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The data on active sites on the surface of nanocrystalline semiconductor oxides ZnO and
SnO2 are reviewed. Their interrelation to the gas sensitivity of the materials toward the main
air pollutants, viz., CO, NO2, NH3, and H2S, is analyzed. The influence of the synthesis
conditions, microstructure parameters, content of dopant impurities, and the presence of
catalytic modifiers on the concentration of various active sites on the oxide surface is con�
sidered. Relationships between the concentration of the surface sites and sensitivity of the
oxides to gases with various chemical properties are revealed. The active sites responsible for
the formation of a sensory signal upon the selective interaction with molecules of the detect�
ed gases are determined.
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1. Introduction

Nanocrystalline metal oxides ZnO, SnO2, WO3,
In2O3, and TiO2 are of significant interest for the devel�
opment of gas sensors. These materials are unique due to
a combination of fundamental physical and chemical
properties. The listed oxides are wide band gap semicon�
ductors with conductivity of n�type and a band gap of
2.5—4.5 eV under standard conditions, which makes it
possible to detect a change in the electrophysical properties
of the oxides in the temperature range from room tem�
perature to 600 °С when redox reactions solid—gas are
observed on the surface. The oxide surface has high ad�
sorption properties and reactivity caused by the presence
of free electrons in the conduction band of the semicon�
ductor, surface and volume oxygen vacancies, and active
chemisorbed oxygen. All oxides are stable in air on heat�
ing to 600 °С and can be obtained in the highly dispersed
state with a crystallite size of 3—50 nm and the specific
surface up to 100—150 m2 g–1.

Gas sensitivity of nanocrystalline semiconductor
oxides are determined by effects of the electrochemical
interaction of molecules in the gas phase with the semi�
conductor surface. For example, the electric conductivity
of materials decreases with an increase in the oxygen con�
tent in the gas phase because of chemisorption on the
surface of acceptor molecules of O2 (gas�oxidant) and

localization of electrons in the sub�surface layer. The gases
with the electron�donor properties СО, NH3, and H2S
(gas�reducing agents) interact with chemisorbed oxygen,
which results in a decrease in the negative charge density
on the surface and an increase in the electric conductivity.
For the major pollutants of air СО, NH3, H2S, and NOx,
a noticeable change in the conductivity (sensor signal)
can be detected in the presence of trace concentrations of
pollutants (0.1—10 ppm) in air.

In spite of the high sensitivity to the content of impu�
rities in air, the use of broad�band semiconductor oxides
in the production of gas sensors is restricted for several
reasons. The main of them is low selectivity, since mole�
cules of gases with similar redox properties toward the
oxide surface make indiscernible contributions to the sen�
sor signal. This impedes the use of semiconductor sensors
for the detection in air of dangerous impurities from
a large group of gas�reducing agents, such as CO, NH3,
and H2S on the background of interfering impurities that
are present, as a rule, in high concentration.

The fundamental approach to the solution of the prob�
lem of selectivity of sensor materials is based1 on the
statement that the character of interaction of the material
with gas molecules is determined by the nature and con�
centration of active sites on the surface. Active site is
a local area on the surface possessing specific chemical
properties. Single atoms, atomic groups, molecules or
their derivatives, defects of the crystal structure, and elec�
tron orbitals of surface atoms can act as these sites.1—3

The presence of non�compensated bonds in atomic groups
and saturation of the coordination environment of sur�
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face cations and anions determine the adsorbability and
reactivity of active sites. On the one hand, active sites
interact with gas molecules from the external medium;
on the other hand, they are in the electron interaction
with the semiconductor matrix. On the whole, these sites
form so�called "molecular ensembles," 1 the composition
and electronic state of which determine the key function�
al properties of the sensor: sensitivity and selectivity. Ac�
cording to the earlier published classification,4,5 active
sites are responsible for the first stage of sensor sensitivi�
ty, so�called "reception" including the chemisorption of
gas molecules and the redox interaction with them. The
role of the semiconductor matrix is the conversion of
electronic pulses appeared on the surface to the integral
electric signal and transmission of this signal into the
external chain, so�called "transduction."

The following three approaches are distinguished in
the works devoted to the chemical modification of sensor
materials as a method of enhancing selectivity.

(1) Cross�linking of synthetic organic receptors, whose
chemical properties and topology are complementary to
the properties of target gas molecules in such a way that
interactions between them would proceed via the "key—
lock" principle.6 For this purpose, the surface of semi�
conductor oxides is modified by organometallic complexes
mainly based on metal porphyrins and phthalocyanines
"tuned" to molecular recognition of dangerous gases, the
cavity size and adsorbability of which can be controlled
depending on the sizes and properties of target gas mole�
cules.6—9 For instance, bivalent iron and cobalt cations
have high affinity to coordination of gaseous oxygen and
oxidation of hydrocarbon molecules.10,11 Copper and zinc
phthalocyanines manifest selectivity in the interaction
with ammonia,8,12 and copper and nickel cations are also
efficient for hydrogen sulfide detection.13

(2) Enhancement of the reactivity of the material by
the formation of new specific sites on the surface. As
applied to semiconductor oxides, this takes place most
frequently by the deposition of catalytic additives in the
form of clusters or nanoparticles of noble metals and their
oxides or transition metal oxides on the surface of the
semiconductor matrix.14—16 It is assumed that the cata�
lytic clusters on the surface of the sensor material per�
form functions similar to the functions of the active sites
of the heterogeneous catalysts: the formation of the
molecule—site chemical bond and weakening of inter�
atomic bonds inside the molecule, the formation of a labile
intermediate and its transformation into the reaction
product, desorption of the product, and regeneration of
the active site.17,18 Catalyst selectivity is determined by
the chemical properties and sizes of active sites and reac�
tant molecules, as well as the thermodynamics of chemi�
sorption and chemical transformation of the initial mole�
cules and intermediates.18 Note that the modification of
the sensor material surface by catalytic additives is effi�

cient for both enhancing selectivity to certain molecules
and decreasing the temperature necessary for their detec�
tion, since the mechanism of catalysis implies a decrease
in the activation barriers to the interaction with gas. In
this case, it is necessary that catalytic clusters would pro�
vide the electrochemical interaction involving electrons
of the semiconductor support.

(3) Enhancement of the adsorbability by the modifi�
cation of acid�base properties. For example, to increase
the selectivity of detection of basic ammonia and amine
molecules, it seems reasonable to increase purposefully
the concentration of strong acidic (Lewis) sites, while the
concentration of basic sites on the sensitive material sur�
face should be increased when acidic molecules (hydro�
gen sulphide, sulphur dioxide) are detected.19,20

As shown previously,21 it is important that the ad�
sorbability and reactivity of the surface would be balanced.
For example, the highest sensor sensitivity of semicon�
ductor oxides toward alcohol molecules is achieved if
comparable amounts of OH groups and oxygen anions
acting as adsorption and oxidative sites, respectively, are
present on the surface. The modification of adsorption
sites of the surface can be performed by the chemical
way, for example, by the formation of superacid centers
on the SnO2 surface by sulfation22 or by the introduction
of acidic oxides of transition metals, which is often ac�
companied by a change in both the adsorption and cata�
lytic properties of the surface.23

Note that the methods of modification of oxide sur�
faces listed above do not allow one to control separately
the receptor and transduction functions of the sensor ma�
terials. The modifiers deposited on the surface affect the
concentration and activity of surface sites. At the same
time, modification results in a change in the state of inter�
granular barriers, diffusion of modifier atoms into the
volume, and doping and, thus affects the value of the
sensor signal caused by a change in the composition of
the gas phase.

In spite of practical significance and numerous scien�
tific works on the sensor theme, the "chemical" approach
to the consideration of gas sensitivity focused on the study
of active sites on the surface of sensor materials is not
popular. The most part of experimental and theoretical
works is devoted to the physical aspects of sensor signal
formation. The physical approaches make it possible to
predict the dependence of the sensor signal on the shape
and size of particles of nanocrystalline oxide and mor�
phology and thickness of the sensitive layer.4,24 They also
allow the specific resistance of the material to be effi�
ciently motored by doping.14 For instance, donor addi�
tives of SbV or fluorine are introduced to enhance the
conductivity in SnO2, while ZnO is doped with AlIII,
GaIII, or InIII for the same purposes. However, the influence
of dopants on the chemical properties and reactivity of
the surface interacting with gases is completely ignored.
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The data on the influence of catalytic modifiers and
doping impurities on active sites of nanocrystalline semi�
conductor tin(IV) and zinc oxides and their gas sensitivity
are systematized for the first time in this review.

The study of active sites on the surface of gas�sensitive
oxides is conjugated with a series of difficulties. Presently
there is no distinct concept about their nature and it is
not clear what of the surface sites are "active" indeed, i.e.,
directly react with gas molecules. In spite of the high
fraction of the surface in the total number of atoms in the
nanomaterials (up to 10—30% with decreasing the aver�
age particle size within 3—4 nm), the equilibrium con�
centration of active site on the surface is low and, there�
fore, their presence does not affect the fundamental chem�
ical properties of semiconductor oxides.1 The study of the
properties of the surface requires using sensitive physico�
chemical methods of analysis directly under the opera�
tion conditions of sensors operando, at the working tem�
perature of the sensor in air in the presence of a trace
concentration of target gases. The small size of active
sites compared to the size of atom or cluster (0.1—1 nm)
results in a difficult of their visualization, especially when
studying the surface of highly dispersed materials, the
size of structural units of which is comparable with the
size of active site. It should be mentioned that quantita�
tive analysis of the nanomaterial surface is difficult. In
these cases, to determine the concentration of active sites,
it seems reasonable to use procedures of spectroscopy of
probe molecules, for example, thermodesorption mass
spectrometry (TDS),25 temperature�programmed desorp�
tion (TPD),26 IR diffuse reflectance spectroscopy,27,28

spectrophotometric titration,28,29 and in situ ESR spectro�
scopy. Probe molecules interact with certain active sites
and thus serve as markers, and a change in their concen�
tration allows one to judge about the concentration of
these sites. A particular type of probe molecules are iso�
tope�labeled oxygen molecules widely used in the meth�
od is isotope oxygen exchange 18O/16O when studying
active sites of heterogeneous catalysts.30 This method

makes it possible to analyze the mechanism and kinetics
of the interaction of the catalytic centers with oxygen and
determine quantitatively the degree of participation of
lattice oxygen of the support in these processes. It is
evident that the study of the oxygen exchange of sensor
materials with the gas phase is reasonable taking into
account that gas sensors are used under atmospheric con�
ditions and chemisorbed oxygen is a direct participant of
the interaction of the surface with molecules of analyzed
gases. However, data on the oxygen exchange for sensor
materials are not met in the literature and were obtained
by us for the first time.

2. Types of active sites on the surface
of semiconductor oxides and investigation methods

Taking into account the structural concepts, active
sites on the surface of metal oxides can be classified as
follows2,3: coordinately unsaturated metal cations and
oxygen anions and point defects (cationic and anionic
vacancies, interstitial atoms). These "intrinsic" sites are
typical of the solid surface that was not subjected to spe�
cial preparation, for example, chemical modification.
Two more types of sites are always present on the real
oxide surface as a result of gas adsorption from air: chemi�
sorbed forms of oxygen and hydrate—hydroxyl layer
(HHL) including all possible products of molecular and
dissociative adsorption of water molecules on the oxide
surface. The chemical modification by catalytic additives
forms extrinsic active sites on the oxide surface: clusters
of noble metals or their oxides. According to the mani�
fested chemical properties and methods of their investi�
gation, the active sites can conventionally be divided into
redox and acid�base sites. The types of active sites on the
surface of modified tin dioxide are schematically shown
in Fig. 1.

2.1. Acid�base sites. Acid�base sites of two types exist
on the oxide surface: Lewis (strong) and Brønsted (weak)
sites. Lewis sites are surface atoms being donors (basic

Fig. 1. Types of active sites on the modified SnO2 surface; O2,chem are chemisorbed O2 molecules, and Sncus
4+ are coordinately

unsaturated surface cations.
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sites) or acceptors (acidic sites) of an electron pair during
the interaction with gas molecules. During chemisorp�
tion of gas molecules, Brønsted acidic sites tend to donate
proton, whereas Brønsted basic sites accept proton from
chemisorbed molecules. Lewis sites on the surface of SnO2
and ZnO oxides can be of two types: (1) acidic coor�
dinately unsaturated tin and zinc cations and (2) basic
lattice oxygen anions. The Brønsted sites are acidic (bridg�
ing OH groups formed upon the protonation of sur�
face anions (Fig. 2)) and terminal OH groups represent�
ing a residue of the water molecule upon dissociative
adsorption capable of exhibiting both acidic and basic
properties.

The methods of investigation of surface acid�base sites
can conventionally be divided into the following, depend�
ing on the crystalline state and morphology of oxide:
(1) methods of investigation of single crystal surfaces close
to ideal and thin films; and (2) methods of investigation
of nanocrystalline material surface characterized by high
lability of the chemical state of active sites. The first group
of methods includes quantum chemical calculation meth�
ods that make it possible to predict some properties of
Lewis sites: coordination numbers of surface cations and
anions, degree of covalence of their bond with adsor�
bates, etc. Among experimental procedures of studying
Lewis acid�base sites one can distinguish the methods of
determination of the oxidation state and coordination
environment of surface cations and anions, such as X�ray
photoelectron spectroscopy (XPS),31 electron paramag�
netic resonance spectroscopy (ESR),32 and Mössbauer
spectroscopy.33 The methods using basic probe molecules
(ammonia, amines, pyridine) under the in situ conditions
are efficient for the study of acidic sites of nanocrystalline
oxides: spectrophotometric titration in the presence of
indicators,26,34 TDS,25 and TPD (see Ref. 26). In the
indicator methods, the parameter of strength of acidic
and basic sites is the Hammett function (H0), whereas
the desorption temperature of probe molecules from the
sites is the strength parameter in thermodesorption meth�
ods. An ammonia molecule is a convenient probe mole�
cule in the investigation of acid�base properties of nanoc�
rystalline tin dioxide by the TPD method. From the view�
point of thermodynamics, desorption takes place under
the following condition:

ΔGdes = ΔHdes – TΔSdes  ≤ 0, (1)

where ΔGdes, ΔHdes, and ΔSdes are the Gibbs energy,
enthalpy, and entropy of desorption, respectively. In this
case, ΔHdes > 0 (desorption is the endothermic process)
and ΔSdes > 0, because upon desorption the entropy of the
system increases due to an increase in the concentration
of gas�phase molecules. The enthalpy of desorption
is determined by the bonding energy of molecules with
adsorption sites. Since the entropy factor depends
poorly on the type of adsorption sites, the temperature
T ≥ ΔHdes/ΔSdes, at which the desorption of NH3 be�
comes possible, can be considered as a characteristic of
the strength of acidic sites. The concentrations of acidic
sites of various strength are determined using the earlier
described model35 under the assumption that one NH3
molecule desorbs from one site.

