
materials with electrical conductivity, but in this case, it is not the electric current
but the light that is beingonductng. Fig. 4.10 demonstrates natural photonic
crystalsi opal, butterfly wings and peacock feathers.

38 From the Greekballein meaning to throw ballistics is the science about the flight behaviour of
projectiles
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Fig. 4.10. Examples of natural photonic crystals

Photonic crystals are made of dielectric or semiconductor structures with a
band gap, which impedes tegreadof light in a certain frequency rangey. By
creating point defects in such structures, it asgible to implement scalled
cphotonict r a mswhich the spreadof light is not possible beyond their
boundaries. By creating combinations of pointedts, it is possible tamplement
basic elements of modern circuitry in photonic crystals, which will significantly
improvetheperformance and quality oatculationson modern computers.

Depending on the number of heterogeneity directions, photorstatsyare
divided into onedimensional, twedimensional and thregimensional photonic
crystals.

Onedimensional photonic crystal can be obtained by alternate deposition of
dielectric layers with different refractive index, the-caled Bigg mirror. For
example, a pair of TiglSiO, dielectrics(whendeposited a$ pairedlayerg hasa
reflectanceindex ofabout 99%. A two-dimensional photonic crystal is obtained
by forming a periodic structurigom vertical silicon rods (Siylepositedbn silicon
dioxide (SiO,) substrate, or using macroporous silicontha structure of which

excess/e macropores are removed. Thidienensional potonic crystals are a
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regular symmetric structure consisting of cubes or spheres arranged in a cubic
order.

Fig. 4.11givesa shiematic representation of photonic crystgjses

I\
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Fig. 4.11uypes of photonic crystals

Photonic crystals can be used to solve global problems, suldva®pment
of high-power computers based gohoton integrated circuitd(C9. Also for a
number of omplex functional problems, such astation of the beam by 80
intersection of two waveguides, fdition of a separate light wave from the flux,
and many otherdl].

At a sufficiently high load, allmaterials brealand adjacent atoms move
away from eaclother at the point of fracture. Howevstrengthof many materials
is determined not only by the force that mhbe appliedto separate two adjacent
layers of atoms. In fact, it is much easier to break any material if it has cracks.
Therefore, strengthf®olid materials depends on how many microcracks there are
and how theyspreadthrough this material. Ithe placeof crack, the force, which
tests thematerial strength, is applied not to the whole layer, but to the chain of
atoms at the top of the cracknd thereford is very easy tanove the layerérom
each othe(Fig. 4.12).

Spreading of cracks is often hindered by the microstructure of a solid
material. If a solid consists of microcrystals, such as metals, then the crack.
splitting one of them o two, may bump into the outer surface of adjacent
microcrystal and stop there. Thus, the smaller the particle size of which a materia
is made, the more cracks spread over it.

Samples of materialsmade ofnanoparticles are much stronger than usual

materals Mechanical loadof nanophase materiagimilar to usual materials
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causes microcracks in it. However, the straightforwamteading of this
microcrack and its transformation into a macrocrack are hindered by numerous
boundaries of the nanoparticlesatform this material. Therefore, the miam@ack

bumps intahe nanoparticldooundaryand stops, and the sample remains intact.

A AL L T
-

Fig. 4.12 Schematic representation of a crack between two layers of atoms spreading under the

applied forces (red arrows)
Fig. 4.13 shows howtrength of copper depends on the size of microcrystals
or nanoparticleshat form it It canbe seen thastrength of a nanophase copper
sample is10 times higher than that of ordinary copper, which consists of crystals

of about 50 micros in size.
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Fig. 4.13 Dependence of copper strength on granule size
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Introduction of a small amount of nanoparticles into other materials can
significantly increase their strength. For example, density of nanotubes is five
times less than that of steéljt the strength is ten times higher. Thus, in order to
make polymeric materials stronger without increasing their weight, carbon
nanotubes are included into their composition. If a nanotube is placed betweer
adjacent fibers of a polymeric material, bingliit with them by hydrocarbon
chains, then the strength of this part of material will be close to the nanotube
strength (Fig. 4.14).

Introduction of 0.6 % nanotubes into a polymer provides 4 time increase in
the polymer strength. Scientists believe thainanotubes occupy 10 % of a
polymer volume, they will be able to increase its strength by 20 times.

Reactivityincreases with the decrease in particles size. For example, inert
under normal conditions, gold and silver start participating in various chkemic

reactions when particle size is redute® 5 nm:

2Ag + 2HCI- 2AgCl + H.. (4.5)

butyl group
(BG)

polymer molecule

Fig. 4.14. Schematic representation of a nanotube embedded between polymer molecules and

binded with them by butyl groups

In orderto perform chemical reaction betweene substancand another,
special conditions are needehd very often therns no opportunity to create such
conditions Therefore, many chemical reactions exist anlytheory In orderto
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carry outsuch reactionsatalystsare needed substancedt initiate reaction but
arenot consumedh it.

Scientists 2] havefound that inner surface of carbon nanotubes also has a
high catalytic activity. They believe that whangraphite sheeimade ofcarbon
atoms s rolled up mto a tube, electron concerttam on its inner surface becomes
lower. This explains the ability of the inner surfagenanotubego weaken, for
example, the bond between oxygen and carbon atoms in a CO molecule, becomir
a catalyst for C@xidation intoCQO..

Combining carbon nanotubevith transition metal nanopatrticles (left part of
Fig. 4.15) allowed performing the reaction scientiscts could have only dreamed of
beforei direct synthesis of ethanol from synthesis gas (a mixture of carbon
monoxide and hydrogen) obtained from natgad, coal and biomass (right part of
Fig. 4.15).

ethanol

Fig. 4.15. Synthesis of etdnolfrom synthesis gassing nanocomplex of catalysts the leff
microphotayraph of nanotubes containing metal nanoparticiethe righti schematic
representation afthanol production from synthesis gas usimgnotubes and nanoparticl@$ [

So it should be added that emergence of nanotechnology is not something
newi nanoparticles have also been used before. For example, silver nanopatrticle
were useds bactericidal ages metal nanoparticles in glass, ceramic materials,
etc. In addition, size of pores or padies in aerosols and pigmeniss in the

nanoscale.
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4.2. Nanoeffects in nature

Strange feetGecko is a mountain lizard that has attracted attention of
scientsts with its unique ability to climb anywhere. For a long time, scientists
could not understand how a gecko ran on a perfectly smooth glass, without falling
and not slipping. Unraveling of this phenomenon has shocked the pulshen
moving, gecko uses ¢hlaws of molecular physics. The whole thing is in its feet
(Fig. 4.16).

Fig. 4.16. Gecko(® and its foot(b)

After carefulstudy ofthe foot structure under microscopie was found out
that it was covered with small hairdiameterof which was smaller than the
diameter of human hair (Fig. 4.17). At the tip of each trere weréghousands of
small pads, whichvere covered withsheets and those in turwere covered with
hundreds of thousands of thin hawshiskers and whiskerswere covered wh

shovelike tips, upto 200 nm in diameter (0.0% wasenough.

Micro
L 2

Fig.417Enl arged i mage of geckobs f
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By analogy, scientists and designers from IBM company have developed
a robot that can crawl on the glass (Fig. 4.18). It is planned to ussffdas when

creating specific clothes.

Fig. 4.18 A robot designed by employees of the American iRobot comfgny

Nanograss Lotus and magnolia leaves are very défg from each other.
The firstare alays clean, although they graw the swamps, anthe latter are
dirty. The matter is the strtiwe of their leaves. Lotukeaves are covered with
hairy growths, he villi of which are about 20@00 nmin diameter Such leaves
are not wetted with water, andiater that has fallen on such leaves alwayssroll
down, taking all he dirt with it. This phenomenon has pushix scientists to

create clean surfaces used in construction, espeskaiscrapers
4.3. Examples of nanomaterials

When considering nanomaterials, it is impossible notmiention such
materals aggraphene, carbon nanotubes, fullerenes.

Carbon is a unique element. It is the only one that can form long (up to
hundreds of thousands of atoms) chains of interconnected atoms. Tipkisexk
first of all, by theproperties of carbeoarbon bondFrom the &ble4.2 it can be
seen that carbon atoms form the strongest bonds in compé#oisther elements.
Due to suchhigh strengthcarbon skeleton omolecules remains unchanged in
many chengal reactions. In addition, carbon atowen form differat types of
bonds: single, double, tripleand eachtype is characterised by different carbon



121

hybridization. As can be seen from Table 4.3, bagwkergy increases with

multiplicity.
Table4.2. Energies of homonuclear bond$1]
Chemical bond H-d N-N O-0 Si-Si P-P SS
Bond energy kJ/mol 348 163 146 226 201 264

It is the variety of types ofarborcarbonchemical bond that accounts for
the large number of known allotropic formsaarbon. These includeng-known
graphite and diamonas wdl asrecenly discoveredullerenes(molecular forms)

and "nanoformst carbon nanotubes and graphene.

Table4.3. Energies of carborcarbon bonds[1]

Chemical bond H-4 = d gl d

Bond energy

<3/mol 348 612 838
Carbon 3 2 1
hybridization SP SP SP

Graphendooks like a single flat sheet consisting of carbon atoms, which are
interconnected and form a lattice, each cell of which has a shape of a honeycom
(Fig. 4.19). The distance between the nearest carbon atoms in graphene is abo
0.14nm.

A single layer ofgraphene has a weahke structurethat confirms the
instability of two-dimensional crystals (Fig.20). If several layers of graphene are
placed one above the other, the surface becomes flat4A@). In graphene,

carbon atom&avesp’ hybridization.
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Fig. 4.19. Schematic representation of three sheets of grappEoedone above the other in
graphite

For the discovery of graphene, the Nobel Prize in 2010 was won by Andre
Geim and Konstantin Novoselov.

Fig. 4.20. Graphene surface

If a rectangle iscut from a graphene layer ands opposite edges are
connected, a hollowylinderi carbonnanotube is obtained (Fig. 4.21).

Crystal lattice of carbon nanotubes consists of separate flat layers formed by
regular hexagons. Each carbon atom in nandtalsep? hybridization

Fig. 4.21 The idea of manufacturing a nanotube (on the right) from a molecular layer of graphite
(on the left)
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Carbon nanotubes are synthesized not by graphene rapingut by CVD
method, or using arc discharge method. Carbontnhee are divided into single
layer, multilayer, and nanotubeswith different twisting angles (Fig. 4.22).
Depending on the structure (chirality), lsan nanotubes can have conductire
semiconduave properties. In addition, carbon nanotubes are wtmng due to

ther perfect structure.

Fig. 4.22 Schematic representation of a singlger carbon nanotuba)(and twelayer, straight

and spiral nanotubes (from top to bottoim)) (

Mutual orientation of hexagonal graphite lattice and longitudi@adotube
axis defines a very important structural characteristic of the nanotube, called
chirality. Chirality is characterized by two integers, ) that indicate location of
the hexagon of the lattice, which after rolling up, must coincide with the bexag
at the origin. The above mentioned is illustratedim E.23 that shows a part of a
hexagonal graphite lattice, rolling up of which into a cylinder results in the
formation of singldayer nanotubes with different chirality.

Nanotube chirality canslo be deter mined by the
the direction of nanotube rolling up and the direction in which adjacent hexagons
have a common bond. These directions are also shown in Fig. 4.23. There ar
many options for nanotubes rolling up, but there @nose that do not result in
distortion of the hexagonal lattice structure. This can be performed at the angle:
U= 0 &a&BdAUt hat corresponmO) and (2f M,e c
respectively.
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Fig. 4.23.Formation of nanotubes with different cddity when a hexagonal graphite lattice is

rolled into a cylindef39]

Chiral indices of a singlayer nanotube determine its diameder
D=yt #7 m ndw (4.6)

wheredy = 0.142nm is the distance between carbon atoms in a hexagonal graphit

lattice.
Multilayer carbon nanotubes difftom singlelayer nanotubedy a greater

variety of shapes and configurations. Possible varietiesrags structure of
multilayer nanotubes are shown in Fig. 4.24.

a

Fig. 4.24. Crosssectional models of mulélyer nanotubesti the Russian Doll modéeh i the

Parchment model
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As the number of layers increases, deviations from the ideal cylindrical
shape are increasingly manifestedstime cases, the outer shell oldaine form
of a polyhedron. Sometimesurfece layer is a structure with an unregulated
arrangement of carbon atoms. In other cases, defects in the form of pentagons ar
heptagons are famed on the ideal hexagonal lattioéthe outer nanotube layer,
which lead to the disruption of cylindrical shapresence of the pentagon causes a
convex, while the hexagon causasconcave bend of the cylindricahnotube
surface Such defects lead to tliermation ofcurved and spirahanotubes, which
twist and rollup duringthe process of growth, formirigopsand otherstructures
with complex shape

Fullerenes have been one of the most researched objects wwotleke
literature forthe last 25 years. Fullerenes are a molecular form of casittbna
shape of spherical polyhedra denoted by empirical formlavheren starts from
20. Ina fullerene, carbon atonasohavesp hybridization. For the discovery of
fullerenes, the 1996 Nl Prize wasawarded to Robert Curl, Harokiroto and
Richard Smalley.

Molecules of the most symmetric and the most studidldréne consist of
60 carbon atoms with a diameter of 1 nm (Fig. 4.25). Fullerenes can be easily
modified both internally and externally. In addition, they penetrate easily
biological membranes. Due to this, they are mainly used in medicine as markers o

in biomedical research.

Fig. 4.25. Schematic representation ofoQullerene
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All these molecular compounds of carbon atoms are called fullerenes by the
name of the American engineer, designer and architect R. Budkmingler, who
used pentagonsand he&agons, which are the basic structur&neentsof all
fullerenes, for the construction of domeshaf buildings

Another example of nanomaterials is dendrime?s Pendrimers are
tredike polymers, nanostructures ranging in size from 1 to 10 nm. F2§.shows
how dendrimers are formed. Theare mainy applied in medicine for cancer
diagnosis and drug delivery.

Inside the dendrimer cavities can form which can be illed with any
substance. Ia dendrimer is synthesizeah ia solution containing angnedcine
then the dendrimer becomes a nansoép with thismedicine Besides cavities
inside the dendrimemay contain radioactivenarkersthat are used to diagnose
various diseases. Onceside the tumor, they changenformation of the chains,

andmediane storedinsidethe dendrimers released.

Fig. 4.26. Assembly of adendrimer from a branchedX-Z molecule ¢ntop); different types of
dendrimersdt thebottom) P]

Various bacteria (erythrocytes, etc.) are also used for drug delivery, as they
have anatural ability to penetrate into living cells.
It is known [4] that spinal cord injigsare notoften treatable. lisuchcases,

trauma to the spinal commbnfinesa persorto a wheelchaifor the rest of life The
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reason ér this incurable injury o$pinal cord s the protective function dhe body
i fastformation of a scar fronsolid connective tissue, which serves as a border
between the damaged and intact nerves that run along the spinal cord.

The scar alays protectdiving cells from the deadnes which are located
near them, and is formed when any tissue of the bodgnsaged. However, ven
spinal cordis injured, thescar formed impedes the growth of nerves and
restoration of the main fution of spinal cordi conducton of nerve impulses
from the brain to different parts of the body and back.

Nerves cannot grow through scars and cavities. In order to grow, they need :
frame ordirections, as well absence of obstacles. Thus, foréasivery of spinal
cord injury it is necessary to prevent apmnce of the scatp fill the space
between damaged and intact nerve fibers witlhaene. Nanotdtnology solves
both of thetasks.

It is known that amphiphilic molecules, that is, molecules in which
hydrophilic and hydrophobiareasare spatially separd, have the ability to self
assemble. These molecules are eventually assembled into cylindrical nanofiber:
and different molecules can be placed on the surface of these nanofibers, such .
those thatprevent scar formation and stimulate nerve tissue dhowSuch
nanofibers form a lattice structure, creating a framework for nerve growth
(Fig. 4.27).

Fig. 4.27. Formation of nanofibers from amphiphilic molecules: schematic representation of
nanofibers formed from amphiphilic molecules (on the right); aoplwotograph of the

frame formed from such nanofibers where spinal cord was in{orethe left)[ 2]
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If a solution containing such amphiphilic molecules is injeatéal the place
of injury within a day after injuryFig. 4.28) these moleculesvhen assabled
into a threedimensional network of nanofibensjll preventscarformation. Then
nerve fibers will be able to grow, restoring tt@nduction ofimpulse through the

spinal cord. Such experiments were performed on rats and were successful.

