
Abstract. Basic advances and prospects of further research in the
field of the chemistry of nanoparticles are considered. The
principal factors determining the unusual physicochemical prop-
erties of semiconductor nanoparticles are discussed. It is pointed
out that the kinetics of chemical transformations on the surface
and in the bulk of nanoparticles differs from that in infinite space.
The classical equations of chemical kinetics can be used for the
description of the processes on the surface of nanoparticles down
to a size that exceeds the size of the reacting molecules by an order
of magnitude. The large relative fraction of surface atoms in
nanoparticles determines the size dependences of the melting
temperature and pressure at which the crystal lattice of a semi-
conductor rearranges (i.e., a phase transition occurs in the semi-
conductor crystal). Because of the comparable size of
nanoparticles and the delocalisation radii of charge carriers non-
linear optical effects arise and the redox properties and optical
characteristics of nanoparticles become dependent on their size.
The bibliography includes 219 references.

I. Introduction

It is usually assumed that the properties of solid semiconductors
are independent of their size. However, this assumption is only
valid for the solids containing a macroscopic number of atoms.
Recent studies have shown that if the characteristic size of semi-
conductor particles is less than 10 nm, then many of their
physicochemical properties appear to be essentially different
from analogous properties of macroscopic objects. This is related
to the fact that semiconductors are characterised by high energies
of intermolecular interactions and a macroscopic crystal can be
considered as one largemolecule when its electronic properties are
described. The electronic excitation of semiconductor crystals
results in the formation of a loosely coupled electron ± hole pair.
In semiconductors, the size of the delocalisation area of such a pair
can be many times larger than the lattice constant. The decrease in
the size of a semiconductor crystal down to a size comparable with
the delocalisation area of the electron ± hole pair affects its
electronic characteristics. The blue shift of the excitonic absorp-

tion band of a semiconductor crystal with decreasing its size is a
remarkable manifestation of this effect.1 ± 3 For CdS, which is the
best studied semiconductormaterial, the blue shift of the excitonic
absorption band is observed beginning from a crystal size of
5 ± 6 nm. Ultrasmall semiconductor crystals are known in the
literature as nanocrystals, particles with quantum size effect, or
nanoparticles. The intensive studies of physicochemical properties
of nanocrystals that have been carried out during the last decade
have revealed a large number of other their unusual character-
istics, such as the size dependence of the radiative lifetime of the
electronic excitation, melting temperature, pressure needed for the
rearrangement of the crystal structure (i.e., for a phase transition
to occur in the crystal), and character of the kinetics of chemical
processes on the surface of nanoparticles.

Unusual physicochemical properties of nanoparticles are due
to three main reasons. First, as has been noted above, the size of
nanoparticles is comparable to the Bohr radius of the excitons in
semiconductors. This determines the optical, luminescent, and
redox properties of nanoparticles. Second, the surface atoms
constitute a considerable fraction of the total number of the
atoms of the nanoparticle. For example, a 5-nm CdS nanocrystal
has about 15% of the atoms on the surface. The surface atoms
contribute largely to the thermodynamic characteristics of solids
and determine to a considerable extent the melting temperature
and structural transitions for nanoparticles. Third, the natural size
of the nanoparticles is comparable with the size of molecules. This
determines the peculiarities of the kinetics of chemical processes
on the surface of nanoparticles.

Most of the studies of semiconductor nanoparticles are of
interdisciplinary character and are devoted to investigation of
their colloidal solutions. To date, nanoparticles of ZnO, Fe2O3,
SiO2, MoS2, CdS, HgS, GaP, Cd3P2, BiI3, PbI2, and a number of
other semiconductors have been synthesised and investigated. For
several semiconductor nanoparticles, the structure of the elec-
tronic bands and electrochemical characteristics, optical proper-
ties and photochemical reactions, processes of charge separation
and recombination, mechanical and thermal properties, regular-
ities of reactions of the molecules adsorbed on the surface have
been investigated.

In this review, the major achievements in the chemistry of
semiconductor nanoparticles are considered. Methods for the
synthesis of nanoparticles, quantum size effects characteristic of
semiconductor nanoparticles, photocatalytic processes with par-
ticipation of semiconductor nanoparticles and films prepared on
their base are considered. The primary attention is given to the
prospects of the use of the nanostructures to implement practically
important processes of photomineralisation of environmentally
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hazardous organic compounds. In the concluding section of this
review, a brief outline of feasible lines for further development of
nanochemistry is given.

II. Methods for the synthesis of nanoparticles

Methods for the synthesis of nanoparticles can be divided into
three main groups.

1. Synthesis of semiconductor nanoparticles in solutions of the
corresponding salts by controlled addition of anions (or cations)
or by hydrolysis.4 ± 19

2. Preparation of nanoparticles as a result of phase trans-
formations.20 ± 22

3. The synthesis of nanoparticles in aerosols.23 ± 25

The radiation-chemical method for the synthesis of nano-
particles is also known.3 Methods for the synthesis of complex
multicomponent nanoparticles have been developed. Most of the
semiconductor colloidal systems studied to date have been
obtained by synthesising the semiconductor nanoparticles in
homogeneous solution.

Commercial colloidal solutions containing the SnO2 nano-
particles (with an average diameter of 3 nm) are available from
JohnsonMatthey (USA). ADegussa P25 TiO2 powder containing
80%of anatase and 20%of rutile is often used in photocatalysis.26

1. Synthesis of semiconductor nanoparticles in colloidal
solutions
The semiconductor nanoparticles are prepared by chemical syn-
thesis in homogeneous solutions,4 ± 7 in micelles, vesicles, and
Langmuir ±Blodgett films,8 ± 11, 27, 28 in polymers,12 ± 14 in
glasses,15, 16 in zeolites,17 ± 19 and in b-cyclodextrin.29

The easiest and most common method for the preparation of
semiconductor nanoparticles is the synthesis from the starting
reagents in solution by arresting the reaction at a definite
moment.4 ± 7 Nanoparticles of metal sulfides are synthesised by a
reaction of a water-soluble metal salt and H2S (or Na2S) in the
presence of an appropriate stabiliser such as sodium metaphos-
phate. For example, the CdS nanoparticles can be synthesised by
mixing Cd(ClO4)2 and Na2S solutions:

Cd(ClO4)2+Na2S=CdS;+2NaClO4 . (1)

The growth of the CdS nanoparticles in the course of reaction is
arrested by an abrupt increase in pH of the solution.

Colloidal particles of metal oxides can be obtained by hydrol-
ysis of the corresponding salts. For example, the TiO2 nano-
particles are readily formed in the hydrolysis of titanium
tetrachloride

TiCl4+2H2O=TiO2;+4HCl.

