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I. Introduction

The EuropaCat-IX Congress held in Spain in 2009 came to

the conclusion that 90% of the future progress of energy

sources for the world chemistry complex will be based on

catalytic processes. This is why attention was focused on the

development of new-generation catalysts that should meet

the following major demand: the active component struc-

ture should be controlled on the molecular and supra-

molecular levels in order to provide the high selectivity

and activity in heterogeneous-catalytic reactions. This prob-

lem fully applies to industrial large-scale heterogeneous

oxide catalysts. In the past 30 years, numerous publications

appeared devoted to studies of the relationship `methods

and synthesis conditions of a catalyst? catalyst struc-

ture? catalytic properties'. The effect of both the nature

of precursors (for instance, the type of metal-containing

starting compounds, the nature and structure of supports,

the use of templates, etc.) and the methods of synthesis of

catalysts (impregnation, co-deposition, sol ± gel process,

etc.) on the composition, structural and size characteristics

of the active components, their acid-base and electronic

properties and operational stability are considered.

So far, virtually all industrial metal oxide catalysts were

synthesized from aqueous solutions of metal-containing

precursors (as a rule, inorganic salts), which by no means

always provided the targeted formation of active compo-

nents. The sol ± gel process that employs metal alkoxides

(the so-called alkoxy method or alkoxy synthesis) 1 as the

reagents is the most promising method of targeted synthesis

of complex oxides. Its main advantage is that it provides

control over the hydrolysis and condensation steps and, as a

consequence, the targeted formation of both molecular and

supramolecular structures throughout the process. Parti-

cularly, the ions of foreign metals can be introduced into the

growing partly hydrolysed structures from organic, e.g.,

acetylacetonate, complexes. In this case, heterometallic

intermediates with the distances between atoms of different

metals close to those in the final oxides could be developed

in the step of amorphous gel formation.2 ± 4 The control over
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the hydrolysis rate and the use of supercritical conditions

and structure-forming additives allows one to affect not

only the composition, the state of charge and the size

characteristics of metal-containing active components but

also the porous structure of the oxide as the whole. The

targeted formation of the porous structure makes it possible

to synthesize materials that behave as both membranes and

catalysts.

In developing metal oxide catalysts, the important stage

was the study of the genesis of the catalytic system in all

steps of its formation. A particular difficulty in the study of

the genesis is the presence of amorphous metal oxide

components in the initial and sometimes final steps of the

catalytic system formation. The advent of new accessible

matter-research methods such as high-resolution scanning

and transmission electron microscopy, X-ray absorption

(EXAFS), the Raman and MoÈ ssbauer spectroscopy, mag-

netic methods allows one to follow the mechanism of

transformations of the catalyst nanosized components in

all steps of its synthesis, including in situ monitoring. The

use of these methods makes it possible to study the

fundamental electronic and structural characteristics of the

catalytically active sites in mixed metal oxide catalysts and

their interaction with the substrate.

To date, several reviews devoted to the spectroscopic

methods of studies of nanostructured mixed metal oxides

have been published (e.g., see Refs 5, 6). The presence of

magnetic metal ions in the oxide catalysts, particularly iron

ions, made it possible to effectively use the MoÈ ssbauer

spectroscopy and magnetic methods for precision control

over the changes in the active site structures in crystallo-

graphically amorphous materials. Unfortunately, only few

reviews are devoted to the use of the MoÈ ssbauer spectro-

scopy in catalysis. Moreover, these studies mainly consid-

ered the catalysts for the Fischer ± Tropsch and ammonia

synthesis.7 ± 12

For a long time, studies have been carried out in the field

of alkoxy synthesis of mixed metal oxide catalysts from

homo- and heteronuclear metal acetylacetonates (particu-

larly, copper and iron complexes) for several important

petrochemical reactions. This is the subject of many pub-

lications, however no reviews have been published.

Recently, metal oxide catalysts have become the matter

of keen attention, which was associated with their wide use

in several important catalytic processes, for instance, meth-

anol steam reforming. Numerous methods for the synthesis

of these catalysts (including the sol ± gel method) were

developed that allowed modifying their structures and

improving their operational characteristics.

The goal of the present review was the generalization of

results of studies on the formation of nanosized active oxide

components in crystallographically amorphous copper- and

iron-containing heterogeneous systems prepared by the

alkoxy method and their evolution throughout the reaction.

The formation of active nanocomponents, from the initial

step of their nucleation through the preactivation step up to

the in situ reaction, is monitored using the MoÈ ssbauer

spectroscopy, EXAFS, magnetic susceptibility and magnet-

ization methods. The review also presents new data on non-

equilibrium interactions of noble metal clusters with the

surface ions of the oxide carrier. This review does not

consider zeolite catalysts, because this broad theme has

already been thoroughly discussed in several recent

reviews.13 ± 16

II. Methods of synthesis of nanostructured
catalysts based on porous complex oxides

Porous mixed oxides pertain to compounds often used in

heterogeneous catalysis. This is associated with the power-

saving reactions involved in their synthesis, which occur

under mild conditions. The large number of diverse pre-

cursors, additives and modifiers and the possibility of

varying the thermal treatment conditions provided wide

opportunities for the development of metal oxide catalysts

with the desired chemical composition, microstructure,

porosity and surface properties. Metal oxides are the

components of virtually all industrial catalysts as either

their active phase, or additives, or supports.