Fig. 4.28 Schematic representation of the damaged area of a spinal cord (arrow) and syringe, by

which fluid with amphiphilic molecules is introduced into this d@a

Quiz

What is nanotechnology?

What are size effec®s

Whereis the location of nanoscale objectsthe overall size scate
Give aclassification of nanoobjectimensions

Describe two main approachiesthe obtaining of nanostructures.
What is the difference betweantcassemblyandselfassembly?

Give sveralreal examples of nanomateriaislization.

© N o 0 bk~ w0 DdRE

Describespecial properties of carbon thaake possibléormation of various
nanostructures.
9. Whatmethods are used in the study of nanomatérials

10.How do scanning microscopes work?
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11.Give the definitions ofjraphene, carbon nanotubes and fullereWésa are
the aeas of theiapplication?

12. Give the definition of dendrimers. Where are they used?

13. Give the definition ofjuantum dots, wires, and planes.

14. Describe methods of obtaining nanorods.

15.How does friction occur in the nanoscale?

16. Describe methods of obteng nanoparticles.

17.What are advantages and disadvantage¢ise thermal methods of nanoparticle
synthesis?

18. Give examples of nanoeffects that exist in nature.

19. What are nanocomposites and where are they used?

20. Give examples of nanotechonologies being &phin medicine.
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CHAPTER 5. MAGNETIC MATERIALS

5.1. Classification of magnetic materials

Depending orthemat er i al 0 s thebneapnatic fietd uatmatérials
are divided into weak magnetic (weakly interaathwthe magnetic field) and
strongmagneticmaterials (stronglyetainmagnetiation) (Fig. 5.1). The degree of
ma t e rinteeadtidnsvith the magnetic field is magnetic inducti®rthat is, the
average magnetic fielthtensity inside the material when located in an external
magnetic field with certain intensity H. Weak magnetic materials include
diamagnetsand paramagngtandstrongmagnetic materials include ferromagset
which, in turn, are subdivided into magneticagigofte and magneticallychardce
materialg 1].

Diamagnes are materials thalo not have their own magnetic moment due
to the absence of unpaired electrons. Tietgin magnetizationrdy underapplied
magnetic ield; and the induced magnetic field is createdhe opposite direction
Diamagnetic materials are repelled by a mégnield. Thesematerials include
Cu, Zn, Ay etc.

Paramagnet are materialshat have their own magnetic moment due to the
presence of unpaired electronBaramagneét materials are attracted by an
externally apllied magnetic fielddowever,in the absece of themagneticfield,
they are randomly oriente@nd their magnetic moment exjual tozero. In he
external magnetic field, magnetic moments becamdgered andare oriened
mainly by the field. This creates a smabtal magnetic momentParamagnets
include Al, Pt, Ni, etc.

Ferromagnetsarematerialsin which, in the absence ohaxternally applied
magnetic field, magnetic moments are oriented the same direction.
Ferromagnetic materiabreattracted bypermanent magnets. In the presence of an
external magnetic field, the internahagneticfield can be hundreds and even

thousands of times greater than that exteonal. Ferromagnetic materiafglude
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Fe, Co, Gdas well agheir alloysandmagnetite Fg,. Ferromagnetic properties
are highlydepement on temperatur&Vhen heatedo a certain temperatuiiethe

Curie temperaturderromagnetic properties disappear.

\ — — — — — — — —
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Paramagnets  Ferromagnets Antiferromagnets Ferrimagnets

Fig. 5.1. Ferromagnetic properties of materifl$

Antiferromagnetsare magneticafl ordered crystalline materials, whict
low tempeaatureshave two fully magnetized spin tetes that fully compensate
each otherThe transition temperature of thatiferromagnet from a magnetically
ordered state to a disordered state is called th@ eN temper
Antiferromagnetic materialiscludeFeO, NiO, CoO, Cof NiSQO,, etc.

At small external magnetic fields, antiferromagnets behave as paramagnets
However, starting from a certain critical magnetic field, tbegomemagnetied.
Magnetization ifst increases linearly with the external figlitensity, and then
comesto saturation.

Ferrimagnetsare magnetically orderechaterials thatt low temperatures,
consist of two (or more) spifattices with oppositeorientations and magnetic
moments of these lattices are not fully compensated. The belovhferimagnets
in a magnetic field is very simildo the behavior of ferromagnetdowever, here
is a certain temperature at whicmagnetic moments of the lattices are fully
compensated.

The temperature of transition from ferrimagnetic state to payaete is

called, as for ferromagnets, the Curie temperature. Ferrimagnets include ferrites
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which are either oxides, or complex salts of transition metals, for example,
MnFe&0,4, FeFgO,, CoFeQ,, etc.

The most important characteristics of magnetic mdseaige:

1 Asis thespecificmagneticsaturation, which shows magnetic force of the
mater i’kg,, ¢ Am

1 1 nis the coercivity that characterizes magneacdnes®f a material and
is equal to the magnetic fieldtensitythat must be applied to the materialftilly
demagnetize it. Iff < 80 A/m, then the material is soft (magnetic films), 80 A/m
<1 n< 8000 A/mi material ofmediumhardness| »> 100 A/mi magnetically
hardmaterial (permanent magnets)

1 B:is the residualnductionthatcharacterizes the dege of magnetization

remaining in the magnetic material when the external magnetic fedguears, T
5.2. Nanoscale magnetic materials

A domain demonstrates thalea of nanoscale magnetic materials. It is a
region of crystallite 16i 10° m in size whee magnetic moments of atoms are

oriented parallefo the definearystallographic direction (Fig. 5.2).

N

peaN

Fig. 5.2. Energyefficient four-domainstructurewith a closedmagnetidield [1]

In the absence of external magnetic field, each domain is spontine
magnetized to saturation. However, magnetic moments dhttiiddual domains

are orienteddifferently and the total magnetic moment of the ferromagnet is 0.
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Between the domains, there are transitional layers (domain vl&$108 m

wide, in whichspin magnetic moments swing graduafiig. 5.3).

?0““._‘\'—*'—*—
"‘f.\\.\.—*‘.‘_
TR TR
B RN N st
,i“*\\\--ﬁﬁ-*—
K B B G G
¢ g i NSeteg

Fig. 5.3. Changdn theorientationof a t 0 magldetionomentdn adomainboundary 1]

The coercive force Hof different magnetic materials depends +on
monotonically on the size of their crystallitdsincreases when crystallite size is
below 3G 70 nm; has a flat maximum when crystallite size is in the rangeiof 30
70nm, and then decreases with further growth of crystallites (Fig. 5.4).

In magnetite, for example, the change in magnetization mechdnsm
reorientation of magnetic moments (singlemain state) to displacement of
domain walls (polydomain state) occurs at about 30 nm. Saaiein particles of
approximately the same size have the same magnetization due somikee
orientationof all spins.

After transition ofmagnetic oxide nanoparticlés the singledomain state,
there is some critical value of their size at which thercwe force disappears. In
case ofFe0,, the critcal diameter corresponds tobnm.In asuperparamgnetic
state, nanoparticles behave as a gyaaiamagnetic substance, consigtof very

small ferre or ferrimagnetic particles thatveakly interact with each other

(Fig. 5.4).
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Fig. 5.4. Influence of magnetic particle size on magnetic propefties

5.3. Useof magneticmaterials

Magnetic materials are used in electrical engineering, electronics, medicine
and in various fields of chemical technology. In order to use magnetic materials for
the information storage, materials consisting of very small particles qup t
nanoscale) arbeingobtained thusthe size of the storage mediusireduced

Oxide magnetic materials include mainly M&@Os ferrites, spinels,
MesFe;0,, garnets, Mg@AI,Os; aluminates, and @, magnetite.

Ferrites are ferrimagnetic ceramics obtained by ceramic technology, namely,
by sinteringoxides or carbortas of the corresponding metalde latter materials
are obtaned by chemicato-precipitation in solutions with théllowing thermal
treatment.

Ferromagneticfluids play a specialrole among ferromagnetienaterials
Thesefluids are colloidal solutions of E®, or ferrite nanoparticles. Various
stabilizers, incluthg surfactantsare additionally used to makierromagnetic
fluids stable Water, ethanol, various ngolar solvents are used abcuid phase.

High-quality ferromagnetic fluids not only retain stability and unchanged

magnetic properties over time, kalso have high fluidity. Due to this, they can be
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used in the conversion of mechanical energy into electrical energy, in medicine, a:

a lubricant, and in cooling systems.

Fig. 5.5. Ferromagnetic fluid

Obtaining of magnetic fluids consists of two maitages: obtaining of
magnetic particles with a colloidal degree of dispersion and stabilizing them in a
liquid. There are two approaches used to obtain magnetic fluidslotwp and
bottomup.

The first approach involves dispersion methods that @greding of
magnetite in ball mills in the presence of different surfactants. The saturation
magnetizationn this case is abouti 80 kA/m, the particle size is about 10 nm.
The nain disadvantages of the method include kefficiency, contamination of
the ferromagnetic fluid by the products déayersabrasion significant dispersion of
particles in size.

The second approach includes condensation methods: carbonyl, electrolytic
electrecondensation, vacuum, and chemical condensation. Magnetization of
ferromagnetidluids that can be achieved by these methods is given in Table. 5.1.

Carbonylmethodis achievedby CVD based on thermal decomposition of
Fe(CO)} and involves evaporation, transfBy inert gas and decompositiomat
250A C . Despite t he tehdicg ¢f thenfluigshbagded aferrunh a r
nanoparticles, they have low magnetic characterisiesause ofthe thick
surfactant layer (20 nm) on these particles, which is necessary to prevent their

aggregation.Other methods allowobtainng of magnetic fluds with better
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magnetic characteristics, btitey are characterized by poor performance and are

not widely used.

Table5.1 Magnetization of ferromagnetic fluids that is achievedby various methods

of synthesig[1]

Synthesis method Magnetization, KA/m
Catbonyl 0.5
Electrolytic 10
Electro-condensation 2i 6
Vacuum 131
Chemical 300 90

Method involving chemical condensation of the highly dispersed magnetite
and proposed by Elmore has become most wgbzl. It includes interaction of
dissolved ferric saltwith alkalis in the ratio Fe(ll):Féll) = 1:2 at pH 719 and at
temperatures d323 363 K The size of nanomagnetite obtained in this way varies
from 2 nm to 20 nm with a particle magnetization of 400 kA/m and developed
surface, which provides high adption capacity and effective stabilization of
surfactants.

The use offerromagnetic fluids is wide enoughHowever, the most
promisingmethodsare those based primig on the heat transfer dérromagnetic
fluid. If a magnetic fieldis appliedto a ferronagnetic fluid with different
suscepbilities (for example, through temperature gradient),than an
inhomogeneous magnetic force is produced, which leads tondnemgnetic
conversion. m other words magnetic fluids become less magnetic as the
temperaturencreases and more magnetic as the temperature decreases.

Ferromagnetic fluids are used in cooling systems as shown in Fig. 5.6.
A strong magnet attracts a cold ferromagnetic fluid more than a hot one. Therefore
if such a magnet is placed in front of thecessor, then the magnetic fluid will

constantly circulate from the processor to the magnet. This cooling method doe:
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not require additional energy consumption, which is a significant advantage of
such cooling systems. This method will be very promidorgcooling computer
processors, replacing the cooler, and will therefore significantly reduce the cost of

using computers.

Magnetic field

Hot liquid

Ferromagnetic

g Winding heat

Fig. 5.6. Use of heat transfer &érromagnetic fluigin cooling systemgl]

Ferromagnetic fluids obtained on the basis of hyalioons (octane, decane,
kerosene) are used to purify water from petroleum products. Water purification
from petroleum products consists of the preliminary magnetization of the latter by
introducing a ferromagnetic fluid into them and then collecting thémn avspecial
magnet collector. Usually, ferromagnetic liquids are used on the basis of
hydrocarbons that are insoluble in water and well soluble in petroleum products.

Waterbased ferromagnetic fluids are used for the separation of non
magnetic materialsn printing inks and in medicine.

The use offerromagnetic fluids as printing inks is as follows. A drop of
magnetic ink flies out of the typewriter nozahghile magnets create a namiform
magnetic field and contrahe flight of the drop(Fig. 5.7). A a result, the drop
appeardn the desired point of paper any otherobject on which the image is
printed The advantages of this method include the abandonment of moving parts

of the printing machine and high quality of printing.



138

Fig. 5.7. Magnetic pinting [1]

Ferromagnetic fluids have become widely used in biomedicine, where they
are used for drug tleery (using a magnet), fotancer treatment (under applied
alternating magnetic field, magnetite particles heat up and suppress the growth c

cancer ells), andn surgery (magnetic plugae used to block blood flow).
Quiz

Give a brief description of nemagnetic materials.
Describe magnetic materials agige theirclassifcation
Define the term "domain”.

Describethe mechanism omagnetization.

Descive the mairmethods for the synthesis f@frromagnetic fluid.

o 0 A~ W N PR

Describe thapplication of magnetic materials.
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CHAPTER 6. MATERIALS OF BIOMEDICAL PURPOSE

6.1. General characteristics of biomaterials of inorganic origin

A characteristic feature of theitth millennium isa desire to improvdife
quality and life expectancy dfumans The gogress indevelopment and use of
new biomaterials, that is, materials used in medicine to supparfunctionsand
normal functioning of the body, play a significante in achieving these goals. At
the same time, huge sums of money are being invested in theopieesit of
biomaterials, andhe market of biomaterialsis estimated at tens of billions of
dollars.

According to modern conceptdyiomaterials are materialsthat are
constantly in contact with body tissueBhey are divided into the following
categories according to the nature of their biological (biochemical) reactions with
the surrounding tissues [2]:

1. Toxic (this applies to most metals; they cause tstudie off);

2. Bioinert (these materials do not cause immune responses and are nc
rgectedby the body. They include ceramic materials such a@&AZNG,);

3. Bioactive (perform biological functions, simulating natural tissues:
polymeric materials, hydrgapatte (HA), bioglass);

4. Bioresorbable materials (gradually dissolwéhin the body andare
replaced with natural tissuégolymeric materials).

There are certain requirements for biomaterials, the most important of which
is biocompatibility. Biocompatibilit is a set of specific biochemical and
biomechanical characteristics.

Biochemical characteristics include solubility of the ingredients in biological
environment (corrosion, etc.), accumulation of these ingredients in the body, their
effect on vital funcons, absence of inflammatory processes at the imptasute

border, etc.
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Biomechanical characteristignclude mechanical propertiesbsence of
overloads and micrdisruptions on theurface ofimplanttissueborder longterm
functioning of the implann a human body, etc

Implants of inorganic origin are usefirst of all, for the manufacture of
joints, bone tissue, teeth. Also, they are already used in medicine transportatiol
and as biosensors. Some examples of inorganic im@Eantsonsidered below

Materials made of stainless steel and titanium alloys (Fig. 6.1) belong to
metal implants. The disadvantages of these implants include corrosion, which
reduces mechanical strength, causes inflammatory processes, and might lead

formation of galvanic vgors in the human body.

Fig. 6.1. Metal implantsfor replacemendf damagedip joints

To overcome negative reactions arising from the use of metal implants, their
surface is covered with bioceramic materials. The latter include silicon oxides and
certan metal oxides (Al, Ti, Zr, Y), as well as carbides, nitrides, bioglass
(Na,OLaRA.0s/i0,) and calcium phosphates (Fig. 6.2) [

Fig. 6.2. Ceramicpartsfor artificial joints
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The advantages of ceramic materials are as follows: they are durable,
chemically inert, noftorrosive, norabrasive, biocompatible, bioactive and have
low density. The disadvantages are fragility (easy to break) and complicated
production. In order to increase the hardness of bioceramic materials, they ar

made porous (Fig. 6.3) that also increases their bioactivity.

Fig. 6.3. Porousceramicqbasedon hydroxyapatitg

One of the principles of creating new biomedical materials is thatatreey
obtainedas closeas possible to the bone tissue in terms of chemical, biological and
morphological characteristics.d¥iations in crystallite size and compositiointhe
artificial material from the natural coterpart can be used for tleynthesis of
biomaterials Wwh a given bioactivity. Tius it is necessaryo considerchemical
composition and structure of bone tissue.