Unfortunately, most of the colloidal solutions of nanopar-
ticles have low stability towards coagulation and possess a large
size dispersion. Coagulation can be prevented by passivation 30 of
the surface of nanoparticles by hydroxyl ions,31 amines,32 or
ammonia.13 Yet another procedure for the stabilisation of colloi-
dal solutions of nanoparticles is the coating of their surfaces with
polyphosphates33 or thiols.34 ± 38 As a result, one can obtain a
stable colloidal solution of nanoparticles, isolate the nanoparticles
as a powder, and then prepare a colloidal solution again by
dispersing the powder in a solvent.

Usually, the methods for the synthesis of nanoparticles
discussed above result in a nonuniform size distribution. It is
possible to decrease the width of this distribution by monitoring
the synthetic procedures and using high-pressure liquid chroma-
tography and capillary electrophoresis.39, 40 In the latter case, the
separation of nanoparticles is achieved due to the different charge/
size ratios for nanoparticles of different sizes.

Small monodisperse semiconductor clusters can be obtained
by performing the synthesis inside zeolite cages.17 ± 19, 41, 42 Thus
Cd4S4 clusters were synthesised inside zeolite Y.17 ± 19

It is possible to synthesise larger semiconductor nanoparticles
of fixed size by introducing additional molecules to a small initial
cluster stabilised by organic ligands in a colloidal solution.7, 43 ± 47

For instance, it was found that the size of CdS clusters coated with
thiophenolate ions can be increased if a metal sulfide is added to
the solution.45 Such a polymerisation of inorganic compounds
appeared to be applicable to the synthesis of large semiconductor
clusters of strictly fixed size from small particles. Wang and
Herron48 succeeded in obtaining the [Cd20S13(SC6H5)22]87 clus-
ters containing 55 cadmium and sulfur atoms from the pyramidal
[Cd10S4(SC6H5)16]47 clusters containing 30 cadmium and sulfur
atoms.34 The introduction of additional five sulfide ions leads to
the fusion of two small clusters into one larger cluster. The process
of the formation of a large cluster from two small ones can be
illustrated by the following scheme:

The pyramidal structure of the [Cd20S13(SPh)22]87 clusters
was confirmed by X-ray analysis. Further addition of sulfide ions
made it possible to obtain the Cd32S14(SC6H5)36 tetrahedral
clusters containing 82 cadmium and sulfur atoms.46

Usually, it is assumed that the nanoparticles containing
several hundreds of atoms have a spherical or ellipsoidal shape.
However, recent investigations have shown that the nanoparticles
often have clearly defined facets and their shape is analogous to
that of macroscopic crystals.49, 50

The shape and size of nanoparticles is determined by electron
microscopy. For a rough estimation of the size of nanoparticles, it
is also possible to use the optical spectra of colloidal solutions.
These estimates are based on the dependence of the position of the
excitonic band of nanoparticles on their size. However, over-
estimated values are obtained for small nanoparticles 48 (this
problem is discussed in more detail below).

2. Dispersion of macroscopic particles in solutions
It is possible to obtain semiconductor nanoparticles by sonication
of colloidal solutions of large particles. Nanoparticles of layered
semiconductors are also formed upon mere dissolution of large
particles in an appropriate solvent, which was observed for MoS2
andWS2.20 Layered MoS2-type semiconductors are characterised
by a weak van der Waals interaction between separate S ±Mo±S
layers. In the course of dissolution, the solvent molecules pene-
trate between the layers of the semiconductor and destroy large
particles. In the case of MoS2, the process of destruction can
proceed until the formation of a two-layer particle. No further
stratification of the semiconductor occurs, since the formation of
single-layer particles is accompanied by a considerable increase in
the free energy of the system.20, 21, 30

Sonication of a disperse system of large semiconductor
particles can also result in the formation of nanoparticles. The
nanoparticles of MoS2, WS2,20, 21 PbI2,51 and a-Fe2O3

52, 53 were
obtained by this procedure.

Nanocrystals of layered PbI2-type semiconductors have a
disk-like shape and discrete `magic' sizes of the disks.51 For these
semiconductors, a stable nanoparticle of a minimum size is
assumed to be the smallest crystallite conserving the hexagonal
symmetry of the macroscopic crystal. Such a crystallite is com-
posed of two seven-atom iodine layers and two lead layers. Large
stable nanoparticles are obtained from this `seed' by the layer-by-
layer addition of extra iodide `caps' symmetrically around the
perimeter. An analogous structure is also assumed for MoS2
nanoparticles.30, 54

3. Gas-phase synthesis of nanoparticles
The gas-phase synthesis of TiO2 and Si nanoparticles was carried
out by Visca and Matijevic 55 and Fojtik et al.56 Thus the Si
nanoparticles are formed in 67% yield in the combustion of SiH4

+7�A
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under oxygen-deficient conditions as a result of thermolysis of
SiH4.

An interesting method for the gas-phase synthesis of nano-
particles of various materials has been suggested:23 ± 25 the nano-
particles were obtained by pulsed laser vapourisation of metals in
a chamber filled with a known amount of a reagent gas and by
controlled condensation of nanoparticles onto the support. A
schematic view of the installation for the synthesis of nano-
particles is given in Fig. 1. As the metal atoms diffuse from the
target to the support, they interact with the gas to form the desired
compound (for instance, oxide in the case of oxygen, nitride for
nitrogen or ammonia, carbide for methane, etc.).

The pulsed laser vapourisation of metals in the chamber is a
modification of the known method for the synthesis of metal
compounds in a diffusion cloud chamber and makes it possible to
prepare nanoparticles of mixed molecular composition, such as
mixed oxides/nitrides and carbides/nitrides or mixtures of oxides
of different metals. Along with the reagent gas, the chamber
contains an inert gas, such as He or Ar, at a pressure of 1072 ±
1 Torr, which favours the establishment of steady convection
between the heated bottom plate and cooled top plate. In an
experiment with a single pulse of a Nd :YAG laser (532 nm,
15 ± 30mJ pulse71, 1078 s), over 1014metal atoms are vapourised.
A new compound is formed due to the reaction between the `hot'
metal atoms and the gas molecules, which is accompanied by the
energy loss of the molecules formed by collisions with the inert gas
atoms. The metal atoms that did not enter into reaction and the
molecules of the new compound are carried by convection to the
nucleation zone on the cooled top plate. By changing the compo-
sition of the inert gas and the reagent gas in the chamber and
varying the temperature gradient and laser pulse power, it is
possible to control the elemental composition and size of nano-
particles that are obtained.