The quantum chemical simulation of the oxidized and
reduced SnO2(110) surfaces shows the presence of the
following Lewis acidic sites on them: SnIV cations with
the coordination number equal to 5 designated as SnIV

5c
and SnII cations with the coordination number 4 desig�
nated as SnII

4c.36—38 The existence of coordinately un�
saturated SnII

4c cations is caused by oxygen vacancies in
the nearest environment, the concentration of which in
tin dioxide is very low (10–4—10–3 at.%). Therefore,
SnII

4с can experimentally observed only after the special
treatment of the surface aimed at increasing the degree of
oxygen deficient for example, heating in vacuo, thermal
treatment in the reductive medium, and etching with
argon plasma.31 The IR spectrum of tin dioxide kept
in vacuo at 450 °С after contact with oxygen contains
a band assigned to vibrations3 of the SnII—O2 bond at
ν = 1060 cm–1. The coordinately unsaturated cations
SnIV

5c and SnII
4c are among adsorption sites on the SnO2

surface. The adsorption properties of the cations are man�
ifested toward both acceptor (oxygen,39,40 nitrogen di�
oxide41) and donor molecules (CO,42 H2O,43 NH3 (see
Refs 36 and 44)). It was assumed that the adsorbability of
the SnII

4c sites is higher than that of SnIV
5c and this af�

fects a higher energy of adsorption and energy of the bond
with adsorbates.36,39,45,46 The presence of free electron
orbitals at the surface tin cations results in their Lewis
acidity, which manifests itself for the chemisorption of
molecules containing lone electron pairs: ammonia,36,44

water, ethanol,44,47 and oxygen.39 The variable valence
of tin determines the redox properties of the SnO2 sur�
face.17 The SnIV

5с cations can be partially reduced during
chemisorption of donor molecules or can accept elec�
trons released upon the desorption or interaction of lat�
tice oxygen with other molecules exhibiting reductive
properties.48 In turn, the SnII cations are characterized
by the reductive properties determining the enhanced ad�
sorption activity of the oxygen�deficient SnO2 surface
toward acceptor gases.39,41

The study of the single crystal surface of zinc oxide by
the experimental and theoretical methods was carried out

Fig. 2. Scheme of dissociative adsorption of water molecules on
the metal oxide surface with the formation of bridging and
terminal hydroxyl groups.
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mainly for polar (0001), (0001
–

) and nonpolar (101
–

0),
(112

–
0) planes of which the ZnO(101

–
0) surface is most

energetically favorable.49 The basis planes of the single
crystals (0001) and (0001

–
) are polar: the ZnO(0001) sur�

face is restricted by zinc cations (Zn—ZnO), whereas
the ZnO(0001

–
) surface is restricted by oxygen anions

(O—ZnO). Their electrostatic instability can be compen�
sated by the reconstruction of the Zn—ZnO surface with
the formation of triangular "terraces." The O—ZnO sur�
face can be stabilized by the formation of either ordered
oxygen vacancies,49 or OH groups upon the interaction
of the O—ZnO surface with hydrogen atoms or water
molecules.50 Surface OH groups can also be formed for
other faces of zinc oxide. For example, the study of water
adsorption on the ZnO (101

–
0) surface showed that some

portion of water molecules existed directly in the form of
H2O and another portion exists in the dissociated form.51

It was established52 by the study of polycrystalline zinc
oxide that the material had no strong acidic sites with
H0 ≤ 5; however, weak acidic sites (5 ≤ H0 ≤ 7) are present on
the surface in a concentration of 0.004 mmol g–1. The
thermal treatments in vacuo and in air enhance the con�
centration of weak acidic sites to 0.009—0.010 mmol g–1.
A significant number of strong acidic sites for the samples
annealed at Т = 300—400 °С was found by an analysis of
nanocrystalline ZnO obtained from zinc chloride by pre�
cipitation with aqueous solution of ammonia followed by
the thermal treatment. The titration of a suspension of
nanocrystalline ZnO with a solution of n�butylamine in
benzene in the presence of indicators allowed the acidic
strength of the surface to be estimated as medium,53 and
annealing at 300 and 600 °С does not change the ration of
acidic sites and an increase in the annealing temperature
to 900 °С results in a decrease in the concentration of
acidic sites (H0 ≤ 7) and the formation of stronger acidic
sites with H0 ≤ 5.

Bridging anions O2– are considered as Lewis basic
sites on the surface of oxides SnO2 and ZnO, which is
explained by their coordination unsaturation, a weak bond
with the adjacent cations, and, hence, enhanced reactivi�
ty. Their basic properties are manifested in that the bridg�
ing О2– anions are precursors of bridging hydroxyl groups
formed by proton addition17,54:

O2
– + H+   OH–. (2)

Dissociated water molecules (see Fig. 2) or molecules
of hydrogen,54,55 methane,48 and other hydrogen�con�
taining compounds can be sources of Н+ in similar pro�
cesses. The basic properties of surface anions appear also
in the formation of surface carbonates in the presence of
carbon dioxide,56 which is used in the study of basic Lewis
sites by the TPD�CO2 method. In the work53 where the
strength and concentration of basic sites on the surface of
nanocrystalline zinc oxide was evaluated by the titration
of a suspension of powders with trichloroacetic acid in

benzene in the presence of indicators, it was shown that a
change in the annealing temperature of ZnO (300, 600,
and 900 °С) did not change the concentration of basic
sites with H0 ≥ 3.3, but at an annealing temperature of
900 °С the basic sites with H0 ≥ 4.8 disappear.

2.2. Chemisorbed oxygen. Chemisorbed forms of oxy�
gen are most significant as active sites directly involved in
redox processes on the surface of semiconductor oxides
and determining their sensor sensitivity. These forms are
conventionally divided as follows:

(a) physically adsorbed molecules (O2,phys) retained
by van der Waals bonds;

(b) chemisorbed molecules (O2,chem) bound to tin cat�
ions by the covalent bond via the local transfer of the
electron density;

(c) ionosorbed molecular (O2
–, O2

2–) and atomic
(O–, O2–) oxygen species.

The character of oxygen adsorption is determined by
temperature as follows:

(1) at T < 200 K physical adsorption predominates57;
(2) in the temperature range from room temperature

to 150—200 °C molecular chemisorption39 and forma�
tion of superoxide anions15,17 O2

– prevail;
(3) at T = 200—350 °С dissociative ionosorption15,39

with the formation of O– and O2– predominates;
(4) at T > 350 °С complete ionization of atomic

species37 to O2– predominates.
Chemisorption of oxygen on the tin dioxide surface

was studied using quantum chemical modeling that de�
scribes the interaction with the ideal SnO2(110) surface
and by experimental methods. The studies of oxygen ad�
sorption on the single crystal surface and on nanocrystal�
line tin dioxide were conducted by both spectral methods
(ESR,58 IR spectroscopy,3 XPS,59 and thermodesorp�
tion60) and indirect methods (measurement of electric
conductivity39,59,61 and work function of electron39,62).

The quantum chemical calculations predict that oxy�
gen adsorption is endothermic on the ideal stoichiomet�
ric surface SnO2(110) and the energy of the SnIV

5c—O2
bond is –0.02 eV.63 On the oxygen�deficient surface ad�
sorption is energetically favorable due to the charge trans�
fer from SnII cations. The transfer can be direct in the
case of binding with SnII

4c or indirect for the coordina�
tion of O2 on the SnIV

5c cations located near the SnII
4c

cations.57 According to the calculation results, hori�
zontally oriented peroxide ions (O2

2–) bound by two oxy�
gen atoms with the SnII

4c cations should be most sta�
ble.40,45,57,59 Other possible adsorbates but with a lower
bond energy are ions O2

– coordinated to the cations by
one end and oriented at an angle to the surface.39,57 Al�
though the calculations predict low activation barriers for
the dissociation of O2

2– and higher bond energies of atomic
ionosorbates compared to molecular ionosorbates,40,57

the concentration of surface O– ions is expected to be low
because of their instability and high electron affinity.40,57
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However, the results of spectroscopic studies do not
confirm the conclusion about the existence of O2

2– groups
on the real SnO2 surface.40 On the contrary, the presence
of superoxide anions at the temperature <160 °С was
proved by ESR (see Ref. 58) and IR spectroscopy.3 The
formation of dipolar (uncharged) chemisorbates O2,chem
at the temperature <200 °С was monitored by a de�
crease in the electron affinity of SnO2 during oxygen ad�
sorption.39

Chemisorption of oxygen on the zinc oxide surface
occurs similarly. It is shown that in the temperature range
100—180 °С oxygen is chemisorbed on the surface of
polycrystalline ZnO doped with gallium to form O2

–,
and atomic ionosorbates O– predominate on the surface
at >230 °С in this case.64 It was proved by the ESR meth�
od65,66 that with the temperature increase the type of the
predominant form of oxygen adsorbed on the ZnO sur�
face changed as follows:

O2,chem + 4 e–    O–
2,surf + 3 e–  

  2 O–
surf + 2 e–    2 O2–

surf, (3)

where O–
2,surf and O–

surf are O2
– and O– ions, respec�

tively, on the oxide surface. Thus, at high temperatures
oxygen of the gas phase is equilibrated with zinc oxide. At
low partial pressures of O2 lattice oxygen transits to the
gas phase, increasing the deviation of the ZnO composi�
tion from the stoichiometric one. When the concentra�
tion of oxygen increases, the processes of its adsorption
on the zinc oxide surface and incorporation into the struc�
ture occur, which causes a decrease in the concentration
of intrinsic donor defects (oxygen vacancies and intersti�
tial zinc atoms). All these processes affect the electric
conductivity and gas sensitivity of zinc oxide, and the
highest effect is observed in the case of the nanocrystal�
line samples, where the role of the surface is significant.

The oxidative activity for the interaction with gas�
reducing agents (CO, H2, NH3, H2S, CH4) is the most
important property of chemisorbed oxygen from the view�
point of gas sensitivity. Atomic species O– are considered
to be the strongest oxidants.45,59 The interaction of
chemisorbed О2,chem molecules with gases is ignored
when the sensor sensitivity is considered, because the
working temperature of sensors, as a rule, is in the range
of predominant ionosorption of oxygen (>250 °С).

A convenient method for the investigation of chemi�
sorbed oxygen on the surface of nanocrystalline oxides is
temperature�programmed reduction using probe mole�
cules of hydrogen (TPR�H2). The hydrogen uptake from
the gas passed through the sample is measured during
experiment. Temperature dependences of the hydrogen
uptake rate make it possible to reveal temperature ranges
in which different oxidative sites are formed, and the
temperature of the H2 uptake maximum is a qualitative

characteristic of the oxidative activity of the correspond�
ing sites.67,68

2.3. Hydrate—hydroxyl layer. The concentration of
the active sites formed by adsorption of molecules and
having the general name HHL is the highest on the sur�
face of oxides contacting with atmospheric air. The HHL
includes two types of adsorbates: (1) molecular adsor�
bates are adsorbed molecules of H2O and their protonat�
ed species H3O+ and H5O2

+,69 (2) dissociated hydrate
forms are isolated OH groups and associates of hydroxyl
groups OH…OH joined by hydrogen bonds.59

Similarly to the case of other active sites, the HHL is
studied using both quantum chemical calculations that
make it possible to predict the bond energy of H2O mole�
cules and OH groups with various adsorption sites on the
model SnO2(110) surface70 and polar and nonpolar sur�
faces O—ZnO and ZnO(101

–
0), respectively, and experi�

mental methods. Among the latter is IR spectroscopy,54,69

which allows one to determine the type of adsorbed
hydrate species and semiquantitatively estimate their con�
centration. Thermodesorption mass spectrometry37 and
temperature�programmed desorption of water43 are quan�
titative methods using which the total concentrations of
hydrate species differed in energy of the bond with the
surface are determined. According to the data of ther�
modesorption, hydroxyl groups prevail in the HHL on
the polycrystalline SnO2 surface.37 Adsorbed H2O mole�
cules bound by hydrogen bonds with the surface O2– an�
ions exist at low temperatures. On heating at tempera�
tures higher than 200 °С, water molecules desorb or dis�
sociate to form hydroxyl groups.17

Two types of hydroxyl groups are observed on the sin�
gle crystal SnO2(110) surface: terminal (OHter) and bridg�
ing (OHbridge).54,71 The former are residues of dissociat�
ed H2O molecules bound to the Lewis acidic sites (sur�
face cations SnIV

5c). The bridging hydroxyl groups are
derivatives of bridging O2– anions on the SnO2 surface.
Adsorption of water on SnO2 resulting in the formation
of terminal and bridging hydroxyl groups37,54 and in an
increase in the electric conductivity is described by the
following equation72:

H2O + SnSn
× + OO

×  

  (Sn—OH)Sn
× + (OH)O

• + e´, (4)

where (Sn—OH)Sn is the terminal group on the Sn site,
(OH)O

• is the bridging hydroxyl group, e´ is electron, × is
the neutral charge of the cation relative to the charge that
should be on the site, and superscripts "point" and
"stroke" imply that the charge on the ion is by unity high�
er or lower than should be in this site. The terminal ОНter
groups on the SnO2 surface are presented as isolated
groups, whose vibrations appear in the IR spectra as
particular narrow bands in the high�frequency range
(Table 1).54,69,73 Unlike them, the bridging hydroxyl
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groups form so�called families consisting of series of
bridging O2– anions bound to delocalized protons
(mO2–…nH+),43 whereas another interpretation consid�
ers them as associates of bridging hydroxyl groups bound
by hydrogen bonds (OHbridge…OHbridge).74 Their delo�
calized character causes broad absorption bands in the IR
spectra shifted to lower frequencies (see Table 1).54,73

The composition of the HHL on the surface of nanocrys�
talline tin dioxide is much more diverse than in the case
of single crystals due to the high surface area. This leads
to the appearance of broad bands in the IR spectra of
nanocrystalline SnO2 in the ranges of wave numbers
3700—2000 and 1700—1600 cm–1. The oxide surface in�
cludes a wide set of adsorption sites (tin cations with
different coordination numbers, surface oxygen anions,
vacancies of lattice oxygen). The set becomes larger when
defects and structural heterogeneities, whose concentra�
tion increases on going to nanosized particles, contribute
to the local environment of the sites.

A comparison of the O—H vibration frequencies
(see Table 1) indicates that in the families
(OHbridge…OHbridge) protons are bound to oxygen more
weakly than in terminal ОНter groups, so that the bridg�
ing hydroxyl groups are stronger Brønsted acids.54 This
can enhance water adsorption by hydrogen bond forma�
tion. The acidity of OH groups is manifested for ammo�
nia chemisorption.19,44 In addition of the acidic proper�
ties, the surface hydroxyl groups is characterized by
oxidative activity for the interaction with CO.37,72,75 The
oxidative properties of hydroxyl groups are more pro�
nounced than those of the oxygen ionosorbates.76 Bridg�
ing hydroxyl groups can directly oxidize H2 to enlarge the
families (OHbridge…OHbridge) on the SnO2 surface with
new protonated groups.54

It was found49 by the methods of He atom scattering
(HAS) and IR spectroscopy that both the monolayer and
bilayer consisting of H2O molecules can be formed on the
single crystal polar surface O—ZnO due to the chemi�
sorption of water. Surface OH groups can be formed on
the nonpolar surface of zinc oxide, for instance, ZnO(101

–
0).

The study of water adsorption on this surface by high
resolution electron energy loss spectroscopy (HREELS),
HAS, and thermodesorption showed that one portion of
water molecules existed directly in the form of H2O and
another portion was dissociated.51,77

The results of studying the interaction of water vapors
with nanocrystalline ZnO by IR spectroscopy show that
both molecular and dissociative chemisorption of H2O
occur at 50 °C.34 A comparison of the wavelengths of
bond vibrations and thermal stabilities of various sites
allowed us to distinguish the following processes: (1) for�
mation of OH groups on the polar O—ZnO surface upon
water dissociation on oxygen vacancies; (2) partial disso�
ciation of water on the ZnO(101

–
0) surface to form chemi�

sorbed H2O molecules and OH groups; (3) formation of
isolated OH groups on the ZnO(101

–
0) surface; and (4)

interaction of water with defects to form hydroxyl bonds
or O—H...O bonds.34

2.4. Paramagnetic centers. Paramagnetic active cen�
ters on the surface of gas�sensitive oxides is of special
interest, since they are highly reactive due to unpaired
electrons. They can significantly affect the character of
interaction with gas molecules, but at the same time are
labile and, hence, exist in low concentrations, so that it is
difficult to study them experimentally.