In Table6.1, chemical composition of borissue and teeth, consisting of
organic component, HA, water and impurities of different ions are given.

From the point of material science, bone tissue is a composite material. The
bone has a rather complex structure and diverse tissue compositionic&mgnif
mechanical characteristics of the compact bone are provided by a special spati
arrangement of its strugtal components bone platesi3l0 microns thick.

Three main groups of substances form the bone: collagen (approximately
25wt. %1 organic compnent of bone tissue, or bone matrix), calcium phosphates
(approximately 65 wt. % inorganic component) and water (10 wt. %). In addition

to these substances, other organic compounds (other than collagen protein
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polysaccharides, lipids) are present omé tissue in small quantities. Apart from

Ca*andPQs*, bone tissue also contains other inorganic ions.

Table6.1. Chemical compositionof bonetissueand teeth (wt. %) [1]

Component Bone tissue Tooth tissue
(dentin)
Ca 34.8 35.1
Pin the form ofPQ* 15.2 16.9
Na 0.9 0.6
Mg 0.72 1.23
K 0.03 0.05
C in the form ofCOz* 7.4 5.6
F 0.03 0.06
Cl 0.13 0.01
Inorganic component 65 70
Organic component 25 20
Water 10 10
Mol ar r at. 1.71 161

Collagen provides body tissues with the necessary mechanical strength foi
tensile and compressive deformation. Collagen molecules consisting of three
helically twistedpolypeptide filamentganassemblento fibers with diamsters of
100/ 2000 nm. The compressive strength of bone tisspeoded by itsmineral
componenti calcium plosphates (mainly in the form ohydroxyapatite
¢ a ( 4R(OH),). Hydroxyapatitecrystals are present ithe bone in the form of
plates wih dimensbns of 50 201 5 nm, oriented in a c
axis of the collagen fibers.

Fig. 6.4 shows the structure of bone tissue, whscldivided intoseven
levels of bone tissue organization (architecture). The lowest level is a kind of
nanocompsite consisting of collagen fibers with a diameter of 1 nm and HA

particles with a plate sizaf up to 50 nm. This composite is the basis of the fibrils
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that make up the fibergibersform lamellag andlamellae form the osteon, which
makes up the bone
By reproducing this composite only in chemical composition, it is

impossible to achieve the strength of bone tis®mne structureis also very
important Todayscientistdry to reproduce natural bone tissitehas been almost
achieved,but today theresi still no analogue of thigissue It is difficult to
reproduce morphology and structure of the bone tissue, not themidad
composition. Howeverchemical compositions also of great importanceFor
example, pesence of a small amouot carbonate iongncreasegissuestrength,
while high contenbf these ions makes dhbone tissue brittle. Thus the near
future, it is impossible to reproduce thoroughly the bone morphoilogytro i that
is, experimentally (and, thereforeto achieve the same comation ofbiological

and mechanicgiropertiesas in the bone
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Fig. 6.4. Hierarchical levels of bone organizatigh
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As an examplefrig. 6.5 shows tensildeformation of ceramics, metal, bone,
and polymers. As can be seen from the figureramics ha the highestragility.

To strengthen the ceramicshiis beemroposed to use composite materials based
on, for example, ceramics with carbon nanotubes or carbon nanofibers.

Biomaterialsbeing usedfor implantsmust satisfythe requirementglictated
by the structure compositionandpropertiesof bonetissue[1]:

1. Chemical properties absence of unwanted chemical reactions with
tissues and interstitial fluids, absence of corrosion;

2. Mechanicalpropertiesof bioceramicanustbe closeto thoseof the bone
(for example differencesin elasticity may resultin implant loss becauseof the
resorptionof thebonesubstancéhatis in contactwith it);

3. Biological propertiesi absenceof reactionsfrom the bodys immune
system growth with bone tissue stmulation of the bone formation process
(osteosynthes)s

4. For the fast growth of bonetissueinto the implant, the latter musthave

throughporesof 100° 150 micronsin size

Ceramics

Bone

Deformation

il
l'll‘ Polymers

Tension
Fig. 6.5. Tensile deformation of different materiglg

Among the materialshat satisfy almost all requirements aiederamics.
So, bioinert ceramics, bioactive ceramics andaterials based on calcium
phosphatere distinguished.

Bioinert ceramics include mainly AD; and ZrQ-based materials. Their

mechanical characteristiceeagiven in Table 6.2.
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The advantages of bioinert materials include exceptional chemical inertness
and high strength. Unfortunately, both of these advantages have their downside
Stability of ceramics in the body leads to the impossibility of the boneote ipto
the implant. As a result, the place of contact is being filled with fibrous connective
tissue that mechanically covers a foreign object. It is clear that such contact cannc

be strong.

Table6.2. Mechanical characteristics of ceramicsbasedon Al203 and ZrO 2 [1]

Properties Al203 Mg-PSZ TZP
Chemical composition 99.9% ZrOz ZrOs
Al>,03+MgO
Density g/cn? 3.97 5.74 6 >6
Bending strengthiMPa 500 4501700 9001200
Compressive strength Pa 4100 2000 2000
Young's modulus 380 200 210
Fracture resistancé PO /?m 4 7115 7110
Thermal conductivity(WL WK 30 2 2
Vickers hardness 2200 1200 1200

Bioactive ceramics are very promising as they are characterized by high
biocompatibility and loactivity. These materials, first of all, include bioglass.
Bioactive glass contains the following oxid@$a0, CaO, SiQ, P,Os. Thus,
bioglass differs from regular glass only in termsRa®s presence. Mechanical
characteristics of bioglass are not a®d as its biocompatibility and bioactivity.

As a result, bioglass is used as small implants in dentistry and especially in
maxillofacial surgery.

Bioglass and materials on its basis are not perceivedhbybody as
something foreignOn the contrary, a sies of biochemical reactions (Fig. 6.6) at
the bioglassbone border leads tothe intense formationof bone tissuen the
contact area and ultimately to the implant implantation into the bone tissue. It

should be noted that the transition layer betweerbtbglass and the bone che
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of up to 1 mmthick (when bioinert ceramicss used as an implanthe layer of
fibrous connective tissue has a thicl
the fracture will occur in any other place, but not in the fusion zone. Due to the
surface bonds- Q- or -OH) on the bioglass, the bone tissiaa grow togetér with

the bioglassaccording to the mechanism shown in Fig. 6.6.
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Fig. 6.6. Processes at the boundary between bioglass and bone tissferniation of SiOH
groups on the glass sade as a result of ion exchan@ei formation of amorphous calcium
phosphate on the surface of hydrated glass and its crystallization into hypabixs; 3 T
adsorption of biologically active substances by apatite jad/ér cactivatiore of the immune
system; directed selection and adsorption of specific bone protBiris attachment of
undifferentiated cells and thdiansformation into bone cell§;i growth of bone matrix and its
mineralization; 7 i restructuring of bone tissue agdvergrowtte of the gap between the glass
and the bone. Relatively speaking, the bounddretweencinanimat@& and calivee passes
through stagesi4 [1]

In bioglassproduction, ke following composition isusually used: 24.5%
NaO, 24.5% CaO, 45% Si0, 6% P.Os. By changing the composition, it is
possible to change the bioactivity of suclaterials within a wide range. Slow
cooling of the melt of these oxides under certain temperature conditions allows
partial crystallization of the glass (most often calcium metasilicateollastonite
CaSiQ is formed) In addition, it is possible tobtain mixed, glass crystalline

materialsi biositals, which have better mechanical properties than glass.
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6.2. Calcium phosphatebasedbiomaterials

Calcium phosphates are the most suitable materials for the bone tissue
replacement due to their close chemicalmposition. Calcium phosphates

presented in Table 6.3 have the widest application.

Table6.3. Calcium phosphatesthat are usedasbiomaterials [1]

Calcium phosphates
Solubility
Interval of equilibrium
Formula, name Marking g O/ { pH stability K Ks
(298 s 2y B10
(29 8) | 37% )
Ca(HPQy): . .
monocalciunphosphate fet o 0.5 ! 114 !
Ca(HPQy)2l: KO
monocalciunphosphate faf[f 0.5 0i 2 114 T
monohydrate
CaHPQL 2.6
dicalciumphosphate DCPD 1 2i6 6.59 6.63
dihydrate
CaHPQ DCP 1 2i 6+ 6.90 7.02
dicalciumphosphate
Cay(HPQ:)o(PQ)al- 528 [yt 133 5.5 7 96.6 95.9
octacalciunphosphate
Ca(PQy)dzH20 o5 7i
amorphous calcium ot 12122 >5 32'7 |
phosphate '
Cale(HPCll)x(POil)&x
(OH)ex( X" 1) 15i
nonstoichiometric ¢ D1 ¢ ' 6.51 9.5 -85.1 -85.1
. . 1.67
hydroxyapatitgcalcium
deficiency
Cao(PQ)e(OH) Lo 167 9.5 12 1168 | 1172
hydroxyapatite
U Cas(PQy)2 - —
Ui tricalciumphosphate Uuv et 15 ! 255 255
bi Ca(PQy)2 y —_—
bi tricalciumphosphate bis & { 15 ! 289 295
CaP209 —_— ” :
tetracalciunphosphate vuel 2 ! 38i 44 3142

* Stable att>3 7 3; **gproduction condition§ concentrated salt solutipte3 3 3; ***s solid
phase synthesis
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Important parameters characterizing calcium phosphates as biomaterials ar
their stoichiometryn( & n)( { and solubility. In geeral, the smaller the
n( & )( t ratio, the morecacidice and more soluble is calcium phosphate.
Also, from the Table 6.3 it can be seen that as HA is the least soluble, its formatior
is the most thermodynamically probable. This is confirmed by tha da
solubility isotherms of different calcium phosphates, which are presented in
Fig.6.7.

CaHPO4-2H20O

Cas(HPO4)2(PO4)s- 5H20

1g(CcaCp)
-]

Cas(PO4)3;0H

1 4 6 8 10

pH

Fig. 6.7. Solubility isotherms of various calcium phosphate3 at 0 (375 ¥[1]

Also, using Fig6.7, the probability of calcium phosphates formation in
aqueos solutions can be evaluated depending on the synthesis conditions.

All methods of obtaining calcium phosphates in solutions can be divided
into two large groups: chemical deposition and hydrolysis (including hydrothermal
techniques). The use of precipitat or hydrolysis methods to obtain biopowders is
based on different solubility of calcium phosphates. Among biocompatible
calciumbased phosphate materials, dicalcium phosphate dihydrate, octacalciumn
phosphate, amorphous calcium phosphate and hydroxigapati of the greatest
interest.

Calcium hydrophosphatalihydrate (Fig. 6.8) is the most soluble among

biocompatiblecalcium phosphatesit has been found in the bone marrow area,
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kidney stones, plaque, cholesterol clots. In laboratory, calcium hydromtesph

dihydrate can be obtainedtaf 3i 4.5 according to the reaction:

CaCb+ NaHPQ, + 2H,0 = CaHPQT 2,8 + 2NaCl (6.1)

\L’ % 2 Monoclinic

a=6363A
b=1519A pB=11848°
c=58154

10 mkm o

Fig. 6.8. Calcium hydrophosphate dihydrdtd

OctacalciumphosphatdFig. 6.9),which is often formedasan intermediate
in the synthesiof HA, canbeobtainedaacordingto thefollowing reactions

91 by hydrolysis reaction (in the presence of alkali):

8CaHPQ + 4NaOH + HO = Ca(HPQy)2(PQu).T 5.6l + 2NaHPO, (6.2)
1 by precipitation reaction:

8CaC} + 6NaHPQO,+ 4NaOH + HO = Ca(HPQ,)(POy)4T 5,01 + 16NaCl. 6.3)

Caldum octaphosphatdas well as amorphouscalcium phosphatg is a
precursorfor the subsequentproduction of bone hydroxyapatiteduring bone

formation

Cas(HPOy)2(PQ))aT 5,81+ 2C&" + 40H = Cao(POy)s(OH), + 2H:0. (6.4)
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Triclinic

L] -
P1 a=9529A a=9013°
b=1899%4 A p=92.19°
c=6.885 A 7=103.36°

J "Hydrafed layer”

Fig. 6.9. Calcium octaphosphajé]

In laboratory amorphouscalcium phosphatas obtainedby the following

reaction
xCa* + yHPQ?Z + yOH + (ny) H,0 = Ca(PQy)yT n.®. (6.5)

Amorphous calcium phosphate (Fig. 6.10) is also a biocompatible and
highly bioresorbable material. It was prevsbu mistakenly believed that
amorphous calcium phosphate, not crystalline HA, was the basis for the inorganic
bone component. In fact, bone formation occurs through the intermediate form of
amorphous calcium phosphate, followed by its crystallization ko in two

possible ways:

but > HA, (6.6)

O ot >  Ouf »  HA. (6.7)

Hydroxyapatite is thought to be an ideal candidate for bone tissue
replacement. The first attempt to use HA for these purposes dates back to 192
However, widespread commercial distribution of HA happemediong ago (in
80's of the last century). Hydroxyapatite is well compatible with muscle tissue and
skin, and after implantation it is able to grow together with the bone tissue in the
body. High biocompatibility of HA is explained by the crystadlemicalsimilarity

between the artificial material and bone tissue.
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Fig. 6.10. Amorphous calcium phosphdts

In fact, HA (Fig. 6.11) is a substance of variable composition, and its formula
can be represented &0, (HPQ)sx(OH)ox, Wh er e 00Ox O1 ( Cal P
vary from 1.5 at x=1 to 1.67 at x=0). In the crystalline structure of apatite, partial
replacement of calcium cations with other ions (for exangifé, Ba¢*, Be*, PlIz™)
is possible. Phosphate ions can be substituteSi®y* or CO;*, and OH groups
by CI-, Br, F ions. A significant amount of fluorine is part of the HA contained in

the teeth.

Hexagonal :
Péym a=9422A
c=6880A

Cay(HPG,), (PO, )e(OH),.

Fig. 6.11 Hydroxyapatitd 1]

Carbonate ion is one of the major sources of apatite lattice deformation that

creates local mech&al stresses and defects in HAystals These processes
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determine biological activity of bone apatite, called carlmapttite. In general, a
formula of the mineral componennh bone tissuecan be represented as
Ca(CO3)x(HPOy)y(POy)s(OH) (wherex + y = 1). Interestingly, the content of
carbonate ion in bone HAncreases with age. This leads to tthecrease in
mechanical strength of the bonesdder people.In synthetic HAproduction it is
desirable thatt consiss, like boneapatite,of smallsized (50 nm) plate crystals
and hasarbonate ions in its composition.

Production of hydroxyapatite powder is carried out either by "wet" methods
or via solid phase synthesis. precipitation from aqueous solutions &t>p6, fine
crystdline powder is obtained. The classic "wet" methods of HA synthesis include

the following equations:
10 4 a (3 -NEINH,):HPO, +8H,0 =Ca(PQ))s(OH)Z  +  NOIN(6I8)
10Ca(OH) + 6HsP Oy = Cayo(PQy)s(OH), + 18H:0. (6.9)

Besides, other salts, such as aaitichloride and sodium phosphate, can be
used as reagents in reaction (6.8). At the initial stage of the reaction, amorphou
precipitates of calcium phosphates are formed with Ca/P ratio, which might not
coincide with the ideal ratio of 1.67. Only aftecartain period of time (several
days), crystallization of hydroxyapatite occurs. Shape of crystals obtained by
precipitation from solutions can vary: rods, needles, round particles, thin plates. In
addition to the crystallization time and concentratiomeafgent solutions, the size
and shape of the crystals aaso determined by the impurities present in the
solution. The size and shape of HA crystals affects bioactivity of the obtained
powder.

HA is alsoobtainedby the reactionof calciumphosphatesvith alkalis (for
example calcium hydrophosphade However, this synthesis is used relatively
rarely because of the very slow speed of HA powders synthesis:

1 0 & a kHP8NAOH = Ca(PQy)s(OH)Z  + HP®a 6H,0. (6.10)
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In addition, such hydrolytic reactions play a significant role in curing
processes where they are used as fast curing phosphate cements.