4. Synthesis of nanoparticles of mixed composition
The high efficiency of recombination of the light-generated
electrons and holes presents obstacles to the practical application
of the semiconductor nanoparticles in photocatalysis. In this
connection, the semiconductor nanocrystal hetero-structures
composed of semiconductors with different structures of the
electronic levels are of considerable interest.With these structures,
it is possible to attain high quantum yields of charge separation.
The nanoparticles schematically shown in Fig. 2 belong to this
class of hetero-structures. The structures analogous to that shown
in Fig. 2 a are known for CdS/TiO2,57 ± 60 CdS/ZnO,57, 61 CdS/AgI
and CdS/HgS,62, 63 Cd3P2/TiO2 and Cd3P2/ZnO,64 and AgI/
Ag2S.65 For CdS/TiO2, photoexcitation into the absorption
band of CdS results in the electron transfer from CdS to TiO2,
while the hole remains in CdS. These structures are also of interest
as nanoscale rectifier units for molecular electronics.66

The formation of hetero-structures of the `core ± shell' type
(see Fig. 2 b) has been demonstrated using the CdSe/ZnS and
ZnS/CdSe nanoparticles as an example.67 These nanoparticles are
obtained by controlled precipitation of semiconductor molecules
of one type (`shell') on the pre-synthesised nanoparticles of
another type (`core'). The synthesis of the shell is carried out in
colloidal solution by methods analogous to those for the synthesis
of one-component nanoparticles considered above. The crystal-
line shells grow on the nanocrystal core despite the fact that the
lattice constants in CdSe and in ZnS differ by 13%.

The following `core-shell' type nanoparticles have also been
synthesised: HgS/CdS,63 ZnS/ZnO and ZnO/ZnSe,68, 69 TiO2/-
SiO2 and TiO2/SnO2,70 and TiO2/ZnO.71 These hetero-nanopar-
ticles can, in turn, be coated with a layer of one more
semiconductor. Below we shall consider the use of nanocrystal
hetero-structures in photocatalysis.

5. Preparation of nanostructured semiconductor films
Thin films of semiconductor nanoparticles are of considerable
practical interest. Synthesis of these films is carried out by
precipitation of pre-formed nanoparticles from colloidal solutions
onto the supports, by direct precipitation of semiconductor
molecules onto the support, and by oxidative hydrolysis of the
corresponding metal salts at the anode. Usually, the films are
0.1 ± 1 mm thick. The following films of semiconductor nano-
particles are known: SnO2,72 ZnO,61, 73 TiO2,74 WO3,75, 76 and
Fe2O3.77 The SnO2, ZnO, TiO2, and WO3 films were obtained by
precipitation of nanoparticles. Direct precipitation of semicon-
ductor molecules onto the support is used to prepare films of
nanoparticles of semiconductors on the basis of Group II ±VI
elements.

Oxidative hydrolysis of TiCl3 at pH 2.3 and a platinum anode
potential of 0 V vs. saturated calomel electrode (SCE) results in the
formation of nanoparticles with an average diameter of 1 ± 2 nm
on the anode surface.78
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Figure 1. Schematic view of the installation for the synthesis of nano-
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Nanostructured films containing nanoparticles of different
semiconductors can be prepared by coprecipitation. A schematic
view of such a film supported by the optically transparent
electrode is given in Fig. 3. Yet another method for the prepara-
tion of such films consists inwetting of a plate coatedwith a film of
a certain type of nanoparticles with a solution containing metal
ions followed by wetting of the plate with a solution containing
sulfide ions. This procedure was used for the synthesis of films
containing ZnO and CdS nanoparticles.61, 79

III. The quantum size effects

1. Specific features of the kinetics of chemical processes on
the surface of nanoparticles
Surface reactions determine the behaviour of nanoparticles in
colloidal solutions and the possibility of using the semiconductor
nanoparticles in photocatalysis. For reagents adsorbed on the
surface of nanoparticles, a chemical reaction cannot be considered
as a process occurring in an infinite volume with a constant
average density of the molecules. This is associated with the fact
that the surface area of nanoparticles is rather small and compar-
able with the size of the reagents. In such a system, the kinetics of a
bimolecular chemical reaction differs from the classical kinetics.

The mathematical approach to the classical, or deterministic,
chemical kinetics ignores fluctuations in the concentration of
reacting molecules. However, the nanoparticles composed of a
small number of reacting molecules are characterised by relatively
large fluctuations in the number of reagents. This results in
different changes in the concentration of reagents on the surface
of different nanoparticles with time; the general kinetic law for a
macroscopic sample can be obtained by averaging the kinetics
over all nanoparticles. A mathematical description of the proc-
esses occurring in such systems is based on the use of a stochastic
approach, which takes into account the statistical fluctuations in
the number of reacting molecules.80

General regularities in the kinetics of diffusion-controlled
reactions for a small number of reacting molecules have been
analysed.81, 82 The kinetics of a bimolecular reaction was analysed
assuming that the reaction can be characterised by the rate
constant k, which is the same for all the reagent pairs. The results
of these studies can be used for the analysis of the kinetics of
reactions occurring on the surface of nanoparticles.

For a reaction

(2)

the kinetics of the loss of the reagents is described by the following
equation:83

�N�t�
�N�0� �

X1
n�1

Bn exp

�
ÿ 1

2
n�nÿ 1�kt

�
(3)

where �N�t� and �N�0� are the current and initial concentrations of
the reagents on the surface of nanoparticles averaged over the
sample containing a macroscopic number of nanoparticles,

Bn �
�2nÿ 1�

2n
exp�ÿ �N�0��

�N�0�
X1
j�n

�N�0�j
�jÿ n�!

G��jÿ n� 1�=2�
G��j� n� 1�=2� ,

j= n, n+2, n+4, ...

and G(x) is the gamma function.
The assumption in Eqn (3) that the rate constant k is the same

for all the reagent pairs may appear to be invalid for small
nanoparticles. Actually, it was shown84 that Eqn (3) is only valid
for nanoparticles the size of which exceeds that of the reagents by
at least an order of magnitude. In Fig. 4, the results of the analysis
of the kinetic curves of the reaction occurring on the surfacewithin
a circle of radius R are presented as an example. The analysis was
performed using Eqn (3) and the curves were calculated by the
Monte Carlo method for various size of the reagent particles and
the circle. The triplet ± triplet annihilation of molecules recombin-
ing at a distance of Ref was considered as a model reaction. It can
be seen that for R< 10Ref the k value becomes dependent on the
radius of the circle and, hence, Eqn (3) is no longer valid for small
radii R.

The Monte Carlo method can also be used for the description
of the kinetics of processes on the surface of nanoparticles. The
number of reagentmolecules on the surface of each nanoparticle is
small, and calculations of the reaction kinetics by theMonte Carlo
method do not require much effort. The parameters of the process
used in the calculations are chosen so as to achieve the best
agreement between the calculated and experimental kinetic
dependences.84, 85

Only a few processes occurring on the surface of nanoparticles
have been studied to date. The triplet ± triplet annihilation of the
zinc tetraphenylporphyrin (ZnTPP) molecules adsorbed on the
surface of disk-likeMoS2 nanoparticles, whose size did not exceed
2 nm, has been studied.86 The annihilation of the triplet molecules
occurs by an exchange mechanism and its efficiency (w) is
determined by the distance between the reagents (r)87, 88

w(r)= v exp

�ÿ2r
a

�
, (4)

where n and a are the parameters of the process.
Typical curves of decay of triplet-excited molecules on the

surface of MoS2 nanoparticles and the results of their analysis by
the Monte Carlo method are shown in Fig. 5. This analysis
appeared to be very `sensitive' to the parameters of the interaction
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between the triplet molecules and their diffusion over the surface
of MoS2 nanoparticles. The following values of the parameters
were obtained: n=106 s71 and a=3�A, and the diffusion coef-
ficient of the zinc porphyrin molecules over the surface (D) was
found to be equal to 1078 cm2 s71.

