
1. Introduction

The properties of chemical compounds are determined by

their composition and structure, i.e., by the ratio of differ-

ent-type atoms and by the mutual position of these atoms in

space.

According to Proust's law of definite proportions,1 a

pure chemical compound has a fixed composition, which is

independent of the method of preparation, being a chemical

characteristic of the compound. Dalton's law of multiple

proportions 2 states that for any compound the quantitative

proportion of the constituent elements can be represented as

the ratio of small integer numbers, i.e., the stoichiometric

ratio. The notion `stoichiometry' was introduced in the

1790s by J.B.Richter in his book `AnfangsgruÈnden der

StoÈchiometrie: oder, Messkunst chemischer Elementen'.3

For instance, the atomic ratio of hydrogen to sulfur in the

hydrogen sulfide molecule is 2 : 1, the atomic ratios of

nitrogen to oxygen in the nitrous oxide and nitrogen

monoxide molecules are 2 : 1 and 1 : 1, respectively, etc.

The conclusions drawn by Proust and Dalton were based

on the results of studying a few oxide compounds including

water, gases (swamp gas Ð methane, acetylene, hydrogen

sulfide, etc.) and organic compounds. More recently, it was

shown that the law of definite proportions and the law of

multiple proportions are valid for molecular substances, in

particular, gases and organic compounds. Indeed, a French

chemist C.L.Bertholett,4 who intensively studied metal

alloys, arrived at the conclusion that there are a lot of solids

of variable composition where the atomic ratio of constit-

uent elements can change continuously; therefore, such

compounds are nonstoichiometric. Nonstoichiometry is

only possible in compounds containing two or more kinds

of atoms.

Most binary and multicomponent inorganic solids are

nonstoichiometric. Nonstoichiometry as fundamental struc-

tural-chemical characteristic of inorganic substances is first

of all of interest to solid state chemistry 5 and many related

disciplines from solid state physics to materials science.

Researchers working in all areas of solid state science and

in applied materials science (especially, semiconductor elec-

tronics) 6 utilize nonstoichiometry for controlling the prop-

erties of nonstoichiometric substances.

Nonstoichiometric solids include metal oxides, carbides,

nitrides, borides, hydrides, sulfides and certain ternary
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compounds. It follows that nonstoichiometry occurs widely

in solid compounds.

Nonstoichiometry is related to structural defects in

solids. A crystal, as a periodic 3D ordered ensemble of

particles, is only a model of a perfect solid. Real crystals

contain various defects and are characterized by larger or

smaller deviations from stoichiometry.

Nonstoichiometry in solids is mainly associated with

point defects such as structural vacancies. By structural

vacancy is meant an unoccupied lattice site. The presence of

structural vacancies causes changes in the atomic ratio, i.e.,

in the stoichiometry of a crystal. This is a fundamental

distinction between structural vacancies and the Frenkel,

Schottky and anti-Schottky defects; the latter also belong to

point defects but have no impact on the stoichiometry of

crystals. Nonstoichiometry in binary compounds can also

be due to the presence of antistructural defects (antisites),

which appear when, e.g., type-A atoms occupy sites in the

sublattice formed by type-B atoms. Antistructural defects

occur in alloys and substitutional solid solutions.

Thus, the main feature of nonstoichiometry in a certain

compound is mismatch between the atomic ratio of constit-

uent elements (i.e., chemical composition) and the concen-

tration of lattice sites occupied by the corresponding atoms.

Nonstoichiometry can only occur in binary and multicom-

ponent systems and, as an important scientific notion, it is

described in quite detail in the Great Russian Encyclope-

dia.7 The existence of real crystalline systems with defects

means that the stoichiometric composition of a solid crys-

talline compound is more exception than rule.

There are many natural compounds with high concen-

tration of vacancies under normal conditions. Among them,

wuÈ stite (FeO) is best known. Formally, this compound is

oxygen-rich owing to high concentration of vacancies in the

iron sublattice.8 WuÈ stite is not available in the stoichiomet-

ric form since its homogeneity range varies from Fe0.84O to

Fe0.96O and does not include the stoichiometric composi-

tion. Mismatch between the stoichiometric composition and

the homogeneity range of a compound is characteristic of

many solids. The authors of a study 9 on microwave-assisted

synthesis of magnetite (Fe3O4) nanoparticles noted that an

increase in their saturation magnetization can be due to the

formation of nonstoichiometric iron oxide phases in the

surface layer.

Large deviations from stoichiometry caused by the

presence of structural vacancies in the metal sublattice are

observed for hexagonal iron sulfide Fe0.85S with a B8-type

(NiAs) structure 10 and for hexagonal and monoclinic cop-

per disulfides whose composition varies from Cu2S to

Cu1.96S, Cu1.80S and Cu1.75S according to different authors.

Structural vacancies in the oxygen sublattice are responsible

for large deviations from stoichiometry in many oxides

including TiO2 , MnO2 , V2O5 , Ta2O5 , CeO2 , UO2 ,

MoO3 , WO3 , etc.

Intensive research into oxides, carbides, sulfides and

selenides carried out in the first half of the 20th century

revealed nonstoichiometric phases with very wide homoge-

neity ranges. For instance, the homogeneity range of cubic

titanium monoxide spans from TiO0.6570.80 to TiO1.2571.33 .

Very high content of structural vacancies in the cubic and

hexagonal oxide, sulfide, carbide and nitride phases stimu-

lated a heated discussion about the character of vacancy

distribution in the crystal lattice. In the 1960s ± 2000s, a

fraught debate of the problem of nonstoichiometry and

ordering in oxides, carbides, sulfides and chalcoge-

nides 11 ± 16 was followed by introducing a concept which

treats a vacant site (structural vacancy) as being a structural

element of the crystal similar to an occupied site.

Research into nanocrystalline state of matter has been

rapidly progressing since 1990.17 ± 20 More than 900 reviews

on different aspects of the nanocrystalline state of chemical

compounds are available. Among them, there is a short

survey 21 of the use of different chemical elements in nano-

materials. Its authors noted that chemical features of each

element manifest themselves more pronouncedly and clearly

in the field of nanotechnology and thus to a great extent

predetermine the application fields of nanomaterials. By

varying the chemical diversity of the elements and by

combining them properly (especially, oxygen compounds

with metals and nonmetals) one can design different forms

of nanostructured materials.

Studies of many nanoscale oxides, carbides, sulfides,

chalcogenides and other compounds revealed non-

stoichiometry that was not observed in coarse-crystalline
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compounds but appeared with decreasing particle (grain,

crystallite) size to the nano scale.22 ± 28 In some cases,

combining the small particle size and nonstoichiometry is

used as specific tool for controlling the properties of nano-

crystalline nonstoichiometric compounds.

As far as we know, no summary reviews concerned with

joint analysis of nonstoichiometry and small particle size of

solid compounds have been reported as yet. In this review

we tried to bridge the gap. To this end, we chose funda-

mentally different substances, viz., nonstoichiometric tran-

sition-metal compounds (niobium and vanadium carbides

and titanium oxides) with high intrinsic nonstoichiometry

and silver sulfides, which are traditionally treated as stoi-

chiometric compounds. Well-studied titanium monoxide

and titanium dioxide have never been considered from the

standpoint of interplay between particle size and nonstoi-

chiometry in both disordered and ordered phases. Niobium

and vanadium carbides were chosen since these compounds

are used as dopants for hard alloys. Noteworthy is that

these carbides exist in hard alloys as nanoscale ordered

phases. Coarse-crystalline lead and silver sulfides were

considered as stoichiometric compounds for more than 100

years; however, they become nonstoichiometric on going to

a nano state since sulfur atoms occupy new crystallographic

positons in the cubic lattice of the former compound and

due to the appearance of vacancies in the silver sublattice of

the latter.

2. Nanocrystalline nonstoichiometric titanium
oxides

The Ti7O system is one of the best studied and practically

important binary transition metal ± oxygen systems. There

are at least 15 different titanium oxides including Ti6O,

Ti3O, Ti2O, TiO, Ti2O3 , Ti3O5 , TinO2n71 (n=4± 10) and

TiO2 .29, 30 Most compounds belonging to this system are

characterized by wide homogeneity ranges, thus being non-

stoichiometric.30 Nonstoichiometry in titanium oxides can

exist either in one (usually, oxygen) or both (oxygen and

titanium) sublattices.

2.1. Titanium monoxide
Cubic titanium monoxide TiOy (space group Fm3

±
m) is

characterized by the widest homogeneity range among all

titanium oxides. The compound has a B1-type structure and

exists in the composition range from TiO0.70 to TiO1.25 . A

unique feature of titanium monoxide TiOy=TixOz

(y= z/x) is simultaneous presence of structural vacancies

in both, titanium and oxygen, sublattices.31 ± 33 The concen-

tration of vacancies in the monoxide TiO1.00=Ti0.833O0.833

ranges from *10 at.% to 516 at.%. Structural vacancies

as structural elements of titanium monoxide appear during

the synthesis of the compound and stabilize it.

Finely dispersed (microcrystalline) titanium monoxide

powders are prepared in vacuo by high-temperature syn-

thesis from mixtures of powdered titanium dioxide and

metallic titanium. Structural vacancies are responsible for

the formation of different ordered phases of TiOy and for

the occurrence of concentration and temperature-induced

order7disorder phase transitions. Titanium monoxide with

ordered or disordered distribution of structural vacancies is

prepared using additional vacuum annealing at different

temperatures.

Data on the formation of different ordered phases

(superstructures) of titanium monoxide are contradictory.

It was reported 33 ± 40 that the symmetry of superstructures

changes from cubic and hexagonal to monoclinic. The

formation of several ordered phases of the monoxide

TiO1.0 is possible. An equilibrium monoclinic superstruc-

ture Ti5&O5&=Ti0.83O0.83 (& and & are vacancies in the

titanium and oxygen sublattice, respectively) exists in the

temperature range of 125371263 K.33, 34 The formation of

ordered cubic phase of stoichiometric monoxide TiO1.0 at

higher temperatures (1263 ± 1523 K) was also reported.34

More recently,35, 36 a model was proposed for the cubic

superstructure Ti5O5 (Ti5&O5&:Ti90&18O90&18) of non-

stoichiometric titanium monoxide; the lattice constant of

this superstructure is three times larger than that of the

basis disordered B1-type structure of titanium monoxide.

The synthesis of a new polymorph of titanium monoxide,

e-TiO, was reported.37 A single crystal of e-TiO had a

hexagonal structure (space group P6
±
2m). According to

calculations,37 e-TiO is more stable than the ordered mono-

clinic phase. In addition, an orthorhombic (space group

I 222) superstructure with ordered arrangement of oxygen

vacancies and randomly distributed vacancies in the tita-

nium sublattice is formed in the composition range of

TiO0.77TiO0.9 at T>873 K.31 These data 31 contradict

the results of studies 38, 40 in which a monoclinic ordered

phase (space group C2/m or A2/m) was detected in titanium

monoxide containing from 36 to 50 at.% of oxygen (in the

composition range from TiO0.56 to TiO1.00) and annealed to

low temperatures. An orthorhombic (space group Immm,

Imm2 or I222) ordered phase TiO1.20 , stable at 41093 K,

and a tetragonal (space group I4/m, I4 or I4
±
) superstructure

Ti4O5=TiO1.25 , stable at T<993 K, were observed in

superstoichiometric monoxides (composition range from

TiO1.00 to TiO1.50) containing vacancies mainly in the

metal sublattice.34

Recently, considerable attention has been paid to the

dependence of nonstoichiometry, stability, properties and

structural characteristics of titanium monoxide on the

particle size. There are a number of studies on the size

effects in titanium monoxide on going from micro- to

nanocrystals.26, 41 ± 43 Particles of nanocrystalline substances

have a larger specific surface area and an excess free energy,

which significantly changes their thermodynamic character-

istics and properties. This offers great prospects for impart-

ing different properties to nanomaterials (based on the same

chemical elements) built of different-size structural blocks

with different ordering patterns.

Nanocrystalline titanium monoxide can be prepared by

mechanochemical treatment (dispersion) of powdered mix-

tures of titanium and titanium dioxide.44 ± 46 For instance, a

titanium monoxide nanopowder was synthesized 44 from

different powder mixtures:

Ð unmilled titanium mixed with unmilled TiO2

(anatase),

Ð unmilled titanium mixed with 30-h milled anatase,

and

Ð 30-h milled titanium with 30-h milled anatase.

In all experiments, the components were mixed in a 1 : 1

weight ratio. The mixtures were milled in a ball mill at

600 rpm and then annealed in nitrogen or argon atmosphere

at 1170 K for 2 h. The particle size was 35 ± 130 nm after

annealing in argon and 48 ± 110 nm after annealing in

nitrogen. It was found that the powder morphology

depends on the milling and annealing conditions.

Nanocrystalline monoxide TiOy of different nonstoichi-

ometry (y=0.92, 0.99, 1.19) was prepared by mechano-
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chemical synthesis from mixtures of Ti and TiO2 (rutile)

powders taken in 1 : 1, 1.10 : 1 and 1.25 : 1 molar ratios.45

Milling in a planetary ball mill for 2 h in either air or argon

atmosphere gave cubic TiOy nanopowders with a particle

size of 6 nm. It was shown that nonstoichiometry (phase

composition) can be controlled by varying the initial

Ti : TiO2 powder ratio while the structure can be controlled

by subsequent vacuum annealing at 1170 ± 1270 K (depend-

ing on the composition, crystallization of the powder leads

to formation of a monoclinic or cubic phase).