Solid-phase synthesis allowabtairing of largecrystalline material with a
predetermined CR ratiq but requires long thermal treatment at theperature
of 12731573 K. Hightemperaturecalcination is also used for sinterin@f
previously obtained (for examplby ¢wete methods) powders in theanufacture

of phosphate ceramics:
6CaHPQT 2,6l + 4Ca0 = Ca(PQy)s(OH), + 4H,0 ¥ (6.11)
10CaCQ + 6(NH4)HPO, =
= CaPQ)s(OH) + 10CQY + X2 NbDFH  (6.12)

In the manufacture of ceramics based on pure HA, unfortunately, it is not
always possible to obtaioeramicswith the required stregth that significantly
limits the scope of its application. The Hfased ceramics are characterized by a
fairly low resistance to crack propagation and a large vanaif the experimental
valuesof strength from sample to sampke.moist environment thtamimics the
body environment only increases these negative ceramic propertiesefdre,an
intensive search for new composite materials with improved mechanical
characteristics iarried out Low solubility of synthetic HAleads toits low
bioactivity: bone cells ¢cdigeseé slowly a proposed source of calcium and
phosphorusAs a result, the bone growry slowinto a ceramic implant. To
increase the bioactivity of HA, it is diluted with more soluble calcium phosphates,
for example,with trisubstituted ahophosphate, or porous HA ceramics are
manufacturedFig. 6.12).

Porous hydroxyapatite ceramics are widely used as bone substitutes due t
high bone fusion. Bone tissue sprouts into the pores of the implant, but the
presence of large pores significantiypairs its strength.
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Fig. 6.12 HA-based porous ceramify

Calciumphosphatebone cementsare of particularinterestas biomaterials
They are a mixture of calcium phosphategpowdersof different composition
8O BTJ2f ., 41Okl , & Q1 (H0Of9T %l , w QLY J-vHT
and water (or solutionsof 1 st &, NaHPQ,). Such a mixture converts into HA
even at 37 AC during cement curing,

phosphate cement system, which is based on the following reaction:
2 Canatt 2 84 o = Caog(POy)s(OH)e. (6.13)

C a  hydrophosphate is more acidictd @#1)< 1.67) and tetracalcim
phosphate is a more basic substa(Ca/P(=2) > 1.67) than hydroxyapatiteSo,
reaction (6.13) can be considered a kind of neutralizatiomeaction. The
advantages of phosphate cements include their high bioactivitgdg a
biocompatibility. Besidesit is easy to shapeement masthatis very convenient
when filling bone defects or degitcanals. The main drawbaiskther low strength
characeristics.If their strength is improvedhen phosphate cements will be able
to replace the cements based on polymethyl methacrylate, which are used fc
fixation of bones and implants. In this case, phosphate cements are used for filling
dental canals, idrug transfer systems. Apatite crystals formed after curing of the
cement mixture are small in size (B wide and 1000 nm long)n&ll size of the
crystallites, their nonuniformitypresence of pores all lead to a better resorption of

cement material copared to dense ceramics.
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The desire to improve mechanical properties of calcium phosphate ceramics
has led to the creation of composite materials based on calcium phosphates ar
various polymers. In this direction of biomaterials development, one carvebser
the general tendency of modern material science for widespread use of composit
materials. However, it is probably more important to see here an attempt to learr
from nature, an attempt to simulate the composition and organization of bone
tissue by meanof modern science. At the same time, polymers that biodegrade
gelatin, collagen, polyglycoles, polylactides are used as organic component
(Fig. 6.13).

Fig. 6.13 HA coating on polymer and titanium alloyH

HA-collagen composites correspondthe real bone interms ofchemical
composition, although they do not have the appropriate structural organization.
Such composites can be obtained, for example, by pressing for several days
mixture of collagen and hydrgapatite powder oby deposition of A\ crystals
from solutions having interstitial fluid composition on collagen fibers. In the first
case materials with rather low mechanical characterisdiesobtainedThe second
method simulates not only the composition but also the mechanism of bone
formation (mineralization of the organic matrix). For this reason, this technique is
called biomimetic, that is, reproducing the natural process. The distance betwee

the collagen fibers determines the size of the growing crystals of apatite. The thu:
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obtaired porous material is characterized by high bioactigtgater than HA and
collagen alone

Awareness of the fact that Héollagen composites are identical to bone
tissue in their composition and are in fact a source of mineral and organic
substances fdoone cells, has led to the emergence of a regenerative approach. Ir
this approach, the emphasis is not on replacing the defect with an implant with
acceptable mechanical characteristics, but on the fast biodegradation of the
material and its replacement tivibone tissue. In this case, such a composite
implant first plays the role of a supporting and guiding element that promotes bone
growth, and then is gradually resorbed. Of course, it is desirable that the implan
has a certain level of mechanical chagdastics and could carry the load in the
postoperative period before it is completely replaced with bone.

Among bone substitutes, mechanical and biological properties of implants
are of particular importance. Comparison of mechanical properties of these
materials and bone tissue is shown in Fig. 6.14, where all materials are located ol
the coordinate plane in accordance with the values of their hardness (elasticity) an
fracture resistance. A reasonableompromise between the contradictory
requirements offed for bone implants are HAolymer composites that have
mechanical properties close to the bone and exhibit high bioactivity.

The use of the regenerative approach, where biological properties of
materials come first, is quite promising in the treatmérsinwall bone defects. The
fact of developing materials that stimulate osteosynthesis means that after almo:s
half a century of active use of biomaterials, comes the understanding of the
complexity of the task of repairing and replacing bone tissue. Thefuseme
certain material depends on both medical and biological characteristics of the bon
defect and, probably, on the particular case. Therefore, the solution to this problen
exists only in the presence of a wide range of biomaterials. Choice of #$te mo

appropriate casspecific material is the key to success.
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Fig. 6.14. Comparison of mechanical properties of different biomatefrils

Thus, from all the mentioned above about biomaterials, it follows that
implants or simply biomaterials should be eheally inert materials in biological
environments, there should be no corrosion in the conditions of the human body o
there should be dissolution at a controlled rate. These materials should be strong
stable, have resistance to destruction, have nadisaadrom the immune system,

should fuse with bone tissue and stimulate osteosynthesis.

Quiz

1. Give the definition of biomaterials.

2. Give the classification based on the nature of the interaction with human body
tissues

What is biocompatibility?

Give the pinciples of biomaterialamanufacturdor bone tissue.

Describe natural bone tissue.

Give thedescription of bioinert ceramics.

What is bioactive ceramics? Give examples.

Give particular features of calcium phosphb#sed ceramics.

© © N o g bk~ W

Which calcium phosphadeare the most promising for thee as implants?
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10. Give methods for producing bioceramics based on calcium phosphate.
11.Describe HA.
12.Compare different methods of obtaining HA and suggest a scheme for its

synthesis.



159

LABORATORY MANUAL

Laboratory experiment 1. Synthesis of zirconium(lV) oxide by
homogeneous precipitatiorand the effect oftemperature of final treatment on

the specific surface area

Aim of work: to synthesizezirconium(lV) oxide powders using method of
homogeneous chemical precipitation and eshlthe effect of the final thermal

treatment on the specific surface area.
Background

Crystalline zirconium (IV) oxide (ZrGQ,) can exist in  monoclinic
(thermodynamically stable up to433 s), tetragonal (stable fromi433 s to
2633s) and cubic (stable fror@633s up to the decomposition temperature of
compound i 2973s) modifications [45]. Fig. L.1 presents polymorphic
modifications of ZrQ: their atomic structures and corresponding urllsce

In industry, zirconium(lV) oxide is produced by methods involving
treatment of zirconium minerals, zirconium transfer into solution and its
subsequent selective precipitation. The main industrial mineral from whichiZrO
produced is zircon (ZrSi§). The essence of the process of obtaining,Zi€3 in
the separation of Zirconium from Silicon. For transfer into aqueous solution,
obtained zirconium compounds (zirconates of alkali metals) are treated with acid
solutions (usually chloride or sulfate ds) [51]. In this way monoclinic or
tetragonal modifications of Zrwith crystallite size of 300600 nm are obtainke
Theyare used as catalystipports nanoceramigsrotective coatings, anmécently
in dentistry as bioceramics for implant producti@ubic modification of ZrQis
obtained when considerable amount of rare earth metals (Y, Yb, Ce) as well as C

and Mg areintroduced into the reaction mediumTo obtain nanoparticles of
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zirconium (IV) oxide in the laboratory the following methods are uikd

chemicalprecipitation hydrothermal, thermal, sglel and othersl].

a b C

Fig. L.1. Atomic structures (top) and coordindteslative to each other Oxygen atoms (black)
and Zirconiumatoms(white) of the unit ells (bottom)of different of ZrO. modifications:
al cubig b1 tetragonalci monoclinic

Chemical precipitation method is based on the interaction of substances.
soluble in water or other solventsith the precipitants. Thigesuls in the
formation of insoluble compounds, wh, if necessary, are washed, separated and
annealed to obtain thenl product. Chemical precipitatian both aqueous and
nonaqueous media is a complex physicochemical pratedsconsists ofeveral
stages: 1)mixing of reagents 2) chemical reactio betweenprecipitant and
components othe solution that leads to lesoluble compoundormation and
solution saturation; 3)formation of solid phase; 4) interaction dhe formed
precipitate withmother liquor,change inchemical composition andolid prase
structure(sediment aging)1l]. Each stage of chemicakrecipitationis important
becauseorganization of each of them influences the final physicochemical
properties ath morphology of the obtaingatecipitate.

Chemical precipitation can be used toy#re properties and morphology of

the obtainedparticles over a wide rangBlowever,a disadvantage of this method
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is the complexity to controlphysical and chemical characteristics of the
precipitatesMore stable properties of the precipitates are nbthby the saalled
homogeneous precipitation method.

In the method ofhomogeneous chemical precipitatjoprecipitant and
precipitating substance are in the same phase (solution) and do not react with eac
other. The interaction process can only occuwe thuadditional chemical reaction.
For example, in the case of zirconium salts precipitation, the additional reaction
includes urea hydrolysis as a result of heating with the formation of ammonium
hydroxide.

In homogeneous chemical precipitation, zirconifis) oxide is obtained in
the form of zirconium(lV) oxyhydroxide (ZrO(OH)) suspension, which after
filtration, washing, drying and annealing is converted to4r@vder [L6].

The essence of the homogeneous chemical precipitation to obtainsZa®
follows. When aqueous solution of zirconium oxysalt (for example, chloride,
nitrate, etc.) is heated to the temperatur@@fi 373 s in the presence of excess
precipitant (urea), the latter undergoes gradual hydrolysis with the formation of
ammonium hydroxidell6]:

(NH).CO+HO Y 2-NGOY , (L.1)

NH; + H,0 = NH,OH. (L.2)

NH4OH obtainedin reaction(2) reactswith zirconium oxysaltthat results

into ZrO(OH), formation[52]:
ZrOCl, + 2NH,OH = ZrO(OH) + 2NH,CI. (L.3)

By adjusting the temperature, it is possible to change the hydrolysis degree
of urea and thus f#ct the size of the formedrO(OH), particles [L6].

Besides, baracteristics of the liquid phase in a newly formed suspension
will depend on the type of anion of the zirconium salt. These anions should be
removed from the suspension, because, if deposited on the particles surface, the

contaminate the final oxide palsr.
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Experiments

Apparatusand chemicals
Hotplate magneticstirrer, 1 pc. Pr eci si on bal ances (
Anal yti cal bal ances (r e adRuméahood.tMuffleNO .
furnace Buchner funnel with Bunsen 8k and vacuum pump, 1 pBlue ribbon
filter paper Thermometer (up t8 7 3), 1gc. Porcelain mortar with pestle, 1 pc.
Porcelain cup, 1 pc. Porcelain crucibles, 4 pcs. Desicesth benzene, 1 pheat
resistant chemical beakef 250 cni, 1 pc.Weighing bottlesvith lids, 4 pcs. Glass
test tube, 1 pc. Crystallizer, 1 gelastic bags for samples,pts. Zirconium(1V)
oxychloride ZrOCl,), powder. Urea(NH,).CO), powder. Argentum (I) nitrate
(AgNO3), solution (0.1 M).
Descriptionof thelaboratoryinstallation
The laboratoryinstallation consists of a dtplatemagnetic srrer and astand
with athermomeer attachedFig. L.2).

Fig. L.2. Laboratoryinstallationfor obtainingzirconium(lV) oxide by homogeneoushemical
precipitation 17 hotplate magnetic stirrer,i2regulator of mixing intensity, B stir bar,
47 heatresistant chemical glassj 3hermometer, 6 stand, 7 power button, 8 heating

button, 9i readiness light indicators
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The main structural elements of the laboratory installatioi: Hotplate
magnetic stirrer, 2 regulator ofmixing intensity 3 1 stir bar, 41 heatresistant
chemicalglass, 5 thermometer, 6 stand, 7 power button, 8 heating button, 9
I readinesd$ight indicators.

Obtaininga suspensiof zirconium(lV) oxyhydroxide

Put a stir bar inta heatresistant chemical beakand mur 200 cni of
distilled water Place thebeaker on the hotpotmagnetic stirrer. Immerse
thermometemto the beakerand secure it ith a clamp Pres the power button and
the heatindoutton. Readinedfghts shouldight up. The stir baiis set in motiorby
regulator of mixing intensity. &lng precise balances,ewgh 2 g ofZrOCl, and
4.89 of urea (for aaturated solutionf 0.4 mol/dn? (NH.,).CO). PlaceZrOCl, and
(NH2).COinto the heatesistant chemical beaker, wait for the reactants to dissolve
and alow the mixture to warm upAfter solution temperature reach@s8 K, keep
it for another 20 minutes, and then, wheneh grecipitate is formed, turn ofhe
heater(sometimes it is necessary to hold the solution for a longer.tifoe) off
the magneticstirrer using power button and heating buttomghits shouldgo out.
Carefully remove the thermometer from thaution by unscrewing thelamp on
the stand Cool the solutionin the beakerby placingit into thecrystallizerfilled
with tapwater.

Filtering and washing dhe synthesized zirconium(lV) oxyhydroxide

Connect a vacuurpumpto the water supply, connectthe Buchnerfunnelto

theBunserflask. Put a filter paper into the Buchner funnel, pour a small amount of
distilled water into it and unscrewd tap of domestic water supply. In this case,
distilled water must flow intensively through the filter into the Bunsen flask. This
indicates that the system is sealed. After a leak test, pour the contents of the beak
into the Buchner funnel. Remove tktr bar from the precipitate using medical
pincette Wash the precipitat®ur times with distilled water. Aftathat, disconnect
the Buchner funnel from the Bunsen flaskllect a few drops of the filtrate into a
glass tube and ad@i 3 drops of AgNQ sdution to it. If the filtrate turns from
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transparent intdurbid, then continuavashinguntil there is no turbidity when
AgNQO; is added This indicates that the precipitatees not contail ions.

Drying and calcination of zirconium(lV) oxyhydroxide

After washingput the precipitate together with the filiato a porcelain cup
and placeit into the oven. Drying is carried out for 2 h at tteemperature of
110AC. After drying, removethe intermediateproduct from the dryingoven
separate from the fétr, put info a porcelain mortar and ground to obtain fine
powder Weigh the obtainegowderandwrite downits weight (to within 0,01 g)
into Tablel (mucwa 9). Divide theresulting powder into approximately four equal
portions,put intointo porcelaincrucibles, and place theone by onan a muffle
furnace.Calcinethe sample$or 1 h atthe following temperatures:50, 250, 350,
4 5 @C. Mter calcination allow the obtainedrO, samples tacool down in the
muffle furnace.After cooling,remove the sapiesfrom porcelain crucible and
put them into plastic bag, indicating chemical formula andcalcination
temperatureKeep the plastic baggghtly closed to preventrom water vaporin
the atmosphere.

Determination of the specific surface area of the zirconiun{lV) oxide
samples

After pre-drying in the oven, weigh the weighing bottles with lidstbe
analytical balance Then fill them withthe sameamountof ZrO, samplesn the
range of0.51 1 g. Weigh on the analyticddalancesveighing bottles with lid and
samples insidetq within 0.0001 g). Note the obtained masses, (g) ino
TableL.2. By subtracting the masses of thmpty weighing bottles with lidsom
the masse®f the weighing bottles with lids containing samplegsses of the
samplesify, g) are obtainedRemove the lids and place the weighing botittes
the benzene desiccator to saturdhee samples withbenzene vaporClose tightly
the desiccatowith a lid. At intervals of 15 mincemove the weighing bottles from
the desiccator ad, with the lids closed, weigthem on the analytical balanse
Note he masses to TableL.2. After weighing,remove thdids again from the

weighing bottlesand put the bottles intehe benzenedesiccator.Repeat e
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weighing procedure until théifferene between the next and previous weights of
the weighing bottles with lids and samplasthe last four measurements is less
than 0.05 g.