Quenching of the singly excited molecules of ZnTPP and its
metal-free analogue (H2TPP) by various quinones (Q) on the
surface of theMoS2 nanoparticles has been studied.84 The kinetics
of the processes was analysed by both the Monte Carlo method
and kinetic equations 85 derived for the reactions occurring on the
surface of the disk-like nanoparticles. The decay curves of the
singlet-excitedH2TPPmolecules in the reaction with duroquinone
(DQ)

H2TPP*+DQ H2TPP++DQ7 (5)

are shown as an example in Fig. 6.
The theoretical decay curves (dots in Fig. 6) calculated by the

Monte Carlomethod are in good agreement with the experimental
ones.

The detailed kinetic analysis of bimolecular processes of
electron and energy transfer on the surface of nanoparticles of
various shapes has been carried out.84, 89 It has been possible to
obtain an analytical solution of the kinetic problem only for the
reactions occurring on the surface of planar disk-like nanopar-
ticles. It has been shown that the corresponding equations derived
for the disk-like nanoparticles can be applied to nanoparticles of
different (viz., cubic, spherical, and tetrahedral) shape.

The kinetic equations for the processes of electron and energy
transfer on the surface of nanoparticles are rather complicated.
For example, the kinetics of electron transfer from a donor to
acceptors on the surface of disk-like nanoparticles is described by
the following equation:85

N�t�
N�0� � (6)

� 2

R2

�R
0

r0 exp

�
ÿ�n

�
1ÿ exp

�
ÿ 1

p�R2 ÿ d 2� f�r0; t�
���

dr0 ,

where �n is the average number of the acceptor molecules on each
surface of a disk-like nanoparticle, d is the sum of the donor and
acceptor radii,

f(r0,t)=

�R�r0
d

n
1ÿ exp�ÿw�r�t�

o
2rjmaxdr , (6a)

w(r) is the function describing the dependence of the probability of
the electron transfer from the donor to the acceptor on the
distance between them, and the meaning of other parameters is
evident from Fig. 7.

The use of the kinetic equations similar to Eqn (6) for the
description of the processes on the surface of nanoparticles
requires time-consuming calculations. In this connection, the
problem of applicability of simpler kinetic equations derived for
the processes occurring on the unbounded surface to nanopar-
ticles appears to be important.89

To solve this problem, an analysis according to the following
scheme was performed in considering specific equations used for
the description of the processes occurring with participation of
nanoparticles. First, the decay curves of the reagents on the
surface of nanoparticles were calculated by the Monte Carlo
method. Then, these curves were considered as `experimental'
kinetic curves and were used to find the characteristics of the
process using the corresponding kinetic equations. The
coincidence between the calculated characteristics and the
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corresponding parameters used in the calculations of the kinetic
curves by the Monte Carlo method served as the criterion of the
applicability of the kinetic equations for the description of the
processes occurring on the surface of nanoparticles.

It was shown84, 89 that the classical equations of chemical
kinetics can be used to determine the parameters of the processes
occurring on the surface of nanoparticles down to their character-
istic linear size that is 2 ± 7 times larger than the size of reacting
molecules or effective radii of the interaction between them. The
application of the classical equations of chemical kinetics to
nanoparticles of smaller size results in considerable errors in the
calculations of characteristics of the processes. For small nano-
particles, the parameters of chemical reactions can be calculated
using the corresponding equations for the nanoparticles or by the
Monte Carlo method.

The following equation is an analogue of Eqn (6) for an
unbounded surface and the w(r) function defined by Eqn (4):

N�t�
N�0� � exp

�
ÿc
�
pa2

4
ln2 vtÿ pd 2

��
, (7)

where c is the surface concentration of an acceptor. The possibility
of using Eqn (7) to analyse the kinetic curves on the surface of
disk-like nanoparticles of various size has been considered.89 It
was shown that Eqn (7) can be used for calculating the parameters
of interaction between the reagents (a and n) down to the disk size
7 times greater than the sum of the donor and acceptor radii.

2. The effect of the nanoparticle size on their optical and
luminescent characteristics
a. Dependence of the optical and luminescent characteristics of
nanoparticles on their size
It seems evident that the excitation energy of small semiconductor
crystals must differ from that of a large semiconductor. In fact, the
energy of the electronic excitation of an isolated molecule is
usually considerably higher than the energy of the interband
transition in the corresponding macroscopic semiconductor.
Hence, a size range must exist in which the low energy of the
electronic excitation of a crystal changes smoothly to the high
value characterising the individual molecule on going from the
crystal to the molecule. For semiconductor crystals, such a
transition occurs in the nanometric range. So far, the effect of
the nanoparticle size on their optical spectra has been found for
many types of semiconductors.3, 38, 90 ± 108 The optical spectra of
CdSe nanoparticles of various size are shown in Fig. 8 a as an
example.108 It can be seen that the absorption band of nano-
particles does shift to the shorter wavelength (blue) region as their
size decreases.

The quantitative dependence of the minimum electronic
excitation energy of a nanoparticle on its size can be approx-
imately calculated taking into account the relation between the
uncertainty in the position (Dx) and the uncertainty in the
momentum (Dp) of the exciton in a macroscopic crystal and in a
nanoparticle:

DpDx5
�h

2
. (8)

The delocalised exciton has no fixed position in the periodic
potential of the macroscopic crystal, whereas its energy (E) and
momentum (p= �hk) are strictly fixed, and at small k

E � �h2k2

2m
, (9)

where m is the effective mass of the exciton.109 For a nanoparticle,
the uncertainty in the position of the exciton depends on the
characteristic size of the nanoparticle

Dx= d .

Assuming that the relation between the energy and momen-
tum is independent of the particle size, the exciton energy will
change in inverse proportion to the square of the characteristic
size of the nanoparticle.

A more rigorous analysis of the effect of the size on the energy
of excitonic excitation of spherical nanoparticles (En) gives the
following relationship:

En=Em+El , (10)

where Em is the energy of the interband transition in a macro-
scopic semiconductor,El is the energy of exciton localisation in the
nanoparticle:

El=
h2n2

8R2m
ÿ 1:78e2

eR
ÿ 0:248E �R , (11)

where n is an integer, R is the radius of the nanoparticle, m =
(mÿ1e �mÿ1h )71 (me and mh are the electron and hole effective
mass, respectively), e is the dielectric constant of the semiconduc-
tor, andE �R is the effectiveRydberg energy.1, 2, 110 The first term on
the right of the equation is predominant, and its nature was
considered above, the second term takes into account the Cou-
lomb interaction between the electron and hole inside the nano-
particle, and the third term is responsible for the spatial
correlation. The n values larger than 1 in Eqn (11) correspond to
the exciton transitions to higher excited states (see Fig. 8 a).