Titanium monoxide nanopowder was obtained 46 by

low-energy wet ball milling of commercially available tita-

nium monoxide powder in deionized water with Pluronic

F127 additive. The suspension was milled in a

TURBULA-T 2F shaker mixer with zirconia balls at

72 rpm for 72 h. According to X-ray diffraction data, the

particle size was at most 8 nm after milling.

Specific features of the microstructure of finely dis-

persed cubic monoxide TiOy powders influence the struc-

ture and properties of nanocrystalline TiOy . In this

connection, the microstructure of coarse-crystalline pow-

ders TiO0.92 , TiO0.99 , TiO1.09 and TiO1.26 (average particle

size of *25 mm) synthesized by vacuum solid-phase sinter-

ing of titanium and TiO2 was studied 47 by X-ray diffrac-

tion, optical and electron microscopy. Samples of

disordered TiOy were prepared by vacuum annealing of

the synthesized samples at 1330 K followed by quenching at

a rate of 200 K s71 to room temperature; ordered samples

were obtained by vacuum annealing at 1330 K for 3 h

followed by slow cooling to 300 K at a rate of 10 K h71.

The disordered powders, TiO0.92 , TiO0.99 , TiO1.09 and

TiO1.26, have a layered structure with steps. The layers

mainly grew in one direction and the step size was fixed.

Longitudinal and transverse chips observed on the surface

of particles suggest the presence of mechanical twins,

annealing twins and intermittent motion of twin bounda-

ries. The step edges curved in different manner upon

deviation of the titanium monoxide composition from the

stoichiometric ratio to both TiO0.92 and TiO1.26 owing to

different impact of vacancies present in both sublattices of

the sub- and superstoichiometric titanium monoxides since

the concentrations of vacancies are different.

Heat treatment (annealing or quenching) of the TiOy

samples led to the onset of local overstresses and to the

appearance of dislocations. The motion and interaction of

dislocations manifested itself on the surface of samples as

triangular precipitates (deformation twin rosettes). The

concentration of triangular precipitates in the disordered

monoxide TiOy was lower than in the ordered monoxide of

the same composition; however, their shape and size were

preserved. This type of the microstructure is due to the

formation and growth of the ordered monoclinic phase

domains inside the cubic matrix, which causes large micro-

deformations and cracking of samples along the grain

boundaries. The microstructure of superstoichiometric

monoxide TiO1.26 has a peculiar feature, viz., inclusions of

the trigonal (space group R3
±
c) Ti2O3 phase in the form of

thin parallel and intersecting stripes and needles.

In another study 48 titanium monoxide nanocrystals

were produced by high-energy disintegration of pre-synthe-

sized finely dispersed powders of nonstoichiometric tita-

nium monoxide (B1-type structure) of different stoichiom-

etry in a Retsch PM 200 planetary ball mill lined with

stabilized zirconia. According to X-ray and electron micro-

scopy data, the atomic structure of the titanium monoxide

nanoparticles was identical to the parent B1-type structure.

An analysis of the effect of milling time on the size of the

coherent scattering regions (DCSR) treated to a first approx-

imation as the nanoparticle size of nonstoichiometric tita-

nium monoxide showed that the particle size decreased from

25 mm to 20 ± 40 nm, while the microstrain (e) increased

from zero to 0.57% after 480-min milling. Experimental

data were well fitted by a hyperbolic function which takes

account of the initial particle size before milling, the mini-

mum particle size achieved by milling, and the properties of

the material (via a coefficient related to the softness and

brittleness of the material and characterizing the disintegra-

tion rate, i.e. how rapidly the material can be disintegrated

into particles of the minimum size). The particle size

determined from the broadening of X-ray diffraction reflec-

tions agrees in order of magnitude with the particle size

determined by high-resolution transmission electron micro-

scopy (HRTEM) (Fig. 1).

The size of the final nanoparticles depends on the

stoichiometry of the initial TiOy powder. The lattice strain

in the nearly stoichiometric ordered monoxide nanopar-

ticles reduces by a factor of 3 compared to the disordered

sample. The particle size and lattice strain are plotted vs.

relative content of oxygen y in Fig. 2. The dependence of

DCSR [nm] on y can be described by the linear function

DCSR(y)=745.43+69.34 y (1)

The minimum particle size achieved after 480-min mill-

ing is 20� 10 nm for the ordered titanium monoxides and

10 nm

Figure 1. HRTEM image of titanium monoxide nanoparticles
prepared by high-energy ball milling. The particle size varies from
20 to 40 nm. From authors' archival materials for Ref. 48.
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Figure 2. Crystallite size (DCSR) (a) and lattice strain (e) (b)
plotted vs. relative content of oxygen in titanium monoxide
TiOy .48 Red solid circles and triangles correspond to the disordered
samples while green solid circles and triangles correspond to the
ordered samples. The minimum nanocrystallite size achieved after
480 min milling is 20� 10 nm for ordered titanium monoxides and
40� 10 nm for disordered ones. This figure is provided courtesy of
Springer Nature.
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40� 10 nm for the disordered ones; the lattice strain in the

former is three times lower than in the latter.

Long-term in situ annealings of nanocrystalline TiOy

with cubic (space group Fm3
±
m) B1-type structure prepared

by high-energy ball milling led to formation and stabiliza-

tion of a new ordered orthorhombic (space group Immm)

nanophase Ti9O10 .49 Based on analysis of X-ray diffraction

data and on estimation of the free energy and stability of the

finely dispersed phase Ti9O10 using quantum chemical

calculations, the lattice constants and the distribution of

atoms and structural vacancies in the titanium and oxygen

sublattices were determined (Fig. 3). Quantum chemical

calculations of the free energies of micro- and nanophases

Ti9O10 showed that only the nanophase is stable owing to a

feature of surface relaxation. It is assumed that the Ti9O10

phase is formed only on going from the crystalline state to a

nano state.

Stability of mechanically loaded TiOy nanopowders was

studied.50 High-energy milling of ordered monoclinic (space

group C2/m) nanocrystals TiOy led to complete disappear-

ance of long-range order and formation of disordered cubic

(space group Fm3
±
m) phase TiOy . Subsequent long-term

vacuum annealing of nanocrystalline TiOy at 300 ± 1200 K

led to formation of ordered orthorhombic (space group

Immm) phase Ti9O10 . According to electronic structure

calculations, the cohesive energy of coarse-crystalline

phase Ti9O10 is 714.34 eV, being nearly equal to that of

disordered cubic phase TiO1.11 (714.35 eV). It follows that

the existence of the coarse-crystalline phase Ti9O10 is

energetically unfavourable. It is believed 50 that the forma-

tion of orthorhombic phase in nanocrystalline titanium

monoxide is due to the size effect on going to the nano state.

A study 51 of the effect of high pressure and temperature

on the structure of nanocrystalline monoxide TiO0.98

showed that the monoxide structure depends on the exper-

imental conditions. Samples were annealed at a pressure of

6 GPa and at 573, 773, 1273, 1773, 2273 K for 60 min.

According to X-ray diffraction data obtained at a pressure

of 6 GPa, raising the temperature from 298 to 773 K caused

the lattice constant of nanocrystalline TiOy to change from

417.6 to 417.8 pm (cf. the range of 418 ± 421 pm for coarse-

crystalline titanium monoxide in the same temperature

range). The temperature dependence of the lattice constant

in nanocrystals at a pressure of 6 GPa is nonmonotonic.

Namely, the lattice constant increases in the temperature

range of 298 ± 773 K, decreases to 417.5 pm at 1273 K and

to 416.0 pm at 1773 K and again increases to 417.5 pm at

2273 K, still being somewhat smaller than at 298 K. The

temperature range where the lattice constant of the cubic

structure monotonically increases corresponds to the one

and only initial disordered cubic phase. At T >1273 K, the

system becomes two-phase since a trigonal (space group

R3
±
c) phase Ti2O3 is formed. Its structure is not derived

from the B1-structure, being vacancy-free.

Ab initio calculations of cohesive energy and electronic

structure showed that the formation of this trigonal phase is

energetically more favourable than the formation of disor-

dered cubic monoxide of the same composition TiO3/2 or

orthorhombic (space group Immm) ordered phase Ti2O3

with a structure derived from the B1-type structure. The

calculated cohesive energies of the trigonal, disordered

cubic and ordered orthorhombic phases are 717.76,

716.21 and 717.25 eV, respectively. The energy distribu-

tions of the density of electronic states for the three different

structures of the composition TiO3/2 suggest 52 that all of

them have a metallic-type conductivity; the highest density

of states at the Fermi level was found for the orthorhombic

phase. Nonmonotonic character of the temperature depend-

ence of the lattice constant is due to the formation of the

trigonal phase Ti2O3 differing in composition (TiO3/2) from

the parent disordered cubic phase TiO0.98 . It was shown 52

that long-term vacuum annealing of nanocrystalline mon-

oxide TiOy (crystallite size *30 nm) in the temperature

range of 300 ± 1200 K leads to formation of orthorhombic

(space group Immm) superstructures Ti2O3 and Ti3O2 .

Recently,41 ± 43 the effect of the properties (composition,

crystallite size, degree of ordering) of nanocrystalline mon-

oxide TiOy on the magnetic susceptibility (w) of the com-

pound was studied for the first time. In situ measurements in

the temperature range of 300 ± 1200 K revealed that the

magnetic susceptibility depends on the stoichiometry, the

degree of long-range order and the nanocrystallite size. It

was found 41 that the magnetic susceptibility of the ordering

titanium monoxide nanocrystals includes three contribu-

tions:

(1) the contribution from the crystal with the maximum

degree of ordering;

(2) the Van Vleck contribution depending on the degree

of ordering; and

(3) the Van Vleck contribution proportional to the

number of atoms on the nanocrystal surface.

The study of TiOy nanocrystals revealed that contribu-

tion 2 is proportional to the deviation of the degree of long-

range order from its maximum value while contribution 3 is

proportional to the specific surface area of nanocrystals.

The paramagnetic component of contribution 3 is inversely

proportional to the nanocrystal size since reduction of the

particle size causes violation of the symmetry of the local

environment of the near-surface titanium and oxygen

atoms. The contribution 3 to the magnetic susceptibility of

TiOy nanocrystals is related to the specific surface area

(ksurface), density (r) and size (D) of the crystal as follows:

wVV(D)=
6ksurface
rD

(2)

More recently,49, 59 it was proposed that a similar size

effect should be observed not only for the monoxide TiOy in

its homogeneity range, but also for paramagnetic nano-

crystals of other nonstoichiometric compounds.

Nanocrystalline titanium monoxide was also success-

fully synthesized using a number of unconventional techni-

Ti 2(a)

75% vacancies

Ti 4(g)

O 2(c)

50% vacancies

O 4(h)

b

a

c

Figure 3. The unit cell of orthorhombic (space group Immm)
ordered phase of Ti9O10 plotted using the results published in
Ref. 49. The types and multiplicities of crystallographic positions
of titanium and oxygen atoms are shown.
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ques including laser ablation 53, 54 and low-energy ion bom-

bardment.55 An alternative route to nanocrystalline non-

stoichiometric titanium monoxide is to reduce titanium

dioxide.56, 57 In particular, nanocrystalline titanium mon-

oxide was obtained 56 by reducing titanium dioxide (rutile)

with magnesium powder. After reduction, the magnesium

oxide impurity was removed by acid-base neutralization

with dilute hydrochloric acid. At the same time, titanium

monoxide present in solution was partially oxidized, so a

protective amorphous TiO1+x shell was formed on the

surface of TiO nanoparticles. A HRTEM study of the

morphology of the TiO@TiO1+x core7shell particles

showed that the particle size of titanium monoxide inherited

that of the parent rutile nanoparticle (30 ± 50 nm) and was

not changed upon the reduction. The average thickness of

the amorphous shell was 5 nm. It was also reported 56 that

nanocrystalline TiO@TiO1+x is a type II superconductor

with Tc= 11 K. Such an unusual superconductivity can

originate from an interface effect due to a linear dependence

of the O : Ti ratio in the radial direction.

Hydrothermal treatment of amorphous titanium

hydroxide at different temperatures with different isother-

mal heat-treatment time gave titanium dioxide nanopow-

ders with a crystallite size of 16, 30 and 69 nm.57, 58

Amorphous titanium hydroxide was preliminarily obtained

by redeposition from hexachlorotitanic acid. Titanium

dioxide (anatase) nanoparticles were synthesized by hydro-

thermal treatment of titanium hydroxide in aqueous

medium at a pressure of 70 MPa. Different dispersity of

nanopowders was specified by the synthesis temperature,

namely, 470, 520 and 570 K. The isothermal heat-treatment

time was 4 h. Titanium dioxide nanopowders were reduced

by heat treatment in a Tamman furnace in hydrogen

atmosphere (H2 flow rate was 5 L min71). Heat treatment

was carried out at 1070, 1170 and 1270 K and the isother-

mal heat-treatment time was 1, 5.5 and 27.5 h, respectively.

This treatment of the TiO2 (anatase) nanoparticles in hydro-

gen flow resulted in nanocrystalline nonstoichiometric tita-

nium oxides containing the MagneÂ li phase Ti9O17 as the

major component. The procedure requires the formation of

rutile as intermediate phase.57 The degree of crystallinity of

the Ti9O17 nanopowders depends on the crystallite size of

rutile.