Porous metal oxide catalysts including nanostructured

ones are synthesized by different chemical methods such as

co-deposition of colloids,17 ± 19 the impregnation

method,17 ± 20 the aerosol method,20 the method of hydro-

dynamic cavitation,21, 22 the ultrasonic method,23, 24 the

surface self-propagating thermal synthesis,25, 26 the sol ± gel

process,1 ± 4 etc. Each of them requires its own, the most

efficient catalyst.

Specific procedures are to be developed for the prepara-

tion of a given catalyst that represent certain modification

of a standard protocol for synthesizing this class of com-

pounds. Such modifications involve changes in any param-

eter of the standard method, for example, concentration,

the type of metal-containing precursor, the nature of addi-

tives, the temperature mode, the sequence of steps, etc.

Although the procedures presented in original publications

are referred to as the standard methods, they include details

that transform them into individual modified versions of the

known method. Insofar as the detailed description of

procedures reported in each cited study would convert our

review into a voluminous manuscript, we decided to men-

tion the methods only under their original names in hope

that the interested reader will easily find all details in the

cited publications.

Nanoparticles of metal oxides, especially mixed oxides,

can exhibit unique chemical properties due to their small

sizes and high density of active surface sites formed by

angles and faces of nanostructures.7 The main goal in

designing nanosized metal oxide catalysts is to control

their grain size and morphology. For this a synthetic

method is the preferred choice as it successfully achieves

both of these conditions and determines the catalysts

structure, which in turn determines the properties of the

overall catalytic system.27 Many examples are known (e.g.,

see Refs 28 ± 30) where mixed oxide catalysts with the same

composition but obtained by different methods exhibited

different activity. The examples are shown in the subsequent

text.

Thus micelles (microreactors) are used in the colloid

method in which the solvated metal cations react with the

precipitant ions. This is considered 17 ± 19 as the most effi-

cient known method in achieving high dispersion, uniform

distribution of mixed metal oxides over the bulk and narrow

size distribution of particles. Moreover, under conditions of

the colloidal synthesis, the targeted development of a wide

spectrum of structures and grain sizes is possible.31, 32

However, from our viewpoint and also in the opinion of

authors of several reviews,2 ± 4 the sol ± gel method is the

most suitable for preparing highly dispersed heterogeneous

catalysts based on porous complex oxides. The advantage of

this method is that it allows one to control the formation of
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ultrafine highly chemically homogeneous powders and also

that power consumption in this process is low.

To date, the sol ± gel process became almost a standard

method of targeted synthesis of nanosized catalytic systems

used in structure-sensitive reactions. This process is based

on the hydrolysis of mono- and heterometallic precursors

often containing organic ligands. The use of organic groups

in the construction of purely inorganic sol ± gel materials

makes it possible to control the reaction rates of precursors,

the rheology of sols and the homogeneity and microstruc-

ture of the synthesized gels. Back in the 1980s, it was noted

that metal oxides synthesized by the sol ± gel method from

metal alkoxides as the starting materials were the systems

with higher dispersion as compared with oxides prepared by

hydrolysis of inorganic salts of the metals in aqueous

solutions.33, 34 It was demonstrated that many metal chelate

complexes react with alkoxide complexes to form mixed

metal oxides with the clearly pronounced microstructure

uniformly distributed throughout the volume. Based on

indirect data, it was assumed that in the course of the

alkoxy synthesis { of complex metal oxides, the ligand

exchange could occur even in mother solutions.35 ± 39 These

assumptions were confirmed by an X-ray diffraction

study 40 of a single crystal of a mixed metal-oxide inter-

mediate synthesized by the reaction of tetra(n-propoxy)zir-

conium with iron(III) acetylacetonate. It was shown that the

ligand exchange led to coordination of acetylacetonate

ligands to zirconium(IV) ions in the single crystal, while

alkoxide ligands were coordinated to iron(III) ions.

Recently, a new method of synthesis of metal oxide

catalysts based on the so-called surface self-propagating

thermal synthesis has been developed. This method results

in formation of non-equilibrium highly dispersed oxide

phases of high defectiveness on the surface of the oxide

support.25, 26 The active phase formation on the support

surface occurred in the combustion wave of interacting

metals supported on the surface from their organic salts.

The highly dispersed oxide phases formed in the exothermic

reaction occupied the support surface. It was shown that the

thus synthesized catalysts based on rare-earth metal oxides

exhibited high activity in cleaning the exhausts of internal

combustion engines in the so-called `three-way' catalytic

process (including the following three reactions: oxidation

of CO and hydrocarbons and reduction of NO).