Quantum chemical calculations show the possibility
of formation on the SnO2(110) surface of such paramag�
netic centers as partially ionized oxygen vacancies40,45

and ionosorbed oxygen species.59 The only method for
the direct experimental study of paramagnetic centers is
ESR spectroscopy. However, in this case, data can be
interpreted ambiguously. The ESR signal with g = 1.95—1.96
in the spectra of tin dioxide was attributed78 to the singly
ionized vacancies VO

• (Table 2), whereas it was earlier45

assigned to the SnIII state. Indirect results can be ob�
tained by other experimental methods: measurement of
electric conductivity,48,85 impedancemetry,86 and lumi�
nescence spectroscopy.87

The formation of the following types of paramagnetic
centers is probable for single crystal tin dioxide: iono�
sorbed forms of oxygen (O2

–, O–) and singly charged
oxygen vacancies (VO

•). The former are rigidly surface
sites. Oxygen vacancies can exist both on the surface and
in the volume of oxide. In the case of their shifting onto
the surface, the singly charged oxygen vacancies play the
role of adsorption sites for acceptor molecules.40,86 In
the presence of air, they adsorb oxygen producing iono�
sorbates of O2

VO
• + O2 = VO

••—O2´. (5)

Table 1. Parameters of IR spectral vibrations of adsorbed
hydrate species on the nanocrystalline tin dioxide surface

Hydrate Wave Type Reference
species number/cm–1 of vibrations

OHter 3630, ν(O—H) 54, 69, 73
3662—3700,
3728—3780

OHbridge 3555, 3524, ν(O—H) 69, 73
3483

OHbridge…OHbridge 3400—3200 ν(O—H) 37, 54,
69, 73

H2O 3400—3200 ν(O—H) 37, 54
1620 δ

H3O+ 3300—3150, ν(O—H) 69
2650—2470
1700—1670 δ

H5O2
+ 3000—2850, ν(O—H) 69

2250—2200
1700—1660 δ
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On the whole, the description of these paramagnetic
centers in single crystal tin dioxide is based on the quan�
tum chemical models using the oxygen�deficient surface
SnO2(110) as an example. The compensation of the
surface vacancy by the O atom is one of the reasons
for dissociative oxygen adsorption on the defect pairs
SnII

4c—VO•• or SnIV
5c—VO

x.40,48

During adsorption air oxygen stimulates the volume
diffusion of oxygen vacancies and related long�term
change in the electric conductivity of SnO2.85,88 Accord�
ing to the quantum chemical calculations,85 the presence
of CO or H2O impurities in air enhances the concentra�
tion of oxygen vacancies on the oxide surface. The simu�
lation of the interaction of NO2 with the oxygen�defi�
cient surface SnO2(110) shows that the vacancies of bridg�
ing oxygen favor the more efficient charge transfer to the
adsorbate and a higher energy of adsorption than the va�
cancies of oxygen anions arranged in the crystallographic
plane.41,87

It follows from the results of the ESR study of nano�
crystalline tin dioxide that the predominant type of para�
magnetic centers on the surface is presented by molecular
ionosorbates O2

–.79 However, hydroxyl groups OH• were
observed along with ionosorbates on the SnO2 surface
(Fig. 3). The concentration of OH• hydroxyl groups cor�
relates with the relative humidity in air (Fig. 4). This
indicates that they are equilibrated with adsorbed water
molecules

H2O + O2–    OH• + OH– + e–. (6)

The release of electrons, in this case, is consistent
with an increase in the electric conductivity of tin dioxide

Table 2. Types of paramagnetic centers in polycrystalline oxides
SnO2 and ZnO and the corresponding ESR signals

Oxide Paramagnetic g�Factor Reference
center

SnO2 O2
– g1 = 2.0210, 79

g2 = 2.0030,
g3 = 1.9833

O– (existence is 2.002 80
 not proved)

OH• g1 = 2.0021, 79
g2 = g3 = 2.0009

VO
• 1.9812 78, 79

SnIII 1.98 32
ZnO VO

• of axial g1 = 1.963, 81, 82
symmetry g2 = 1.9921

(VZn´)2 of non�axial g1 = 2.0075, 83
symmetry g2 = 2.0060,

g3 = 2.0009
VZn´ of axial 2.013 84

symmetry
(VZn´—Zni

x) 2.02 83

Fig. 3. Experimental ESR spectrum of nanocrystalline tin di�
oxide (1) and modeled signals of paramagnetic centers O2

– (2)
and ОН• (3).79
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Fig. 4. (а) ESR spectra of nanocrystalline tin dioxide kept at
different humidity contents: 100 (1), 20 (2), and 0% (3);
(b) concentration of ОН• centers on the SnO2 surface (n(OH•)
vs relative humidity (RH).79
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with an increase in the humidity content.17,37 In terms of
the Heiland—Kohl model,89 the conductivity increases
due to the formation of electron�deficient associates
(Sn—ОН) upon the dissociative adsorption of water on
the SnO2 surface.

Signals of singly charged oxygen vacancies VO
• are

detected in the ESR spectra of nanocrystalline tin di�
oxide.90 However, they are detected only by ESR spectra
recording at the temperature of liquid helium (5 K). The
temperature affects the frequency of phonon vibrations of
the solid lattice, which determines the lifetime of the
excited state before spin�lattice relaxation. According to
the principle of uncertainty,91 the lifetime of excited spin
(Δτ) is inversely proportional to the width of the ESR
signal (ΔH)

ΔEΔτ = gμBΔHΔτ ≥ h–, (7)

where ΔE and Δτ are the uncertainties of the energy of
electron in the excited state and lifetime of the excited
state, respectively; g is the g�factor (proportionality coef�
ficient); μB is the Bohr magneton; ΔH is the uncertainty
of the magnetic field strength; and h– is the reduced Planck
constant. At a constant concentration of spin centers,
signal broadening induces the corresponding decrease in
intensity. As a result, signals of spin centers in the volume
of the solid are characterized by higher broadening and
sensitivity to temperature. The ESR spectra of nano�
crystalline SnO2 detected at T = 5 K exhibit a low�inten�
sity broad signal of vacancies VO

• along with narrow and
intense signals of O2

– and OH• (Fig. 5). Thus, unlike
radicals, viz., derivatives of adsorbed oxygen and water
molecules, paramagnetic centers VO

• exist in the volume
of SnO2 nanoparticles. The application of SnO2 in
sensors assumes their heating to 200—450 °С. Accord�
ing to the ESR data, radicals O2

– and OH• exist at
these temperatures on the surface of nanocrystalline
SnO2, and their concentration cannot be estimated
because of strong peak broadening; however, no new sig�
nals appear.

There are no direct experimental data on the reactivi�
ty of paramagnetic centers on the surface of nanocrystal�
line SnO2. Oxidative properties are characteristic of the
O2

– sites as of other forms of chemisorbed oxygen. The
OH• hydroxyl sites possess, most likely, the same prop�
erties54,92 and appear on interaction with gas�reducing
agents H2 and CO.

In the case of crystalline oxide ZnO with the wurtzite
structure characterized by oxygen deficient, a zinc excess
can appear due to the partial transition of oxygen to the
gas phase. The calculation methods show the probability
of formation of both anionic vacancies and also intersti�
tial zinc atoms (Zni).93 This can be illustrated by the
quasi�chemical equations in the Kröger—Vink notation

ZnZn
× + OO

×    Zni
• + 0.5 O2 (g) + e´, (8)

OO
×    VO

• + 0.5 O2 (g) + e´, (9)

where O2 (g) is O2 in the gaseous state.
The semiconductor properties of the n�type and in�

creasing concentration of electrons on heating or treat�
ment of ZnO in the reductive medium are explained by
the formation of Zni

• and/or VO
• donor sites.94,95 How�

ever, there is no concept what defects predominate. An
analysis of the probability of defects according to Frenkel
by the shift from regular positions into interstices (reac�
tions (10) and (11)) by comparing atomic and ionic radii
of zinc and oxygen gave no unambiguous conclusion about
prevailing defects because of uncertainty in the degree of
ionicity of the Zn—O bond.65 The calculations of the
energy of defect formation in zinc oxide showed that the
oxygen vacancies had a lower energy of formation than
the interstitial zinc atoms, but the ionization energy of
the latter is lower, so that the electron conductivity can
be caused by the formation of Zni

•.96

ZnZn
×    Z ni

• + VZn´ (10)

OO
×    Oi´ + VO

• (11)

The ESR investigation of nanocrystalline zinc oxide
is impeded by a high concentration of defects, which can
differ in nature and local environment. This causes a set
of closely arranged signals in the spectra (Fig. 6) and
ambiguity of their interpretation. The signals with the
g�factor equal to 1.95—1.96 are ascribed by independent
authors to point defects of the ZnO structure: ionized
oxygen vacancies VO

•, interstitial zinc Zni
•, their com�

plexes VO
•—Zni

•, free electrons e´ or electrons localized
at the zinc interstices, and interstitial oxygen ions.98,99 It
is difficult to unambiguously attribute the ESR signal,
because the calculated g�factor for electron bound to the
oxygen vacancy is about 2.0002 (free electron)100 or 2.01
(see Ref. 101). It is known that the signal with g = 1.956
corresponds to the donor centers determining the con�

Fig. 5. ESR spectrum of nanocrystalline tin dioxide recorded
at 5 K.90
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centration of conductivity electrons.102,103 The interpre�
tation according to which this signal belongs to the oxy�
gen vacancies VO

•, since its intensity increases on an�
nealing in an inert atmosphere and decreases in the oxy�
gen�containing atmosphere, seems to be most reliable.104

The ESR signal with g = 1.935 belongs to similar centers
but with a different geometry, for example, for the ar�
rangement of oxygen vacancies on the nanocrystalline
surface. In addition to oxygen vacancies, the ESR spec�
trum of nanocrystalline ZnO (see Fig. 6, Table 2) con�
tains signals of singly charged zinc vacancies VZn´, doubly
charged zinc bivacancies (VZn´)2, and complex defects of
negatively charged zinc vacancies with interstitial atoms
(VZn´—Zni

x).97

In order to identify the nature of active sites and the
properties characteristic of them, the listed types of "in�
trinsic" sites were analyzed in this section using mainly
ideal (model) and real mono� and polycrystalline sur�
faces of tin and zinc oxides. It is assumed that for nano�
crystalline materials the nature of active sites is the same
in essence as that in the cases considered: coordinately
unsaturated cations and anions, point defects, and oxy�
gen and hydrate—hydroxyl adsorbates. On going to the
nanocrystalline form, the principal distinction is a signif�
icant increase in the fraction of the surface over the vol�
ume in the real structure of the material. The correspond�
ing decrease in the degree of crystallinity and, on the
contrary, an increase in the number of extended defects
(steps, boundaries, edges) favor, most likely, the diversi�
fication of the properties of active sites. For instance, the
surface cations with diverse local environments can differ
strongly in acidic strength, which, in turn, favors the for�
mation of a set of various hydrate derivatives due to the
chemisorption of water. Thus, the reactivity and concen�
tration of active sites on the surface of semiconductor
oxides are interrelated to the microstructure parameters
(morphology, particle size, specific surface), which are
determined by the synthesis conditions. In addition, the
content of volume�doping and surface�modifying addi�
tives affects the active sites. Then these relationships were

analyzed for nanocrystalline oxides SnO2 and ZnO using
as examples on the basis of the experimental results pub�
lished by the authors of the present review in the recent
decade.

3. Relationship of the synthesis conditions,
microstructure parameters, and active sites on the
surfaces of nanocrystalline oxides SnO2 and ZnO

The experimental results considered in the present re�
view were obtained for the nanocrystalline oxides synthe�
sized by precipitation from aqueous solutions of salts fol�
lowed by annealing at Т = 250—1000 °С.61,97,105,106 In
all cases, the obtained samples contained only one crys�
talline phase SnO2 (cassiterite) or ZnO (wurtzite). The
average size of crystallites of the oxide matrix (SnO2 or
ZnO) increased and the specific surface, on the contrary,
decreased as the annealing temperature increases (Fig. 7).

3.1. Influence of the synthesis conditions and micro�
structure of oxides on the type and concentration of acidic
sites. Acidity of the material surface was studied by TPD
of ammonia. The TPD spectra (Fig. 8) represent the tem�
perature dependences of the specific rate of NH3 desorp�
tion from surfaces of SnO2 and ZnO oxides pre�saturated
with ammonia and obtained at different annealing tem�
peratures. Desorption of NH3 from weak (Brønsted) acid�
ic sites, i.e., OH groups, occurs in the low�temperature
range (T < 200 °С).19,44,97 At a higher temperature
(T > 200 °C), ammonia molecules bound to the Lewis
acidic sites, viz., coordinately unsaturated cations on the
surface, are desorbed. Lewis acidic sites of medium
strength (desorption of NH3 at T = 200—400 °C) and
strong acidic sites, ammonia desorption from which needs
heating to T > 400 °С, are distinguished.44 It is consid�
ered that on the reduced surface of single crystals of SnO2
the Lewis sites of medium strength correspond to the
SnIV cations and the strong sites correspond to the SnII

Fig. 6. ESR spectrum of nanocrystalline zinc dioxide.97
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Fig. 7. Influence of the annealing temperature (Tann) on the
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of nanocrystalline oxides SnO2 and ZnO.
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cations.36 However, for nanocrystalline SnO2 in air, the
presence of the SnII cations that would be accessible for
the adsorption of NH3, is poorly probable, because they
being electron�donor centers, should be blocked by
chemisorbed oxygen. In this case, the presence of a set of

Lewis sites of various strength appeared in broad bands of
NH3 desorption at T = 300—600 °C (see Fig. 8) can be
explained by differences in local environment of SnIV cat�
ions on the nanocrystalline surface. The concentration of
Brønsted sites remains unchanged within the error limit
as the average crystallite size increases (Table 3). The
total amount of Lewis sites decreases, and the fraction of
acidic sites of medium strength increases, A probable reason
for this can be a decrease in the concentration of coordi�
nately unsaturated tin cations with a decrease in the de�
gree of dispersion of SnO2. It is most likely that the
number of structural defects and, hence, strongly acidic sur�
face cations SnIV with low coordination numbers decrease
with the crystallization of oxide particles.19,44 At the same
time, the fraction of "regular" surface cations SnIV with
the minimum number of coordination vacancies and,
therefore, less pronounced acidic character increases.36

Zinc cations on the ZnO surface are characterized by
a lower acidic strength than the SnIV cation on the SnO2
surface. Therefore, the desorption of ammonia bound to
the Lewis sites on the surface of nanocrystalline ZnO
occurs at the temperatures corresponding to acidic sites
of medium strength (see Fig. 8). The peak of highly dis�
persed ZnO at T = 480—500 °С in the TPD spectrum is
caused by the desorption of ammonia thermolysis prod�
ucts.97,107 On heating NH3 molecules adsorbed on the
ZnO surface can decompose to form NH, NH2, and ОН
groups, which are more strongly bound to the surface
than molecular�adsorbed ammonia.108 The fraction of
these sites increases significantly with an increase in the
average size of ZnO particles (see Fig. 8). A decrease in
the fraction of molecular�adsorbed NH3 correlates with a
lower concentration of coordinately unsaturated cations
on the surface of larger ZnO crystallites. It can be as�
sumed that ZnII cations with low coordination numbers
facilitate the molecular adsorption of ammonia, since
their oxidative dissociation is impeded in this case. At the
annealing temperature resulting in an increase in the ZnO
crystallite sizes increases, the concentrations of Brønsted
acidic sites and Lewis sites responsible for molecular am�
monia adsorption decrease.