Calculationof the productyield of hydratedzirconiun{lV) oxide

Calculate the mass of ZrO(OHY rO.L. kD) according tdhe stoichiometry
of the reactions {13) given in thebackground sectiofimneo, g), and note in
TableL.1. Calculate th@roductyield of ZrO,L. kD (Y, %) using the formula

Y = (mactua/rrlheor) L10O0 %, (l—-4)

wheremyualis themass of the obtaingaroductZrO,L. kD after drying(g).

TableL.1. Theoretical and actual masseof the sampleZrO 2L. ED

ZrO 2l BED sample after drying

Mactual (g) Mheor (g)

Product yieldY = %.

Drawing of adsorptionisothermand determinationof specificsurfae areas
of zirconiun(lV) oxidesamples
Using obtainedmassesof the adsorbedbenzenevapor, calculatethe molar

adsorptionvalue(am,, mol/g) accordingto theformula
am = (M, - Mo)/(Mcgrelm), (L.5)

wherem, i mass of the weighing bottle with lid caming sample after saturation
with benzene&apour g;
M is themass of the weighing bottle with lid containing sample before
saturation with benzenapour g;

Mcens IS themolar mass of benzer{é8 gmol);
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ms is themass of th&rO, sampleg.
Note the obtained values af in TableL.2. Draw the adsorption isotherm as

a function of the molar a@g@prption ve
Using molar adsorption valuescalculatespecific surfaceareasof ZrO;

samples $SA n¥/g) according toheformula:
SSA= anlNAA S (L6)

where N, is theAvogadro constanmol?;
S is thesurface ocupied by one benzene molecute9 [-29n®.
Note the obtained values &8SAinto TableL.2 and plot the specific surface

area on the temperaturetbk final thermal treatment of Zg@amples (TK) (SSA

=1(T)).

TableL.2. Changein the massof ZrO 2 samples when saturated with benzene par

and in the adsorption value,mol/g

Weighing | m, Mus, | Meo, . am, SSA
bottle g |™0|Msg|Mog| g e ™91 mollg | ma/g
150
250
350
450

Make conclusions about the experiment and the results obtained.
Safety rules

1.  Obeythe rules for working with electric heag) appliances
2. Do not leave thavorking installation unattended.

3. Handkall thechemicalaused in theexperiment with care
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Test questions

Admission to work

1. What is theaim of work? Provide safetyrules for performing
experiment

2.  What is homogeneouwhemicalprecipitation?

3. How and under what conditions hydrolysis of ureaarried ou?

Defence of work

1. What is the method of homogenealemicalprecipitation?

2. Give chemical reactionghat take placein the synthesis oZrO;
powder byhomogeneoushemicalprecipitation

3.  Why does the specific surface area &40, depend on the final

treatmentemperature?

Laboratory experiment2. Hydrothermal synthesis of ZrO; and SnQ

sols and the study of their sizes by turbidimetry

Aim of work to synthesizenanoparticlesof zirconium (IV) andtin (1V)

oxidesby hydrothernal methodanddetermingheir sizesby turbidimetry.
Background

Hydrothermal method, in contrast to other methods such as chemical
precipitation or sebel, is more rational and effective in terms of basic control
parameters (pressure and temperature)rétlidrmal treatment is carried out in an
autoclave reactor with an air layer (without reactor overflowing with a solution)
and with heating of aqueous reagent solutions to the temperatures that excee
100A C. Such process <condirdressare abova the e ¢
solution to the values of 0.1 MPa (1 atm). Undegh pressuretransition of
zirconium or tin saltsinto nanodispersed powders dfet corresponding oxides

takes placeavoidingconversion of the salhto hydroxide.In this casenpatue of
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the liquid phase in the newly formed suspension dependheaniontype of the
selected salts. As a rule, these anions should atkiyn be removed from the
suspension, sinc&hen precipitatedon thenanoparticlesurface, they contaminate
the nanodspersed powders.

Hydrothermal method allows obtang of metal oxide nanoparticles of
10 nm size with a high degree of monodispersi#cids or alkalk can be added
into solutions to avoid changes @H during treatment Moreover, hydrogen
peroxidecan ke addedo inhibit hydrolysis and thereby to obtain smaller particles
of metal oxides 17]. It was found out, that in theynthesis ofnanoobjects by
hydrothermal methodpngerhydrothermal treatmenéaded to théarger sizs of
metal oxide nanoparticlehe sames true of temperaturevhen treated at gher
temperatures, largsizesof solid phasare obtainedls].

The essenceof the hydrothermalmethodis as follows. When aqueous
solutions of reagents are heated in a closed autoclave reactortémiberatures
exceeding 100 AC, saturated vapor pr
values greater than 0.1 MPa (1 atm). Under high pressure, transition of metal sa
into the oxide powder occurs (powder dispersion depends on the duration anc
temperature of the hydrothermal treatment), bypassing the stage of salt conversiol
into hydroxide[17]:

MeClL + 2HO = Mel{Cl. (L.7)

In this case, nature of the liquid phase in the newly formed suspension
depend on the anion type of zirconium salt. As a rule, these anions should
ultimately be removed from the suspension because, when precipitated on th
surfa@ of the nanopatrticles, they contaminate the nanodispersed oxide powder.

By hydrothermal method, metal oxides are obtained in the édrso-called
cwhitee sols {n the form & colorless dispersed systems) wiplarticle radius
varying from 5 to 100nm [1]. In suchcwhiteé solswith known concentratias it
IS possible to determine particle sizes thybidimety, which isa simple, cheap

and fast method. Obviouslyhis method is not as accurate and qualitativeaas, f
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example, electron microscopy. Howevdr,s effective enougho estimate the
average particle size of the formed particles and to study the effect of hydrotherma
synthesis parameters on the dispersion of the obtained sols.

Turbidimetry(from lat. turbidusmeaning turbid) is a method of quaative
chemical analysis based on the measurement of light intensity passing through
suspension formed by particles of a substance to be determined in the liquic
phasgl]. If a solvent and lightcattering particles are colorless, maximal
sensitivity is achieved when blueisible and soft UV radiationare used.

For colored systems, it ispreferred to select the optimal wavelength
experimentally.

The use of turbidimetry is quite limited primarily because the measured
signal is significantly influenced ke particle size. Therefore, strict adherence to
the similar conditions of calibration graph construction and test solution analysis is
crucial. It should be also noted thatkgimetry is also useful icase of selective
analytical reactions which resun the formation of a solid compound within
certain concentration limits.

Advantages of thaurbidimetry method include itguickness simplicity and
ab®nce of sophisticated and expensaguipment (only a spectrophotometer is
required) L9].

It is known [1] that if a particle radius is not more than 30 nm (half the
wavelength of incident light), then the Rayleigh equation can be used to calculate
the size of such particles. As tparticleradius increases, thiieayleigh law ceases
to be true. In thisase equations derived from the general theory of light scattering
or empirical relations may be used. The most popular of the latter idether

equation 1]:
o=KL & (L.8)

where¢ is the optical density of the solutipon
k is the constant that des not depend on the wavelength

ais the wavelengtnm); nis the constant that does not depend on the
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correlation between the particle sizes and the wavelength of incident light
This equation is used if thaarticle radius igrom 20 to 100 nmftom 1/10
to 1/3 of the light wavelength). The range of particle sizes almost coincides with
the range of particle sizes of metal oxides, which, according taténatlire, are

formed inhydrothermal synthesis
Experiments

Apparatusand chemicals

Autoclave. Eflon reactor, 2 pcs. Spectrophotometer. Cuvettes. Volumetric
flask 100 cm, 4 pcs. Volumetric flask 50 cin2 pcs. Beaker 100 &n2 pcs.
Pipettes, 10 cfy 2 pcs. Glass rod, 2 pcs. Zirconiyitv) oxychloride (ZrOC})
solution 50g/dn®. Tin (1V) chloride SnCl) solution 50 g/drh

Descriptionof thelaboratoryinstallation

The laboratory installatiors a Teflonlined steelreactor and amutoclave
with heater

W f
3

:
i
L

Fig. L.3. Steel reactor body with Tefldimed reactor chamber
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Obtaining of metal oxide sols

Fill one Teflon reactor of 100 cheapacity with 50 crof ZrOCl, solution,
and the other oné with 50 cn? of SnCl, solution. Seal the reactors tightly with
Teflon lids and place them into steel reactor bodies. Transfer steel reactors to th
autoclave. Heathe reactors to the temperature 43 K then turn off the
autoclave and wait until the temperature drops b&d%/ K. Cool the steel reactors
under a stream of cold tap water, unscrew the lids and pour the contents of th
reactors (must be turbid) intthemical beakers. Stir the obtained sols vigorously
with a glass rod.

Measurement ahetal oxideparticle sizesy turbidimety

Turbidimetric measurement of particle sizes of metal oxides in sols is carried
out using a spectrophotometer. For this, tranife obtained sample to a cuvette
(I=10 mm) and place it in the measuring compartment of the spectrophotometer
Measure the optical density of the sol in the range of @D nm with 25 nm
increments, each time zeroing the value of the optical denséy @fanging the

wavelength. Note the experimental data into Tabse

TableL.3. Experimental data

Wavelengtha; (nm) Optical density ¢ lg & lg ¢
400
425
450
475
500
525
550
575
600

Determinationof refractiveindexof the obtained¢whiteg sols
For the processing of experimental data, the logaritfomm of equation

(L.8) is used. After logarithmization, this formula looks like:
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lgép=nL | gle-+1 g (L.9)

Using the logarithmic form of the Heller equation and the experimental data
obtained, construct a straight line plai=f( | g Acpording to the aph,
determine the refractive indexas a tangent of the inclination angle of the straight
line to the positive direction of the abscissa axis. According to the obtained value

of n, determine the correspondidg TableL.4).

TableL.4. Correlation between the refractive index and the coefficientZ

n Z
3,812 2
3,868 2,5
3,573 3
3,436 3,5
3,284 4
3,06 5
2,659 6
2,457 7
2,329 8

Calculationof particle radius of gwhitee sols
Using the obtainedvalue of refractiveindex n, calculatethe particle radius

of ¢ w h i sblsa&cordingto theequation2]:
Z= 8r/ <o, (L.10)

whereZ is the coefficient characterizing theorrelation betweeparticle size and
wavelength (determined from Talle3);
r is the average particle radius, nm
< ais the waviengtharithmetic meapnm
Note the obtained values of the average radii of the partigles TableL.5.
In formula (.10) it is assumed that the particles of the dispersed phase have ¢

spherical shape.



TableL.5. Particle radii of ¢ wh i sble e

Formula of the
substance in
dispersed phase

Average radius of
the particlesr, nm

ZrO;

SnQ

Make conclusions about the experiment and the results obtained.

Safety rules

1. Obeytherules for working withpressurizedheaing appliances
2. Do not leave thevorking installation unattended.

3. Handkall thechemicalsused in theexperiment with care

Testquestions

Admission to work

173

1. What is theaim of work? Provide safetyrules for performing

experiment
2. Whatisagwh i so¥® e

3. What is the basis of the turbidimetrntethod?

Defence of work

1. Describe the hydrothermal method.

2.  Give thechemcal reactions that take place during the synthesis of

ZrO, and Sn@solsby hydrothermal method.

3.  Whatare theother methods of obtaining nanoparticles?

4.  Why is turbidimetric methodisel for estimation of nanoparticle size

and not for their sizeneasurement?
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Laboratory experiment 3. Synthesis of tin(IV) oxide by template sebel

method and determination of its specific surface area

Aim of work to synthesize tin(IV) oxide by sglel metiod with and without

template; determine and compare the specific surface area of the obtained sample
Background

Tin (IV) oxide (SnQ) has been attracing considerable attention from
chemical scientists through its use in the production of lithmmbateries, solar
panels catalysts and gas sensors. However, for its effective use in these areas,
should be nanocrystalline and have a high specific surfaceZflea [

The properties that determip®tentialareas of applicatioof tin (IV) oxide
andmateials based on it depend largely on the methods fayighesisSynthesis
methodsinfluencesuch important parameters of nanostructured materials as size,
crystallinity, morphology and purity.

The most commdy used methods forobtairing nanodispersednt (1V)
oxide powdersinclude liquid phase chemistry methods: chemical precipitation
from aqueous and nesmueous solutions; sgkl technology with different
variations, usuallywith the stage of decomposition of chemically unstaioe
compounds and gasphase methodsphysical vapor deposition(PVD) and
chemicalvapor depositioiCVD) [1].

Among the liquid phase methods, g@l technologies based on colloidal
chemistry methods have become most widespread. The initial colloidal solutions
used in the teaiology for the synthesis of various inorganic substances are
composed of very small particles (I@O; ) , whi c h, when dri
differently in space, and thus materials can be obtained with a variety of properties
The processes thatke plaein solgel technology are based on the transition from
colloidal soldion (sol) to colloidal precipitatégel).

Gelling can be organized in various ways and results in either micellar or

polyma gels. In the former caserecipitationconditions are detsined by the
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presenc®f electrolytesn asolutionthat neutralize the double electric layer on the
micelle surface Precipitation conditions also depend qratgal factorsincluding
association and adhesion qfarticles (both processes complicate meell
formation). In the second case, the determining parameters are the depth and ra
of chemical reactions that regulate the growth and branching of the polymer chain
In polymer systems, the gel consisfslong-chain molecules that credisk with

each aher, forming dense grids. Micellar gelgnsist of separatllioidal particles

that form branched chains hydrogen bonds or electrostatic interaction.

Solgel method is carried out throughhydrolysis and dosequent
polycondensation ofSnG precursors inaqueousand alcoholqueous media.

Tin (IV) chloride is used a® precursorfor obtaining SnQ, nanostructures. A
significant advantage of the sgpél method is theopportunity to obtain high

uniformity of materials. At the same time, all initial reageate in the liquid
phase, and therefore, their mixingdarried out atmolecular levke resulting in

high homogeneityThus, it is possible to ensure high quabfymaterialsin terms

of purity, composition andtructureuniformity andto create a highhdeveloped
materialsurface.

1D structure, the sealled filamentous SnQis quite promising. Typically,
1D SnG nanostructures are synthesized using CVD method by evaporating pure
powders of tin, tin(ll) or tin (IV) oxides, or their mixtures with a sulspeent
condensation. However, for carrying out these processes, temperatafesS3dl
and above are required]].

In solgel synthesis, in order to obtain metal oxide structures with certain
morphology and high structurabrption characteristics, variputemplates are
added. That is why, the method in which templates are used is called templat
synthesis. Template synthesis refers to the processes that occur under the influen
of various factors of spatial constraint, which allow control of the strecttithe
phase being formed, which is set using a template. In case ohdostructures,
the template provides channels for the direction of growth or precipitation of

materials in D form. In general, template influence can be diverse (E#).[22)].
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Nortionic surfactants, such as polyethylene glycol, have become the most
popular template Polyethylene glycol, due to its structugiinese the embryos of
tin (IV) hydroxide along its molecules, which promotes the formation of a

filamentous structure.

Aggregation
7
Sn(OH),
SnCl ® @
K Nucleation . PEG
NH,OH N e ® o [ e
Distilled water L
® © 0
PVP
>

Fig. L.4. Influence of templates on the material morphology

It is well-knownthat filamentous strucires have largspecific surface area
Such naterial characteristicsas catalytic activity, electrostatic properties of
powders, light scattering, agglomagion ability, moisture retention capacity, shelf
life, and many other properties atongly related to the spific surface area.
Therefore,determination of the specific surface area is one of the most common
methods of studying the dispersiafi nananaterials. Pecific surfaceareais
expressed by the ratio of the total surfaceaof the porous or dispersedaterial
to its mass, or, more rarely, to slume.