In the case of anisotropic semiconductors, the electron and
hole effective masses depend on the direction of motion and
Eqn (11) becomes more complex with allowance for this aniso-
tropy 51
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Figure 8. The absorption spectra of the CdSe nanoparticles of various

size (a) and the dependence of the energy at the maximum of the

absorption band of the CdSe nanoparticles on their radius (b).
(a):R /nm: (1) 2.1; (2) 2.3; (3) 2.7; (4) 3; (5) 4; (b) the line corresponds to the
1/R2 dependence.
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ÿ 1:78e2

eR
ÿ 0:243E �R , (12)

where nx, ny, and nz are integers; mx, my, and mz are the effective
masses of the exciton along the corresponding directions, and Lx,
Ly, and Lz are the dimensions of the nanoparticle.

The dependence of the energy at the maximum of the
absorption band of CdSe nanoparticles on their radii calculated
from the data in Fig. 8 a is shown inFig. 8 b. It can be seen that the
exciton energy of nanoparticles is well described by the 1/R2

dependence.
The effective mass approximation and, hence, Eqn (11)

become inapplicable for small nanoparticles. The observed values
of the exciton energies of nanoparticles appear to be lower than
those predicted from Eqn (11). A more exact expression for the
exciton energy can be found by quantum-chemical meth-
ods.111, 112 However, quantum-chemical calculations cannot also
be applied to very small nanoparticles. The lower confidence level
of the exciton energy calculations varies for different semiconduc-
tors. In the case of the effective mass approximation, it is
determined by the value of the Bohr radius of the exciton. The
dependence of the energy of the first excitonic CdS band on the
nanoparticle size and the results of the corresponding calculations
performed in the effectivemass approximation48 and by quantum-
chemical methods113 are shown in Fig. 9 as an example.

Equation (11) is often used for the estimation of the size of
nanoparticles. Usually, the last two terms on the right side of this
equation are neglected. For the first excitonic transition we have

R=
h�����������
8mE 1

p . (13)

As was mentioned above, the effective mass approximation
and, hence, Eqn (13) is inapplicable for very small nanoparticles.
The use of Eqn (13) results in overestimation of the size of
nanoparticles; the smaller the true size of nanoparticles the larger
the overestimation.

Another manifestation of the size effect in the optical charac-
teristics of nanoparticles is the blue shift of their optical spectrum,
which occurs when an excess electron is injected into the nano-
particle.114 ë 121 Three different reasons may account for the shift:
first, the increase in the exciton energy due to the influence of the
electric field of the excess electron;119, 121 second, the effect of
filling the lowest vacant state with the excess electron whose
excitation to a higher vacant state requires higher energy;122, 123

and third, a decrease in the oscillator strength of the excitonic
transition due to the effect of trapped electrons and holes.13, 124

Recombination of light-generated charges results in lumines-
cence of nanoparticles. In this case, the blue shift is also observed

as the nanoparticle size decreases. The luminescence of
ZnO,61, 68, 68, 117 ZnS,125 ± 127 CdS,128 ± 136 and CdSe137, 138 has
been studied in detail.

The luminescence spectra of colloidal CdS solutions are
shown in Fig. 10. It can be seen that the decrease in the nano-
particle size results in a shift of the luminescence spectra towards
the short-wavelength region. The kinetics of the luminescence
decay of nanoparticles is nonexponential and the characteristic
time of decay for nanoparticles of the same size depends on the
luminescence wavelength. The shorter-lived luminescence corre-
sponds to a higher energy of the emitted light quantum. The
dependence of the lifetime of the excited state on the wavelength is
explained by the contribution of the Coulomb interaction between
the electron and hole to the energy of the emitted light quan-
tum:139

hv � Eÿ �D� ÿDÿ� �
e2

eRh

, (14)

where E is the minimum excitation energy of nanoparticles, D ±

andD+ are the depths of the electron and hole traps, respectively,
and Rh is the distance between the electron and hole. If the
electron ± hole recombination follows the tunnel mechanism,
then the pairs with smallRh emit light faster and at higher energies
than the pairs with larger Rh.

b. Dependence of the intensity of electronic transitions and radiative
lifetimes on the nanoparticle size.
The increase in the volume-normalised oscillator strength of the
excitonic absorption with the decrease in the size of nanopar-
ticles 110, 140 ± 143 is one more manifestation of the quantum size
effect. This is associated with the increase in the overlap integral of
the electron and hole wave functions with the decrease in the size
of nanoparticles.

For large spherical semiconductor particles (R� aB, where aB
is the Bohr radius), the overlap integral of the wave functions is
independent of the particle size and the oscillator strength of
excitonic absorption (f ) is determined by the macroscopic dipole
moment of the transition. Assuming that the exciton moves
coherently throughout the particle, the number of energy levels
in the excitonic band is equal to (R/aB)3 (see Ref. 110). In the low-
temperature limit, the integrated oscillator strength of all (R/aB)3

levels is concentrated in the lowest excitonic transition. The
oscillator strength of the particle increases linearly as the volume
increases

f !
�
R

aB

�3
,

whereas the volume-normalised oscillator strength (f/V) remains
unchanged.
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Figure 9. Dependence of the energy of the first excitonic band of CdS on

the nanoparticle size and the results of the corresponding calculations

performed in the effective mass approximation (1 ) 48 and by quantum-

chemical methods (2).113
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Figure 10. The luminescence spectra of colloidal solutions of CdS nano-

particles in acetonitrile.131

Average size of nanoparticles /nm: (1) 2.5; (2) 3; (3) 3.7; (4) >4.2.
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For nanoparticles (R 4 aB), the overlap integral of the
electron and hole wave functions increases as the nanoparticle
size decreases. As a result, the oscillator strength of nanoparticles
depends only slightly on their size, while the volume-normalised
oscillator strength increases with decrease in the nanoparticle size

f

V
/
�
aB
R

�3
.

As is known, the oscillator strength determines the radiative
lifetime of excited state at low temperatures, while the volume-
normalised oscillator strength determines the light absorption
coefficient. It follows from the analysis performed above that the
radiative lifetime of the exciton decreases while the absorption
coefficient increases linearly as the nanoparticle volume increases.
For typical semiconductor crystals, the excitonic band width is of
the order of 0.15 ± 0.3 eV. The possibility for the integrated
oscillator strength to be concentrated on the transitions whose
widths are of the order of 1073 ± 1074 eV with the decrease in the
nanoparticle size results in a giant increase in the excitonic
absorption of nanocrystals. These effects have been observed
experimentally.2, 13, 108, 143 However, complete quantitative agree-
ment between the experimental data and the theoretical concepts
of the light absorption by nanoparticles cannot be achieved
because of the difficulties in obtaining nanoparticles of fixed size
and the effect of surface defects on the processes of light
absorption and emission by nanoparticles.