3.2. Influence of the synthesis conditions and micro�
structure of oxides on the concentration of chemisorbed
oxygen. The data on the concentration of chemisorbed
oxygen on the surface of nanocrystalline oxides SnO2 and
ZnO were obtained by the TPR�H2 method.67,68 The TPR
spectra (Fig. 9) represent a temperature dependence of
the hydrogen uptake rate from the gaseous mixture in
which oxides are reduced. The major peak of Н2 uptake
by the SnO2 samples at T = 400—800 °С corresponds to
the bulk reduction of the SnO2 phase to tin67

SnO2 (s) + 2 H2 (g) = Sn (l) + 2 H2O (g), (12)

where s, g, and l are the solid, gaseous, and liquid states,
respectively.

Fig. 8. Temperature dependences of the specific rate of ammo�
nia desorption (w) during TPD from the surface of nanocrys�
talline oxides SnO2 and ZnO with different microstructure para�
meters: (a) dXRD(SnO2) = 3—5 nm, SBET = 100—110 m2 g–1;
(b) dXRD(SnO2) = 10—12 nm, SBET = 20—25 m2 g–1; (c)
dXRD(SnO2) = 16—20 nm, SBET = 5—10 m2 g–1; (d) dXRD(SnO2) =
= 26—35 nm, SBET = 1—5 m2 g–1; (e) dXRD(ZnO) = 10—12 nm,
SBET = 40—45 m2 g–1; and (f) dXRD(ZnO) = 19—21 nm,
SBET = 10—15 m2 g–1. The regions of weak (I), medium (II),
and strong acidic sites (III) are distinguished.61,97,109
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Table 3. Concentration of acidic sites (Cac) on the surface of nanocrystalline oxides SnO2 and ZnO doped with
various amounts of donor impurities and modified by catalytic additives of Pd and Ru (1 wt.%)

Matrix Тann/°С Modifier Dopant Cac/μmol m–2

(1 wt.%) (C (at.%))
Brønsted Lewis
(weak)

medium strong totally

SnO2 1300 — — 0.6±0.2 1.3±0.2 1.1±0.3 2.4±0.5
Pd — 0.9±0.2 2.7±0.4 0.5±0.1 3.2±0.5

Sb (0.5) 1.2±0.2 3.1±0.3 0.6±0.2 3.7±0.5
Sb (1.0) 1.0±0.2 2.9±0.3 0.1 3.0±0.4
Sb (2.0) 0.8±0.2 2.9±0.3 0.1 3.0±0.4
Sb (4.0) 1.0±0.2 3.3±0.3 0.1 3.4±0.4
Sb (8.0) 1.2±0.2 3.4±0.4 0.6±0.1 4.0±0.5

Ru — 0.6±0.2 2.1±0.2 — 2.1±0.2
1500 — — 0.5±0.2 0.9±0.2 0.6±0.2 1.5±0.4

Pd — 0.8±0.2 2.1±0.3 — 2.1±0.3
Ru — 0.5±0.2 1.3±0.2 — 1.3±0.2

1700 — — 0.5±0.2 1.0±0.2 0.2±0.1 1.2±0.3
Pd — 0.9±0.2 1.3±0.2 — 1.3±0.2
Ru — 0.6±0.2 1.3±0.2 — 1.3±0.1

1000 — — 0.6±0.3 0.5±0.3 0.2±0.1 0.7±0.4
Pd — 0.9±0.4 1.1±0.5 — 1.1±0.5
Ru — 0.6±0.3 0.8±0.4 — 0.8±0.4

ZnO 1250 — — 0.4±0.1 1.9±0.3 0.2±0.1 2.5±0.4
Ga (0.5) 0.3±0.1 2.1±0.3 0.2±0.1 2.6±0.5
Ga (4.3) 0.4±0.1 2.0±0.4 — 2.4±0.4
In (0.5) 0.3±0.2 1.6±0.3 0.4±0.1 2.3±0.4
In (1.0) 0.4±0.1 1.7±0.3 0.3±0.1 2.4±0.4
In (5.0) 0.6±0.1 1.8±0.3 0.2±0.1 2.6±0.5

The amount of H2 absorbed in this temperature range
is independent of the dispersion of the samples, but the
uptake maximum shifts to the high�temperature range
with an increase in the size of SnO2 particles. This is
caused by kinetic hindrances for the interaction of dihy�
drogen with atoms in the crystallite bulk. The broad shoul�
der at the beginning of the high�temperature peaks is
associated, most likely, with the formation of intermedi�
ate tin oxides: Sn2O3, Sn3O4, and SnO. The bulk reduc�
tion of nanocrystalline ZnO occurs at a higher tempera�
ture: 900—1100 °C. This is due to the enhancement of the
stability of the oxide crystal lattice with an increase in the
degree of iconicity of the М—О bond. The TPR study of
zinc oxide is difficult because of zinc vapors, which are
the product of bulk reduction under these conditions

ZnO (s) + H2 (g) = Zn (g) + H2O (g). (13)

Hydrogen absorption at 100—300 °С during TPR is
observed only for dispersed materials (particle size
≤20—25 nm, specific surface area ≥20 m2 g–1), and its
intensity decreases with a decrease in the specific surface
area of the materials (see Fig. 9). This indicates that the
low�temperature hydrogen absorption corresponds to the
reduction of oxidative sites on the oxide surface. They
can include chemisorbed oxygen molecules O2,chem, ion�

ized species O2
– and O–, and reactive OH groups. The

concentration of oxidative sites (Table 4) was evaluated
assuming the chemisorbed oxygen molecule prevail
among them and react with hydrogen via the equation

O2,chem + 2 H2    2 H2O. (14)

This assumption is based on the fact that at room
temperature in air diatomic forms of oxygen predominate
on the surface of oxides SnO2 and ZnO.17,40,64 At the
same time, it is proved by the ESR method that the con�
centration of ionosorbates O2

– on the SnO2 surface does
not exceed ∼1.5•10–11 mol m–2, which is by six orders of
magnitude lower than the total concentration of oxida�
tive sites (∼10 μmol m–2). As follows from the data pre�
sented in Table 4, for similar average particle sizes of the
oxides, the concentration of chemisorbed oxygen on the
SnO2 surface is higher than that on the ZnO surface. The
concentration of chemisorbed oxygen decreases consid�
erably with an increase in the crystallite size.

3.3. Relationship of the microstructure parameters of
the oxides to the composition of the hydrate—hydroxyl
layer. For the chemisorption of water molecules on
nanocrystalline oxides, there is a series of possible routes
for the interaction of adsorbates with the surface leading
to its coverage with various hydrate forms. Some of them
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are presented by Eqs (5) and (7) that illustrate the forma�
tion of Brønsted acidic sites: bridging OH groups and
paramagnetic OH• centers on the SnO2 surface. The most
complete information about the qualitative composition
of the HHL can be obtained by IR absorption spectrosco�
py. The IR spectra of samples of nanocrystalline oxides
SnO2 and ZnO with various microstructure parameters
are presented in Fig. 10. For comparison, the absorption
bands of the surface groups (3600—1000 cm–1) were nor�
malized to the peaks of lattice vibrations metal—oxygen
(400—700 cm–1). A comparison of the IR absorption

bands with the data in Table 1 shows that the HHL of tin
dioxide includes diverse dissociated groups (terminal OH
groups, isolated bridging OH groups, and families of
bridging hydroxyl groups OH…OH joined by hydrogen

Fig. 9. Temperature dependences of the specific rate of hydro�
gen uptake (v) during TPR of nanocrystalline oxides SnO2 and
ZnO with different microstructure parameters: (a) dXRD(SnO2) =
= 3—5 nm, SBET = 100—110 m2 g–1; (b) dXRD(SnO2) = 10—12 nm,
SBET = 20—25 m2 g–1; (c) dXRD(SnO2) = 16—20 nm, SBET =
= 5—10 m2 g–1; (d) dXRD(SnO2) = 26—35 nm, SBET = 1—5 m2 g–1;
(e) dXRD(ZnO) = 10—12 nm, SBET = 40—45 m2 g–1; and
(f) dXRD(ZnO) = 19—21 nm, SBET = 10—15 m2 g–1.9
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Table 4. Concentration of oxidative centers O2,chem
(C(O2,chem)) on the surface of nanocrystalline oxides SnO2
and ZnO doped with various amounts of donor impurities Sb (C)
and modified by catalytic additives of Pd and Ru (1 wt.%)

Matrix Тann/°С Modifier C (at.%) C(O2,chem)
/μmol m–2

SnO2 300 — — 11.8±0.4
Pd — 13.6±0.5

1.0 11.8±0.5
1.5 14.2±0.5
2.0 11.2±0.5
3.0 19.6±0.5
4.0 14.8±0.5
6.0 13.5±0.5
7.0 13.4±0.5

Ru — 14.9±0.5
500 — — 17.6±0.6

Pd — 18.8±0.7
Ru — 12.2±0.5

ZnO 250 — — 13.3±0.4
450 — — 10.4±0.1

Fig. 10. IR absorption spectra of nanocrystalline oxides SnO2
(а) and ZnO (b) with different microstructure parameters:
(a) d = 3—62 nm, SBET = 100—110 m2 g–1 (1), d = 10—12 nm,
SBET = 20—25 m2 g–1 (2), and d = 16—20 nm, SBET = 5—10 m2 g–1

(3); (b) d = 10—12 nm, SBET = 40—45 m2 g–1 (1), d = 19—21 nm,
SBET = 10—15 m2 g–1 (2), and d = 26—32 nm, SBET =
= 2—5 m2 g–1 (3).61,105
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bonds) and molecular hydrate species (H2O molecules,
hydroxonium ions H3O+, and their derivative
H5O2

+).105,109 According to the width and intensity of
the bands corresponding to stretching (3600—2000 cm–1)
and bending vibrations (1700—1600 cm–1) of various
adsorbates, the family of bridging hydroxyl groups
(OH…OH) is the predominant hydrate species on the
surface of highly dispersed SnO2. The amount of chemi�
sorbates decreases significantly with an increase in the
size of SnO2 crystallites, so that for the samples with the
specific surface area <20 m2 g–1 the corresponding ab�
sorption bands are almost absent from the IR spectra.

An analysis by IR spectroscopy of the content of mo�
lecular�adsorbed water on the surface of nanocrystalline
ZnO (see Fig. 10) is impeded by the fact that the peaks of
bending vibrations of H2O (1650 cm–1) are superimposed
on both the stretching vibration bands of carbonate (1350
and 1530 cm–1)110 and hydrocarbonate groups formed
due to CO2 chemisorption on oxygen anions and Zn—OH
groups (1635 cm–1)111 on the ZnO surface and the peaks
of stretching vibrations of adsorbed CO2 (1370 cm–1 (see
Ref. 111) and 1360—1450, 1540—1650 cm–1 (see
Ref. 112)). Carbonate pollutants can be caused by the
adsorption of СО2 from air, which is favored, in this case,
by a higher basicity of zinc oxide than that of tin dioxide
and by the incomplete decomposition of basic zinc hy�
drocarbonate during the synthesis of nanocrystalline
ZnO.61 In addition, the Zn—O—H bending vibrations
(1320, 1395, 1410, 1560, 1605, and 1640 cm–1) can con�
tribute to the IR absorption bands of zinc oxide in a range
of 1300—1700 cm–1.112 Not only isolated OH groups
(3500—3700 cm–1)107,112 and associates (OH…OH)
joined by hydrogen bonds (3400 cm–1)107 but also
the complexes of OH groups with zinc vacancies (3220—
3230 cm–1)112 and defects (3450, 3555 cm–1)113 can be
in the composition of the hydroxyl layer of nanocrystal�
line ZnO, which results in a broad band of О—Н stretch�
ing vibrations in a range of 2400—3700 cm–1. The inten�
sity of the IR absorption bands of all surface�bound groups
and molecules decreases for the ZnO samples with a large
size of crystalline (see Fig. 10). This indicates that an
increase in the annealing temperature favors the removal
of OH groups and carbonate pollutants from the surface
and a decrease in the specific surface area of the material
prevents their repeated adsorption.

The superimposition of the absorption peaks of vari�
ous adsorbates creates difficulties for the quantitative de�
termination of the composition of the HHL by IR spec�
troscopy. Thermodesorption methods make it possible to
evaluate the total content of dissociated and molecular
hydrate species, since they differ in the strength of the
bond with the surface and, hence, in the desorption tem�
perature.43 Thermogravimetry is most available among
these methods. The thermograms of the samples of nano�
crystalline SnO2 with different degrees of dispersion are

presented in Fig. 11. A comparison with the data of DSC
and mass spectrometry of evolved gases allows one to
assert that the mass loss in the low�temperature range
(50—200 °С) is caused by the desorption of molecular�
adsorbed hydrate species, whereas in the high�tempera�
ture range (250—600 °С) the desorption of the OH groups
bound to the oxide surface by stronger covalent bonds is
responsible for the mass loss.109 The calculation of con�
centrations of the molecular (H2O) and dissociated (OH)
hydrate species by the mass loss confirms that the latter
prevail on the surface of nanocrystalline SnO2 (Table 5).
The total content of OH groups on the surface of highly
dispersed SnO2 with a particle size of 3—6 nm and
the specific surface area equal to 90—100 m2 g–1 is
∼10 μmol m–2, of which ≤10% hydroxyl groups exhibit
Brønsted acidity (can adsorb NH3 at low temperatures)
and only an insignificant portion (∼10–4 %) represents
paramagnetic OH• centers. For the SnO2 and ZnO ma�
terials with a lower dispersion, the mass loss does not
exceed error limit, and the content of hydrate species
cannot be estimated by this method.