Usually, outer and inner specific surface areas are distinguished. Sucr
distinguishment igo some extent relative. However, the outer surface is usually
considered as the total surface of all particles, taking into account their roughness
while the inner surface is considered as the total surface of all deep cracks, pore

open to the surfac€losed pores that are inaccessitolegas or liquid molecules
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are not taken into accountofal surfaceareais equal to the sum of the outer and
inner surface areasWhile the outer surfacarea can be determined using
microscopic methods of analysigjsarption methods are the most accurate and

widespread to determine the inner surfacea
Experiments

Apparatusandchemicals

Thermostat. Electronic balance € a d a b i | g). tAgalytithO balrtce.
Compressor. Separatory funnel (titration burette). HBec funnel. Drying oven.
Muffle oven. Refractometer. Glased (spatula).Volumetric cylinder, 100 cri
Conical heatesistant flask. Cylindrical vesseith Schott filter. Petri dish. Mortar
and pestle. Ceramic heagsistantcrucible Benzene desiccatoweighing bottle
Test tube with a lid. Paper indicatdPaperfilter. Crystalline tin(IVV) chloride
pentahydrate SnCLA 5@l Crystalline poyethylene glycol (PEG) Aqueous
ammonia solution, YNH3) = 25 %. Silver nitrate solutionC(AgNOs) = 0.1 N.
Toluene. Isooctane.

Synthesis of tin(IV) oxide

Calculate the required sample of crystalline hydrate for the preparation of
100 cm® 0.5 M solution of tin(lIV) chloride, weigh the calculated amount of
SnCLA 5,®lusing electronic balance and dissolve in ~ 75 ehdistilled water (if
necessary, heat the mixture). Transfer the resulting solution quantitatively into a
100 cni volumetic flask and fill the volumetric flask with water up to the mark.
Pour the preparedohition into a conical flask andaccording to the teacher
instruction, add a certain amount of the template: PEG1500, PEG6000 or
PEG10000. Stir the mixture until compét dissolved.

Synthesis is carried out using the installation shown inlEfg.Connect the
reactor to the compressor with a rubber tube and switch orcdahgressar
Transfer theprepared solution tahe reactor, which is fixed on atandin a
prematury switched thermostat as shown in the figureep it for

151 20 minutes to heat the solution to tpeocesstemperaturgaccording to the
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teacher instruction Place aseparatry funnel above the reactor and fiit with
ammonia solution (=35 cth Openthe funnelin such a way that thifow rate of
ammoniasolution is approximately drop in three seconds.

The synthesis is completed when pH reachiés Tlose the funnel tapour
the residues ofammonia solutioninto the vesseland keep the mixture in a
thermostat for two hours.

After keepingin the thermostatfilter the reaction mixturghrough a paper
filter on a Buchner funnelVash the obtainegrecipitateon the filterwith distilled
wateruntil thereacton with chloride ionss negative (reactiowith silver nitrate).
After that, dry the precipitate in a Petri dish at ambtenfperature for 11 h, and
then keep it in the dryingven at373 Kfor two hours.

The final thermal treatment is the annealing of the ground in a mortar

precipitate a723 Kfor one hour.

J

™ NH,OH

(25%)

-

Com Ipressor

Thermostat

Fig. L.5. Installation for the synthesis th (IV) oxide

Determination of the specific surface area of the samples by benzene

adsorption from gas phase
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Before testing, place the samples with mass ~1 g (to within 0.001 g) into
preweighed {ogether with the lid) weighing bottles and dry them with the lid
open in a vacuum dryer at 3423 K for 1 hour.

The crystals obtained at this stage are weighed to determine the yield of the
reaction:

Y = %.

Put the weighing bottles with samplasa benzene desiccator and weigh
them every 30 minutes on the analytical balance until constant weight is
established. Then calculate specific surface a8S# (m?/g) according to the
formula [1]:

g -Dg & SO

spec : L.11
° gsorb CNl ( )

ben

where Dg is the mass of the adsorbed benzegne
Na is the Avogadro constai$,02:10% mol?);
S, is the surface occupied by obenzenenolecuk 39:102° m?);

Osorb IS the mass of the samepg

Mpen iS the molar mass of beane(78 g/mol).

Determination of the specific surface area of the samplesby toluene
adsorptionfromits solutionsin isooctane

Before testing, place the samples with mass ~1 g (to within 0.001 g) into
preweighed (together with the lid) weighing bottlead dry them with the lid
open in a vacuum dryer 873 423 Kfor 1 hour.

Place Sn@sample into into a test tube with a lid, add F afithe solution
containing 40/0l.% toluene and 600l.% isooctane (refractive index
npg) = 1.4329). After establishqn the adsorption equilibrium (after 24 hours),
determine the refractive index of the solution and calculate the specific surface

using the following formulaq9):



Sspec: a‘m ®IA YQ 1-&)

VAn,,, N ) 4,0

g 00 KO(1 EC) M
=47400 ® /g) (rg"ga) N 50u

where a,, is theamount of the adsorbeoluene mol/g;

N, is the Avogadro constan$.02110%® mol?);

., =53 i
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(L.12)

V is the volume of the initial toluene solution in isooctare’;

gis the smple mass,;

Ny andnp are refractive indeces of theitial and equilibrium solutions,

respectively
1, is the toluene densii.86694 dcny);

kis the change in refractive index when toluene concentration is changed or

1 vol.% (0,00105%; fnis the volume fraction of toluene in soli(0.4);

[ is the molar mass of toluei@2 g/mol).
Accordingto the obtainedvaluesof the specific surfaceareaand assuming

that particleshavesphericalshape calculatethe particlediameterof tin (IV) oxide

usingtheformula

6

d=——F——
Sspec@ SnG ! (L'13)
wherej,, is the density of tirflV) oxide, 7.036 gcn.
Present all the obtained experimental results in Tlalele
TableL.6. Experimental results
Benzene specific Toluene and
Sample Temperature, K Yield, % isooctanespecific

surface area m?/g

surface areg m?/g
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Make conclusions about the experiment and the results obtained.

Safety rules

1.
2.
3.

Obeythe rules for working with electric head) appliances

Do not leave th&vorkinginstallation unatteded.

Handk all thechemicalaused in theexperiment with care

Test questions

Admission to work

1.
2.
3.

Describe sehel and template synthesis methods.
Give methods for determining the specific surface area.

How do the methods for determining specific surfaceaaising

benzene and toluene differ?

Defence of work

1.
2.
3.
4.

Give definitions of @, 1D, 2D, and ® nanostructures.
Give the areas of ti(lV) oxide application
Give methods for influencing material properties.

Give SnQ synthesis methodshat allow obtaining peders with

different properties.

Laboratory experiment4. Synthesis of tin(IV) oxide and study of its

optical properties

Aim of work to synthesize tin(ll) oxalate by vapogas transport; to

determine the edge of its own absorption and calculate the dgandg

Background

Metal oxidesform the basisof various modernintellectual and functional

materials and devices due to the possibility of regulating their physical and
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chemical properties Functional properties of metal oxides depend on many
chemical and stictural characteristics: chemical composition, various defects,
morphology, particle size, specific surface area, etc. By altering any of these
characteristics, you can control electrical, optical, magnetic and chemical
properties. Unique characteristicf metal oxides make them the most diverse
class of materials with properties covering almost all aspects of materials scienc
and physics in the fields of conductivity, ferroelectrics and magnefi§in [

Among metal oxide semiconductors, t{fiV) oxide isthe most researched
and popular in literature due to its manufacturability and low cost, high chemical
stability, mechanical strength, heat resistance, high adhesion to glass and othe
substratesZ5]. SNG belongs to the class of materials that combiigh lelectrical
conductivity @-type conductivity semiconductor with a bgag d 3.6 eV at
300K [61]) with a number of functional propertiédow electrical resistance, high
optical transpamncy in visible region, chemical stabilitat high temperatures,
etc.[27].

Different methods are used to obtain tin(IV) oxide:-gel, vaporgas
transport, hydrothermal method, thermal evaporation. Amahe many
approachesmethod of vapougas transport (CVD) deserves special attention
because it provides high perfance with relative simplicity and accessibility. In
addition, this method allows obtaining single crystals of Sm@ controled and
diverse morphology and higirystallinity [28].

CVD method is carried ouh inert atmosphere at high temperatures tQup
1300AC) . The st arusually metahiia, tirély okide lorsa miaturesof
carbonandtin (1V) oxide powders29].

Optical and electrical properties of {{\/) oxide are determined by its band
gap. The band gap of a semiconductor can bermned by the wavelength
corresponding to the edge of its own absorption, éesence of which is as
follows [30]. When monochromatic light with intensityy, strikes a thin

semiconductor film, part of the incident light is reflected, part of it is alesrind
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part of it with with intensitywpasses through the film. For a thin film with

thicknesdd, Bouguer law holds:
| =1, ép( Ud |, (L.14)
whereUis theabsorption coefficient

Equation (1) can be rewritten as follaws
<« 1 .|
U=4 C[Hﬁ ] (L.15)

Thus, if one determines experimentally the incident intemgitye intensity
| passing through the film, and the film thicknelsshen the absorption coefficient
U can be calculated. Having donetingt hi
the dependence of the absorption coefficients on the length of the incident light
(Fig. L.6), it is possible tof i nd t he value ofg Thhe
depend=(s¢acei 4 a character i s tpossibletypesfh e
electionic transitions in it.

As the quantum energyhs decreases anbdnd gap,pheo a
absorption coefficient of the crystal decreases, that is, the intensity of the
transmitted light increases continuously. st =  gethe absorption coefficient
U=0 and all light (exceptrom reflected) passes through the crystal, so that with a
further decrease in the quantum energy, the intensity of light passing through the
crystal remains constant and maximum. Thus, it can be assumed that th
wavelengthey, atwh ch the intensity of the pa
will correspond to the band gap, which is determined by the formula:

e

DE =h 30 — (L.16)
B 1o
where his the Planck constant
. fn
3 Is the ﬁﬁg,t on energy

fnis the speed of light
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Fig. L.6. Dependence of the absorption coefficient on the wavelength (absorption spectrum)

To determine the band gap using absorption spectrum, it is necessary to plc
the square of the product of the absorption coefficient andtgmagnergy(Lhs)?
from the quantum energins ( Ri7)g to separate its linear section and
extrapolate it to the intersection with the abscissa axis. The intersection point of the
line with the axis allows determination &fE

o

o2 A

1 >

hv

Fig. L.7. Graphic method of determirgrthe bandgap
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Experiments

Apparatusandchemicals

Precision balance. Analytical balance. Water bath. Vacuum filter
installation. Ultrasonic ionizer. Drying oven. Lamp. Tubular furnace.
Spectrophotometer. Heat resistan flask @50 Heat resistan flask B&m?.
Porcelain bowl. Crucible. Quartz tube. Test tube. Pipette® Qmartz cuvettes, 2
pcs. Filter paper. Tin(IV) chloride. Sodium oxalate. Silver nitrate. Ethanol.
Nitrogen.

Synthesis of tin(ll) oxalate

Tin(ll) oxalate is obtained bymixing hot solutons of tin(ll) chloride
SnCLL 2,8 and sodium oxalatda,C,04. The requirecamountof sodium oxalate
with a halffold excess of sodium oxalate per 20 g of $n€lcalculatedusinga
chemical equation (to be compiled independently).

Dissolve heinitial reagents in 200 chof distilled water and heat in a water
bath. After reaching temperature of 33343 K, mix the solutions(add sodium
oxalatesolutionto tin(ll) chloride solutiorn). Cool theresulting solutionunder a
stream of warm and then cold wateep8ration of theobtainedprecipitate is
carried out in a vacuum filtanstallationusing two or three "green tapélters.
Wash the obtainegrecipitateon the filterwith distilled wateruntil the negative
reacton with chloride ions (reaction with s#r nitrate) Then dry the precipitai@

a drying oven at 378 K for two hours and weighttoaprecisionbalance.

The product yield is determined by the formula:

Y=(MedMneo) L 1 0 0 %, (L.17)

where my.is theamountof the obtainedpowder g;
Mneor IS the theoretically possible amount of the powder, calculated

according to chemical equatiqms
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Synthesis of ti{V) oxide

To obtaintin (IV) oxide by vapoigas transporplacea quartz substrate with
arequired amount of tigll) oxalateinto a quatz tube (Fig.L.8). Then, introduce
the quartz tubénto a tukular furnace so that the sample is located in the center of
the furnaceConnect itrogen hoses to the ends of the quartz tube. After fixing the
reducer slowly and carefully open the valve tie gas cylinder turning the
flywheel counterclockwise. When the high pressure gaugthemeduceishows
the gas pressure in the cylindezlease the gassing the adjusting screw of the
reduceyandset the required gas flow ratecgording to the obiiaed instructions

Decomposition of tin(ll) oxalate occurs within 1 hour at a temperature of

1123 K by the following reaction:
SnGO,Y S p+2CQ (L.18)

Cool the obtained SnOpowder, weigh on the precision balance and

calculate the product yield according to the formuld §).

Quartz
reactor

Sn
/N;' SnO

Fig. L.8. Laboratoryinstallationfor synthesisof tin(IV) oxidefilamentouscrystals

Band gap determation of the obtainedtin (IV) oxide sampleby optical
methodusingabsorptionspectra

Measurements are performed on a-B800 PC spectrophotometer (see
Appendix1 for specifications). Spectrophotometer controls are implemented with
the help of specialaftware in MS Windows, computer coonection is via USB

cable (software description is given in Appendix 2).
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Turn on the deviceandallow it to warmup for 10i 15 minutes Meanwhile,
prepare a solution of tiflV) oxide in ethanol with a concentration of 1dg#f.
Disperse the resulting solution in an ultrasonic bath for 5 minutes and then poul
into a quartz cell. Place the sample cuvette and the cuvette with distilled watel
(comparison) into the device chamber, connect the spectrophotometer to the
computer, ad run the software. Measurement of the absorption coefficient is
carried out in the wavelength range of P800 nm. Prior to measuring the
absorption coefficients of the prepared sample, the device is automatically
calibrated using a comparison cuvette.

When measurement of the absorption spectra is congpldétansfer the
obtained dat#o the MS Excel workbook. Calculate the valoé$ths)? andhs and
put the obtained datanto Table L.7. Plot the graphical dependence of
(Uha)? = f(h3) and detemine the bad gap of the tirflV) oxide sample

TableL.7. Experimental results

Wave- | Wave- | Absorption | Absorption Absl Abs é
) length, length, | coefficient | coefficient
nm m (Absl) (Absé(m),hS (k&) 1 hs
1
2
3

Make conclusions alu the experiment and the results obtained.
Safety rules

1. Do not leave thevorking installation unattended.

2. Obeythe rules for working witlthemical reagentglectricappliances
and gas cylinders

3. To prevent thermal burpsuse a metal gripwhen removing hio

porcelain bowl from the oven and quartz reactor from theléwburnace.
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Test questions

Admission to work

1. Aim of work. Safetyrules

2.  Areas oftin (IV) oxide application.

3.  Methods fortin (IV) oxide synthesis

4.  What type of semiconductors (narrowband odetnand) doesn (V)
oxidebelong to? Why?

Defence of work

1.  Givethe reaction ofin oxalateformationfromtin (1) chloride.

2.  Calculate the requiredmount of the sample farepae a solution of
tin (IV) chloride in the mixture of ethanol: water with a ©ncentration of
0.5mol/dn?.

3.  Describe the mthod oftin (IV) oxide synthesisby solgel technology
(ethanolas solvent

4.  For what purposdo solutionsundergoagingprocesgexposure to air)
in sol-gel technology? What processes taus take place

5.  What i the purpose of using an ultrasonic iorfezer

Laboratory experiment5. Synthesis of titanium(lV) oxide and study of

its adsorption and photocatalytic properties

Aim of work: to synthesize a series of sorbghbtocatalyssamplesbased
on titanium(lV) oxide by sulfate method; to study their sorption and photocatalytic
properties; to dermine the influence of synthesis conditions on the sorption

photocatalytic characteristics of titaniyti') oxide samples.
Background

Titanium(lV) oxide exists in severahodifications. In nature, there are

crystals of tetragonalcrystal systemi anatase, rutile (FigL.9, a and b) and
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ortharhombic crystal systemi brookite (Fig. L.10). Two more higkpressure
modifications have been artificially obtaine@rtharhombic IV and hexagonal V.

{(001)
. 41946 A titanium

1.966 A
“y102.308°
‘92604 %)
. 1.937 A

{001)
.