3. Redox properties of semiconductor nanoparticles
Evidently, changes in the nanoparticle size resulting in the change
in the energy of formation of electron ± hole centres affect the
redox properties of light-irradiated semiconductor nanocrystals.
It seemsmost likely that the conduction and valence bandsmay be
shifted towards more negative and more positive potentials,
respectively, by decreasing the size of semiconductor nanopar-
ticles. The energy diagram for CdTe nanocrystals 144 is shown in
Fig. 11 as an example. It can be seen that the decrease in the size of
nanoparticles affects more strongly the position of the energy level
of the electron centre than that of the hole centre.

According to the modern theoretical concepts of the electron
transfer,87, 145, 146 an appreciable change in the position of the
energy level of the electron centre may result in a considerable
change in the rate of redox processes occurring with the partic-
ipation of nanoparticles. The dependence of the rate constant for
the luminescence quenching of light-irradiated MoS2 nanopar-
ticles by oxygen molecules on the particle size 30, 54 is shown in
Fig. 12. The processes occurring in the MoS2 nanoparticles upon
their irradiation by light are described by the following scheme:

Photogeneration of charge carriers:

stabilisation of charge carriers in shallow traps:

e7+ST eÿt , (16)

h++ST h�t ; (17)

recombination luminescence:

eÿt � h�t hv ; (18)

luminescence quenching:

eÿt +O2 quenching. (19)

The luminescence of MoS2 nanoparticles is due to the recom-
bination of electrons trapped into shallow traps (eÿt ) and holes
(h�t ). In the presence of oxygen, luminescence quenching is
observed due to the electron transfer from the trap to O2. A
decrease in the size of MoS2 nanoparticles results in an increase in
the energy of the trapped electrons and, hence, in an increase in
thermal effect of the process. According to themodern concepts of
electron transfer in the condensed phase,87, 145 ± 147 the reaction
rate of the electron transfer from the trap to the oxygen molecule
must also increase in this case.

It is of note that the potential of the bottom of the conduction
band of the macroscopicMoS2 semiconductor is equal to 0.2 V vs.
SCE, while the reduction potential of the oxygenmolecule is equal
to 0.82 V vs. SCE.148 Comparison of these values shows that the
photoreduction of oxygen using a macroscopic MoS2 crystal is
thermodynamically impossible.

The dependences analogous to that shown in Fig. 12 were
found for the luminescence quenching of MoS2 nanoparticles by
methyl viologen and nitrobenzene.30, 54

A dependence of the quenching efficiency of singlet-excited
ZnTPP molecules by CdS nanoparticles on the nanoparticle size
was found by Chrysochoos.149 Analysis of experimental data149

has shown84 that the rate constant for quenching (kq) changes
from 0 to 1012 mol litre71 s71 as the localisation energy of the
exciton in the CdS nanoparticles changes from 0.7 to 0.5 eV. From
the results shown in Fig. 9 one can easily estimate that the change
in the nanoparticle size from*0.8 to*1.2 nm corresponds to this
range of the change in the localisation energy of the exciton. Large
values of the quenching rate constant (*1012 mol litre71 s71)
indicate that it was quenching of the porphyrin molecules
adsorbed on the surface of CdS nanoparticles that has been
observed by Chrysochoos.149

(15)MoS2 MoS2(e7... h+);
hv

hh++ hh++ hh++ hh++ hh++
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Figure 11. The energy diagram of the CdTe nanoparticles.

Average size of the nanoparticles /nm: (1) 1; (2) 1.25; (3) 1.75; (4) 2; (5) 1
(the last corresponds to the macroscopic crystal).
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Figure 12. Dependence of the rate constant for the oxygen quenching of

the luminescence of light-irradiated MoS2 nanoparticles on their size.
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4. Dependence of thermodynamic parameters of nanocrystals
on their size
As has beenmentioned above, a considerable portion of the atoms
of nanoparticles is on the surface and it increases as the nano-
particle size decreases. Correspondingly, the surface atomsmake a
large contribution to the nanocrystal energy. In this connection,
the dependence of the melting temperature of nanoparticles on
their size shown in Fig. 13 for CdS150 becomes understandable. In
fact, the surface energy of a liquid is always lower than the surface
energy of the corresponding crystal. A decrease in the size of
nanoparticles leads to an increase in the proportion of the surface
energy and, hence, to a decrease in the melting temperature of
nanocrystals. As can be seen from Fig. 13, this decrease can be
considerable.

The geometry of the crystal lattice of a macroscopic crystal
can be changed by applying hydrostatic pressure to the crystal,
whch results in closer crystal packing. An analogous transforma-
tion can also be performed for nanocrystals. Thus, the application
of hydrostatic pressure to the CdSe nanocrystal with the wurtzite
type structure (hexagonal crystal lattice) results in the change to
the sphalerite type structure (face-centred cubic crystal lattice). As
a result, a less ordered surface with high surface energy is formed.
Therefore, one should expect that increased pressure (P) is
necessary for changing the crystal lattice geometry as the nano-
crystal size decreases because of the large fraction of surface
centres characteristic of nanocrystals. These are just the depend-
ences of P on the nanoparticle size that were found for CdSe,151

CdS,152 InP, and Si.153 However, in the case of colloidal solutions
of nanoparticles it could be expected that both the magnitude and

sign of the effect must be strongly dependent on the nature of the
solvent molecules coordinated on the surface of nanoparticles and
thus affecting the surface energetics in both structural modifica-
tions of nanocrystals. The dependence of P on the size of CdSe
nanoparticles151 is shown in Fig. 14 as an example.

IV. Photocatalytic processes with the participation
of semiconductor nanostructures

Unusual physicochemical properties of semiconductor nanopar-
ticles gave rise to various speculations concerning their practical
implementations. Sensors and systems of light energy storage,
electronics and photodetoxication of waste waters, non-linear
optics and catalysis, and lithography and lasers (see, for example,
Refs 154 and 155) are considered as possible fields of uses of
semiconductor nanoparticles. However, in most cases it is prema-
ture to discuss practical application of semiconductor nanopar-
ticles. Only investigations in the field of photocatalysis carried out
so far make it possible to consider the possibilities of practical use
of nanoparticles.

1. The use of semiconductor nanoparticles in photocatalytic
processes
As has been mentioned above, a decrease in the size of semi-
conductor nanoparticles results in a shift of the conduction and
valence bands towards more negative and more positive poten-
tials, respectively. It seems to be tempting to use the possibility of
controlling the redox properties of nanoparticles by changing
their size in photocatalytic systems of water decomposition and
the synthesis and destruction of organic compounds. Addition-
ally, the fact that nanoparticles have a large specific surface area is
of importance for carrying out photocatalytic processes on the
surface of semiconductors. And finally, the small size of semi-
conductor nanoparticles can provide high efficiency of detrapping
of light-generated electrons and holes, thus increasing the proba-
bility of a photocatalytic process on the surface of the semi-
conductor.