3.4. Relationship of the microstructure parameters of
the oxides and the type or concentration of paramagnetic
centers. The paramagnetic OH• and O2

– centers on the
surface of nanocrystalline tin dioxide result in the appear�

Fig. 11. Thermograms of nanocrystalline tin dioxide with dif�
ferent microstructure parameters: d = 3—6 nm, SBET =
= 100—110 m2 g–1 (1); d = 10—12 nm, SBET = 20—25 m2 g–1 (2);
and d = 16—20 nm, SBET = 5—10 m2 g–1 (3). The regions
corresponding to the desorption of the molecular and disso�
ciated hydrate species are separated.105,109
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Table 5. Concentration of hydrate species (Ch) on the
surface of nanocrystalline SnO2 modified by catalytic ad�
ditives of Pd and Ru (1 wt.%)*

Modifier Ch/μmol m –2

dissociated molecular
OHsurf H2Osurf

— 8.5—8.8 3.0—3.5
Pd 14.0—14.5 4.1—4.7
Ru 12.0—12.4 3.5—4.0

* Тann = 300 °С.
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Fig. 12. ESR spectra of nanocrystalline tin dioxide with dif�
ferent microstructure parameters: d = 3—6 nm, SBET =
= 100—110 m2 g–1 (1); d = 16—20 nm, SBET = 5—10 m2 g–1 (2);
and d = 26—33 nm, SBET = 1—5 m2 g–1 (3).79
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Table 6. Concentration of paramagnetic centers (Cp) on the surface of nanocrystalline tin(IV) and zinc oxides
doped with various amounts (C) of donor impurities of Ga and modified by catalytic additives of Pd and
Ru (1 wt.%)

Matrix Тann/°С C (at. %) Modifier Cp/μmol m –2

ОН• O2
– VO

•

SnO2 300 — — 2.6•10–6 1.4•10–5 3.4•10–4

Pd 4.9•10–6 8.7•10–6 —
Ru 2.1•10–6 1.5•10–5 —

ZnO 250 — — — — 5.8•10–5

0.5 — — — 6.8•10–2

1.0 — — — 1.6•10–1

2.6 — — — 8.4•10–3

4.3 — — — 6.4•10–3

ance of a complicated signal, whose intensity increases
with a decrease in the particle size and an increase in
the specific surface area of SnO2, in the range of H =
= 3350—3360 G of the ESR spectra (Fig. 12). The total
concentration of surface paramagnetic centers increases
by two orders of magnitude with a decrease in the size
of SnO2 particles from 35—50 to 3—6 nm and the respec�
tive increase in the specific surface area from 2—5 to
90—100 m2 g–1 (Table 6). The following concentrations
of the sites are observed on the surface of highly dispersed
SnO2 (particle size 3—6 nm): n(O2

–) = 1.3•10–11 mol m–2

and n(ОН•) = 2.5•10–12 mol m–2. The equivalent cov�
erage of SnO2 with ionosorbates O2

– is ∼10–6 monolayer
if assuming their orientation to the normal to the surface
and atomic radius as that of the O– ion (1.76 Å), which is
lower than the Weitz limit for the coating of the semi�
conductor with charged adsorbates (10–2—10–3 mono�

layer).14 The concentration of VO
• oxygen vacancies in

this material is estimated as 2•1016 g–1.
Such surface paramagnetic centers as OH• and O2

–

cannot be detected in nanocrystalline zinc oxide, because,
most likely, of a lower degree of dispersion compared to
oxide SnO2 and diverse defects (see section 2.4), the content
of which in the material with a particle size of 10—12 nm
is about 1014—1015 g–1 (see Table 6).

4. Influence of doping impurities on active sites
of the oxide surface

Doping impurities are introduced into the oxide ma�
trix to control the electrophysical properties of the mate�
rial. Doping with donor impurities are used in resistive
sensors based on highly dispersed broad�band semicon�
ductor oxides of the n�type to increase electric conduc�
tivity. As a rule, these impurities are cations with a higher
oxidation state than that of the matrix cations but with
close ion radii in the corresponding crystallographic po�
sitions; doping with fluoride anions is used more rarely.
In the materials based on SnO2, SbV is applied most wide�
ly, whereas cations MIII (M = Ga, In) are used in the
materials based on ZnO.14,15,93 For the content of do�
pants in the oxide matrix structure within solubility, the
electrophysical parameters of the matrix correlate with
the impurity concentration, but the properties of the sur�
face do not change substantially. At a higher content,
dopants can be distributed between the surface and vol�
ume of matrix grains. The properties of the oxide surface
depend on the impurity concentration, and the volume
properties of the semiconductor remain unchanged.

The properties of nanocrystalline oxides SnO2(Sb),
ZnO(Ga), and ZnO(In) were examined in this review. In
these oxides, the concentration of donor impurities was
varied in the range

x = [M(2)]/([M(2)] + [M(1)]) = 0—10 at.%,
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where M(1) = Sn, Zn; M(2) = Sb, Ga, In. In all cases, the
introduction of dopants does not result in the formation
of new crystalline phases. The influence of the content of
donor impurities on the microstructure parameters of the
semiconductor matrix is shown in Fig. 13. At a constant
annealing temperature of the materials SnO2(Sb),
ZnO(Ga), and ZnO(In), the size of crystalline grains of
the matrix decreases with an increase in the content of
dopants. This can be due to the fact that within the solu�
bility limits in the oxide matrix doping cations can retard
ion diffusion and induce microstresses of the structure. In
addition, if the content of dopants is higher than their
solubility, impurities in the oxide structure can form seg�
regation on the grain surface, which also prevents ion
diffusion and retards the growth of oxide particles under
the isothermal annealing conditions.19

The solubility of antimony in nanocrystalline tin di�
oxide is estimated as 3—6 at.% on the basis of the depen�
dence of the conductivity on the concentration of the
introduced impurity.114—117 The structural methods of
analysis are inefficient for studying the antimony distri�
bution in nanocrystalline SnO2, because cationic substi�
tution does not affect the unit cell parameters due to the
close sizes of SbV and SnIV (0.65 and 0.69 Å, respect�
ively118). An impurity in SnO2(Sb) cannot be visualized
by contrast using electron microscopy, because the atomic
masses of Sn and Sb are close. According to the data of
Mössbauer spectroscopy, EXAFS, and XANES, antimo�

ny in low concentrations is incorporated into the SnO2
structure in the form of SbV and shifts to the surface as
SbIII if the doping level increases.119 The experimental
difficulties in studying the distribution of gallium in zinc
oxide are caused by the same fundamental factors. Tak�
ing into account the electric conductivity and optical
properties, the solubility of Ga and In in nanocrystalline
ZnO can be estimated as 1 at.%.120,121 The uniform im�
purity distribution was revealed in zinc oxide doped with
1 at.% gallium, since the intensities of the Ga K�line in
the EDX spectrum are comparable for different regions
and when using different scales (Fig. 14). Owing to the
significant difference in the atomic masses of In and Zn,
the impurity distribution in ZnO(In) can be visualized
by TEM, scanning transmission electron microscopy
(STEM), and EDX mapping: it is shown that at the con�
tent >1 at.% indium forms amorphous segregations (pre�
sumably in the form of oxide) on the surface of agglo�
merated particles of zinc oxide (Fig. 15).

4.1. Influence of dopants on the acidity and hydration
of the surface. The segregation on the oxide surface of
doping cations differed in the charge state from the cat�
ions of the matrix, primarily affects the acidic properties,
which appear, in particular, during chemisorption of water.

Doping of nanocrystalline SnO2 with antimony in
a concentration of 1—8 at.% results, as a whole, in
a decrease in the acidity of the surface.106 One of the
modern approaches to quantitative ranging of various

Fig. 13. Influence of the annealing temperature and content of dopants (x) on the size of crystalline grains (dXRD) of nanocrystalline
oxides SnO2(Sb) (a) and ZnO(Ga) and ZnO(In) (b): (a) Tann = 700 (1), 500 (2), and 300 °C (3); (b) ZnO(In), Tann = 450 °C (1);
ZnO(Ga), Tann = 450 °C (2); ZnO(In), Tann = 250 °C (3); and ZnO(Ga), Tann = 250 °C (4).106
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metal oxides according to their Lewis acidity122 is based
on the concept of so�called optical basicity (Λ).123 Ac�
cording to this concept, the Lewis acidity of the cations
that form oxide is inversely proportional to their optical
basicity. The calculated122 values of optical basicity for
the SbV and SnIV cations in the octahedral oxygen envi�
ronment are 0.985 and 0.870, respectively. The lower den�
sity of the positive charge on the SbV cations, as com�
pared to the SnIV cations of the matrix, leads to a de�

crease in water chemisorption on the surface and the con�
centration of hydrate derivatives formed in this process.
This is indicated by a decrease in the intensity of the
absorption bands of stretching vibrations of OH groups
and bending vibrations of H2O molecules in the IR spec�
tra of SnO2(Sb) (Fig. 16). However, the concentrations
of the Brønsted and Lewis acidic sites estimated from the
data of TPD of ammonia vary insignificantly within the
inaccuracy range (see Table 3).

Fig. 14. TEM images (a, b) of samples of nanocrystalline zinc oxide doped with 4 at.% Ga and the corresponding EDX spectra (c, d):
agglomerate of nanoparticles (a, c) and individual nanoparticle with the wurtzite structure (b, d).97
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Fig. 15. TEM (a) and STEM (b) images nanocrystalline zinc oxide doped with 5 at.% In. Inset: EDX map of the composition of the
detection region (dark is Zn, light is In).97

Note. Figures 15, 16, 21, and 23 are available in full color on the web page of the journal (http://www.link.springer.com).
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Doping of zinc oxide with GaIII and InIII cations ex�
erts an opposite effect: the acidity of the ZnO(M) surface
increases with an increase in the gallium and indium con�
tent.61,97,106 This is confirmed by the results of TPD of
ammonia: at the dopant content ≤0.5 at.% the spectra do
not almost differ from those for undoped ZnO (Fig. 17).
Evidently, impurities in this concentration exert no effect
on the acidity of the surface, since they are components
of the crystal structure of zinc oxide. Although the total
amount of acidic sites in ZnO(Ga) and ZnO(In) does not
change within the inaccuracy range being 2—3 μmol m–2,
the fraction of the Brønsted sites increases with an in�
crease in the content of dopants higher than 1 at.%. In
this case, the peak of ammonia desorption from the Lewis
sites shifts to low temperatures, which indicates a de�

crease in their acidic strength (see Fig. 17). This fact can
be caused by the fact that the surface MIII cations favor
water chemisorption and the respective increase in the
amount of acidic OH sites. This is confirmed by an in�
crease in the bands of stretching vibrations of О—Н in the
IR absorption spectra of doped zinc oxide (Fig. 18, a, b).
In turn, binding with water molecules and OH groups
can weaken the Lewis acidity of surface cations, which
makes it possible to explain the TPD results.61,97 The
data of IR diffuse reflectance spectroscopy under the con�
ditions of in situ ammonia adsorption directly indicate an
increase in the acidity of the surface with an increase in
the dopant content in ZnO(M): the intensity of the ab�
sorption bands of stretching and bending NH4 groups
formed by ammonia bound to the Brønsted OH sites and
NH3 molecules linked to the Lewis sites (Fig. 18, c).106

4.2. Influence of dopants on the concentration and pre�
dominant form of chemisorbed oxygen. According to the
results of analysis by the TPR�H2 method, the concen�
tration of chemisorbed oxygen on the surface of nano�

Fig. 16. IR absorption spectra of nanocrystalline tin dioxide
doped with various amounts of antimony: [Sb]/[Sb+Sn] = 0 (1),
1 (2), 2 (3), 3 (4), 4 (5), 6 (6), and 7 at.% (7).106
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Fig. 17. Temperature dependences of the specific rate of am�
monia desorption (w) during TPD from the surface of nano�
crystalline zinc oxide doped with various amounts of gallium
and indium. The regions of weak (I), medium (II), and strong
acidic sites (III) are distinguished.61

Fig. 18. IR absorption spectra (a, b) of nanocrystalline zinc
oxide doped with various amounts of gallium (a) and indium
(b) and IR diffuse reflectance spectra of similar samples under
the conditions of in situ adsorption of 200 ppm NH3 at room
temperature (с); (a, b) x = [M]/[M+Zn] = 0 (1), 0.5 (2), 1 (3),
3 (4), and 5 at.% (5).61
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crystalline tin oxide doped with 0.5—8 at.% antimony is
10—15 μmol m–2 (see Table 4) without a pronounced
dependence on the impurity amount.

The TPR spectra of zinc oxide doped with 1 at.%
gallium or indium are identical to the spectrum of un�
doped ZnO. This effect confirms that impurities in this
concentration do not affect the properties of the surface
and, most likely, incorporate into the volume of the ma�
trix grains. As the dopant content increases, new absorp�
tion peaks appear at Т = 300—600 °С (Fig. 19), which is
higher than the temperature range of reduction of sur�
face�bound oxygen. It is most likely that they correspond
to the reduction of segregations Ga2O3 and In2O3 on the
zinc oxide surface. The amount of chemisorbed oxygen
estimated from the hydrogen uptake at T = 100—300 °C
somewhat increases with an increase in the concentra�
tion of dopants in ZnO(Ga), ZnO(In) (see Table 4). This
can be caused by the fact that the impurity cations MIII

form donor sites favoring the chemisorption of acceptor
oxygen molecules.

The state of surface�bound oxygen can be studied in�
directly by analysis of the dependence of the electric con�
ductivity of the material on the partial pressure of O2.
The restriction of this method is that the obtained in�

formation concerns only ionosorbed oxygen in the form
of O2

–, O–, or O2– and the model of conductivity based
on a series of assumptions33 is used to determine their
relative amount. The study of oxygen ionosorption in
the case of nanocrystalline ZnO(Ga) and ZnO(In)
showed that molecular O2

– (100—200 °C) or atomic O–

(200—400 °C) ionosorbates can exist on the oxide surface
depending on the temperature.61 The influence of the
dopants is manifested only in the low�temperature range:
at T = 100—200 °C molecular ionosorption in the form of
O2

– predominates on the surface of the samples doped
with gallium and indium, whereas on the surface of un�
doped zinc oxide the fractions of O2

– and O– are equiva�
lent (Fig. 20). It is assumed that the acid�base interaction
of the MIII surface cations with O2 molecules takes place
in the case of ZnO(M).61

4.3. Influence of dopants on the type and concentration
of paramagnetic centers. Doping additives affect most
strongly the concentration of paramagnetic donor cen�
ters (oxygen vacancies) in the materials based on zinc
oxide.97 These sites are the single type of paramagnetic
centers in the doped samples of nanocrystalline zinc ox�
ide detected by the ESR method from the signal with
g = 1.956 in the corresponding spectra (Fig. 21).

As the dopant concentration in ZnO(Ga) increases
from 0 to 1 at.%, which corresponds to the solubility
limit of gallium in zinc oxide, the signal intensity of the
donor states reaches a maximum. With the further in�
crease in the doping level, the concentrations of these
paramagnetic centers somewhat decrease and depend
weakly on the gallium content (Fig. 22). This nonmono�
tonic behavior of the concentration dependence can be
explained by the fact that with increasing the dopant con�
tent higher than 1 at.% the donor states transform into
non�paramagnetic states, for example, via the formation

Fig. 19. TPR spectra of samples of zinc oxide annealed at dif�
ferent temperatures and doped with various amounts of gallium
and indium; v is the specific rate of H2 uptake.106
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of non�paramagnetic pairs of donor states. If assuming
that the donor defects corresponding to paramagnetic
centers with g = 1.956 are formed owing to the incorpora�
tion of doping cations into crystal structure of the matrix,
it can be concluded that the maximum in Fig. 22 at
x = 1 at.% Ga corresponds to the solubility of gallium in
zinc oxide. With the further increase in its content, galli�
um can occupy positions on the surface of ZnO particle
and suppress the formation of oxygen vacancies.

5. Influence of catalytic modifiers on active sites

The concept of chemical modification is the forma�
tion on the semiconductor matrix surface of new active
sites with specific adsorbability and/or reactivity toward
target gases. Numerous studies showed that the modifi�

cation of the surface of semiconductor oxides improved
their sensor properties: sensitivity, selectivity, dynamics
of response, and stability.17 An approach to choosing
modifiers was developed as a result of the systematic study
of the sensor sensitivity of nanocrystalline SnO2 modified
by diverse additives (noble metals, oxides of transition
metals and lanthanides).19 The essence of the approach is
that the reactivity of the modifier should correspond to
the chemical properties of the target gas. For example, if
the gas has the Lewis basicity (NH3, amines). Then it is
reasonable to modify the sensor surface by additives with
pronounced acidic properties (MoO3, WO3, V2O5).