Thermodynamic calculations of TiO2 reduction with

hydrogen in the temperature range of 500 ± 3000 K at

equilibrium concentrations of reduction products and at

TiO2 : H2 molar ratios of 1 : 10n (n=1± 6) were carried

out 57 using the IvtanThermo software package. According

to calculations performed with allowance for experimental

data, reduction of TiO2 begins at temperatures from 600 to

1200 K depending on the concentration of hydrogen in the

reaction medium (Fig. 5) and results in the oxides Ti4O7 ,

Ti3O5 , Ti2O3 and TiO. Under the experimental conditions,

the lower temperature boundary of TiO2 reduction was

*1270 K. This temperature can be decreased by increasing

the H2 flow rate. The degree of TiO2 reduction depends on

the partial pressure of oxygen; therefore, the regions of

equilibrium coexistence of major reduction products were

also calculated additionally. Our calculations using the data

taken from Ref. 57 showed that a complete reduction of

TiO2 to TiO with isothermal heat-treatment at *1273 K

requires that the partial pressure of oxygen be at most

10713 atm (see Fig. 5).

The reduction conditions were chosen based on the

results of thermodynamic calculations, and TiO2 nanopow-

ders with different crystallite size (19, 27 and 36 nm) were

then reduced in a Tamman furnace in H2 atmosphere at

1070, 1170, 1270 and 1370 K with isothermal heat-treat-

ment times from 1 to 27.5 h. It was found that the order of

physicochemical transformations occurring in the course of

TiO2 reduction with hydrogen depends on the nature of the

initial composition. Reduction of titanium oxyhydroxide at

1070 K was accompanied by observation of TiO2 (rutile)

reflections in the X-ray diffraction pattern. Raising the

temperature to 1170 K was accompanied by an increase in

the average crystallite size of rutile. At 1270 K, the rutile

diffraction reflections disappeared and reflections corre-

sponding to the MagneÂ li phases TinO2n71 (44 n4 9) with

Ti9O17 as the major component appeared.57 The formation

of anatase crystallites at most 50 nm in size during the

reduction of TiO2 nanoparticles of different size at 1070 K

was observed. As the temperature increased to 1170 K,

anatase transformed to rutile with preservation of the

average crystallite size. On further heating to 1270 K rutile

underwent a complete transformation to the MagneÂ li phases

with major content of the Ti9O17 phase. The average

crystallite size of the Ti9O17 phase formed in the reduction

of TiO2 nanoparticles was much larger than in the reduction

of titanium hydroxide. Raising the reduction temperature to

1370 K and an increase in the isothermal annealing time led

to formation of more oxygen-deficient MagneÂ li phases up to

the oxide Ti3O5 . Based on the results of experimental

studies and calculations, a scheme was proposed of phys-

icochemical transformations occurring during the reduction

of titanium hydroxide or anatase (Fig. 6).

Additional thermodynamic calculations of the forma-

tion of nonstoichiometric titanium oxides using other
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Figure 4. Dimensional Van
Vleck contribution wVV(D)
[see Eqn (2)] to magnetic sus-
ceptibility of nanocrystalline
monoxide TiOy (y& 1.1).43

The solid line denotes approx-
imation of experimental data
by a hyperbolic function. This
figure is provided courtesy of
Springer Nature.
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reducing agents revealed the possibility of further reduction

of TiO2 to MagneÂ li phases of the composition TiO1.75 ± 1.89

under milder thermal conditions that exclude the growth of

titanium dioxide nanocrystals. Not only H2, but also such

gases as CO, CH4 and NH3 were considered as reducing

agents. It was found that the reducing capacity increases as

follows: CO<H2<CH4<NH3 . For instance, the temper-

ature of the onset of reduction of titanium dioxide with

NH3 at 1 atm hydrogen pressure can decrease by 400 K; it

can also be decreased using more dispersed TiO2.

A positron lifetime spectroscopy study 59 showed that free

surface of TiOy nanocrystals and nanocrystal/nanocrystal

interfaces have defect structures. This method allows one to

detect vacancies inside nanoparticles, at interfaces and on the

free surface of nanoparticles. An analysis of the positron

lifetime spectra of TiOy nanocrystals revealed a short-lifetime

and a long-lifetime component. The former (lifetime 205 ps,

intensity 62%) corresponds to the localized trap state of a

single titanium vacancy. The latter (lifetime 349 ps, intensity

38%) corresponds to the localized state of positron trapping

at grain boundaries. The average size of TiOy nanocrystals

studied varied from 20 to 40 nm, being in the range of average

diffusion lengths of thermalized positrons; therefore, the

probability of positron annihilation on the surface and at

interfaces between nanoparticles is very high. Based on the

results of determination of the positron lifetimes, it was

assumed 59 that the shorter the distance from the surface of

nanocrystals the lower the concentration of titanium vacan-

cies in TiOy . Thus, a gradient of the concentration of

structural vacancies appears on going from the surface to

the bulk of TiOy nanocrystals, and the smaller the nano-

crystals the higher the concentration gradient.

The effect of the nanoparticle size on the amount of

structural vacancies in the monoxide TiO was studied 60

quantum chemically in terms of the density functional

theory using the tight-binding approximation. According

to calculations, the thermodynamic stability of TiO nano-

particles depends only slightly on their shape but noticeably

increases with increasing the nanoparticle size. The role of

the surface of titanium monoxide nanoparticles in stabiliz-

ing the TiO composition, is just like that of structural

vacancies in the coarse-crystalline monoxide. Therefore,

the concentration of vacancies in large TiO nanoparticles

should be lower than in coarse-crystalline titanium mon-

oxide. In other words, the larger the size and surface area of

a titanium monoxide nanoparticle the lower the concentra-

tion of structural vacancies in the nanoparticle. The thermal

stability of the morphology of TiO nanoparticles was

studied by the molecular dynamics method. A simulation

showed that Ti97&11O97&11 nanoparticles containing struc-

tural vacancies are characterized by higher structural

rigidity and smaller distortions on heating to higher temper-

atures compared to the defect-free cubic (Ti108O108) and

spherical (Ti140O140) nanoparticles.

2.2. Titanium dioxide
There are three crystalline polymorphs of titanium dioxide

TiO2:

Ð tetragonal (space group P4/mnm) Ð rutile,

Ð tetragonal (space group I41/amd ) Ð anatase, and

Ð orthorhombic (space group Pcab) Ð brookite.

The most abundant polymorph, rutile, has a stoichio-

metric composition at 300 K. It was reported 61, 62 that at

T>*1000 K, rutile has a defect structure with vacancies

in the oxygen sublattice and is characterized by a narrow

homogeneity range from TiO27x (27x=1.983 ± 1.992) to

TiO2 . In addition, single-phase rutile exists in the composi-

tion range from TiO1.96 to TiO2 at 1370 K and from TiO1.93

to TiO2 at 1500 K.63

Titanium dioxide with oxygen vacancies can be obtained

by growing nanofilms on titanium foil.64, 65 In this case

nonstoichiometric titanium dioxide is formed at the contact

between stoichiometric titanium dioxide and metallic tita-

nium.

Titanium dioxide nanotube films were fabricated 66 ± 69

by electrochemical anodization using a titanium foil 100 mm
thick. Pre-anodization in a 1% solution of hydrofluoric acid

in ethylene glycol for 20 min at room temperature was

followed by etching the titanium foil in a mixture of nitric

and hydrofluoric acids for 3 min. Secondary anodizations

were performed in a 1% solution of NH4F in ethylene glycol

at a voltage of 20 V for 15, 30, 60, 120, 180 and 360 min.

The process resulted in a titanium dioxide nanotube film.

The nanotubes were from 500 nm to 2 mm long and had

inner diameters in the range of 30 ± 40 nm and outer

diameters ranging from 45 to 55 nm (Fig. 7). The largest

surface area of the nanotubes was achieved after 120 min of

anodization.
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Figure 6. Schemes of physicochemical transformations of titanium hydroxide (a) and anatase (b) nanoparticles upon heat treatment in
hydrogen flow.57 This figure is provided courtesy of Springer Nature.
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A small-angle (188<2y<338) X-ray study of the tita-

nium dioxide nanotube film revealed an intense diffuse halo

with a maximum at *258. This fact on the one hand and the

absence of diffraction reflections in the same 2y range on

the other hand suggest that the nanotube film is amorphous.

The titanium dioxide nanotube film was studied by

optical diffuse reflectance spectroscopy, and a broad

blurred reduction of diffuse reflection was observed at

l5 450 nm. Earlier, an experimental study of films by

energy-dispersive X-ray spectroscopy (EDX) and photo-

electron spectroscopy,67, 68 together with thermodynamic

calculations unambiguously demonstrated that the film

composition deviates from stoichiometric. Vacancies create

additional energy levels in the band gap of TiO2, which

leads to noticeable absorption of visible light at l 5
450 nm.

The maximum band gap (Eg) of the titanium dioxide

nanotube film fabricated by anodization for 120 min is

*3.3 eV vs. 3.0 eV for the TiO2 nanopowder (Degussa

P25). The nanotube film also contains nonstoichiometric

oxide phases with a narrower band gap (*2.8 eV).

The reduction of optical diffuse reflection and the

absorption of visible light at l=450 nm are evident proofs

of catalytic activity of the TiO2 nanotube film. The catalytic

activity of the film was determined using the oxidation of

acetone vapours to CO2 over the film and, for the sake of

comparison, over titanium dioxide powder (Degussa P25)

supported on a glass substrate. Photocatalytic measure-

ments were carried out under irradiation with visible light

at l=450 nm. Experiments 66 demonstrated that the cata-

lytic activity of the nanotube film is twice as high as that of

the TiO2 powder (Degussa P25). Enhanced catalytic activity

of the titanium dioxide nanotubes under irradiation with

visible light is due to (i) nonstoichiometry of TiO2 near the

interface between the nanotubes and the titanium foil

(substrate) and (ii) well-developed surface. More efficient

absorption of visible light owing to the presence of vacan-

cies in the oxygen sublattice leads to significant enhance-

ment of photocatalytic activity.

It was reported 67 that raising the calcination temper-

ature causes the optical band gap of the nanotube films to

narrow since the stoichiometry and phase composition

change. In particular, the photocatalytic activity of the

film calcined at 773 K is four times higher than that of

commercially available TiO2 .

Integrated studies 64 ± 69 showed that nanostructured

nonstoichiometric titanium dioxide is non-toxic, environ-

mentally safe and economically affordable material which

can be used as `green' photocatalyst for the synthesis of

organic compounds for medicine.

Xerogels based on titanium dioxide and its compositions

are of considerable interest to both basic research and

applied studies. They are widely used in different industries.

Particular application fields of TiO2 xerogels are deter-

mined by the particle shape and size, the phase composition,

the pore diameter and structure and the specific surface

area. These parameters depend strongly on the xerogel

preparation method. For instance, TiO2 and TiO27SiO2

xerogels with 3D globular porous structure and narrow

globule size distribution were synthesized 70 by hydrolysis

of tetrabutoxytitanium and its mixture with tetraethoxysi-

lane in the acetic acid (vapour) ±H2O atmosphere followed

by calcination. The synthesis in the presence of acetic acid

vapours facilitated the formation of a TiO2 xerogel with

extended specific surface area.

We have considered only two representatives of a vast

variety of nonstoichiometric oxides. Titanium dioxide and

titanium monoxide belong to the Ti7O system, one of the

most practically important oxide systems, and are relevant

examples of nonstoichiometric oxides. By varying the con-

centration of structural vacancies, heat treatment regimes

and by controlling the particle size, one can obtain titanium

dioxide and titanium monoxide with specified chemical and

physical properties. These compounds are of interest from

the standpoint of both fundamental research and practical

applications. Nanocrystalline titanium monoxide is a prom-

ising material for manufacturing single-electron transis-

tors 71 in order to achieve further miniaturization of

nanoelectronics devices.

Researchers pay considerable attention to nanostruc-

tured nonstoichiometric titanium dioxide TiO2 with well-

developed surface and specific morphology as efficient

functional material with a wide range of applications,

especially, as photocatalyst. The advantage of nonstoichio-

metric titanium dioxide as photocatalyst over stoichiomet-

ric TiO2 consists in that it is catalytically active under

irradiation with visible light, which excludes the use of UV

irradiation. Going from stoichiometric to nonstoichiometric

titanium dioxide is due to the appearance of structural

vacancies in the oxygen sublattice. Consequently, the

atomic structure changes, additional energy levels appear

within the band gap and the effective band gap narrows.

These factors affect the electronic, optical and catalytic

properties of the material. Nonstoichiometric titanium

dioxide as photocatalyst can be used for wastewater treat-

ment to remove organic impurities, in hydrogen power

engineering and for `green' synthesis of drugs in medicinal

chemistry.