However, it should be noted that the semiconductor nano-
particles used in photocatalytic studies are, as a rule, rather large
(*102 nm) and no pronounced quantum size effects are observed
for them. A correlation between the photocatalytic activity of
TiO2 nanoparticles and their size was found only in one study.156

High quantum efficiencies of photocatalytic processes with the
participation of nanoparticles are achieved by designing specifi-
cally ordered structures based on these particles.

The idea of using nanoparticles for photocatalytic water
decomposition was first proposed by Henglein157 and Duong-
hong et al.,158 who have demonstrated the possibility of photo-
reduction of methyl viologen in colloidal solutions of semicon-
ductors. The photoreduction of methyl viologen on the surface of
nanoparticles was studied by laser flash photolysis in colloidal
solutions of TiO2

158 ± 166 and metal chalcogenides.65, 167 ± 170 Pho-
toreduction of various dyes by nanoparticles has also been
studied.171 ± 175 Photoexcitation of nanoparticles results in one-
electron reduction of dyemolecules followed by the formation of a
leuco-product.

The possibility of using nanoparticles in photocatalytic syn-
thesis of organic compounds was demonstrated for the first time
by Kraeutler et al.176 ± 178 Photocatalytic synthesis of an amino
acid and the Kolbe reaction were carried out by the interband
excitation of TiO2 nanoparticles coated with platinum. Later,
cis ë trans isomerisation of styrene derivatives upon photoexcita-
tion of CdS nanoparticles was reported.179, 180 The process of
isomerisation includes the formation of alkene radical cation on
the surface of nanoparticles. Photocatalytic processes of oxidation
of a number of alkanes, arenes, amines, and alcohols on the
surface of nanoparticles are also known.181, 182

Light-generated holes can be used in photooxidation of
various substrates on the surface of nanoparticles until their
complete destruction.131, 160, 168, 172, 183 ± 188 The use of semicon-
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Figure 13. Dependence of the melting temperature (Tm) of CdS nano-
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transition to occur on the size of the CdSe nanoparticles.150
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ductor nanoparticles for photochemical purification of water
from various contaminants seems to be rather tempting and
attracts particular interest of researchers in recent years. Systems
based on TiO2 seem to be the most promising for photocatalytic
mineralisation of organic compounds in waste waters.

Of the three major structural modifications of TiO2 (rutile,
anatase, and brookite), anatase is the most photocatalytically
active. The difference in the photocatalytic activity of different
TiO2 modifications is most likely due to their different crystal
structures. Anatase has a bandgap of 3.2 eV and UV radiation
needs to be applied for the electronic excitation of this compound;
hence, only a small portion of the sun light can be used for the
photocatalytic processes involving anatase to occur. Nevertheless,
among a wide variety of semiconductor materials, TiO2 is most
often used as a photocatalyst due to the high oxidation ability of
its photogenerated holes (E=2.9 V vs. NHE at pH 0), its stability
in aqueous solutions, safety for living organisms, and low price.

Titanium dioxide has long been used in paint industry as the
photocatalyst in the oxidation of organic substances. This prop-
erty of TiO2 has determined its wide use as the white pigment.189

Later, attempts were made aimed at using TiO2 for photodecom-
position of water.190, 191 However, its efficiency appeared to be
low because of a low quantum yield of charge photoseparation.
Recently, the problems of the environment protection forced
many researchers to direct their attention again to the systems
based on TiO2 and to make efforts to use TiO2 for photocatalytic
mineralisation of ecologically hazardous organic compounds
both in aqueous media and gases.

The scheme of the photocatalytic process involving semi-
conductor nanoparticles is shown in Fig. 15. The absorption of a
light quantum with an energy of hn, that exceeds the bandgap of
the semiconductor, results in the primary charge separation. In
this case, the nanoparticle can be considered as a short-circuit
electrode initiating the processes of oxidation and reduction of the
substrate molecules adsorbed on the surface. The oxidation and
reduction of non-adsorbed substrate molecules is possible if the
primary electrons and holes are transformed into stable inter-
mediates on the surface of nanoparticles.

Good results have been obtained for the detoxication of waste
waters containing hydrocarbons, phenols, chloroaromatic com-
pounds, surfactants, and nitro compounds (see, for example,
reviews192 ± 196 and references cited therein). A typical example of
photocatalytic mineralisation is the oxidation of the dichloroace-
tate ion by oxygen in water:

The detailed mechanism of the processes of the photoreduc-
tion of acceptors and photooxidation of donors with the partic-
ipation of TiO2 nanoparticles includes a large number of events
occurring both in the bulk and on the surface of nanoparticles; the
basic events are outlined below (see also Fig. 16):196

Photostimulated generation of electrons and holes in the con-
duction and valence band, respectively

charge carrier migration to the surface of the nanoparticle

e7 eÿs , (22)

h+ h�s , (23)

�eÿs ; h�s � surface migration; (24)

charge carrier trapping by acceptor centres and into shallow traps
(ST)

e7+(ST)e eÿt , (25)

h++ (ST)h h�t , (26)

eÿs +As Aÿs , (27)

h�s +Ds D�s , (28)

e7+TiIV Ti3+ , (29)

h++TiIV7OH7 TiIV7OH
.
, (30)

e7+O2 (surface) Oÿ2
.
(surface); (31)

charge carrier recombination (radiative and nonradiative)

e7, eÿt +h+, h�t hv , (32)

TiIV7OH
.
+Ti3+ hv+2TiIV , (33)

TiIV7OH
.
+Ti3++Oÿ2

.
(surface) hv+2TiIV . (34)

It is usually assumed that the photooxidation of organic
substrates in aqueous suspensions of TiO2 can occur by both the
direct interaction of the holes with the substrate molecules and the
formation of the OH . radicals in the reaction of the holes with
H2O or OH7.

The prospects of the use of semiconductor nanoparticles in
photocatalysis have stimulated studies of the possibility of spec-
tral sensitisation of nanoparticles and modification of their sur-
face by noble metals. In the photocatalytic systems of water
decomposition, the metal deposited on the surface of nanopar-
ticles acts as the catalyst of the photosplitting of water to produce
hydrogen gas. The effect of coating the surface of TiO2 nano-
particles with platinum197, 198 and other noble metals and metal
oxides 199 ± 202 on the quantum yield of water photodegradation
has been studied.