Unlike the acid�base additives, the action of catalytic
modifiers is the intensification of oxidation of analyzed
gas molecules with chemisorbed oxygen on the material
surface rather than the enhancement of adsorption. This
occurs owing to a decrease in the activation energy of the
reaction responsible for sensor signal formation and leads
not only to an increase in the sensor sensitivity but also to
a decrease in the working temperature necessary for this
process.124—128 The choice of selective modifiers is based
on the concept about the mechanism of action of the
heterogeneous catalysts.18 The activity and specificity of
a catalyst in oxidation processes are determined by the
energy of adsorption of molecules of gas�reducing agent
and oxygen and the energies of bonding with intermedi�
ates and reaction products. Transition metals of Groups
8, 9, and 10 have an optimum chemisorption energy to�
ward various gases, which is caused by their electronic
structure.129 Transition metals of the beginning of the
series (less occupied d�sublevel), metals of the main sub�
groups, and rare�earth elements are characterized by
strong chemisorption of gases (with oxygen, up to the
formation of new phases) due to vacant orbitals.18 On the
contrary, elements with the completely occupied d�sub�
level (Group 11) are less prone to chemisorption of gases,
and their catalytic activity is caused by the formation of
vacancies in the d�sublevel, especially for nanodispersed
metals.129,130 An optimum catalytic modifier for a spe�
cific gas�reducing agent can be selected if considering the
dependence of the catalytic activity of the metals in the
oxidation of the target gas on the bonding energy with
adsorbates. For instance, Pd and Pt are the optimum
catalysts in CO oxidation, since the energy of oxygen
chemisorption on them (340—360 kJ mol–1) is close to
the bonding energy of these metals with CO.131,132 Palla�
dium and platinum are among the most efficient modifiers
for improving sensor properties toward CO.126,133—136

Gold is of the same interest,127,137,138 but its activity is
determined by the size effect rather than the chemisorp�
tion energy. Other metals catalytically active in CO oxi�
dation, such as Rh, Ru, and Ni, found no wide use as
modifiers of sensor materials because, under the opera�
tion conditions of sensors, they tend to form stable oxide
phases with the catalytic properties different from those
of the metals.131,139

Fig. 21. ESR spectra of nanocrystalline zinc oxide doped with
various amounts of gallium; x = [Ga]/[Ga+Zn] = 0 (1), 0.5 (2),
1 (3), 3 (4), and 5 at.% (5).97
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Fig. 22. Concentration of donor sites (g = 1.956) (CD) vs
gallium content in doped nanocrystalline zinc oxide87;
x = [Ga]/[Ga+Zn].
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Systems oxide—Ru—NH3 represent an example of the
correspondence of the catalytic properties of the modifier
and sensor properties of the modified oxide. On the one
hand, the catalysts based on ruthenium are the most ac�
tive and selective catalysts of synthesis, decomposition,
and oxidation of ammonia.140,141 This is caused the opti�
mum energy of the Ru—N bond providing low activation
barriers of transitions from chemisorbed NH3 to interme�
diate species (NH2—, NH=, N≡) and its oxidation prod�
ucts (N2, NOx).142,143 On the other hand, the ruthenium�
modified semiconductor oxides (ZnO, SnO2) possess ex�
cellent sensitivity and selectivity toward NH3.144—146 It
is shown that ammonia oxidation to nitrogen oxides cat�
alyzed by the modifier plays the determining role in the
formation of a sensor signal in these systems146 (Scheme 1).

Scheme 1

Oxygen does not inhibits the modifier, because oxide
RuO2 formed in air contains on the surface coordinately
unsaturated RuIV cations accessible for binding NH3 mol�
ecules and, hence, this oxide almost does not differ in
catalytic properties from metallic ruthenium.147,148

The influence of the catalytic modifiers PdOx and
RuOy (1 wt.%) on the type and concentration of active
sites on the surface of nanocrystalline SnO2 will be con�
sidered further. The modification was conducted by the
impregnation of tin dioxide with alcohol solutions of PdII

and RuIII acetylacetonates followed by the thermal treat�
ment in air.67,146

5.1. Active sites formed by catalytic modifiers. The ac�
tive sites formed by the catalytic modifiers are clusters or
nanoparticles of noble metals or their oxides localized on
the surface of the semiconductor matrix. This was exper�
imentally confirmed by the TEM and STEM studies of
the nanocomposites.67,127,134,146 The clusters can be de�
tected if either the atomic masses of the modifier and the
major element of the oxide matrix (for example, for the
modification of tin dioxide with gold or nickel, Fig. 23, a),
or sizes of the clusters of the modifier and support parti�
cles (Fig. 23, b) differ considerably. On the contrary, it is
difficult to visualize additives by methods of transmission

Fig. 23. High�resolution TEM images of nanocrystalline SnO2 (d = 3—6 nm) modified by gold and nickel oxide (a) and platinum
oxide clusters on the tin dioxide surface with the particle size d = 16—20 nm (b). STEM images of nanocomposites SnO2/PdOx (c)
and SnO2/RuOy (d) based on nanocrystalline tin dioxide (d = 3—6 nm); insets: EDX maps of the isolated region (blue is Sn, yellow
is modifier element).68
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electron microscopy when nanocrystalline SnO2 (parti�
cle size <10 nm) is modified by noble metals of the same
period (Ru, Rh, Pd).149 Scanning of the elemental com�
position of the surface in terms of energy dispersive X�ray
microanalysis (EDX mapping) is informative when study�
ing the modifier distribution in these systems. Figures 23,
c, d exemplify the maps of the cationic composition of
the surface of SnO2/PdOx and SnO2/RuOy nanocom�
posites composed by scanning the Sn L, Pd L, and Ru L
signals and show that the modifiers form clusters 1—5 nm
in size even when supporting a minor amount (1 wt.%) of
the additives on the surface of highly dispersed SnO2 (par�
ticle size 3—6 nm).67,146 The catalytic clusters cover not
isolated nanoparticles of SnO2 but their agglomerates,
whose sizes can range from several tens to hundreds of
nanometers.

When describing the active sites formed by modifiers,
it is important to determine the oxidation state of the
latter. This depends, first of all, on the nature of the intro�
duced additive. For the noble metals used, the affinity to
form oxides decreases in the series Ru, Rh, Pd, Pt, and
Au. This is caused by a decrease in the energy of the
metal—oxygen bond, energy of the crystal lattice, ther�
mal stability, and absolute enthalpy of formation of ox�
ides of the indicated metals. Ruthenium and rhodium on
the surface of nanocrystalline oxides exist in the oxidized
state as RuO2 (ΔfH = –(150—200) kJ mol–1) or Rh2O3
(ΔfH ≈ –(100—150) kJ mol–1), respectively.145,150 It was
shown by the ESR method that ruthenium in the SnO2/
RuOy nanocomposites (1 wt.%) prepared by the impreg�
nation with a solution of Ru(acac)3 can be in the mixed�
valence state, where structured RuO2 clusters contain
a fraction of RuIII.109,151 Gold, oxide of which Au2O3 is
an endothermic compound,150 exists in the zero�valent
state on the surface of sensor materials even in the form
of small clusters (1—3 nm).152,153 Palladium and plati�
num that occupy an intermediate position can exist both
in the metallic state and as oxides PdO, PtO, and PtO2
(ΔfH ≈ –(50—100) kJ mol –1).134,154 In this case, the
oxidation state depends on the method of synthesis of the
nanocomposite, morphology and particle size of the mod�
ifier, and conditions: temperature and composition of the
gas phase. The investigations of the state of palladium
deposited on SnO2 show that the modifier in low concen�
trations (0.1—0.2 wt.%) is distributed over the surface at
the atomic level, which facilitates its interaction with
chemisorbed oxygen to form PdO.15,155 When the con�
tent of palladium is increased to 1—3 wt.%, it forms three�
dimensional clusters on the SnO2 surface,15 and their
oxidation starts in the presence of oxygen already at 200 °C.
As a result, mixed�valence clusters PdOx containing PdII

as the major form (x = 0.7—0.8) along with zero�valent
palladium are formed.105,155 The PdII cations can be in�
corporated into the support lattice on the SnIV positions,15

but heating above 400 °С is necessary for the beginning of

PdII diffusion into the near�surface layer of SnO2.156 The
detailed study of the composition of the nanocomposites
based on SnO2/PdOx (1 wt.%) by the XPS, ESR, XANES,
and EXAFS methods revealed than the PdOx clusters con�
sisting of amorphous PdO also contain Pd0 atoms and
a minor fraction of PdIII cations presumably stabilized at
the boundary of the clusters and support.109,151 The fur�
ther increase in the amount of supported palladium re�
sults in the percolation of metallic clusters, formation of
continuous layers of Pd and, finally, formation of the
near�surface solid solution Sn—Pd (two—five monolayers
of the additive).15 The particle size similarly affects the
state of platinum on the surface of nanocrystalline SnO2:
clusters <3—4 nm in size were shown to be PtO2 and
larger clusters represent zero�valent Pt0.157 According to
the XPS data, in the nanocomposites containing 1 wt.%
platinum and obtained by the impregnation method us�
ing Pt(acac)2, platinum exists as PtO, which is charac�
teristic of small Pt clusters (<2 nm).

5.2. Influence of modifiers on intrinsic active sites of
the oxide. In addition to the formation of new active sites,
modifiers affect intrinsic surface sites of the semiconduc�
tor oxide: catalytic clusters specifically change their con�
centration and reactivity of the surface of the material as
a whole. This predetermines the character of interaction
of nanocomposites with gases, which affects the opera�
tion conditions of the gas sensor. Let us consider how
additives of palladium and ruthenium oxides (1 wt.%)
affect the active sites of nanocrystalline tin dioxide. As
shown by the TPR results, the shift of the maximum of the
low�temperature hydrogen uptake to the low�tempera�
ture range indicates an increase in the activity of the oxid�
ative surface sites in catalytically modified SnO2 (Fig. 24).
The quantitative influence of the modifiers is manifested
in that the palladium additives (and, to a higher extent,
the ruthenium additives) favor an increase in the concen�
tration of chemisorbed oxygen on the SnO2 surface (see

Fig. 24. Temperature dependence of the specific rate of hydro�
gen uptake (v) during TPR of nanocrystalline SnO2 modified
by catalytic additives.68
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Table 4). Their concentration in the modified materials
by 3—5 times exceeds the surface concentration of PdOx
or RuOy. This indicates that the clusters of platinum metal
oxides form new oxidative sites and also favor the accu�
mulation of chemisorbed oxygen on the surface.

According to the data of TPD of ammonia, the intro�
duction of catalytic additives induces a change in the
acidity of the SnO2 surface. Modification with palladium
oxide results in a systematic increase in the concentration
of the Brønsted OH sites on the surface of materials with
different microstructure parameters (see Table 3). The
peaks of NH3 desorption from the Lewis sites appear at
lower temperatures than those in the case of the unmodi�
fied oxide, so that the corresponding TPD signals lie in
the range corresponding to acidic sites of medium strength
(Fig. 25). This can indicate the weakening of the Lewis

acidity of the SnO2 surface under the action of PdOx and
RuOy additives or can reflect the desorption of the prod�
ucts of catalytic ammonia oxidation.109,146

The influence of the modifiers on the paramagnetic
centers appears in the fact that the signal of the donor
sites is not detected in the ESR spectra of modified tin
dioxide, which can be caused by the acceptor action of
the PdOx and RuOy clusters themselves or by the promo�
tion of oxygen chemisorption favoring the complete ion�
ization of oxygen vacancies VO

•.85 The relative concen�
trations of surface sites O2

– and OH• (see Table 6) change
slightly upon modification by ruthenium oxide. Howev�
er, under other equivalent conditions, the concentration
of hydroxyl sites OH• on the SnO2/PdOx surface is twice
as large and that of the oxygen sites O2

– is 1.5 times lower
than those in the case of SnO2. This effect is enhanced for
the hydration of SnO2/PdOx, so that the ESR spectrum
of the material kept in wet air contains no signal of O2

–

(Fig. 26). It is most likely that the PdOx clusters favor the
transformation of the oxygen sites into the hydroxyl sites
in the presence of water vapors.83,153

The composition of the HHL of the surface of nano�
crystalline SnO2 changes under the action of the catalytic
additives.105,109 This is expressed quantitatively as an in�
crease in the concentration of molecular and dissociated
derivatives of adsorbed water (see Table 5), which is con�
firmed by the data of IR spectroscopy (Fig. 27) and
thermogravimetry (Fig. 28). The IR spectra also indicate
the changes in the qualitative composition of the hydr�
oxyl layer: the modification of SnO2 by palladium or ru�
thenium oxide favors an increase in the fraction of bridg�
ing hydroxyl groups OH…OH joined by hydrogen bonds
among the dissociated hydrate species (OH groups) (see
Fig. 27, Table 1). This can be caused by an increase in the
mobility of protons of the OH groups under the action of
modifiers, as its occurs in the case of increasing the Brøn�
sted acidity on the SnO2/PdOx surface.

Fig. 25. Temperature dependences of the specific rate of NH3
desorption (v) during TPD from the surface of nanocrystalline
SnO2 with different microstructure parameters and catalytic
modifiers: (a) d(SnO2) = 3—6 nm, SBET = 100—110 m2 g–1; (b)
d(SnO2) = 10—12 nm, SBET = 20—25 m2 g–1; (c) d(SnO2) =
= 16—20 nm, SBET = 5—10 m2 g–1; and (d) d(SnO2) = 26—35 nm,
SBET = 1—5 m2 g–1. The regions of weak (I), medium (II), and
strong acidic sites (III) are distingished.109
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Fig. 26. ESR spectra of nanocrystalline materials SnO2 (1),
SnO2/PdOx (2), and SnO2/PdOx kept in wet air (3).109
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Note that modifiers exert different effects on the
amount of different active sites. Unlike ruthenium oxide
resulting in the accumulation of chemisorbed oxygen, the
PdOx clusters exhibit the hydrating effect, namely, favor
an increase in the concentration of surface hydrate species:
molecular�adsorbed water and OH groups, including the
hydroxyl groups that are Brønsted acidic sites, and para�
magnetic OH• centers (see Tables 3—6). It is assumed
than the increase in the chemisorption of H2O under the
action of palladium oxide is induced by the electronic
interaction with the support. At the concentration of the
modifier (1 wt.%), the PdOx clusters mainly contain biva�
lent (∼70% of the total amount) and zero�valent palladi�
um. The work function of PdO oxide is 6.0 eV.157 In
addition, these two states can form redox pair PdO/Pd,
the energy level of which lies by ∼5.5 eV lower than the
vacuum level.158 Since the work function of tin dioxide

(4.8 eV) is lower than these values, a depleted layer is
formed in the semiconductor region contacting with the
PdOx clusters (Fig. 29, a). The electron�deficient char�
acter of the near�boundary region of the support favors
the adsorption of H2O donor molecules and their dissoci�
ation, which, according to Eq. (6), is accompanied by the
formation of OH groups and paramagnetic centers ОН•

on the SnO2/PdOx surface. A lower hydrating effect of
ruthenium oxide is caused by its weak electron�acceptor
action: the work function of RuO2 is159 5.0—5.1 eV, and
in contrast with SnO2 the effect of depletion of the sup�
port in electrons is less pronounced (Fig. 29, b) than that
at the SnO2—PdOx boundary.