2.3. Effect of nonstoichiometry and size of TiOy

nanoparticles on the structure and properties
of hydroxyapatite-based nanocomposites

The results of successful studies of nanomaterials form a

basis for the design of novel functional nanocomposite

materials based on the available compounds. A large

number of phosphates including those used in medicine

belong to the CaO7P2O5 system. Synthetic hydroxyapatite

(HAp) Ca10(PO4)6(OH)2 is one of the most widely used

phosphates utilized for bone defect replacement and for

coating implants to improve adhesion to bone tissue. How-

ever, low mechanical strength and cracking resistance make

bioceramics of limited use. Mechanical properties are

improved using zirconium, titanium and titanium dioxide

additives.72 ± 76 Titanium and its oxides are characterized by

ba
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Figure 7. Scanning electron microscopy (SEM) images of nano-
tube TiO2 film prepared by anodization for 120 min.66 Top view (a)
and side view (b). This figure is provided courtesy of Springer
Nature.
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good biocompatibility, their addition to bioceramics

improves the mechanical strength and cracking resistance 73

and causes the onset of photocatalytic activity 74 and

bactericidal properties. It was found 76 that the HAp/TiO2

composite is suitable for efficient degradation of penta-

chlorophenol while the HAp/Ti nanocomposite 77 can be

used to remove dyes from aqueous solutions. In addition,

nanostructured composite materials based on HAp demon-

strate enhanced biological activity compared to analogous

compositions containing microparticles.73

When fabricating and studying bioceramics, researchers

pay careful attention to stoichiometry of the matrix mate-

rial, in particular, hydroxyapatite. A significant role is

played by the Ca : P ratio, which to a great extent prede-

termines the dissolution rate of the phosphate. For hyd-

roxyapatite, the stoichiometric ratio is 1.67. It is this

calcium-to-phosphorus ratio that corresponds to the highest

thermal stability of HAp, its stability to various types of

heat treatment and solvent stability; ceramics based on

stoichiometric HAp exhibits better mechanical properties

and is characterized by the highest density, hardness and

flexural strength.78 However, until recently there has been

lack of attention to the influence of stoichiometry of

modifying agents.

Recent studies showed that nonstoichiometry signifi-

cantly influences the properties of the final nanocomposite

even if the nonstoichiometric material is present as an

additive (10 ± 20 mass%). For instance, the effect of sub-

stoichiometric monoxide TiO0.92 (10 and 20 mass%) on the

properties of a nanocomposite material based on HAp was

studied.79 Nanoceramics was prepared by mixing nano-

powdered initial materials in a planetary ball mill, pressed

and annealed in vacuo (1073 Pa) at 670 and 870 K. A

thorough examination of the morphology, microhardness,

specific surface area, density, shrinkage, mass loss and

phase composition of the samples in each step of the

synthesis procedure revealed the order of physicochemical

transformations and the role of the nonstoichiometry of the

additives. In the presence of additives, the porosity was

reduced in the nanopowder mixing step, so no volume

expansion was observed during the annealing. Based on

powder X-ray diffraction data, annealing at 670 K is

followed by the oxidation of titanium monoxide to titanium

dioxide, which is formed at 870 K. Under oxygen-deficient

conditions (vacuum annealing) in the presence of 10 mass%

TiO0.92, the oxidation occurs through the uptake of oxygen

from HAp. As the content of the additive increases to

20 mass%, the amount of available oxygen becomes insuf-

ficient for complete oxidation of TiO0.92 to TiO2; as a

consequence, two intermediate phases, Ti4.5O5 and Ti6O11,

are formed in addition to TiO2 (anatase).

The unit cell of hydroxyapatite Ca10(PO4)6(OH)2 con-

tains 75 Ca7O bonds, 24 P7O bonds, 6 Ca7OH7 bonds

and two O7H7 bonds.80 Probably, the oxidation of

titanium monoxide occurs through uptake of oxygen ions

from hydroxyl groups of HAp. X-Ray diffraction data

showed that the crystal structure of HAp remains

unchanged, although oxygen vacancies appear. This can

lead to changes in the phase composition of components on

heating to higher temperatures and to decomposition of

HAp. The nanostructure of the annealed composite mate-

rial persists.

The addition of TiO0.92 leads to a decrease in the

hardening onset temperature of the composite material by

200 ± 250 K compared to that of pure HAp. An increase in

the amount of TiO0.92 causes the formation of new phases,

namely, Ti4.5O5 (Ti9O10) and Ti6O11 , during the annealing.

This in turn leads to changes in the properties of the final

composite material. These three phases are ordered, thus

being relatively more thermodynamically stable than the

disordered phases of the Ti7O system, which can be

formed in the course of annealing. A feature of the ordered

phase Ti6O11 is that it has planes of easy slip. This can

facilitate the slip of defects towards grain boundaries,

accumulation of dislocations in the bulk and at grain

boundaries, as well as strengthening of the material.

The addition of the same amounts of superstoichiomet-

ric TiO1.23 causes temperature-dependent changes in the

microhardness, density and specific surface area of nano-

composites.81 A complete oxidation results in TiO2 (rutile).

The maximum microhardness of the nanocomposite mate-

rial was achieved in the presence of 20 mass% TiO1.23 ,

while the composite containing 20 mass% TiO0.92 had the

maximum density. Nonstoichiometry of the titanium mon-

oxide additives affects the intensity of secondary crystal-

lization of HAp on annealing (Fig. 8). It should be noted

that nonstoichiometry of TiOy influences the TiO2 poly-

morph. In the case of substoichiometric composition TiOy ,

oxygen deficiency and the formation of intermediate phases

preclude the anatase7rutile transition.

A Raman spectroscopy study 83 of the structure of HAp/

TiOy nanocomposites showed that annealing of samples at

670 K is followed by changes in the valence state of

titanium, formation of surface groups [Ti(OH)2]2+ and

[TiHPO4]2+ corresponding to peaks in the region of

3751 ± 3902 cm71 in the IR spectra and partial cationic

heterovalent substitution Ti3+ and Ti4+ cations for Ca2+.

As the annealing temperature increases to 870 K, peaks in

the region of 3751 ± 3902 cm71 are no longer observed, thus

indicating disappearance of the surface groups. In the case

of the HAp/TiO0.92 nanocomposite, no complete oxidation

of the monoxide TiO0.92 to TiO2 occurred under the oxygen-

deficient conditions; however, an intermediate nanophase

Ti4.5O5 was formed. Annealing of the HAp/TiO1.23 nano-

composite at 870 K gave TiO2 .

The microstructure of HAp/TiOy nanocomposites con-

taining TiO0.92 and TiO1.23 (10 and 20 mass% in both cases)

was studied in detall.84, 85 A mixture of HAp and TiOy

nanopowders was exposed to high-energy milling followed

by annealing. According to SEM data, the resulting nano-

composite contained cylindrical HAp nanoparticles

*10 nm in diameter and up to 100 nm long; heating with

an electron beam led to partial decomposition of HAp on

the surface of nanoparticles with the formation of CaO.

Annealing of the HAp/TiOy nanocomposites at 673 and

873 K led to formation of different phases depending on the

a b
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Figure 8. SEM images illustrating the result of secondary crystal-
lization of HAp/TiOy nanocomposite upon annealing at 670 K:
HAp/10mass%TiO0.92 (a) and HAp/10mass% TiO1.23 (b). From
authors' archival materials for Refs 81 and 82.
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composition of the titanium monoxide additive and on the

composition of the final nanocomposite. In particular,

annealing of the nanocomposite at 873 K afforded

TiO2 (rutile) as a result of the oxidation of TiOy.

It was concluded 85 that nonstoichiometry of TiOy

additives affects the formation of new phases Ti4.5O5 and

TiO2 in HAp/TiOy nanocomposites and the phase compo-

sition of the nanocomposites in different steps of annealing.

By and large, it was shown 81 ± 85 that nonstoichiometry

of the titanium monoxide additive significantly influences

the properties of the end product, HAp/TiOy nanocompo-

site, and the role of nonstoichiometry cannot be ignored.

We believe that progress in this field will offer prospects for

not only the design of materials with predictable properties,

but also for targeted variation of the properties. In partic-

ular, by varying the nonstoichiometry of the modifying

agent (additive) one can change the morphology and prop-

erties of the HAp/TiOy nanocomposite in targeted manner.

3. Nanocrystalline nonstoichiometric carbides

Cubic Group IV and V transition-metal carbides are highly

nonstoichiometric compounds 86 with the widest homoge-

neity ranges among all known compounds. Their hardness

approaches that of diamond.

High-energy milling is one of the main routes to nano-

crystalline carbide powders.87 ± 89 Carbide nanopowders and

nanotubes are also prepared by low-temperature synthesis,

thermal decomposition and other techniques.90 ± 93 The

most informative methods for studying the atomic structure

and microstructure of carbide nanoparticles include X-ray

diffraction and neutron diffraction.

Disordered cubic (space group Fm3
±
m) vanadium car-

bide VCy with a B1-type structure is of particular interest.

Its homogeneity range spans from VC0.65 to VC0.875 , the

upper boundary being far from the stoichiometric compo-

sition MC1.0 .94 ± 97 Ordered phases V8C7 , V6C5 and V3C2

can be formed in the homogeneity range of vanadium

carbide.94, 95, 98, 99

Studies 95, 100 of coarse-crystalline ordered carbide

VC0.875 revealed no homogeneity range for the ordered

cubic (space group P4332) phase V8C7. In addition, no

indications of displacements of carbon atoms from sites of

a perfect lattice of V8C7 were observed.100 However, the

authors of X-ray diffraction studies 94, 95 of coarse-crystal-

line phase V8C7 reported large atomic displacements of both

metal and nonmetal atoms. It was found that vanadium and

carbon atoms are displaced towards the vacant site & of the

nonmetal sublattice, the displacements of carbon atoms

being larger than those of vanadium atoms. The X-ray

diffraction 95, 98 and neutron diffraction 99, 100 estimates of

atomic displacements differ appreciably. In this connection

the effect of the particle size of nanocrystalline dispersed

ordered carbide V8C7 on the possible appearance of a

homogeneity range of the ordered phase and on atomic

displacements in the nanoscale superstructure V8C7 was

experimentally studied 101 by X-ray diffraction, time-of-

flight (TOF) neutron diffraction, SEM and TEM. Nano-

powders of ordered vanadium carbide were prepared by

high-energy milling of coarse-crystalline ordered carbide

V8C7 .101

The neutron diffraction patterns of this powder demon-

strated reflections from disordered carbide and weak super-

structural reflections from the ordered phase V8C7 (Fig. 9).

The intensities of the superstructural reflections depended

on the spectrum recording mode. High-resolution diffrac-

tion patterns exhibit weak superstructural reflections in the

region dhkl>0.25 nm (Fig. 9 a), whereas low-resolution

ones clearly demonstrate superstructural reflections (211),

(310) and (311) in the same region (Fig. 9 b).

A quantitative analysis of the neutron diffraction pat-

terns showed that both coarse- and nanocrystalline vana-

dium carbide powders contain the ordered phase V8C7 and

the disordered phase VC0.875 . Milling was followed by an

increase in the content of the disordered phase from 21� 3

to 41� 10 mass% since the milling energy is very high

(170 kJ mol71 for 10-h milling), which exceeds the energy

of the order7disorder transition V8C7 ? VC0.875 .

The results of a TEM study of nanocrystalline vanadium

carbide powder confirmed inhomogeneous microstructure

of the nanopowder, which is due to the presence of ordered

and disordered phases. Figure 10 clearly demonstrates that

nanopowder prepared by 15-h milling contains inclusions of

the disordered carbide VC0.875 (*8 ± 10 nm in size) in the

matrix of the ordered phase V8C7 . After annealing at

1070 K, this nanopowder contains only the ordered phase

V8C7 . According to EDX data, the contents of vanadium

and carbon in the ordered phase are *79.1 and

*16.5 mass%, respectively, which corresponds to carbide

of approximate composition VC0.8770.88 .

The lattice constants of cubic unit cells of the ordered

(V8C7) and disordered (VC0.875) phases in the vanadium

carbide nanocrystalline powder are respectively 0.83268(3)

and 0.41466(4) nm, being slightly smaller than those in the

coarse-crystalline powder. The occupancy of the 4(a) posi-

tions in the nanocrystalline superstructure by carbon atoms

is *0.97.99, 101 Thus, the ordered nanophase has the com-

position *V8C6.97 (*VC0.871) or V8C7-d , where d& 0.03.
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Figure 9. Neutron diffraction patterns of *V8C7 nanopowder
recorded using HRFD detectors arranged at the scattering angles
of 1528 (a) and 908 (b).101 The nanopowder was prepared by 10 h
high-energy milling of coarse-crystalline powder. Vertical bars
denote the positions of diffraction reflections of the V8C7 super-
structure. This figure is provided courtesy of Elsevier.
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The atomic displacements of C3 and C4 in the lattice of the

nanocrystalline superstructure V8C77d are small, although

being larger than those in the coarse-crystalline superstruc-

ture (Table 1) due to noticeable deformation distortions of

the lattice that appeared during high-energy milling.

The real structure of the cubic ordered phase V8C77d in

nanocrystalline vanadium carbide (see Table 1) is charac-

terized by small atomic displacements of V1, V2, C3 and C4

from the lattice sites of perfect ordered phase V8C7 . The

local environment of vacant sites in the carbon sublattice is

formed by the V2 atoms displaced towards the vacancy. In a

perfect superstructure V8C7, all V7V distances are equal to

0.2946 nm, whereas in the real superstructure V8C7-d they

vary from 0.2883 to 0.3058 nm. Consider the magnitude

and direction of atomic displacements in the real super-

structure V8C77d in the (001)B1 plane or in the equivalent

(00z) plane with z& 0.625 of the V8C7 phase. The distribu-

tion of atomic displacements in the (00z) plane with

z& 0.625 according to neutron diffraction data,99, 101

X-ray diffraction data 98 and calculations 102 is shown in

Fig. 11. For clarity, the atomic displacements are multiplied

by a factor of 100. A complicated character of symmetry

and displacements (see Fig. 11 a,b) is due to the presence of

screw rotations 43 corresponding to the rotational symme-

try element h15 in the cubic ordered phase V8C77d .6, 16

According to TOF neutron diffraction data, the atomic

displacements in the (00z) plane are nearly zero for C3,

*0.0033(2) nm for C4, *0.0053 for V1 and *0.0055 nm

for V2 (see Fig. 11 a).