CHCl2COO7 +O2 2CO2 + H+ +Clÿ2 . (20)
hv, TiO2

(21)
TiO2 TiO2(e7 + h+) ;

hv
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Figure 15. Schematic view of charge separation processes in a semi-

conductor nanoparticle.
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Sensitisation of semiconductors is widely used for expanding
the spectral sensitivity region of these materials. Thus, TiO2 has a
bandgap of 3.1 eV and its use in a photocatalytic system is only
expedient in the case of expanding the spectral sensitivity region of
the system into the visible region. Sensitisation of TiO2 nano-
particles is performedwith the participation of both singlet 203 ± 206

and triplet 207 ± 209 excited dye molecules.
Semiconductor hetero-nanoparticles can be of considerable

practical interest. The processes of charge separation in mixed
CdS/TiO2 semiconductor nanoparticles 79 and in the ZnO nano-
particle coated with a ZnS layer 210 are depicted schematically in
Fig. 2. Production of large-bandgap hetero-nanoparticles can
favour their spectral sensitisation. Additionally, as has been
mentioned above, multicomponent nanoparticles are of interest,
since it is possible to increase the efficiency of charge photo-
separation because of the effective spatial separation of the
electrons and holes in such structures. There are only a few
experimental data 211, 212 on the photocatalytic acivity of hetero-
nanoparticles analogous to those shown in Fig. 2. The possibility
of increasing the quantum yield of charge separation in such
hetero-nanoparticles has been demonstrated experimentally. In
Fig. 17, the short-lived optical spectra of colloidal solutions of
CdS and TiO2 nanoparticles in CH3CN generated by a laser pulse
upon the excitation of CdS by light 58 are shown as an example.
The short-lived optical absorption in the 500 ± 750 nm region is
caused by the electrons trapped by the Ti4+ centres of titanium
dioxide. As can be seen from this picture, the excitation of CdS in
CdS/TiO2 nanoparticles leads to the electron transfer fromCdS to
TiO2.

The high photocatalytic activity of nanoparticles of the `core ±
shell' type has been demonstrated in the example of the photo-
oxidation of I7 and SCN7 anions by SnO2/TiO2 nanoparticles.70

It was found that the quantum efficiency of the photooxidation of
I7 anions by SnO2/TiO2 nanoparticles is 2 ± 3 times higher than
the quantum efficiency of the photooxidation by SiO2/TiO2 or
TiO2 nanoparticles. The use of systems of the `core ± shell' type is
also promising in view of cutting the costs of hetero-nanoparticles
if inexpensive materials are used for the synthesis of the cores for
such structures.63, 67, 71, 210, 213, 214

2. Photocatalysis based on nanostructured films of
semiconductors
Colloidal solutions of nanoparticles are suitable objects for the
demonstration of the possibility of their use in photocatalysis.
However, the practical use of colloidal solutions is difficult
because of the need to separate nanoparticles from the solution
after the completion of the photocatalytic process. Thin layers of

nanoparticles adsorbed on a carrier seem to be much more
promising, especially the films composed of hetero-nanoparticles
shown in Fig. 3. These films have many advantages over films
composed of nanoparticles of the same nature, namely, the
expanded spectral sensitivity region of the large-bandgap semi-
conductor nanoparticles, increased quantum efficiency of charge
photoseparation,215 and high efficiency of spectral sensitisation of
films by dyes.216

An idealised illustration of photocatalytic processes occurring
on the surface of a conducting electrode with the participation of
films composed of heteronanoparticles is exemplified in Fig. 3
with TiO2/SnO2 films. The position of the bottom of the SnO2

conduction band is lower than that of the TiO2 conduction band
(0 and 70.5 V vs. NHE at pH 7, respectively). This causes the
light-generated electrons to transfer fromTiO2 to SnO2. The holes
move in the opposite direction and are accumulated on the TiO2

nanoparticles. As a result, an increase in the quantum efficiency of
charge photoseparation and, hence, in the efficiency of the
oxidation of donor molecules in solution can be observed in the
structure under consideration. High efficiency of the TiO2/SnO2

film was demonstrated experimentally in the example of photo-
catalytic degradation of dyes (Acid Orange 7 and Naphthol Blue
Black).217, 218 The overall processes occurring at the anode and
cathode can be described by the following scheme:
at the photoanode

SnO2/TiO2+ hv [SnO2(e7...h+)]/[TiO2(e7...h+)]

SnO2(e7)+TiO2(h+) ,

TiO2(h+)+OH7 TiO2+OH
.
,

TiO2(h+) or OH
.
+dye products;

at the cathode

Pt(2e7)+O2+2H+ H2O2 .

Porous nanostructured films possess high adsorption capacity
to organic dyes and organometallic compounds. Large specific
surface area of such films allows adsorption of a considerable
amount of a dye. The use of these properties of the nanostructured
films makes it possible to increase substantially their photo-
catalytic efficiency due to sensitisation into the visible region.72, 219

V. Conclusion

Some interesting peculiarities in the solution behaviour of the
ultrasmall semiconductor particles containing several hundreds of
atoms have been revealed in the studies of their properties.
Unusual physicochemical properties of semiconductor nanopar-
ticles depend on three main factors. First, the size of nanoparticles
is comparable with the molecular dimensions. This determines the
difference between the kinetics of chemical transformations on the
surface or in the bulk of nanoparticles and the kinetics of chemical
transformations in infinite space. The classical equations of
chemical kinetics can be used for the description of the processes
on the surface of nanoparticles down to a size that exceeds the
actual size of the reactingmolecules by an order ofmagnitude. The
processes occurring on the surface of smaller nanoparticles can be
described by the Monte Carlo method or by the methods of
stochastic kinetics.

Second, the surface atoms constitute a considerable propor-
tion of the total number of atoms of a nanoparticle. This strongly
affects the thermodynamic characteristics of nanoparticles and
determines the size dependences of melting temperatures and
pressures at which the crystal lattice of a semiconductor rear-
ranges (i.e., phase transition occurs).

And, finally, third, the non-linear optical effects arise and the
energies of excitonic transitions in nanoparticles, oscillator
strengths, and redox characteristics become dependent on the
nanoparticle size as the latter becomes comparable with the
delocalisation area of charge carriers.
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Figure 17. The absorption spectra of colloidal solutions of nanoparticles

in CH3CN after a laser pulse (l= 355 nm, Dt= 0 ps).

The concentration of nanoparticles in solution /mmol litre71:

(1) 0.75(CdS) + 1.15(TiO2); (2) 0.75(CdS); (3) 1.15(TiO2).
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Intensive investigations in the field of the chemistry of semi-
conductor nanoparticles have been carried out during the last
decade. The major efforts of researchers are directed to the
development of methods for the synthesis of nanostructures with
controlled characteristics and investigation of their photocatalytic
properties. Considerable progress has been achieved in the dem-
onstration of the possibility of the use of semiconductor nano-
structures for photocatalytic mineralisation of various
environmentally hazardous compounds. In our opinion, the
most promising lines in the study of semiconductor nanoparticles
in the coming years will be associated with the development of
methods for the synthesis of nanoparticles with predetermined
geometric characteristics, studies of the mechanisms of chemical
transformations at the liquid ± solid interface in colloidal solu-
tions of nanoparticles, practical implementation of nanoparticles
and films produced on their basis in photocatalysis, and design of
complex ordered systems for electronics.

This work has been written with the financial support by the
Russian Foundation for Basic Research (Project
No. 96-03-32360).
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