Fig. 27. IR absorption spectra of the materials based on nano�
crystalline tin dioxide modified by catalytic additives.109

Fig. 28. Thermograms of the materials based on nanocrystal�
line tin dioxide modified by catalytic additives.109
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Fig. 29. Scheme of formation of the depleted layer in the near�
surface region of SnO2 on contact with PdOx clusters (levels
corresponding to the work function of PdO and potential of the
PdO/Pd) pair (a) and RuOy (b); Evac, EC, EF, ED, and EV are
levels of vacuum, conduction band, Fermi, donor states, and
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6. Oxygen exchange

Various forms of oxygen can participate in processes
of interaction of semiconductor oxides with gases respon�
sible for their sensor sensitivity: chemisorbed oxygen and
structural anions (anions incorporated in the crystal lattice
of oxide) in the near�surface layer and in the volume of
oxide particles. An efficient method of investigation of
these interactions is temperature�programmed isotope
exchange 18O/16O under the dynamic conditions.160 This
method is experimentally performed by passing a gas mix�
ture of isotopic oxygen molecules 16O2, 16O18O, and 18O2
in argon through the oxide heated in the reactor with a
constant rate with the simultaneous determination of the
isotope composition of the outlet gas by mass spectro�
metry. The initial isotope composition of the gas can
be close to the random distribution of molar fractions
16O2 : 16O18O : 18O2 ≈ 1 : 2 : 1 (so�called equilibrium
mixture) or can deviate from it considerably (nonequilib�
rium mixture). The temperature dependences of the molar
fractions of isotopic oxygen molecules and the atomic
fraction of 18O in the outlet gas calculated from these
dependences are analytical data. The mathematical de�
scription of these dependences makes it possible to deter�
mine the mechanism and to estimate the kinetic parame�
ters of oxygen exchange.67,68,160

6.1. Influence of the SnO2 microstructure on the oxy�
gen exchange. The temperature dependences of the molar
fractions of isotope oxygen molecules 16O2 (f32), 16O18O
(f34), and 18O2 (f36) in the gas passed through the reactor
with the nanocrystalline samples of SnO2 with various
microstructure parameters67 are presented in Fig. 30. The
deviation of fi(T) from the initial values indicates the on�
set of oxygen exchange between O2 of the gas phase and
oxide. For highly dispersed SnO2 (particle size 3—6 nm),
this occurs at T ≈ 430 °C, whereas for a coarsely crystal�
line material (particle size 35—50 nm) the onset of oxy�
gen exchange is observed at T ≈ 520 °C, indicating a lower
activity of the latter. The temperature dependences of the
molar fraction of 16O18O f34(T) and atomic fraction of
18O f18(T) in the outlet gas flow are presented in Fig. 31.
A decrease in the atomic fraction of 18O after the ex�
change onset indicates that the major process is the
heteroexchange involving the oxygen atoms of the oxide.
The simulation of the curves f18(T) and f34(T) (see Fig. 31)
showed that the so�called simple heteroexchange of a gas
molecule with one oxygen atom of the crystal structure of
oxide67 was the rate�determining process in the case of
unmodified SnO2 (Scheme 2).

The total amount of oxygen capable of exchanging
with the gas phase, which was estimated by the integra�
tion of the f18(T) curves, increases from 4 to 100 at.%
with a decrease in the average particle size of SnO2 from
35—50 to 3—6 nm.67,68 The kinetic parameters deter�
mined in the framework of the model of simple hetero�

exchange are presented in Table 7. In the case of coarsely
crystalline samples of SnO2, the intensity of the exchange
is low and, therefore, its kinetic parameters were not de�
termined.

The total amount of oxygen capable of exchanging
with the gas phase in highly dispersed SnO2 was estimat�
ed as (7±0.6)•1021 atom g–1, which is consistent (within
the error) with the stoichiometric content of oxygen in
SnO2 (8.0•1021 atom g–1). Thus, almost the whole oxy�
gen in the composition of highly dispersed SnO2 can be
substituted by the O atoms in the gas phase. Note that tin
dioxide even in the nanodispersed state is usually consid�
ered as a material with the rigid cation�anionic frame�
work and an insignificant mobility of the oxygen sublat�
tice is implied when describing the formation of oxygen
vacancies.15 The low�temperature peak (see Fig. 31, a,
dashed line) corresponding to the state of oxygen with
a high activity in the heteroexchange can be distinguished
in the f18(T) dependence of highly dispersed SnO2. The
oxygen amount is (1.6±0.4)•1021 atom g–1, which coin�
cides with the estimated concentration of structural oxy�
gen on the SnO2 surface (95 m2 g–1×1.4•1019 atom m–2 ≈
≈ 1.4•1021 atom g–1). Therefore, oxygen on the material
surface undergoes complete substitution at the exchange
onset, whereas at high temperatures the main process is

Scheme 2

Fig. 30. Temperature dependences of the molar fraction of
molecules 16O2 (f32), 18O16O (f34), and 18O2 (f36) in gas after the
interaction with tin dioxide samples with different microstruc�
ture parameters: (a) d = 3—6 nm, SBET = 100—110 m2 g–1 and
(b) d = 26—35 nm, SBET = 1—5 m2 g–1.67
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Fig. 31. Experimental (points) and calculated (lines) tempera�
ture dependences of the atomic fraction of 18O (f18) and molar
fraction of 18O16O (f34) in gas after the interaction with
tin dioxide with the particle size d(SnO2) = 3—6 (a) and
26—35 nm (b). Dashed line corresponds to the exchange of
surface oxygen.67
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Table 7. Main parameters of oxygen exchange for the materials of pure and modified tin dioxide67,68

Compound T0
a Rate of heteroexchange (300 °C) Db/m2 s–1 Ea

c/kJ mol–1 f d

simple complex I II III

SnO2�1000 520 — — — — — — 14
SnO2�300 430 1.3•1012 — 6.1•10–24 130 — 80 60
SnO2�300/PdOx 310 2.6•1012 5.7•1014 1.9•10–22 130 110 80 54
SnO2�300/RuOy 200 2.6•1012 3.6•1017 3•10–21 130 130 60 46

a Temperature of exchange onset.
b Diffusion coefficient (300 °C).
c Activation energy of simple (I) and complicated heteroexchange (II) and diffusion (III).
d Fraction of substituted oxygen of the total content of O.

the substitution of anions in the crystallite bulk. The frac�
tion of surface atoms in the total amount of oxygen capa�
ble of exchanging is 1.6•1021/(8.0•1021) = 0.2.

6.2. Influence of catalytic modifiers on the oxygen
exchange on SnO2. The study of the influence of additives
PdOx and RuOy deposited on the surface of highly dis�
persed SnO2 showed that the catalytic clusters intensified
the oxygen exchange of the oxide matrix with the gas

phase, and the ruthenium additives exerted a stronger
effect.68 This appears primarily as a decrease in the tem�
perature of exchange onset to 310 °С for SnO2/PdOx and
to 200 °С for SnO2/RuOy compared to unmodified SnO2
(430 °C). The decrease in the atomic fraction of 18O after
the beginning of the exchange (Fig. 32) indicates hete�
roexchange occurring on the surface of the modified sam�
ples as in the case of SnO2.

The influence of modifies also reflects the exchange of
surface oxygen. The corresponding peak on the f18(T)
dependences appears as a low�temperature shoulder in
the case of SnO2/PdOx and is distinctly resolved for SnO2/
RuOy (see Fig. 32). This fact, as well as the shifts of the
peaks toward low temperatures, indicates that the mo�
bility of surface oxygen increases in the series SnO2 <
< SnO2/PdOx < SnO2/RuOy. Note that the concentration
of oxidative sites on the sample surface increases in the
same sequence (see Table 4).

The modeling of the oxygen exchange on the basis of
the experimental dependences f18(T) and f34(T) (see
Fig. 32) showed its double mechanism being a combina�
tion of the simple (as on unmodified SnO2) and compli�
cated heteroexchange in which the gas molecule exchange
with two oxygen atoms of the oxide61 (Scheme 3).

Scheme 3

The kinetic parameters of both mechanisms are com�
pared in Table 7. The comparison of the data for the
simple heteroexchange of various samples shows that for
modified SnO2 the exchange via this mechanism is caused
by the free surface of the matrix and the action of sup�
ported clusters PdOx and RuOy appears only as a twofold
increase in the rate of the simple heteroexchange. On the
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contrary, the complicated heteroexchange characterized
by substantially higher rate and diffusion coefficient and
lower activation energies of exchange and diffusion is
completely caused by the presence of modifiers. Unlike
the simple heteroexchange occurring via the Riedel—Eley
mechanism, the mechanism of complicated heteroex�
change includes the preliminary dissociation of molecu�
lar oxygen on the material surface followed by the substi�
tution of lattice anions by adsorbed O atoms. The spill�
over effect often observed on the noble metal (Pt, Pd)
clusters supported on the oxide support160—162 is based
on these processes. If assuming that the effect of PdOx
and RuOy nanoparticles supported on the SnO2 surface
and taking into account its interpretation in terms of the
temperature�programmed isotope exchange, then the
heteroexchange via the spillover mechanism can be
presented by Fig. 33. If the dissociation of O2 is the rate�

determining step because of the high energy of O—O bond
(493 kJ mol–1 in the gas18), then, from the kinetic point
of view, this complex of processes is equivalent to the
mechanism of complicated heteroexchange (see Scheme 3).
Thus, the influence of the supported PdOx and RuOy
nanoparticles on the reaction of SnO2 with gaseous O2 is
reduced to the formation of sites of dissociative adsorp�
tion and routes of the fast migration of atomic oxygen to
the matrix surface.

Thus, the study of the isotope exchange showed that
the modifiers of the nanocrystalline SnO2 surface inten�
sified the interaction of the material with oxygen via the
spillover effect. Possibly, this is related to the influence of
the PdOx and RuOy modifiers on the concentration of
chemisorbed oxygen; moreover, both the activity in the
oxygen exchange and the content of oxidation sites in�
crease in the series SnO2 < SnO2/PdOx < SnO2/RuOy.
The spillover effect implies that the clusters of the modi�
fiers form the dissociative adsorption sites of O2 mole�
cules and routes of migration of the formed O atoms to
the support surface (see Fig. 33). As a result, not only the
total content of chemisorbed oxygen species increases on
the surface of the modified material, but also their reac�
tivity is enhanced due to an increase in the fraction of the
most reactive species (atomic forms), although the de�
tection of them by any method of surface investigation
failed. The higher the metal affinity to oxygen, the more
intense the adsorption and dissociation of molecular
oxygen on the modifier clusters. For example, the RuOy
clusters consisting mainly of RuO2 favor an increase
in the adsorbed oxygen concentration on the tin dioxide
surface to a higher extent than PdOx does (see Table 4).
They also activate the oxygen exchange (the tempera�
ture of the exchange onset for SnO2/RuOy is 200 °C,
while that for SnO2/PdOx is 310 °C). This correlates
with a lower enthalpy of formation of RuO2 (ΔfH =
= –(150—200) kJ mol–1) compared to that of PdO
(ΔfH = –(50—100) kJ mol–1)149 and a higher energy of
the metal—oxygen bond.

Fig. 32. Experimental (points) and calculated (lines) tempera�
ture dependences of the atomic fraction of 18O (f18) and molec�
ular fraction of 18O16O (f34) in gas after the interaction with
nanocrystalline tin dioxide unmodified (a) and modified by pal�
ladium oxide (b) and ruthenium oxide (c). Dashed line corre�
sponds to the exchange of surface oxygen.68
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Fig. 33. Influence of catalytic modifiers, clusters of palladium
or ruthenium oxides, on the mechanism of oxygen exchange of
tin dioxide with the gas phase68; i and ii designate simple and
complicated heteroexchange, respectively; iii is diffusion of O.

O2 (g) O2 (g)

2 Osurf 2 Osurfi

ii

iii

MOx



Nanocrystalline SnO2 and ZnO Russ. Chem. Bull., Int. Ed., Vol. 66, No. 10, October, 2017 1755

7. Sensor properties toward gases
СО, NH3, and NO2

At present, a change in the electrophysical properties
of semiconductors depending on the gas phase composi�
tion are described in the framework of two different mod�
els: ionosorption and changing the amount of oxygen va�
cancies. The ionosorption model takes into account only
the effects related to the electric potential of the surface
and regions of special charge formed due to the chemi�
sorption of molecules from the gas phase. The model of
oxygen vacancies describes the sensor properties of semi�
conductor metal oxides on the basis of concepts about
a change in the deviation of their composition from
stoichiometry.

It is assumed in terms of the ionosorption model that
the sensor signal is formed due to a change in the density
of the localized surface charge of the semiconductor in
the course of the following processes15:

(a) chemisorption of air oxygen

β/2 O2 (g) + αe–     Oβ(ads)
–α, (15)

where β = 1 and 2 for the atomic and molecular species,
respectively; α = 1 and 2 for the singly and doubly charged
ions, respectively; e– is electron with a sufficient energy

for surmounting the barrier formed by the negatively
charged surface; and Oβ(ads)

–α is the chemisorption oxy�
gen species;

(b) reaction of gas�reducing agent R (for example,
CO, NH3) with chemisorbed oxygen

β R (g) + Oβ(ads)
–α    β RO (g) + αe–, (16)

where RO (g) is the oxidation product of gas�reduc�
ing agent R (CO2, N2);

(c) chemisorption of the gas�oxidant (for example,
NO2)

NO2 (g) + e–    NO2(ads)
–. (17)

Oxygen chemisorption from the gas phase on the sur�
face of oxide semiconductors results in the formation of
a double electrical layer and a surface acceptor level in
semiconductors with conductivity of the n�type.163 The
volume charge formed in the near�surface layer due to the
reaction induces the bending of conduction band (EC),
valence band (EV), and donor (ED) and acceptor (EA)
levels near the surface (Fig. 34).

The reaction with molecules of the gas�reducing agent
(see Eq. (16)) results in a decrease in the concentration of
chemisorbed oxygen, an increase in the concentration of
the carriers, a decrease in the surface charge, and a de�

Fig. 34. Scheme of the band structure of an n�type semiconductor under the adsorption conditions: (a) band diagram of the
semiconductor volume; (b) band diagram of the near�surface layer of the semiconductor under the adsorption conditions of gas
(electron acceptor); Φ is the work function, χ is the electron affinity; Ess and EA are the levels of surface and acceptor states,
respectively; eΔVs is the change in the surface energy barrier during ionosorption of gas molecules, and Δσ is the change in the
surface charge.24
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crease in the extension of the depleted layer and inter�
granular barrier. All these processes are accompanied by
an increase in the conductivity. For the chemisorption
of the gas�oxidant (NO2) with a higher electron affini�
ty than that of oxygen, on the contrary, the depletion
of semiconductor grains in charge carrier is enhanced,
the surface barrier increases, and the conductivity de�
creases.