The atomic displacements in the (00z) plane of the

superstructure V8C7 determined from X-ray diffraction

data are shown in Fig. 11 b. It was reported 95, 98 that the

atomic displacement of C4 calculated from X-ray diffrac-

tion data is *0.058 nm, which is nearly 18 times larger than

the displacements of the same carbon atoms obtained from

neutron diffraction data. This seems to be improbable.

Indeed, the atomic displacements of C3 are small.98 One

can assume that the difference between the results of X-ray

diffraction studies 95, 98 and neutron diffraction measure-

3
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Figure 10. TEM image of nanocrystalline vanadium carbide pre-
pared by 15-h ball milling.101 The sample contains inclusions (1)
and (2) of disordered carbide VC0.875 of size about 8 ± 10 nm in the
matrix of the ordered phase V8C7 (shown is region (3) of the
ordered carbide V8C7 , the zone axis of the matrix [11

±
4
±
]). This

figure is provided courtesy of Elsevier.

Table 1. Atomic coordinates in cubic (space group P4332) superstructure V8C77d (d& 0.03) of nonstoichiometric vanadium carbide.101

Atom Positon Atomic coordinates in coarse-crystalline Atomic coordinates in nanocrystalline Occu-
and multiplicity ordered phase [a=8.3291(1)�A] ordered phase [a=8.3268(3)�A] pancy

x/a x/a y/a x/a y/a z/a

C1 (vacancy) 4(b) 0.6250 0.6250 0.6250 0.6250 0.6250 0.6250 0

C2 4(a) 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250 *0.97

C3 12(d ) 0.1250 0.6248(2) 0.6252(2) 0.1250 0.6266(12) 0.6234(12) 1.0

C4 12(d ) 0.1250 0.3720(2) 0.8780(2) 0.1250 0.3686(12) 0.8814(12) 1.0

V1 8(c) 0.3705 0.3705 0.3705 0.3705 0.3705 0.3705 1.0

V2 24(e) 0.126 0.3815 0.128 0.126 0.3815 0.128 1.0

a b c
y

x

y

x

y

x

Figure 11. Atomic displacements of vanadium and carbon near the vacant sites in the (00z) plane with z& 0.625 of the V8C7 phase: neutron
diffraction data (a),99, 101 X-ray diffraction data 98 for the coarse-crystalline ordered phase V8C7 (b), and results of calculations (c).102 For
clarity, the atomic displacements are multiplied by a factor of 100. The ideal atomic network of the B1-type structure is shown by the thin
solid line, atoms are enumerated according to Table 1, the cross-sections of the vacant octahedra &V6 by the (00z) plane are shown by
dashed lines. This figure is provided courtesy of Springer Nature.
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ments 99, 101 is due to different particle size of the V8C7

phase since the X-ray diffraction measurements 95, 98 were

carried out using coarse-crystalline sintered samples of the

ordered phase V8C7 , while neutron diffraction measure-

ments 95, 98 were performed using nanocrystalline powders.

Experimental data 99, 101 are in complete contradiction

to the results of theoretical calculations 102 of atomic posi-

tions in the V8C7 superstructure. The principal conclusion

drawn in Ref. 102 is that vanadium atoms are displaced

away from the vacancy (see Fig. 11 c). Contrary to this, it

was shown 99, 101 that the V2 atoms representing the envi-

ronment of the &V6 vacant sites approach the vacancy. In

the real superstructure V8C77d, this increases the electron

density at the 4(b) vacancy, whereas calculations 102 predict

a zero electron density for structural vacancies in the carbon

sublattice of perfect V8C7 phase. Nonzero electron density

at vacancy positions of the cubic superstructure V8C7 and

positron trapping by vacancies were experimentally con-

firmed by positron lifetime measurements.103

A detailed study of the atomic structure of nanocrystal-

line cubic ordered phase of vanadium carbide (see above)

showed that its composition, V8C77d (where d& 0.03),

differs from the stoichiometric composition V8C7 of perfect

superstructure. In the ordered nanocrystalline phase

V8C77d six vanadium atoms surrounding any vacant site

in the carbon sublattice form clusters &V6 where vanadium

atoms are displaced towards vacant sites.

A correlation between the size and composition of

carbide nanoparticles was established by TOF neutron

diffraction using nonstoichiometric carbide NbCy

(y=0.77, 0.84, 0.93, 0.96) nanopowders. The processing

of TOF neutron diffraction data was described in detail 104

taking carbide NbC0.93 as an example. Generalized results

of neutron diffraction studies of carbides NbCy of different

composition are available elsewhere.105 Nanocrystalline

powders were prepared by high-energy milling of coarse-

crystalline powders of carbides NbCy (y=0.77, 0.84, 0.93,

0.96) with an average particle size of 2 ± 3 mm; milling

duration was 5, 10 and 15 h.

High-resolution neutron diffraction patterns of coarse-

and nanocrystalline powders of nonstoichiometric carbides

NbCy were collected on a TOF high-resolution Fourier

diffractometer (HRFD) 106 at the IBR-2 pulsed reactor

(Joint Institute for Nuclear Research, Dubna, Russia) at

room temperature. Changes in the neutron diffraction

patterns of the initial coarse- and nanocrystalline powders

NbCy milled for 5, 10 and 15 h are illustrated in Fig. 12.

Although ordered phases can form in nonstoichiometric

carbide NbC0.83 and in the composition range NbC0.81 ± 0.88

under particular conditions,86, 107 the neutron diffraction

patterns of the initial powders NbCy showed only diffrac-

tion reflections from cubic niobium carbide and no super-

structural reflections. Large broadening of diffraction

reflections of the nanopowders and an increase in the

diffuse background are due to milling and deformation

distortions.

A quantitative analysis of the results of neutron diffrac-

tion measurements using NbCy nanocrystalline powders
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Figure 12. HRFD neutron diffraction patterns of coarse-crystalline and nanocrystalline NbCy powders prepared by milling over a period
of 5, 10 and 15 h: y=0.77 (a), 0.84 (b), 0.93 (c), and 0.96 (d ).105 Shown are experimental (points) and calculated (solid lines) neutron
diffraction patterns. The upper and lower rows of vertical bars correspond to the calculated positions of the diffraction reflections of
nanocrystalline (F1) and coarse-crystalline (F2) fractions, respectively. This figure is provided courtesy of Elsevier.
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showed that the diffraction reflection profiles can be best

fitted assuming that nanopowders contain two cubic frac-

tions of different compositions, lattice constants, and aver-

age particle size. As an example, Fig. 13 presents the (200)

reflection profile of the NbC0.77 nanocrystalline powder.

The (200) reflection is a superposition of two peaks, a

narrow and a broad one. The major contribution (>92%)

to the reflection comes from the broad peak corresponding

to the nanoscale fraction F1 with a lattice constant of

0.44334 nm and the composition *NbC0.76 . This peak is

shifted towards shorter interplanar spacings d relative to the

narrow peak. The narrow peak corresponds to the coarse-

crystalline fraction F2 with a lattice constant of 0.44388 nm

and the composition *NbC0.79 . The splitting into two

peaks was observed for all structural reflections on the

neutron diffraction patterns of all nanopowders. Thus, the

detailed neutron diffraction study of NbCy nanopowders

revealed coexistence of two cubic fractions F1 and F2 of

different composition, lattice constant (aB1) and particle

size.

A quantitative analysis of the neutron diffraction pat-

terns of the nanopowders prepared by high-energy milling

of carbide NbC0.77 , performed with allowance for exper-

imental errors, showed that the lattice constants of the main

(nanocrystalline) fraction F1 and second (coarse-crystalline)

fraction F2 are *0.4433 and *0.4439 nm, respectively. The

proportion of the F1 fraction in the nanopowders prepared

by milling for 5, 10 and 15 h was *92, *94 and *98%,

respectively. The DCSR values for the nanofractions of these

nanocrystalline powders, determined from the broadening

of the diffraction reflections, were *35, *17 and *16 nm,

respectively. The compositions of the nano- and coarse-

crystalline fractions F1 and F2 evaluated 86 from the depend-

ence of the lattice constant of disordered niobium carbide

NbCy on the content of carbon were *NbC0.76 and

*NbC0.79 , respectively. The particle size of the second

fraction is 150 ± 180 nm.

A SEM study108 of of NbC0.77 nanopowders confirmed

inhomogeneous microstructure of their particles and

revealed regions with different mutual orientations, inter-

planar spacings and lattice constants that could be associ-

ated with the fractions F1 and F2 .

The average particle sizes of the nanocryslaline fraction

F1 in the nanopowders prepared by 5-, 10- and 15-h milling

of carbide NbC0.93 were *47, *45 and *18 nm, respec-

tively. The coarse-crystalline fraction F2 is characterized by

a nearly fixed composition NbC0.95 and a particle size of

about 200 nm. As the milling duration increases, the pro-

portion of the nanocrystalline fraction F1 increases, while

that of the coarse-crystalline fraction F2 decreases.

A decrease in the particle size of NbCy powders from

micro- to nano scale is accompanied by some increase in

nonstoichiometry. For instance, the composition of carbide

NbC0.77 changed to *NbC0.76 after milling for 5 and 10 h,

while the composition of NbC0.93 changed to *NbC0.84 ,

*NbC0.82 and *NbC0.80 after milling for 5, 10 and 15 h,

respectively. As a result, it was found for the first time that

the proportion of carbon in the niobium carbide nano-

particles prepared by milling and having a size of less than

50 nm decreases by 0.05 ± 0.07 (5 ± 8%) as compared to the

initial carbide NbCy. Such a large change in the composi-

tion leads to noticeable changes in the properties of the

carbide, which should be taken into account in practice.

By and large, the results of studies of nanopowders of

nonstoichiometric vanadium and niobium carbides show

that a decrease in the size of carbide particles from micro- to

nano scale is accompanied by changes in their composition

with increasing nonstoichiometry with respect to carbon.

4. Nonstoichiometry of sulfides

The presence of structural vacancies in the non-metal or

metal sublattice, which is characteristic of many coarse-

crystalline sulfides, leads to noticeable deviations from

stoichiometry. For instance, hexagonal iron sulfide with a

NiAs-type structure contains structural vacancies in the

iron sublattice and has a wide homogeneity range from

*Fe0.85S to *Fe0.93S.10 High nonstoichiometry is charac-

teristic of coarse-crystalline hexagonal and monoclinic cop-

per disulfides whose composition varies from Cu2S to

Cu1.96S, Cu1.80S and Cu1.75S, as reported by different

authors. Much larger deviations from stoichiometry were

observed in CuxS (x=1.06 ± 1.95) thin films.109 Cubic rare-

earth metal sulfides MSy (M=Ce, Nd, Ga, Tb) contain

structural vacancies in the sulfur sublattice and have wide

homogeneity ranges from *MS0.75 to MS1.00 .110 Cubic

body-centred (b-Ag2� dS) and face-centred (g-Ag2� dS) pol-

ymorphs of coarse-crystalline silver sulfide with

d=0.001 ± 0.02 and even 0.3 are nonstoichiometric and

both can be either silver-deficient or silver rich. Silver

atoms in these polymorphs are randomly distributed over

numerous crystallographic positions in the metal sublattice

with probabilities that are much less than unity.111, 112 It is

these features of the crystal structure that are responsible

for nonstoichiometry of cubic silver sulfides.

4.1. The structure and properties of nonstoichiometric
nanoscale sulfides
Recently, there has been considerable interest in nanoscale

semiconducting zinc, cadmium, mercury, lead, silver, tin

and other metal sulfides.25 ± 28, 113 ± 120 Transition of semi-

conducting sulfides from coarse-crystalline to nanocrystal-

line state is accompanied by not only a decrease in the

particle (crystallite) size to nano scale, but also transforma-

tion of their electronic and optical properties due to the

quantum size effects, as well as by changes in the crystal

structure and by an increase in nonstoichiometry. For

0.214 0.218 0.222 0.226 d, nm

N
o
rm

a
liz
e
d
n
e
u
tr
o
n
co

u
n
t F1

F2

Figure 13. The (200) diffraction reflection of NbC0.77 nanopowder
prepared by milling over 5 h and its expansion into peaks corre-
sponding to cubic fractions F1 and F2 of niobium carbide with
different lattice constants (0.44334 and 0.44388 nm), composition
(*NbC0.76 and *NbC0.79) and average particle size (35 and
150 ± 180 nm), respectively.105 This figure is provided courtesy of
Elsevier.
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instance, a decrease in the Cu2S particle size to the nano

scale causes a shift of the optical absorption peak owing to

an increase in nonstoichiometry in the copper sublattice and

to a change in the composition to Cu27xS.121 Coarse-

crystalline sulfide CdS has a hexagonal wurtzite (B4-type)

structure 122 or a cubic sphalerite (B3-type) structure.123

However, thin films, nano- and ultradisperse cadmium

sulfide powders have a specific crystal structure that differs

from the wurtzite and sphalerite structure. Thorough struc-

tural studies and simulation of cadmium sulfide nanopar-

ticles 124, 125 revealed violation of periodic alternation of

uniform close-packed atomic layers in CdS nanoparticles,

so a specific disordered structure with randomly alternating

close-packed hexagonal atomic planes is observed (Fig. 14).