[001] (100) b

010]
-

Fig. L.9. Crystalstructure ©i anatasgbi rutile [31]

During heating, both anatase and brookite are converted to rutile (transition
temperatures of73 1273 K and aboutl023 K respectively). The basis of the
structures of these modifications is the Ji@tahedra, in which eaak** ion is
surrounded by si¥ Z ions, and eaclf Z ion is surrounded by thrae** ions. The
octahedra are arranged so that each oxygen ion belongs to three octahedra.

anatase, there are 4 common edges per octahedron, while 2 in rutile.

Fig. L.10. Crystal structure of brookitg82]

In 1972, Fujisima and Hondaiscoveredhe phenomenon of photocatalytic

decomposition of water on a Ti@lectrode irradiated with ultravioléght. This
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discoverygave the impetus for an-otepth study of the physicocheral properties
of titanium(IV) oxide, the development a&ynthesiamethods opowder materials
consisting of nanoarticles the search of new areas O, application.By this
time, commercial titanium(lV) oxidead beerused mainly as a pigment in pain
and polymer materials, dental pastes and as a component of surszsaestic
products In addition, titanium(lV) oxide is usefébr production ofphotonic
functional materials for modern optical devicébn electrochromic coating, gas
sensors, adsorbtnfor hydrogen storad&1].

At the present stage of science development, photocatalysis is defined a:
cthe change in theate or excitation of chemical reactions undéeght in the
presence of substances (photocatalysts) that absorb light quanta &idapaurin
chemical transformations, repeatedbking part n intermediatereactions and
regenerating their chemical compositaiter each cycle of such interactier83].

Mechanism ofthe catalytic surface formationn a catalyst involves
formation ofholes in the valence band‘(b) and electrons in the conduction band
(ece) by absorbing a photon of energy greater than or equal to the banksgapd
Egc) of the semiconductor (band gap for rutile is 3.0 eV, for anatase 3.21dY/) [
At the same time, holes contribute to the formation of hydroxyl radicals and
oxidation of organic compoundsyhile electronsi to superoxide radicals
formation and readions of decomposition and oxidationThus photocatalytic
activity of semiconductor structures (in particular, 7)ids characterized by
hydroxyl and superoxide radicatggneration of whicls schematically depicted in
Fig. L.11.

The formedhydroxyl and superoxideradicalsreactwith organicpollutants
sothatoxidationof thelatteroccurs General scheme of photocatalytic degradation
of organic pollutants can be represented as follows:

Tiosh g

Organic pollutant§f )  Mtermediate producté wofr of . (L.19)

Practical applications of Tinclude the following ared$7].
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Organics
TiO, particle O
conduction zone o O22ds> OHads
uv [ AA \
( Il.
— /.'
valence zone b — OHgs
v

OH-

Oxidation product

Fig. L.11 Mechanisnof photoactivatiorandphotocatalysi®n TiO> surface 1]

Purification of air from organic imprities. On the surface of Tig) almost
all organic compoungican be oxidized to C{and HO. If the compounds include
nitrogen or halogen X atomthenimpurities ofHNO3z and HX will be observed in
the reaction products.

Selfcleaningglass TiO; is a conpound that is transparent to visible light,
so thin TiQ films deposited on glass are invisible to eye. And the glass covered
with a thin film of TiG, is capable of sel€leaning from organic pollution under
light due to the photocatalytic oxidation proses.

Non-fogging glassand mirrors Glass fogging is associated with poor
surface wettability, that iSlormation of water droplets that scatter light on the
surface.Usually, the glass or mirror surfaceis poorly wettedbecause ofthe
contamination with manic matter from air or when touched, for examplgh
hands. A thin, transparent film of photoactive TiGnder the action of light
destroys organic pollutants, the sudas well wetted and watehdt appears on
such a surface is not collected in jpleis but spreads over the surface and then
evaporates.

Use of photocatalysts for water purificatiodust like in the air, in water,
organic impurities on the surface of LiQarticles, can be oxidized to G@nd

water. The most promising use of Tifdor wastewater treatment is in storage tanks
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and reservoirs. For example, pesticides used in agriculture are destroyed il
reservoirs for several months. Adding small amounts of harmlessall@vs to
reduce this time to a few days without using artificighligources.

There are several methods for obtaining z[ithe most common of which
are presented belov]|

The solgel method of titaniunglV) oxide synthesis combines the processes
of chemical conversion of solutions of titanium salts or titararganic

substances into titanium hydroxide' ( {1 )
v ( ORMHKO = U, +4ROH) (L.20)

and its further polycondensationwith the formation of colloidal particles
Comparedo othermethods solgel technologiesnakeit possibleto influencethe
structureandmorphologyof TiO, particles optimize energycosts andusesimple
andaffordabletechnologicakquipment
Hydrothermalandsolvothermamethodsareusedto obtainhomogeneouand
well crystallized TiO, nanoparticles Synthesisis carried out in a high-pressure
reactor Under high pressart the process of transition of titanium salts into ;TiO
nanodispersed powder takes place avoiding the stage of the salt conversion int

hydroxide:
v [ StOLO = ,F 2H[SO,. (L.21)

The sdvothermalmethod provides a higher degree of crystallinity for the
synthesized Ti@ as well as dimensional homoggty of the nanoparticles
compared tahe hydrothermal one.

Template method has found applicatiin the synthesisof titanium(lV)
oxide in the form of nanowires, nanotubes or porous materials with one
dimensional and oriented in one direction poi®mthesis of such materials is
carried out using liguighhase sebel technologies in the pore vohe of another

materiali template, which has corresponding porous strucAsdemplates in the
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synthesisof anatase or rutile nanorogd$orous aluminum oxide membranare
widely used

Gasphase conversion of the titaniecontaining precursor is based the
deposition of TiQ particles from the gas phase. One of the methods epluzse
TiO, synthesis used in industry is based on Fi€Cbmbustion in oxygen
atmosphere (Chemical Vapor Deposition (CVD) technology) according to the
following equation:

v L& )Y us+[2Ch (L.22)

A kind of gasphase condensatianethodsis a plasmachemical method of
obtaining TiQ. It is performed by injection ofelectrons with energy of
450/ 500 keVanda pulse rate of 0.5 Hz into the reaction mixture containig4Ti
vapor, hydrogen and oxygeimhe interaction of TiGlwith hydrogen and oxygen
during electron beam injection is explosive.

The sulfate method for titanium(lV) oxide production is based on the
hydrolysis of titanium(IV) oxosulfate in sulfuric acid s#&mperatures of353
373K. This produces titanium(lV) hydroxidd u * [ ¢LJny)) . whi ch
calcined andthencrystallineTiO, powderis obtainedanatase or rutilejepending

on the temperatuy¢l].
Experiments

Apparatusand chemicals

Magnetic stirrer with btplate Electric hotplate Drying oven.
Photoelectrocolorimter. Ultrasonic bathPrecision balanceAnalytical balance
pH meter. Adsorptioiphotocatalytic installation. Heagésistant glass reactor.
Chemical beaker 250 émGlassrod. Porcelain bowl. Thermometer. Vacuum
filtration unit. Benzene desiccator. Filtpaper. Titanium oxosulfate. Sulfuric acid.
Methylene blue. Methylene red.

Installationfor the synthesis of titaniufV) oxide by sulfate method

For the synthesis of titaniurflV) oxide by sulphate method, a laboratory

installation shown in FigL.12 is used It consists of anagnetic stirrewith a
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hotplate (or electrichotplatg 1, a heatesistant glass reactor 2, which houses a
magnet in Teflon 3, and aglhmometer 4. The laboratory installation is equipped

with anair condenseb.

Fig. L.12 Laboratoryinstallation 17 magneticstirrer, 21 heatresistanglassreactor 31

magnetn Teflon; 47 thermometer571 air condenser

Synthesisnethodof titanium (1V) oxide

Introduce 5.0 g of titanium oxosulfate into a hesgistant glass reactor
using adry chemical funnel and add a solution of sulfuric acid. For this purpose,
dilute the concentrated sulfuric acid with water (Caution! Pour acid into water) to a
certain concentration (as instructed by the teacHetjoduce 100 crhof the
prepared acid sation into the reactor and shake it withhand.Wrap the heat
resistant glass reactor willuminafoil for thermal insulation, pua thermometer
into it, and place react@n a magnetic stirrer, turning on theating. $nthesis of
the sorbenphotocatdyst is carried at at the temperature 863i 373 AC andfor
60 120 minutes (as instructed by the teacher). At the end of the process turn of
the heating and stirrecool the contents of the flask under a stream of warm and
then cold water. Separation thfe resulting precipitate is carried out in a vacuum

filter unit using two or three filterswith ¢green tape. Wash the obtained
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precipitate on the filtewith water (five times the volume of water per 100°ctm
Dry the washed sample of the sorbphbtoatalyst at373 K for 2 hours and
weighit on a precisiorbalance.

Product yield is calculated according to the following formula
Y=(m/m) L 100 %, (L.23)

wherem; is the theoretical mass of titanimuw ®xjde, calculated according to

chemical reatons (compile yourself, g;

m, is the mass ohe obtained titanium(lV) oxide, g

Studyof the adsorption and photocatalytic properties of titan{iiv) oxide

Laboratory installation for the study of adsorption and photocatalyt
properties is shown ikig. L.13 a andb, respectively It consists of a magnetic
stirrer 1, a glass beaker of 100%2mand a UV lamp 3.

-© -® D -0
© B
Fig. L.13 Laboratoryinstallationfor the studyof adsorptiorandphotocatalytiqropertiesof the
samplesa’i study of adsopbn propertiesb i study of catalytic properties
To determine sorption and photocatalytic properties of the obtained
catdysts, dye solutions are first prepared. To do this, weigh a sample of 0.01 g of
the corresponding dye (methylene blue or methylene red) on the analytical balanc
in a glass beaker and quantitatively transfer to a measuring flask of. Bdny
the soluton to the mark with distilled water, close with a lid and mix thoroughly.
Measure the optical density of the prepared solution, selecting the requirec

wavelength and cuvette thickness, as well as pH of the resulting dye solution.
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Sorptionpropertiesof photocatalystsare studied as follow®our50 cn? of
dye solution into a glass beakesing a cylinder andadd 0.05 g of titaniun{lV)
oxide weighed on grecisionbalance Dispersetitanium (IV) oxide in the dye
solution in an lirasonic bath for 5 minutemnd measurgH of the solutionPlace
the glass beaker with the suspension on a magnetic stirreaamydut adsorption
procesdor 30 minutes. At the end of the processparatehe precipitatdrom the
solutionin a centrifuge(settime andrevolutions per minuteas instructed by the
teacher)Measureoptical densityin the resulting solution.

Photocatalyticpropertiesof photocatalystare studiedin the sameway, but
with additionaluseof a UV lamp b irradiate the suspensiopldcethe lamp as
close as possible to the glass surface, see Figp).1.3

Adsorption and photocatalytic properties of titanium(lV) oxide are estimated

by the degree of discoloration:

X =% 0%, (L.24)

where ¢ is the optical density of the initial dye solutjon

¢ is the optical density of the dye solution after sorption (photocatalysis).

Determination of the specific surface area of the samples

Prior to the start of the studiegglacea sample of ~ 1 gtaken towithin
0.001g, in a preweighedweighingglasswith a lid and dy with the lid open in a
vacuum oven aB73 423 Kfor 1 hour. To do this, place the weighigiassin a
benzene desiccator and weigh every 30 minutes on the analytical balance unt
constant mass is established. Then calculate the specific surface areaB§A (m

according to the formuldl]:

ssac D9 G SC
gsorpco‘/I benz ’ (L25)

whereDy is the mass of the adsorbed benzene, g
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N, is the Avogadra@onstant§,02:102 molY); S, is the surface occupied by

one benzene moleculdq102°m?);

Jeorp IS the sample maBg);

' venz Is the molar mass of benzerS @/mol).

Noteall the obtainedexperinental results in Table.8.

TableL.8. Results of the experimental studies

o> = Adsorption Photocatalytic
T 2 ‘= 2o properties properties
5 2D | S5t | 3 .
© = 2| SE = £ =
2 o|l 8| 55| €2 | S« 5 2 S SR
o @ o > 23 >0 oY
e Q = c > c®n =2 © = . s 9 =
IS © S o & @ O c < o => T <
X | E < = .9 T Q S .9 S S S R
> = — = — —
Y125 £E2| g8 | =g | 3% | 2§ | 5%
Q c 9 2 T O Q9 T 2 D O
= Q0 = A L =
io] O =] Q [als e 9 QO ©
) (eSS O c = = C
o5 = [oR Q O
& O O @)

Make conclusions about the experiment and the results obtained.
Safety rules

1. Do not leave thevorking installation unattended.

2. To prevent thermal burpsuse a metal gripwhen removing hot
porcelain bowl from the oven and quartz reactor from thelémburnace.

3.  Obey the rules for working withchemical reagents andlectric
appliarces

Test questions

Admission to work
1.  What modifications of titaniun{lV) oxide do you know? List the

methods for obtaining it.
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2.  What is the aim of work

3.  Describe the laboratorgynthesismethod of titanium(1V) oxide and
the study of its sorptiecphotocatéytic properties.

Defence of work

1. Give chemchal reactionsof the titanium (IV) oxidesynthesis by
sulfatemethod

2. What are theareas oftitanium (IV) oxide applicationand on what
properties of TiQare theybased?

3. Describe the techniques used to obtaipaaticular modification of

titanium (1V) oxide.

Laboratory experiment6. Modeling of adsorption kinetics of dyes from

agueous solutions

Aim of work to study the kinetics of adsorption using pseficki and
pseudesecond order models, Boygtlamson diffugon model; to identify adequate
adsorption modelghat descrile the dye extraction process and to determine

thermodynamic values of the sorption extracbhddyes
Background

Adsorptiontreatmentwith awide rangeof sorptionmaterialsandequipment
iIs a versatile method for the treatmentof both highly concentratedand low
concentrated wastewater Mathematical mdeling is used to determine
characteristics of the adsorptiprocessof the pollutants of differendrigin on any
sorption material.

Mathematich models of kinetics are based on the adsorption rate of the
slowest stage. Adsorption limitation is usually determined by diffusion intensity in
the outer film of the sorbent granule and inside the porous sorbent structure [69]
Pseudsdfirst, pseudesecom order models and Boyfldamson diffusion model are

used to describe the kinetics of pollutant adsorption from aqueous systems.
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The pseuddirst-order model is based on the dependence of the adsorption
rate on thesorbentadsorption capacityThe pseudesecond ordemodel is based
on thesimilar dependence on the square of the sorption capacity. The ggstido
order model adequately descsbadsorptionif the effectof the film diffusion
velocity is decisive. The simulation of the adsorption kineticsgighe pseudo
second order model is reliable, provided that the process of scdrdate
interaction and intermolecular interaction of adsorbate is limited. Mathematical
modeling according to BoyAdamson kinetic model allows clear differentost
betwea the processs taking placan external diffusion or imrnal diffusion
area [35 37].

The most reliable mathematical models of the adsorption process include
Langmuir, Freundlich, Temkin, and DubiriRadushkevich equations.

The Langmuir adsorption modglantitatively describes the formation of a
monolayer of adsorbate on tipere surfacethe sorbent and predicts the energy
equality of the entirsorbentsurface To describedsorption on the heterogeneous
surface, the Furdlich model was used. Accordirtg ths model, the adsorption
sites have different valuesof the interacion energy with the adsorbat&he
Temkin adsorption model, considieg the interaction between adsorbent and
adsorbate, assumea linear inversely proportional relationship betwete
adsorptionheat of the adsorbate molecules and the degree of adsorbent surface
filling . To establish the mechanism of adsorption aadgSian heat distribution on
heterogeneus surface of the adsorberthe DubinirRadushkevich modeis
used[35 37].