The model of oxygen vacancies164 is applied for the
description of the process of sensor signal formation in an
inert atmosphere in the presence of gas�reducing agents,
for example, CO,32 CH4,76 and H2 (see Ref. 45). It is
assumed that the oxygen anions from the crystal structure
of semiconductor oxide are directly involved in the oxi�
dation of molecules of gas�reducing agents on the mate�
rial surface, which can be expressed using the Kröger—
Vink notation

OO
× + R    VO

× + RO    VO
• + e´ + RO  

  VO
•• + 2 e´ + RO, (18)

where R is a molecule of the gas�reducing agent, and RO
is the oxidation product of gas R. Experimental data con�
firming the reactivity of lattice O2– anions are few.165

For instance, the formation of SnII cations accompany�
ing ionized oxygen vacancies was proved by Mössbauer
spectroscopy for the interaction of nanocrystalline SnO2
with CO (1 vol.%) in nitrogen at elevated temperature.166

There are data that signals of carbonate groups, whose
formation is independent of the oxygen concentration in
the gas phase and is not accompanied by CO2 evolution,
appear in the IR spectra of tin dioxide interacting with
CO at 300 °С. The formation of these carbonates can be
due56 to the interaction of CO with lattice oxygen on the
SnO2 surface

CO + O2–    CO3
2–. (19)

It seems reasonable to use investigation methods un�
der the in situ conditions for studying mechanisms of
interaction of the sensor materials with gases. Raman
spectroscopy167 and IR diffuse reflectance spectro�
scopy,92,168 as well as chromatographic and mass spectro�
metric analyses of the formed gases,169 provide informa�
tion about the adsorption sites, routes of chemisorption
of gas molecules, and their transformations on the sur�
face. Additional data can be obtained from measurements
of the electrophysical properties, for example, examina�
tion of the electron work function by the Kelvin method
or by synchronous measurements of the electric conduc�
tivity and work function. According to the band model
(see Fig. 34), the reversible chemisorption processes
change the position of the Fermi level relative to the vac�
uum level, i.e., work function of electron (Φ), and the
charged surface states (ionosorbates) are responsible for

the change in height of the surface barrier (eVs), which
determines the response of electric resistance, and the
uncharged surface states (chemisorbates) are responsible
for the change in the electron affinity (χ)62

ΔΦ = –eΔVs + Δχ = kTln(Rair/Rgas) + Δχ, (20)

where Δ is the change in the corresponding parameter due
to the interaction with the gas, and Rair and Rgas are the
resistances of the material in pure air and in the presence
of the determined gas, respectively. Since Δχ is directly
proportional to the concentration of formed dipolar
chemisorbates, the combined measurements of the resis�
tance and work function make it possible to estimate the
intensity of both collective and local interactions of the
semiconductor with the gases that simultaneously deter�
mine the electrical signal.168 Impedance metry allows one
to determine a change in both electron and ionic (proton)
conductivity during the interaction with gases.105

7.1. Role of the nature of active sites. The oxidation of
CO and NH3 on the surface of unmodified tin(IV) and
zinc oxides at different temperatures can be presented106

by Scheme 4.

Scheme 4

The formation of intermediate and final carbonate
species on the SnO2 surface was confirmed by IR spectro�
scopy.56,75,92 It was taken into account in the scheme of
the reaction with ammonia that at these temperatures
NH3 molecules are chemisorbed on the OH groups, which
are predominant hydrate species at these temperatures,
and on surface cations.168 The fact that ammonia oxida�
tion on the surface of unmodified oxides ceases at the
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stage of N2 formation is consistent with the concepts of
other authors125,126,142 and results of analysis of the re�
action products of these oxides with ammonia.146

Modification of nanocrystalline SnO2 by catalytic ad�
ditives of PdOx and RuOy favors an increase in the sensor
sensitivity and selectivity toward СO and NH3, respec�
tively.105,146,150,170 The catalytic effect also appears as
a shift of the maximum of the sensor signal to the range of
lower temperatures (Fig. 35). The results of combined
measurements of the electron work function and electric
conductivity showed that the modifiers in these systems
provided a specific increase in the reactivity of the surface
towards gases CO and NH3.168 It was concluded on the
basis of the data of IR diffuse reflectance spectroscopy
that the active sites being catalytic clusters themselves are
primarily responsible for this phenomenon.168

The positions of bands corresponding to the carbonyl
group vibrations, which were observed only for the inter�
action of CO and SnO2/PdOx (Fig. 36), indicate that
they are attributed to the CO molecules chemisorbed on

the Pd atoms in the linear (2090 cm–1) and bridging
(1910—1840 cm–1) configurations. The shift toward low�
er wave numbers relative to the gas�phase (2143 cm–1) or
physically adsorbed molecules (2138 cm–1) is caused
by the π�dative interaction with palladium that weakens
the C—O bond.42 No spectral changes occur in the pres�
ence of CO at elevated temperature (200 °С). Thus, the
specific chemisorption of CO on the PdOx clusters takes
place only at T < 150 °C. The formation of adsorbed sites
necessary for this process can be induced by the partial
reduction of the PdOx clusters, which was confirmed by
the XPS data about an increase in the Pd0 : PdII ratio in
the presence of СО.105 In addition, as shown by the re�
sults of studies by IR spectroscopy and impedance me�
try,105,168 the sensitivity of SnO2/PdOx to CO at low
temperatures is caused by the participation of surface OH
groups in the oxidation of chemisorbed molecules.

Thus, the role of PdOx clusters in the specific interac�
tion of SnO2/PdOx with CO at T < 150 °C can be reduced
to the following points105,168:

— gas molecules are oxidized directly on the surface
of the PdOx clusters, due to which the modifier is partial�
ly reduced and the fraction zero�valent Pd increases

PdOx + CO    Pd + (1 + x)/2 CO2; (21)

— strong chemisorption of CO molecules occurs on
Pd0, which is the essence of the catalytic action since is
accompanied by intramolecular bond weakening and thus
facilitates its cleavage and subsequent transformations of
chemisorbed molecules

Pd0 + CO    Pdδ+—COδ–; (22)

— the action of clusters PdOx on the SnO2 surface
increases the concentration of active hydroxyl species

Fig. 35. Temperature dependences of the sensor signal (S) of
the materials based on nanocrystalline SnO2 toward CO (a)
and NH3 (b) (50 ppm): SnO2 (1), SnO2/PdOx (2), and SnO2/
RuOy (3).151
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Fig. 36. IR diffuse reflectance spectra of nanocrystalline tin
dioxide modified by various catalytic additives under the con�
ditions of in situ interaction with СО (100 ppm) at room tem�
perature168; A is absorbance.
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(paramagnetic centers •OH, associates of hydrogen�
bound OH…OH groups) (see Tables 5 and 6) involved in
the palladium�catalyzed oxidation of chemisorbed gas
molecules

CO + OH    CO2 + H+ + e–. (23)

High sensitivity and selectivity of the sensor response
of the SnO2/RuOy nanocomposites toward NH3 at ele�
vated temperature (150—200 °С) are consistent with the
selective increase in the reactivity of the material surface
under these conditions.146,168 At room temperature am�
monia is adsorbed on the surface OH groups and SnIV

cations, which is indicated by the appearance of the cor�
responding peaks of bending vibrations of the NH3—OH
and NH3—SnIV chemisorbates in the IR diffuse reflec�
tance spectra (Fig. 37, a). On heating to T = 200 °С, on
adsorption occurs only on the cationic (Lewis) sites
(Fig. 37, b), since the Brønsted acid sites of the OH group
are weak and, according to the TPD data, do not retain

NH3 molecules at this temperature. The appearance of
the peak of stretching vibrations of the nitrosyl group
linked to the ruthenium cation (1870 cm–1) is the indica�
tion to the specific catalytic effect of RuOy clusters in the
course of ammonia oxidation (see Scheme 1). The corre�
sponding absorption peak was assigned due to the study
of the IR spectra of the SnO2/RuOy nanocomposites un�
der NO adsorption conditions.168 The presence of nitro�
gen dioxide NO2 as the product of NH3 oxidation on the
SnO2/RuOy surface was also established by an analysis of
the gas mixture formed upon this interaction.146 In addi�
tion, clusters RuOy on the surface of tin dioxide promote
active sites of catalytic oxidation of ammonia, namely,
chemisorbed oxygen, which is manifested as an increase
in the concentration of chemisorbed oxygen on the SnO2/
RuOy surface (see Table 4) and acceleration of the oxygen
exchange of the support with the gas phase (see Table 7).
Since the mechanism of interaction with O2 includes the
dissociative adsorption and spillover effect (see Fig. 33),
and the temperature of oxygen exchange onset (200 °C)
corresponds to the conditions of catalytic oxidation of
NH3, it can be assumed that the process considered in�
volves active atomic species of chemisorbed oxygen.

7.2. Influence of the concentration of active sites.
A comparison of the concentration of active sites and
values of sensor signals of pure and chemically modified
semiconductor oxides makes it possible to reveal the na�
ture of active sites involved in the solid phase—gas inter�
action and to establish relationships composition—struc�
tural parameters—sensor properties of materials.106

The obtained experimental results indicate that the
processes of chemisorption and redox interaction with
the surface are prevailing in the formation of the sensor
signal of semiconductor oxides SnO2 and ZnO, depend�
ing on the nature and properties of molecules of the ana�
lyzed gas�oxidants or gas�reducing agents. The change in
the sensor response of nanocrystalline zinc oxide toward
NO2 with a change in the amount of the doping impurity
of gallium correlates with the concentration of paramag�
netic donor centers104 (Fig. 38). This fact confirms that
the sensitivity to NO2 is determined by chemisorption
with capture of electrons (see Eq. (17)) provided by ion�
ized oxygen vacancies. The plots of the change in the
sensor sensitivity of doped zinc oxide toward H2S and СО
with an increase in the content of gallium and indium is
monotonic (Fig. 39). This indicates that in the case con�
sidered the process of response formation is determined
by the acid�base properties of the surface rather than elec�
tronic factors. The introduction of MIII additives into
nanocrystalline zinc oxide results in a monotonic increase
in the acidity of the surface (see Table 3), which also
causes an enhanced content of hydroxyl groups. The in�
tensity of the bands of О—Н stretching vibrations in the
IR absorption spectra, which was normalized to the inten�

Fig. 37. IR diffuse reflectance spectra of the nanocrystalline
materials SnO2, SnO2/PdOx, and SnO2/RuOy under the con�
ditions of in situ interaction with NH3 (100 ppm) at room tem�
perature (a) and at T = 200 °C (b).168
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Fig. 38. Dependences on the gallium content x = [Ga]/[Ga+Zn] of the sensor signal (S) for the nanocrystalline materials
ZnO(Ga) toward NO2 (2 ppm) at 250 °С (a) and concentration (C) of paramagnetic donor centers in them (b).104

Fig. 39. Dependences on the concentration of dopants x = [M]/[M+Zn] of the sensor signals (S) for the nanocrystalline materials
ZnO(Ga) (1) and ZnO(In) (2) toward H2S (2 ppm) at 250 °C (а) and toward CO (5 ppm) at 150 °С (b) and of the normalized
intensities (AOH) of the IR absorption band of OH groups at ν = 3400 cm–1 (c).106
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sity of the band of Zn—O lattice vibrations, was accepted
as a measure of the amount of OH groups in Fig. 39. An
increase in the sensor signal toward CO with an increase
in the dopant content (see Fig. 39) is related, most likely,
to the participation of OH groups in the oxidation of
carbon monoxide on the ZnO(M) surface. At the same
time, an increase in the acidity should prevent the chemi�

sorption of acidic molecules H2S, which can cause a de�
crease in the sensitivity to hydrogen sulfide with an in�
crease in the dopant content.

For CO detection at room temperature, the sensitivity
of tin dioxide modified by palladium oxide decreases upon
the introduction of a doping impurity of SbV (Fig. 40).
This can be related to a decrease in the content of surface
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OH groups under the effect of the dopant, since hydroxyl
groups are among the sites responsible for the oxidation
of CO (see Eq. (23)).

8. Conclusion

Gas sensitivity of nanocrystalline oxides is primarily
determined by active sites on their surface. Semiconduc�
tor n�type oxides contain active sites diverse in adsorb�
ability and reactivity: surface cations and anions, oxygen
vacancies and other point defects, chemisorbed oxygen,
and hydroxyl groups. This causes their nonselectivity to�
ward various detected gases. Using tin(IV) and zinc oxides
synthesized from salt solutions as examples, the influence
of the synthesis conditions, microstructure parameters,
and the content of doping impurities and modifiers of the
surface on the properties and concentration of active sites
was shown. The following types of active sites were de�
tected on the oxide surface using a complex of investiga�

tion methods: Lewis acidic sites (surface cations), chemi�
sorbed oxygen in the uncharged (O2,chem) and ionized
(O2

–) forms, oxygen vacancies VO
•, chemisorbed water

molecules, and hydroxyl groups, including Brønsted acidic
sites and paramagnetic centers •OH. The total concen�
tration of surface sites decreases with an increase in the
particle size and a decrease in the specific surface of the
oxides that occur during annealing at various tempera�
ture. Doping of oxides with donor additives in order to
increase electric conductivity affects the concentration of
donor defects and acid�base properties of the surface. The
introduction of GaIII or InIII into zinc oxide results in an
increase in the concentration of donor paramagnetic cen�
ters (oxygen vacancies) at the content of dopants in the
ZnO structure within solubility (1 at.%). Since donor
sites are responsible for the chemisorption of molecules
of gas�oxidants, this influence of dopants on their con�
centration is accompanied by the enhancement of the
sensor sensitivity toward NO2. When the content of
dopants is higher than their solubility in zinc oxide, they
are segregated on the matrix surface, which increases their
acidity and concentration of hydroxyl groups on it. This
can be related to an increase in the sensor sensitivity toward
CO or its decrease toward the acidic H2S molecules.

The most efficient method for enhancing selectivity
of the sensor materials with gas�reducing agents is the
formation on their surface of centers of the selective cata�
lytic oxidation of detected molecules by the modification
of the oxides with clusters of noble metals or their oxides.
It was shown for nanocrystalline tin dioxide as an exam�
ple that the high sensor sensitivity and selectivity toward
СО and NH3 are achieved by modification with palladi�
um and ruthenium oxides, respectively. In the first case,
the highest sensor signals were obtained at room temper�
ature, which is great practical interest for the production
of sensor to carbon monoxide operating without heating.
At the optimum temperature of sensor sensitivity, on the
one hand, the chemisorption of a sufficient amount of
molecules of analyzed gases should be observed, and, on
the other hand, the activation barrier of their oxidation
on the sensitive material surface should be surmounted.
In the SnO2/PdOx—CO system, this combination of fac�
tors is achieved at a temperature about room temperature
due to specific chemisorption of CO molecules on Pd
atoms accompanied by weakening of the C—O bond. The
selective catalytic action of ruthenium oxide during NH3
oxidation on the surface of SnO2/RuOy nanocomposites
appears only at elevated temperatures (150—200 °С). An
important factor determining conditions of interaction of
modified materials with analyzed gases is the influence of
catalytic clusters on intrinsic active sites of the semicon�
ductor matrix. Modification by palladium and ruthenium
oxides exerts different effects on the concentration and
reactivity of active sites of nanocrystalline SnO2. The

Fig. 40. Dependences on the antimony concentration x =
= [Sb]/[Sb+Zn] of the sensor signal (S) for the nanocrystalline
materials SnO2(Sb)/PdOx toward CO (5 ppm) at room temper�
ature (a) and normalized intensity of the IR absorption band of
OH groups at ν = 3400 cm–1 (b).106
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PdOx clusters are shown to favor an increase in the con�
centration of hydroxyl groups, being some centers of CO
oxidation at a temperature about room temperature. The
ruthenium oxide clusters promote the interaction of the
support matrix with oxygen, resulting in an increase in
the concentration of chemisorbed forms of oxygen in�
volved in the catalytic oxidation of ammonia on the mod�
ified material surface at elevated temperature.

This work was financially supported by the ERA. Net.
Russ. Plus (Grant 096 FONSENS).
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