The growth of stoichiometric CdS crystals requires an

excess of sulfur since oxygen and sulfur form a volatile

compound SO2 with ease. The stoichiometric composition is

characterized by the lowest concentration of intrinsic point

defects (4561016 cm73). All the optical, electrical and

photoelectrical properties of CdS are determined by intrin-

sic point defects.

Of considerable interest is the dependence of the inten-

sity and position of the exciton band in the cathodolumi-

nescence spectrum on the method of preparation of CdS 126

and, therefore, on the main type of structural defects.

Depending on stoichiometry, one or two bands appear in

the luminescence spectra. The S : Cd ratio specifies the

formation conditions and stability of edge-luminescence

centres. The intensities of all luminescence bands in the

spectra of single crystals depend on the proper defect

structure. A thorough analysis of the growth conditions of

stoichiometric crystals and types of intrinsic defects showed

that the samples of nearly stoichiometric composition have

a perfect structure, exhibit no misorientation for crystallite

coalescence and represent mosaic single crystals with uni-

form structure. Crystal growth in the presence of excess

sulfur leads to pronounced misorientation of blocks and to

a decrease in the block size. An increase in the content of

sulfur destabilizes crystals that undergo secondary trans-

formations. In this case, the characteristic structural defect

is a neutral vacancy in the cadmium sublattice (VCd).

Cadmium-rich crystals contain a large amount of oxygen

and an increase in layered heterogeneity is observed. The

main type of structural defects is Cd�i . Crystal growth from

the vapour phase in all cases occurs in the presence of

oxygen, which replaces sulfur ions and serves as electron

density acceptor. The presence of oxygen causes additional

absorption in the low-energy region compared to the

absorption edge. A complex pattern of cathodolumines-

cence spectra is due to inhomogeneity of the oxygen-

containing crystals.

Luminescence is one of the most interesting properties

of CdS nanoparticles. The dependence of the luminescence

region on the nanoparticle size is explained by the size

confinement and has been thoroughly studied.17, 23, 127 ± 129

Published data on the effect of nonstoichiometry are contra-

dictory. The luminescence spectra of CdS nanoparticles less

than 3.5 nm in size obtained in the strong confinement

regime are to a great extent determined by impurity tran-

sitions.130 Both shallow and deep energy levels within the

band gap of CdS nanoparticles are due to intrinsic lattice

defects or nonstoichiometry; such levels are formed by

vacancies and interstitial atoms. Nonstoichiometry immedi-

ately affects the region and intensity of the luminescence of

CdS nanoparticles. It was reported 131 that a deficiency of

S27 ions causes a decrease in the luminescence intensity. An

excess of Cd2+ cations leads to an increase in the quantum

yield, while an excess of S27 anions causes this parameter to

decrease.132 Peaks at 557 and 563 nm in the fluorescence

spectra of colloidal solutions (Fig. 15) are associated with

vacancies in the cadmium sublattice.133

The intensity of the band with a maximum at 630 nm in

the luminescence spectrum of poly(ethylene oxide)/CdS

nanocomposites increased upon introducing excess Cd2+

ions and increasing the concentration of sulfur surface

vacancies (VS).134 The introduction of excess sulfur ions

led to a decrease in the intensity of this band down to

disappearance and to a shift of luminescence towards the

short-wavelength region.

By and large, it should be noted that a deviation from

stoichiometry causes an increase in the probability of non-

radiative decay of the excitation, which has an adverse

effect on luminescence and can lead to concentration

quenching of luminescence of colloidal solutions through

migration-accelerated self-quenching by the hopping mech-

anism.135

Establishment of correlations between the method of

synthesis of CdS nanoparticles, their nonstoichiometry and

the formation of impurity levels and the optical properties is

of interest for not only basic research, but also practice.136

Solution to this problem can offer the possibility to extend

the application fields of this optical material owing to

targeted synthesis.
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Figure 15. Fluorescence spectra of CdS nanoparticles:133 general
spectral pattern (a) and approximation of close-lying peaks by the
sum of two Lorentzian curves (b). The excitation wavelength is
472.8 nm. This figure is provided courtesy of Springer Nature.
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The appearance of intra-band electron energy levels

associated with intrinsic defects occurs in different manner

depending on the method of synthesis and matrix.137 The

material of the matrix used to fabricate nanoparticles

significantly influences the stoichiometry of nanoparticles

as well as the type and concentration of structural defects.

In addition, the matrix layer near the surface of just-

fabricated nanoparticles can act as a donor or acceptor of

charge carriers, which can change the concentration of

electrons on the surface of nanoparticles. This creates a

potential difference between the surface and the bulk and

causes changes in the charge carrier distribution inside the

semiconductor. A thorough study 138 of the optical proper-

ties of CdS nanoparticles formed in different dielectric

matrices showed that the main point defects in CdS nano-

particles in tetraethyl orthosilicate are IS,{ VCd and VS .

They make the major contribution to luminescence of CdS

nanoparticles in the model liquid-glass matrix. Cadmium

sulfide nanoparticles prepared by high-temperature syn-

thesis mainly contain VCd and IS point defects. The use of

high-precision methods including small-angle X-ray scatter-

ing made it possible to study the dynamics of formation of

CdS nanoparticles on heating. It was established that

seeding and growth of the semiconductor phase occur

throughout the temperature range studied rather than in

the initial stage of the secondary heat treatment. As the

particle size becomes equal to 19 nm, CdS nanoparticles

adopt a hexagonal structure and contribute to photolumi-

nescence in the emission region of the coarse-crystalline

material.139

The results of structural studies of lead sulfide films are

also ambiguous. It is assumed that PbS films have the same

cubic (space group Fm3
±
m) B1-type structure 140 as the

coarse-grained or single-crystalline samples. However, it

was conjectured 141 that films contain cubic (space

group F4
±
3m) nonstoichiometric sulfide PbS0.90 with a

B3-type structure. This was not confirmed in a study 14 of

chemically deposited PbS thin films. More recently,143 a

thorough analysis of the results 141 and in situ studies of

nanocrystalline PbS films (see Refs 143 ± 145) showed that

the films do have a cubic structure while do not belong to

the B3 type. It was established 143 ± 145 that sulfur atoms in

the structure of nanocrystalline lead sulfide films are ran-

domly distributed over two types of crystallographic pos-

itons, viz., octahedral 4(b) and tetrahedral 8(c). Cubic

symmetry and the occupancies of the 4(b) and 8(c) positions

by sulfur atoms, which differ from unity, suggest that the

lead sulfide nanofilms have a D03-type crystal structure.

Taking account of this fact, the chemical formula of lead

sulfide in the nanofilms is PbS
�b�
0:84S

�c�
0:16 (see Ref. 145). Thus,

PbS nanofilms demonstrate hidden nonstoichiometry in the

sulfur sublattice.

Among methods of synthesis of nanocrystalline sulfide

powders, films and nanoparticles, chemical deposition from

aqueous solutions is most widely used. This technique is

also termed chemical condensation, one-pot synthesis or

hydrochemical deposition.

Hydrochemical deposition was for the first time per-

formed in the synthesis of lead sulfide films in 1869.146 Since

then it has been used for the synthesis of various sulfides.

The term chemical deposition for the first time appeared in

a review 147 in which the first classification of different

methods for the synthesis of sulfides was proposed. The

history of the method of hydrochemical deposition of

sulfide films and structures and modern trends in the field

have been documented.148

4.2. Nonstoichiometry of nanostructured silver sulfide
Studies whose authors explicitly or indirectly observed the

effect of the size of sulfide nanoparticles on changes in their

composition and the occurrence of nonstoichiometry are of

considerable interest. They were carried out taking nano-

structured silver sulfide as an example.

{ IS stands for interstitial sulfur.
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Figure 16. SEM image of an aggregate of silver sulfide nanopar-
ticles (a) of size 16 (1), 10 (2) and 6 nm (3) and the corresponding
EDX spectra (b ± d ).149 According to EDX data, the chemical
compositions are as follows: Ag2.1S (Ag2S0.95) for nanoparticle
(1), Ag1.7S (Ag2S1.18) for nanoparticle (2) and Ag1.1S (Ag2S1.82)
for nanoparticle (3). This figure is provided courtesy of American
Chemical Society.

A.A.Valeeva, A.A.Rempel, S.V.Rempel, S.I.Sadovnikov, A.I.Gusev

Russ. Chem. Rev., 2021, 90 (5) 601 ± 626 615



Data on nonstoichiometry of nanostructured mono-

clinic (space group P21/c) acanthite are scarce. The EDX

spectra were used 149 to determine the integrated intensities

of the AgL and SK lines of silver sulfide nanoparticles from

5 to 30 nm in size. The Ag : S atomic ratio was 2.1, 1.7 and

1.1 for nanoparticles *16, *10, and *6 nm in size,

respectively (Fig. 16). Thus, as silver sulfide nanoparticle

size decreased from 16 to 6 nm their chemical composition

changed from Ag2.1S (Ag2S0.95) to Ag1.7S (Ag2S1.18) and

Ag1.1S (Ag2S1.82). The experimentally determined interpla-

nar spacing d was 0.348 nm in all nanoparticles. This value

is close to the interplanar spacing d020= 0.346 nm in the

monoclinic acanthite a-Ag2S. In addition, a series of the

[100] fast Fourier transform electron diffraction patterns

calculated 149 from the TEM images of silver sulfide nano-

particles demonstrated a set of reflections from monoclinic

(space group P21/n or P21/c) acanthite and a number of

unidentified reflections.

The Ag : S atomic ratio in 17-nm monoclinic

Ag2S@SiO2 core7shell nanoparticles (Fig. 17) was

1.9 : 1.150 This corresponds to nonstoichiometric sulfide

Ag1.9S with vacancies in the metal sublattice.

The effect of the synthesis conditions on the crystal

structure and possible deviation of the composition from

stoichiometry was studied 151, 152 in relation to silver

sulfide nanopowders with an average particle size of

445 ± 50 nm. Researchers from that group preliminarily

determined the synthesis conditions and the crystal struc-

ture of coarse-crystalline silver sulfide powders (particle

size from 515� 15 to 975� 15 nm).153 It was found that

coarse-crystalline silver sulfide has the stoichiometric

composition Ag2S and monoclinic (space group P21/c)

acanthite-type structure. It was assumed 151, 152 that the

nanopowder also has the stoichiometric composition and

the same monoclinic structure as coarse-crystalline silver

sulfide. A quantitative analysis of convergence of the

calculated X-ray diffraction pattern obtained in this

approximation with the experimental X-ray diffraction

pattern of the nanopowder revealed poorer Rietveld

parameters. Minimization of the experimental X-ray

diffraction patterns with variation of the occupancy of

crystallographic positions by silver and sulfur atoms

significantly improved the convergence and the Rietveld

agreement factors.

The lattice constants of a-Ag2S nanopowder and the

atomic coordinates of silver and sulfur (Table 2) are close to

those of coarse-crystalline Ag2S.151, 152 However, the occu-

pancies of the 4(e) position by the Ag1 and Ag2 atoms

appeared to be lower than unity (*0.97 and *0.96,

respectively, see Table 2). Hence silver sulfide nanoparticles

less than *50 nm in size have the composition *Ag1.93S

and contain vacancies in the silver sublattice, thus being

nonstoichiometric.

The acanthite7argentite phase transition and the struc-

ture of nanocrystalline acanthite and argentite were studied

in situ by electron microscopy and X-ray diffraction in the

temperature range of 300 ± 503 K.154 ± 157 According to the

X-ray diffraction data, at T <433 K nanocrystalline silver

sulfide has monoclinic (space group P21/c) acanthite-type

structure and the composition *Ag1.93S (Fig. 18 a); thus,

this is a nonstoichiometric compound, which agrees with the

results.151 The average DCSR parameter found from the

broadening of the non-overlapping diffraction reflections

(1
±
02), (110), (1

±
13), (1

±
04), (031) and (014) from monoclinic

sulfide is *40 nm. The acanthite7argentite phase transi-

tion is reversible and occurs at *449 ± 450 K.154, 155

The crystal structure of the high-temperature phase of

silver sulfide (argentite) was determined using the X-ray

diffraction patterns collected at 463 (Fig. 18 b) and

503 K. Structure refinement showed that at T>433 K,

silver sulfide contains only the cubic (space group Im3
±
m)

phase with the structure of argentite b-Ag2S. According

to calculations, silver atoms in the structure are randomly

distributed over the 6(b) and 48( j ) positions (Table 3).

The average DCSR value for nanocrystalline cubic silver

sulfide is *50 and *60 ± 70 nm at 483 and 503 K,

respectively.

The formation of argentite was confirmed by

HRTEM.154 The HRTEM images of silver sulfide nano-

powder before and after heating above the acanthite7ar-

gentite transition temperature are shown in Fig. 19. The

experimentally observed interplanar spacing of 0.309 nm is

equal to the distance, d(110), between the (110) atomic planes

in silver sulfide with the monoclinic (space group P21/c)
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Figure 17. TEM (a) and
HRTEM (b) images of
Ag2S@SiO2 nanoparticles
and the photoluminescence
emission spectra (c) of
these nanoparticles before
(1) and after (2) hydrother-
mal treatment.150 The
Ag2S core size is 17 nm
and the mesoporous silica
shell is *15 ± 20 nm thick.
This figure is provided
courtesy of the Royal Soci-
ety of Chemistry.