To determine the nature afisorption interactiorthermodynamic values of
the process are crucial. The main thermodynamic characteristics of the adsorptio
process include3):

i change i n Gi b®)sthatfisrapat ofetheadsogtyoneiiempy
effect, which determines the possibility (probability) of gmontaneougrocess

( ®@<0);
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I ent hal py Hdhatasma thermal effect ofthe adsorption interaction
betweerasorbentandasorbate;
I entropy change (g® that is a measureof the disorder of adsorbate

molecules
Experiments

Apparatusandchemicals

Water bath shaker. Spectrophotometer. Cuvettes. Centrifuge. Analytical
balance. Precision balance. Samples of sorbents andubtametric flaskl dn?.
Conical flask250 cni, 8 pcs. Volumetrigipettes 1, 2.5, 10, 25, 50 ém

Determination method of dye concentration in solutions

Spectrophotometric method is used to determine dye concentrations
(selected by teacher). For this purpose, model aqueous solutions of dyes (in th
range of initial conaatrations ofuo 10i 4000 mg/dr) are prepared. Then, the
solutions are photometrically analyzed at the required dilution (according to the
teachero6s instruction) relative to d
the maximum dependende = f(a) on the spectrum of the corresponding dye.
After that, a calibration graph in coordinatgsptical densityi dye conterg is
constructed.

Method of adsorption process

Place 0.5 ¢gof two powder sorbentsa(c c or di ng t iostructiore t
into numbered nand-bottom flasks of 250 cfrvolume, filled with model solutions
of 50 cn? volume (TableL.9). Shake Ihe obtainedsuspension in a shaker for
1 hour. After that,separatethe sorbent from the solutioasing settling type
centrifuge athefrequency of 3000pm. Theobtainedfugate is used to determine
the equilibrium concentration of the dye.

Using the calibration graph and taking into account dilution of the test
sample, find the content of the residual dye concentration. Calculate the dye

content in a sokion by the formula:
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o, = ; (L.26)
where # is the dye concentratiordeterminedisingcalibrationgraph mg/dn?,
V; is the flask voluméV;=100cn¥);

V. is thealiquot volumegcn®.

TableL.9. Composition of the initial model solutions for modeling adsorption

Dye

10
50
100
250
500
1000
2000
4000

O NO|ODWIN|PF

Calculate the adsorption value for eachrbent according to the
formula[34]:

Q=—, (L.27)

RS
m
whereQ; is theadsorptiorof -~ mg of pollutanton 1 g of adsorbentmg/g;

n is the amount of the adsorbedllptant in50 cm?® of solutioni adsorbtion

rate, mg

mis the adsorbent mass, g

The amountof adsorbedollutantin 50 cn?® of solutionis calculated bythe

formula

X = (CO - Cp) BD
1000

, (L.28)

wheret is the initial pollutant concentration innaodel solution
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(40=100mg/dn?);

tis the rsidual pollutant concentratiomg/dn®.

Note the defined and calculated data into Tdblé®. Build the adsorption
isotherms Q=f(Cy for each sorbent and compare their adsorption properties.

Calculate thelegree oflye extraction:

X :% 1D0%%, (L.29)

(0]

H joistheinitial pollutantconcentration in a model soluti¢a,=100mg/dn?);

d, is the residual dye concentratjong/dn®.

TableL.10. Results of the study of organic dyesorption

[ §o [ 4o, mg/dm3 [ &y, mg/dm?3 [ X, % [ X, mg | G, mg/g

15'sorbent

1

2

3

4

5

6

7

8
2"d sorbent

1

2

3

4

5

6

7

8

Studyof adsorptionkinetics

Introduce 50 cn? of a model solution with adye concentration of
100mg/dn? and 0.5 g ofcorresponding sorbeimto five numbered flasks with a
volumeof 250 cni. Seal tightly the flasks with the resulting suspensions and place
them in the shaker for 5, 10, 15, 80, 120 and 180 minuteAfter that, centrifuge
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the suspensions artetermineresidual dye concentration in the sanspRecord
the obtained results inableL.11 and construct kinetic curves tie adsorption

dye extractionfrom aqueous soluticau =f(t).

TableL.11 Resultsof the kinetics study of dye adsorption

t,

| T,min | Va,,cm®| ¢ mg/dm? M, % | Qt, mg/g
15'sorbent

1

2

3

4

5

6

7
2"d sorbent

1

2

3

4

5

6

7

Determinationof thermodynami@adsorptionparameters

Into three numbered roudabttom flasks with a capacity of 250 &m
introduce50 cn? of a modeldye solutionwith a concentration afi;=100 mg/dm
and 0.5 g of sorbents Seal theflasks with the resulting suspensions and placed
themin a shaker for 60 min at temperatures of 293, 323, 343 K. Alfiay
centrifuge suspensins and calculatéhe residualpollutant concentration inthe
water sampled ; (mg/dn?) and in the sorbenst; ; (mg/dn¥) (by the difference
bet ween tytoecentrationtand éhé residun) ). Note the obtained results
into TableL.12.
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TableL.12 Resultsof the thermodynamicsstudy of sorption

u, K | o | weymgdm® | wyj, mg/dm?

15t sorbent

293

323

343

2"d sorbent

293

323

343

Adsorption modeling
Langmuir model The Langmuir adsorption isotherm is represented by the
equation [70 71]:

— Qo CKL G-l?e)
© 1+K, Q(e) ’

Q (L.30)

where 4 (isitheequilibrium concentration of the potant,mg/dm?;
Q: (isytheequilibriumadsorbtiori the amount of pdlitant adsorbed by g
of sorbentmg/q;
K_ is the Langmuir constardm®/mg;

Qo is themaximum capacity of the monolayeng/g.

The linearized form of the equation is:

S -G L L3
Q, @ QK '
y=ax + (L.32)

To check the adsorptioncompliance of the Langmuir model plot the
dependence: /@y ( F)f(d: ()4 CalculateQo, (mg/g) by the tangent of the slope of

the obtained straight line:

a=tgu =— Y Q =—. (L.33)
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The Langmuir isotherm constant Kdm?/mg) is determined using the value

of b from the linear dependenes (/Qy ( Ff(4: ();)

1 . 1
\% K. =

b=—; —.
Qo CKL bGDo

(L.34)

Note the obtained results into Tahlé.
Freundlich model Freundlich adsorption model is described by the

following equation3 5 ]:3 7

Qe = K qlze)’ (L.39)

where ¢ (isitheequilibrium concentration of the patant mg/dn;
Q: (isytheequilibriumadsorptiori the amount of pdlitant adsorbed by 1 g
of sorbentmg/g;
Kt is the Freundlich equilibrium constanng/g;
1/nis theparameter indicating the intensity adsorbentadsorbate
interaction

The linearized form of the equatieas follows
1
INQ, =In K, ?Ct(e), (L.36)

y=ax +h (L.37)

Adsorption correspondence to the Freundlich isotherm is determined by
constructing a linear dependence corresponding to the coordinates

IN(Q: )Ff(In(4: ()).yParameten is calculated by the tangent of the slope of the
obtained straight line:

-1 . _
a:th—rn \% n=—. (L.38)
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Calculate the Fruendich isotherm constark; (mg/g) using the value df

from linear dependence Q( )FH(In(d: ()).)
b=InK, v K =¢€. (L.39)

Note the results of mathematical modeling into Table.

Temkinmodel Adsorptionequation®f Temkin mode[70-71]:

Qt(e) = BIn(A Q(e))’ (L.40)
RO

B=——,
b, (L.41)

where ¢ (isitheequilibrium concentration of the potan, mg/dn;
Q: (isytheequilibriumadsorbtiori the amount of pdlitant adsorbed by g
of sorbentmg/g;
¢ is the equilibrium constnt of the Bmkin isothermdm?/g;
by is theconstant of the @mkin isotherm
1 is theconstant okdsorption heatl/mo}
Ris thegas constantl/molK;
gT is the temperature.

The Temkin model in linear form is as follows
Qe = BIn A +BIn G, (L.42)
y=ax +b (L.43)

Mathematical modelin@ccordingto this model is carried out as follows.
Build a linear dependence of theerikin equation in the coordinates
Q: Ffein(a: () yand determingparameterB by the tangent of the slope the

obtained straight line:

a=tgU B (L.44)
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Calculate theequilibrium constant of theémkin isothermd,, (dm?/g) using
the value of drom the linear dependen€@ =f(in(4: ()).)

B
b=BIn A V2 A =¢e. (L.45)

Note the calculated parameters into Table 5

DubininrRadushkevich modelThe adsorption model is described by the
following equation3 5 ]:3 7

Qe = Q.exp( K .£€°), (L.46)

e=RTIn(L +—),
t(e)

(L.47)

wheret (isttheequilibrium concentration of the patant mg/dn;

Q: (isitheequilibriumadsorptiori the amount of pdlitant adsorbed by 1 g
of sorbentmg/g;

Qs is the theoretical saturatiamapacity of the sorbent, mg/g

Kagis the equilibrium constamtf the DubininRadushkevich isotherm,
mol/kF;

His the constant of the DubiniRadushkevich isotherm

The linearized form of the equatieas follows
INQ = K,y €0 In@, (L.48)

For modelingadsorptionaccordingto the Dubinin-Radushkeich isotherm

it is necessaryo plot the dependencéQ: ( 7y ¥).Calculate the constait,q by
the tangent of the slope of the obtained straight line

a=tgu = K, v K= igU (L.49)
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Determine theoretical saturatiazapacity of the sorber®s (mg/g) using

value ofb fromthelinear dependence® ( 5 f(H):
b=InQ v Q-=¢. (L.50)

Calculatethe energyexpendedn the extractionof pollutantmoleculesrom

thesorptionmedum E, kJ/mol:

1

E=—.
2K (L.51)

Note the obtained results into Takhld 3.

vableL.13 Constants of linearized sorption isotherms

Langmuir isotherm Temkin isotherm
Qo, mg/g| Ki, dm¥’mg | R? | Ar, dm¥/g br B, Jmol | R?

Sorbent| Pollutant

Freundlich isotherm DubininrRadushkevich isotherm

Sorbent| Pollutant N Kr, mgg] R | Qs mgg |Kag moP/k? E, kImol | R2

Correlation coefficient(R?) determines the models thahost accurate
describe the process$ dye sorption on certain sorbent samples.

Kinetics modeling

BoydAdamsondiffusion model The BoydAdamson diffusion model of
kinetics is described by the equati@5 ].3 7

_d 6. 1 & DO*ndt
F_E 1 -a FeXpée = g (L.52)

whered; anddy arethe saturatiordegres of the sorbent after timeand at infinite
duration of the process, respectively;
F is thedegree of equilibrium

D is thediffusion coefficient(cn?/s); r is theradius of sorbent particlesim;
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nis thenumber of integers, 2, 3, 4, 5.

Fourier criterion

DO? tO
7 B;. (L.53)

whereB; is thediffusion rate constant equal to

_Do?

B=—7— (L.54)

Substitution(L.54) into equation(L.53) yields

o

6 1
F=1—4 Fexp( Bt ), (L.55)

n=1

whereB; is the dimensionlesguantity, which is the solution of the solid particle
diffusion model.

The B; value is set according to the experimentally determined v@lue
according to the table obolutions of the Boyddamson diffusion model
(TableL.14).

Graphic dependences Bf and -In(1-F) on t are constructed to determine
diffusion limitation of the adsorption proces¥esence othe linear dependence
Bi=f(t) indicates that the limiting s§@ of adsorption is internal diffusion tfe
polutant ina sorbent particlewhile linear dependencén(1-F)=f(t) indicatesthat
adsorptiorrateis determined by the stage of external diffusion.

In caseof linearity of the dependencB=f(t), the value 6 constant B
corresponds to theangentof the slope of the lin&=f(t). Constant B icalculated
as the average value of the diffusion coefficient by the foriouté/s):

B2
D=—707. (L.56)

Notetheobtainedresultsinto Table L.14



210

TableL14. Solutions of diffusion model[78]

Bt ¥ 0 F Bl 20 F Bt F
0.1 0.0035 0.2 0.035 0.8 0.720
0.2 0.0050 1.0 0.090 1.0 0.775
0.4 0.0070 2.0 0.125 1.3 0.818
0.6 0.0083 3.0 0.155 15 0.865
0.8 0.0095 4.0 0.180 2.0 0.915
1.0 0.0105 5.0 0.205 2.5 0.950
15 0.0130 6.0 0.225 3.0 0.970
2.0 0.0153 8.0 0.265 3.5 0.980
3.0 0.0190 10.0 0.300
4.0 0.0228 15.0 0.365
5.0 0.0240 20.0 0.420
6.0 0.0260 250 0.462
8.0 0.0300 30.0 0.497
100 0.0340 40.0 0.555
15.0 0.0420 50.0 0.605
20.0 0.0480 60.0 0.650
300 0.0590 70.0 0.690

Pseudedfirst order model The psedo-first order velocity model proposed

by Lagergren is presented in the fd3® 37):

d y
d—? =k @ Q) (L.57)

whereQye) andQ; aresorption capcitiesof dyes at equilibrium and at some point

in timet, mg/g

ki is the velocity constant of pseuficst order, 1/min.

Equation (32) when integrating with boundary conditions ftoa0 tot =t
and fromQ; = 0 toQ: ( F L takes the following fan:

Q- Q) #1Qy 5o ¢ w59

Modeling of adsorption kinetics according to the psedidst order model is
carried out by constructing a linear dependdn¢®; ( Q) = f(t). The tangenof
the slope of theobtained straightine is used to callate the rate constant of
pseudefirst order, min:
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e K . _ -~
a=t = -1 = 2.303t
oU 5303 K, qu (L.59)

Determine the value of equilibrium sorption capa€y, (mg/g) using the

value ofb from thelinear relationship Ir@: ( Q) = f(t):

b=InQ, ¥ Qe =€ (L.60)
Notetheobtainedresultsinto TableL.15.

Pseudesecond order modelhe pseudesecond order velocity model is also

used to describe sorption procesie aqueous solutio85 37]:

aQ . . ,
E‘kz @, Q) (L.62)

whereQye) andQ; aresorption capadisof dyes at equilibrium and at some point
in timet, mg/g;
k2 is the velocity constanbf pseudesecondrder, g/(mgnin).
The integral form of the classical psetskrondorder velocity equation is

as follows:

_ t
Qe=—7—71 (L.62)

+
rIng
k2 GQt(e) Qt(e)

This equation can be represented as:

SH. L.63
I'<2("132(e) Q(e) ( )

r_

Q
Modeling of the adsorptiorkineticsusingthe pseudesecondorder modelis

carriedout asfollows. Construct a linear dependence in the coordind@sH(t).

Tangent of the slope of the obtained straight line is used then to calculate the valu

of the equilibrium sorption capaci®: ( (mg/g):
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- 1 1
a=tgu = v Qe = —=- L.64
Qt(e) © tg ( )

C

Calculate therate constant using the value &f from linear relationship
t/Q=f(t):
R
K, (-:Qz(e) Y 2 b@ée) y (L.65)
Note the obtained resslinto TableL.15:

b=

TableL.15. Parameters of kinetic models

Pseuddfirst order | Pseudesecond order
model model

. ko,
ki,1/min R? o/(mghnin) R?

Boyd-Adamsondiffusion model

JIn(L-F)=F (1) Be=F (D)
R? R> | D, cnéls

Sorbent

Determinatian of thermodynami@dsorptionparameters
Using the following equation calculatethe changein Gibbsfree energyfor

theadsorptiomprocessat differenttemperaturef3s 37):
DG = RTIn K (L.66)

where Ris the gas constani/molK;
Kis the equilibrium consty;
U is the temperature, K
Calculate the value of the equilibrium constant:

— Be
K= C.’ (L.67)

whereCge and Cae are theequilibrium concentrations of the polutant in adsorbent

and in solution, respectively



213

A change in the Gibbéree energy can bexpressedby the values of
enthalpy changes¢ H) and entropy changeg(H):

DG =\D" v & (L.68)

Combining equationd_(67) and (.68) leads to the following expression

0 0
y=ax + (L.70)

Construct the dependencies of logarithm of the sadption equilibrium
constant on the inverde temperature valulK=f(1/s). Use thetangent of the

slope of the obtained straight litee calculateenthalpy changee H:

(0]

a=tgU = = vy - B° R tgd (L.71)

The entropy changa Sis calculated according to the formula

_bs | )
b—? Yy DS =b R (L.72)

From the determineee M andae § calculatethe values ofsibbs free energy
change at 293, 323, and 343 K.

Noteall the calculatedvaluesof theemodynamigparameterato TableL.16.

TableL.16. Thermodynamic parameters of adsorption

Sorbent Pollutant u, K e oH° qs°
293
323
343
Sorbent U, K ois° gH° o°
293
323
343

Make conclusions about the experiment #rlobtained results.
































































