Table 2. Refined crystal structure of monoclinic (space group P21/c)
Ag1.93S nanocrystalline powder with acanthite-type structure (particle
size is*45 nm).151

Atom Positon Atomic coordinates Occu- Biso61074,
and multi- pancy pm2

plicity x/a y/b z/c

Ag1 4(e) 0.0715 0.0151(0) 0.3093(9) 0.97 10.05(5)

Ag2 4(e) 0.7264 0.3240(9) 0.4375(0) 0.96 7.44(6)

S 4(e) 0.4920 0.2339(8) 0.1321(1) 1.00 1.960

Note. The lattice constants are as follows: a=0.4234(3) nm,

b=0.6949(3) nm, c=0.9549(5) nm, b=125.43(6)8; the number of

formula units in the unit cell is Z=4; Biso is the isotropic atomic

displacement.
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acanthite-type structure (Fig. 19 a). Heating of the nano-

powder causes the acanthite7argentite phase transition,

and the high-temperature phase is characterized by an

interplanar spacing of 0.245 nm (Fig. 19 b) corresponding

to the separation between the (200) atomic planes in cubic

(space group Im3
±
m) argentite.

The occupancies of the 6(b) and 48( j ) positions by the

Ag1 and Ag2 silver atoms in argentite are very low, *0.098

and *0.071, respectively (see Table 3). The structure with

so low occupancies of lattice sites is either unstable, which

contradicts numerous experimental results, or stable owing

to very high mobility of silver atoms (ions).

Argentite b-Ag2S is a superionic conductor since the

concentration of Ag+ ions is much lower than the number

of sites in the cationic sublattice. It is high positional

disorder of Ag+ ions and an ultrahigh concentration of

vacancies in the silver sublattice (more than 92%) that

facilitate diffusion of silver atoms in argentite by the

vacancy mechanism, according to which a silver atom(ion)

hops from an occupied site to adjacent vacancy site. In this

case the metal sublattice in argentite can be treated as

anisotropic Coulomb liquid of Ag+ cations that diffuse in

the effective potential of the body-centred cubic sulfur

sublattice.

The shortest distances between the 48( j ) sites in the

argentite structure vary from 0.0561 to 0.2504 nm; there-

fore, occupation of a site by an Ag+ ion excludes occupa-

tion of the nearest neighbour sites (from the first to the

thirteenth coordination sphere) by another silver ion. If a

silver ion occupies the 48( j ) site, another silver ion can

occupy the 48( j ) site separated by a distance of at least

0.2511 nm, which corresponds to the fourteenth coordina-

tion sphere. The probability of this event is very low

(*0.005). A more realistic situation is that one silver ion

occupies the 6(b) site while the other one occupies the 48( j )

site, thus being located in the fourth or fifth coordination

sphere relative to the former ion.

Summing up, recent studies demonstrated that nano-

crystalline silver sulfide with nanoparticles *50 nm in size

is nonstoichiometric in the temperature ranges where mono-

clinic acanthite and cubic argentite exist. Nonstoichiometry

of acanthite nanoparticles is due to silver deficiency in the

metal sublattice, while that of argentite nanoparticles is due

to random distribution of only four silver atoms over 54

sites in the metal sublattice.

Mobility of Ag+ ions in Ag2S nanoparticles depends

on external conditions, which enables the formation of

hybrid structures,158 changes in stoichiometry and sub-

sequent formation of silver nanoparticles. It was estab-

lished 159 that application of an electrical voltage to the
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Figure 18. X-Ray diffraction patterns of nanocrystalline silver
sulfide at room temperature (a) and at 463 K (b).154, 155 Inset a:
the unit cell of acanthite. Inset b: the unit cell of argentite.
Iobs7Icalc is the difference between the observed and calculated
intensity (arb. units), Rl is the Rietveld agreement factor. Vertical
bars mark positions of diffraction reflections. This figure is pro-
vided courtesy of PCCP Owner Societies.

Table 3. Atomic coordinates in cubic (space group Im3
±
m) argentite

b-Ag2.01S at 503 K.154, 155

Atom Positon Atomic coordinates Occu- Biso61074,
and multi- pancy pm2

plicity x y z

Ag1 6(b) 0 0.5 0.5 0.0978(7) 0.50

Ag2 48( j ) 0 0.3306(5) 0.4122(7) 0.0711(0) 0.50

S 2(a) 0 0 0 1.00(0) 0.50

Note. The lattice constants are as follows: a= b= c=0.4874(1) nm,

the number of formula units in the unit cell is Z=2.

2 nm 2 nm

ba

0.309 nm

0.245 nm

Figure 19. HRTEM images of silver sulfide nanoparticles of differ-
ent structure.154 Panel a: the interplanar spacing 0.309 nm observed
before heating of nanoparticles corresponds to the d(110) distance in
monoclinic silver sulfide (space group P21/c) with the acanthite
structure; panel b: the interplanar spacing 0.245 nm observed after
heating above the acanthite7argentite transition temperature cor-
responds to the d(200) distance in cubic silver sulfide (space
group Im3

±
m) with the argentite structure. The insets demonstrate

the TEM images of silver sulfide nanoparticles at smaller magnifi-
cation. This figure is provided courtesy of PCCP Owner Societies.
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Ag2S samples causes protrusion of silver on the Ag2S

surface.159 The action of an electron beam on the

(Ag2S)x(Ag)y heteronanostructure allows one to vary the

x : y ratio of sulfide to silver.160 Changes in stoichiometry

of silver sulfide nanoparticles up to formation of the

Ag2S/Ag hybrid structure can lead to coupling between

semiconductor excitons and surface metal plas-

mons.161 ± 163 The formation of Ag2S/Ag hybrid nano-

particles was detected upon ageing of sodium citrate-

stabilized Ag2S colloidal solutions under irradiation

with light. Exposure of agglomerated Ag2S nanoparticles

deposited from a colloidal solution to an electron beam

inside the column of the scanning electron microscope led

to reversible growth of silver threads at the periphery of

the Ag2S nanoparticles (Fig. 20).164

Ag2S nanoparticles have interesting luminescent

properties; however, published data on the luminescence

range are contradictory. Biological applications of Ag2S

quantum dots are based on their IR luminescence.164 ± 166

However, luminescence of Ag2S nanoparticles in the

visible region was also reported.165, 167 ± 169 Many results

on the luminescence of Ag2S in the visible region were

obtained using nonstoichiometric hybrid Ag2S/Ag nano-

particles and clusters surrounded by organic shells.168, 170

One can assume that the shift of the luminescence range

to the visible region is due to not only the presence of

organic shell, but also nonstoichiometry of the Ag2S

nanoparticles. A study of the structure of Ag2S nano-

clusters stabilized in butyl thiolate showed that the

Ag14S13 clusters are surrounded by S27 ligands. The

Ag14S13 core is further connected to the [Ag(48(SBut)32]

shell through Ag7S bonds and interactions between

silver atoms.170 The complex cluster emits bright red

luminescence both in the solid state and in solution at

room temperature. Possible stable clusters (AgS)n and

their vibrational modes were also modelled theoreti-

cally.171

Luminescence of nonstoichiometric silver sulfide nano-

particles in the visible region allows them to be used as

fluorescent labels not only in the IR, but also in the visible

region. A study on the effect of the size and charge of

nonstoichiometric Ag2S nanoparticles synthesized using

different precursors on their interaction with red blood

cells was reported.172 It was found that the stabilizing shell

significantly influences the result of the interaction, but no

fluorescence of the conjugates in the visible region was

observed.

The topicality of research into the stoichiometry and

optical properties of Ag2S nanoparticles is due to their

antibacterial and photocatalytic properties. Hybrid

porous Ag2S/Ag nanoparticles demonstrate high photo-

catalytic activity in the visible region.170 It was shown 173

that not only silver nanoparticles, but also zeolite-stabi-

lized Ag2S (acanthite) nanoparticles exhibit antibacterial

activity, thus being promising for biomedical applica-

tions.

Different kinds of nanostructured silver sulfide are

fabricated by thermal decomposition of organometallic

precursors in hot solvents,174, 175 by chemical vapour

deposition of organometallic compounds,176 by solvo-

thermal,177, 178 hydrothermal,179, 180 mixed hydro(solvo)-

thermal,181, 182 biomimetic,183, 184 template, sol ± gel,

sonochemical, electrochemical and microwave-assisted

methods,116 by synthesis in microemulsions and by elec-

tron-beam etching.185 Unfortunately, most of these meth-

ods afford only one form of nanostructured silver sulfide,

i.e., quantum dots, or nanopowders, or films, or hetero-

nanostructures. Common drawbacks of many methods

include the lack of control of the nanoparticle size during

the synthesis, a broad nonuniform particle size distribu-

tion in the nanomaterials, multistaginess, the need to use

sophisticated equipment, special protective equipment,

elevated temperatures, and rare expensive and toxic

reactants.

Chemical deposition from aqueous solu-

tions 27, 28, 115, 116 is the most widely used and versatile

method of synthesis of all modifications of nanostruc-

tured silver sulfide. In this case one can prepare coarse-

and nanocrystalline powders, colloidal solutions of nano-

particles, isolated Ag2S nanoparticles coated with a

protective shell and various heteronanostructures based

on Ag2S.27, 186

Hydrochemical deposition of nanostructured Ag2S

using aqueous solutions of AgNO3 and Na2S in the

presence of sodium citrate Na3C6H5O7 (Na3Cit) 187 can

serve as an example of the `green chemistry' approach,

which reduces or eliminates the use and generation of

hazardous substances.188 `Green' synthesis of stable,

monodisperse and nontoxic Ag2S nanoparticles is also

performed in aqueous solutions of AgNO3 and Na2S

using (3-sulfanylpropyl)trimethoxysilane as

stabilizer.189, 190

Owing to the small solubility product Ksp

(Ksp,Ag2S=6.3610750 at 298 K, see Ref. 191) Ag2S is

deposited from aqueous solutions of AgNO3 and Na2S

following the simple reaction

2AgNO3+Na2S=Ag2S;+2NaNO3 (3)
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Figure 20. Photomicrographs illustrating the growth of a silver
thread from Ag2S nanoparticles under the action of electron
beam.164 The agglomerate of Ag2S nanoparticles (a), silver thread
separated from the Ag2S agglomerate (b), the thread separation site
(c), and the EDX spectrum of the thread (d ). This figure is provided
courtesy of Springer Nature.
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The concentrations, CS27 and CAg+, of the S27 and Ag+

ions, respectively, in the ideal process (3) are interrelated

CS2ÿ �
CAg�

2
. (4)

Small changes in the reactant concentration ratio

CAg�=CS2ÿ compared to reaction (3), the use of complex-

forming agents and stabilizers as well as control of the

synthesis conditions allow one to synthesize coarse- and

nanocrystalline powders, colloidal nanoparticles, core ±

shell particles and other types of nanostructured silver

sulfide.

Deposition of silver sulfide in the presence of Na3Cit as

stabilizer proceeds in a neutral medium at pH* 7 by the

following reaction scheme:

2AgNO3+ (1� d) Na2S Ag2S;+2NaNO3 (5)

where d5 0.

Silver sulfide nanopowders with an average particle size

of less than 60 nm are prepared by deposition from aqueous

AgNO3 and Na2S solutions with concentrations

50 mmol L71 and CNa2S � CAgNO3
/2+d, where

d=0.5 mmol L71, in the presence of Na3Cit in the

dark.151, 186, 187, 192 A small excess of sodium sulfide is

necessary for the synthesis of silver sulfide containing no

metallic silver impurity.

Stable colloidal solutions of silver sulfide with nano-

particles from 2 to 16 nm in size are synthesized from

aqueous reaction mixtures with AgNO3 concentrations

from 0.3125 to 2.5 mmol L71, CNa2S � CAgNO3
/2+d, where

d=0.01 mmol L71, and a Na3Cit concentration ranging

from 1 to 15 mmol L71 in the dark.186, 193 A small excess of

sodium sulfide favours the preparation of colloidal solu-

tions of silver sulfide containing no silver nanoparticles.

The electronic and optical properties of semiconducting

silver sulfide nanoparticles are modified by the synthesis

of hybrid core ± shell heteronanostructures, e.g.,

Ag2O@Ag2S.194 Hydrochemical deposition of heteronano-

structures also allows one to create a protective shell on the

surface of semiconductor nanoparticles.

Core ± shell nanoparticles with a silver sulfide core

and a carbon-containing citrate shell were synthesized in

aqueous reaction mixtures of AgNO3 and Na2S contain-

ing different amounts of Na3Cit.195, 196 The formation of

the shell and the shell thickness depend on the concen-

tration ratio of the silver and sulfur precursors, on the

one hand, and on the sodium citrate concentration, on

the other hand. It was shown 186, 195, 196 that a continuous

shell surrounding the Ag2S cores is formed if

CAg� /44CCit3ÿ 4CAg� . By varying the initial reactant

concentrations and the deposition conditions one can

synthesize Ag2S@C nanoparticles with a core size rang-

ing from 10 to 50 nm and a non-toxic carbon-containing

citrate shell from 1.5 to 10 nm thick.

Nanocomposites, e.g., Ag2S/Ag heteronanostructures

are fabricated by different methods from cation exchange

to sulfidization of nanoparticles and thin films and laser

ablation.197 ± 201 Most of these methods are complicated and

difficult to implement. It was reported 202 ± 206 that Ag2S/Ag

heteronanostructures can be deposited upon irradiation of

aqueous solutions of AgNO3 , Na2S and Na3Cit with

reduced concentration of sodium sulfide CNa2S <CAgNO3
/2.

In this case, sulfide Ag2S is formed simultaneously with

silver nanoparticles that are formed owing to photochem-

ical reduction of Ag+ ions with citrate ions C6H5O
3ÿ
7 .

Coalescence of Ag and Ag2S nanoparticles produces

Ag2S/Ag nanocomposites.

The results presented above demonstrate that hydro-

chemical deposition is the most versatile method for the

preparation of nanostructured silver sulfide. It allows one

to synthesize all kinds of nanostructured silver sulfide

with controlled particle size from the same nontoxic

reactants by varying only their concentrations in solution

and by carrying out the synthesis in the dark or in the

light. Hydrochemical deposition of silver sulfide does not

involve the use or generation of hazardous substances.

The versatile method of chemical deposition from aque-

ous solutions can be used to synthesize all kinds of

nanostructured sulfides of other metals (Cd, Zn, Pb and

Cu) by replacing the silver salts with corresponding metal

salts.

5. Note added in proof

Now we will briefly outline certain recent publications.

It was proposed 207 to use nonstoichiometric titanium

oxide TiOy with different content of oxygen in a Pt/

Al2O3/TiOx/TiOy/Ti/Pt device as current suppression

layer to reduce the power consumption of resistive ran-

dom access memory. Titanium oxide thin films were

deposited by d.c. reactive sputtering of a titanium target

with a fixed d.c. power at 150 W (300 V, 0.5 A) in an

argon and oxygen atmosphere. Experiments showed that

the additional TiOy layer causes a decrease in the operat-

ing current and power consumption of the RRAM device

since the TiOy layer operates as a transistor, i.e., current

limiter. One more possible application is as follows. To

be used as metal ± oxide ± semiconductor (MOS) capaci-

tors and MOS field-effect transistors (MOSFETs),

AlOx/TiOy thin films were grown on H-diamond by

atomic layer deposition.208 The oxide insulating films

demonstrated a maximum capacitance density and ultra-

high dielectric constant. The effect of nonstoichiometry

and degree of long-range order on the crystal structure of

the monoxide TiOy was studied by X-ray diffraction,

Raman spectroscopy and electron microscopy.209 It was

found that nonstoichiometry in TiOy affects the intensity

of the peak associated with the vibrational mode of the

Ti7O bond in the Raman spectra and on the composi-

tion of phases formed in the ordered TiOy . A mechanism

was proposed of precipitation of additional phases in the

matrix with a cubic structure during heat treatment. It

involves diffusion of vacancies in dislocations followed

by their collapse upon accumulation, as well as the

formation of open and closed pores. It was established

that the direction of growth of new phases in TiOy is

specified by the matrix cubic phase. The motion of

vacancies in dislocations is the main mechanism preced-

ing the phase transitions with the formation of new

phases including Ti2O, Ti2O3 and an additional oxygen-

rich phase.

Recently, there has been increasing interest in bioac-

tive nanomaterials with calcium sulfate matrices.210 ± 215

Biocompatible nanoparticles added to such matrices

impart them new functional properties. In this connec-

tion the intention to use `green' synthesis is of great

importance.216 ± 220 However, one should take account of

the fact that even small amounts of additives or inserted

atoms and ions can either improve or deteriorate the

NaCit
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properties of the final nanocomposite.221, 222 A thorough

study of the thermal behaviour of nanocomposites con-

taining TiOy nanoparticles of different stoichiometry

(TiO0.92 and TiO1.23, 10 and 20 mass% in both cases)

and 20 ± 40 nm in size was reported.223 An increase in

temperature as a result of the interaction between the

matrix and the introduced TiOy nanoparticles used as an

additive causes oxidation of titanium monoxide to tita-

nium dioxide. A joint analysis of thermogravimetric,

differential thermal, and powder X-ray diffraction data

made it possible to determine the temperature ranges

corresponding to the onset of changes in the valence

state of titanium and to the phase transitions of the

nanocomposites. The interaction of HAp and TiOy addi-

tives, as components of nanocomposites, significantly

changes the thermal behaviour of nanocomposites com-

pared to that of unmodified HAp. The change in the

valence state of Ti2+ ion to Ti3+ and Ti4+ begins at

623 K (350 8C) while T=880 K (607 8C) corresponds to

the maximum intensity of the formation of the Ti4.5O5

phase in the TiO0.92 (20 mass%)/Hap nanocomposite.

Thermal decomposition of nanocomposites occurs at

much higher temperatures than that of the unmodified

milled HAp. Both the matrix and additive nanoparticle

sizes remain unchanged below the matrix degradation

temperature. The newly formed b-tricalcium phosphate

(TCP) is not nanocrystalline. The uptake of structural

oxygen from HAp by titanium monoxide competes with

the formation of b-TCP. Besides, TiOy additives stabilize

the matrix. The change in the amount of heat released in

in exo- and endothermic reactions and the change in the

mass on heating depend on the initial composition of the

sample, i.e., on the TiOy stoichiometry and mass content.

The maximum deviation of the temperature dependences

of the observed changes compared to those of the

unmodified HAp was found at a TiO0.92 content of

20 mass%. The study showed that the design of novel

nanomaterials should involve a comprehensive analysis

of the interaction between the matrix and additives. Fine

interactions between nanoparticles of these phases affect

the properties of the matrix (defect formation, crystal

structure, phase composition), while changes in the addi-

tive stoichiometry lead to changes in the properties of the

final nanocomposite, which allows one to fabricate mate-

rials with specified properties.

New methods of computer simulation make it possible

to predict the behaviour and mutual influence of compo-

nents of nanomaterials.224, 225

A new method for the synthesis of nonstoichiometric

carbide NbCy by vacuum heat treatment of niobium citrate

was proposed.226 According to powder X-ray diffraction,

SEM, TEM, and adsorption data, the nanopowder has a

cubic structure (space group Fm3
±
m), isometric morphology,

DCSR *12 nm and a specific surface area of

*211.9 m2 g71. An electrocatalyst based on nanocrystal-

line NbCy is characterized by low hydrogen overvoltage

(7245 mV) and high stability. Nonstoichiometric nano-

crystalline NbCy can thus be considered as promising

electrode material for electrocatalytic production of hydro-

gen from renewable aqueous alcoholic solutions.

Nanocrystalline niobium and vanadium carbides pre-

pared by high-energy milling 89 have inhomogeneous micro-

structure.227 The sequence of ordering in highly

nonstoichiometric niobium carbide, which is related to

formation of Nb6C5 superstructures and grinding of the

microstructure due to ordering, was studied theoretically.228

The effect of anisotropy of the microstructure and non-

stoichiometry of niobium carbide composition was studied

for the first time.105, 229

The possibility to synthesize Ag2S nanoparticles with

different organic stabilizers can be used to study self-

organization 230, 231 and to find new promising fields of

application of nonstoichiometric silver sulfide nanopar-

ticles.

It was shown 232, 233 that, chemically, aqueous solu-

tions containing ultralow concentrations of reactants

used for liquid-phase synthesis of silver sulfide nano-

particles represent supersaturated aqueous solutions

with respect to the content of silver and sulfur ions.

Liquid-phase synthesis of colloidal Ag2S nanoparticles

(quantum dots) for small-angle neutron scattering studies

of the fine structure, size and shape of nanoparticles was

for the first time carried out in heavy water D2O.234, 235

Additional studies on hydrochemical synthesis of nano-

crystalline silver sulfide revealed the presence of star-like

superhydrophobic particles of finely dispersed metallic

silver 236, 237 with the relative density lower than the

density of water. No information on such silver particles

has been reported so far. The ultradisperse silver powder

with star-like particles can potentially be used in micro-

electronics, catalysis, medicine and as superhydrophobic

material for protective coatings.

Nanocrystalline Ag2S powder and Ag2S/Ag heterona-

nostructures demonstrate enhanced catalytic activity in

reactions of photocatalytic hydrogen release from aqueous

solutions in the presence of Na2S and Na2SO3 .238, 239 The

most intense hydrogen release was observed for the

Ag2S/Ag heteronanostructures composed of nonstoichio-

metric monoclinic sulfide Ag1.93S and metallic silver.

Additional investigations of the structure and thermal

stability of the size and phase composition of semiconduct-

ing silver sulfide nanoparticles 240 ± 243 demonstrated that

the thermal stability of the size of Ag2S nanoparticles is

lower than that of the size of lead sulfide (PbS) nano-

particles.244 Growth of silver sulfide nanoparticles begins

at *460 K (cf. *700 K for lead sulfide nanoparticles).

Probably, the narrower range of thermal stability of the

size of Ag2S nanoparticles is due to the lower melting point

of silver sulfide. In addition, lead sulfide thin layers are

characterized by short-range order and correlations in the

mutual arrangement of sulfur atoms,245 which also can

influence the thermal stability of the composition and the

nanoparticle size. There are a number of studies on the

effect of temperature and keeping in air on the particle size

and recrystallization of silver and lead sulfide nanopow-

ders.246 ± 248

Investigations of thermal expansion and heat capacity of

nanocrystalline silver and lead sulfides and their solid

solutions 247 ± 253 made it possible to gain a better insight

into effect of the nano state on these properties and to refine

the numerical values of the enthalpies of phase transitions

of silver sulfide in the temperature range of *273 ± 930 K.

The elastic properties of coarse- and nanocrystalline cubic

superionic silver sulfide 254, 255 with the argentite (b-Ag2S)

structure were determined experimentally and theoretically

for the first time.

Any electronic properties and applications of silver

sulfide (especially, in microelectronics) are related to the

reversible acanthite aAg2S ± argentite b-Ag2S transition

occurring in the temperature range of *448 ± 453 K. Exper-
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imental and theoretical studies 256 ± 260 of (i) atomic displace-

ments in the course of this transition and (ii) the phenom-

enon per se treated as two-sublattice ordering will allow one

to extend the application fields of nanocrystalline silver

sulfide.

6. Conclusion

Advancement of research into different-purpose nano-

structured materials contributes to the scientific and

technological progress. An important problem in studies

of nanostructured compounds and materials is to deter-

mine how the size of nanoparticles influences their non-

stoichiometry. In this review we considered the interplay

between nonstoichiometry and size of nanoparticles tak-

ing two different types of compounds:

Ð Group IV ±VI transition metal oxides and carbides,

which are essentially nonstoichiometric compounds in the

coarse-crystalline state; and

Ð semiconducting sulfides, which normally have stoi-

chiometric compositions but become nonstoichiometric as

their particle size decreases to the nano scale.

The first group of compounds can contain structural

vacancies either in one or both (metal and nonmetal)

sublattices. The proportion of vacancies can be as high as

several tens of per cent. Nanostructured semiconducting

sulfides are characterized by much lower nonstoichiometry,

which usually is at most a few per cent.

Nanostructured oxides and carbides are mainly fabri-

cated by high-energy milling. Thorough diffraction studies

showed that a decrease in the particle size of nonstoichio-

metric oxides and (especially) carbides is accompanied by

an increase in nonstoichiometry.

High-energy milling followed by annealing of titanium

monoxide was used to prepare and stabilize the ordered

orthorhombic nanophase Ti9O10 . According to free-energy

quantum chemical calculations for the Ti9O10 microcrystal-

line phase and nanophase, only the latter is stable owing to

specific features of its surface relaxation.

The ordered phase V8C7, which is stoichiometric in the

coarse-crystalline state, changes its composition to V8C77d

as the particle size becomes 30 ± 40 nm and smaller, i.e., its

ordered carbon sublattice becomes nonstoichiometric.

The proportion of carbon in niobium carbide nano-

particles less than 50 nm in size prepared by milling

decreases by 0.05 ± 0.07 (5 ± 8%) compared to the initial

carbide NbCy.

The occurrence of nonstoichiometry in sulfide nano-

particles synthesized in different manner is due to an

increase in the proportion of surface atoms with decreasing

particle size. Chemical bonds between surface atoms are

weaker than those between atoms inside nanoparticles,

which leads to nonstoichiometry.

Summing up, we for the first time established that the

decrease in the particle size in fundamentally different solids

(disordered and ordered carbides, oxides, sulfides) to

30 ± 50 nm and smaller leads to noticeable increase or

occurrence of nonstoichiometry. This experimental fact is

of great importance for understanding the nature of the

nanocrystalline state and the size effects that affect not only

the physical properties (especially, in the case of semi-

conductors), but also the composition of solids as a result

of increase in or occurrence of nonstoichiometry.

Research into nanocrystalline solids cannot be

reduced to studies of the aspects related to the small

particle size. The interplay between the particle size and

nonstoichiometry found in the fundamentally different

compounds (see above) suggests this is a common feature

which should be taken into account in studies of all

nanocrystalline solids.

By and large, our analysis of published data on nano-

crystalline compounds revealed a strong correlation

between the nanoparticle size and nonstoichiometry. It

should be taken into account when performing the synthesis

and studying the structure and properties of nanocrystalline

solids and materials based on them.
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7. List of acronyms

CSR Ð coherent scattering region,

d Ð interplanar spacing,

DCSR Ð size of coherent scattering region,

EDX Ð energy dispersive X-ray spectroscopy,

Eg Ð energy band gap,

HAp Ð hydroxyapatite,

hkl Ð Miller indices,

HRFD Ð high-resolution Fourier diffractometer,

HRTEM Ð high-resolution transmission electron

microscopy,

Ksp Ð solubility product,

SEM Ð scanning electron microscopy,

TEM Ð transmission electron microscopy,

TOF Ð time-of-flight.
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