III. Polymorphism of active phases and catalytic
properties of nanostructured TiO2 and mixed
oxides on its basis

The synthesis of mesoporous titanium dioxide (TiO2, tita-

nia) is often carried out by the sol ± gel method. It is known

that the ionization energy of TiO2 in the form of anatase is

3.2 eV, which makes this material an ideal candidate for the

use in UV-induced photochemical processes. The other

advantages of titania are its cheapness, safety, chemical

and biological neutrality and stability. This makes it the

most promising catalyst in many photochemical processes

such as CO2 photoreduction, photooxidation of volatile

organic compounds (VOC), etc.41 ± 44

The synthesis of TiO2 by the sol ± gel method from

titanium-containing organic or inorganic precursors is car-

ried out in the presence of surfactants and stabilizing

agents.45 ± 53 This synthesis results in titanium dioxide as a

porous gel, which is transformed to oxide by thermal treat-

ment.53 In the majority of cases, the thus prepared meso-

porous titanium oxide is either crystallographically

amorphous or polycrystalline with the amorphized struc-

ture. Although further heating at high temperatures leads to

its crystallization, the excess thermal energy often brings

about collapse of mesopores, which is accompanied by the

decrease in both the specific surface and the volume of the

adsorption pores.53, 54 Thus, the low-temperature synthesis

of mesoporous titania with the crystalline structure is so far

a challenge.

In a study 44 aimed at elucidation of how the surface

structure of titana affects its photocatalytic properties, the

synthesis of titania was carried out by a modified sol ± gel

method that included precipitation of an amorphous tita-

nium dioxide gel followed by controlled crystallization

under different conditions. In this way, crystalline mono-

disperse nanostructured anatase TiO2 samples were pro-

duced as well as crystalline aggregates of these samples with

the anatase structure, too. The crystallinity, size and phase

composition of TiO2 nanograins and also the size and the

shape of their aggregates were shown to depend on the

crystallization conditions (thermal and hydrothermal proc-

esses and outgassing in dry air under UV irradiation). By

varying the crystallization conditions, the structure and the

degree of surface hydration of TiO2 samples could be

controlled, which substantially affected their photocatalytic

activity. Thus, by the example of the TiO2-catalyzed reac-

tion of trichloroethylene photooxidation, it was found that

the hydroxyl groups of low-coordinated titanium atoms

were responsible for the generation of by-products, namely,

dichloroethylene and dichloroacetaldehyde, which reduced

the conversion of trichloroethylene and sometimes led to

catalyst deactivation. Moreover, the inverse dependence of

the titania catalyst efficiency in the mineralization reaction

on the irradiation energy and the number of surface defects

was inferred.

The synthesis of silica-supported titania catalysts

(TiO2/SiO2 ) was described.54 Samples were prepared by

grafting tetra(isopropoxy)titanium, Ti(OPri)4, onto silica.

This method led to formation of strong Si7O7Ti bonds,

which are responsible for the high degree of titanium

dioxide dispersion. At a low Ti loading, titanium dioxide

polyhedra with tetrahedral configuration formed on the

catalyst surface until the maximum surface monolayer coat-

ing (*2.2 Ti atoms per nm2) attained. The increase in the

TiO2 surface concentration gave rise to titanium ions with

octahedral environment. Such a change in the geometry of

surface active sites had a substantial effect on the catalytic

properties of TiO2/SiO2 samples. It was found that the

activity and selectivity of silica-supported titania catalysts

in the reaction of cyclooctene epoxidation with cumene

hydroperoxide is inversely proportional to the amount of

grafted titanium dioxide, i.e., it is the titanium ions in the

tetrahedral environment that are the active sites of this

reaction.

The ability of mixed oxides to form uniform porous

structures was first demonstrated in 1970.55 It was con-

cluded that self-organization involved not only the structure

but also its defects, which were subsequently named Wad-

sley's defects. Later it was found 56, 57 that certain organic

{The sol ± gel methods for the synthesis of complex metal oxides from

metal alkoxides as the starting compounds are referred to as the alkoxy

syntheses or alkoxy methods.1
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phosphites added to solutions of titanium alkoxide in the

alkoxy synthesis favour structuring of the resulting TiO2

samples. The obtained single-phase oxides PxTi170.75xO2� d

had a homogeneous pore structure and a narrow pore size

distribution. It was found that the pore size in titania can be

regulated in the range from 2 to 4 nm depending on the

molecular volume of the phosphorus-containing precursor.

This allowed development of catalytic systems with the

molecular sieve properties 58 for the ethylene glycol oxy-

ethylation to diethylene glycol. In addition, based on these

oxides, hybrid membrane-catalytic systems were devel-

oped 59 that exhibited not only selective permeability to

gases but also anisotropy of catalytic activity in the meth-

anol dehydrogenation reaction, which depended on the

direction of the gaseous substrate flow. This opened up the

possibility of developing a membrane-catalytic diode. The

theoretical analysis 59 of independent models of gas diffu-

sion through microchannels in such membranes containing

nanosized catalytic systems made it possible to infer the

increase in the lateral diffusion of gas molecules in the

diffusion flow, which increased the probability of collisions

of the gaseous substrate molecules with the active surface in

the inner volume of membrane microchannels. The catalysis

in membrane pores led to the increase in the mass and heat

exchange, which favoured intensification of several catalytic

reactions as compared with traditional catalysis in a reactor

filled with a stationary catalyst layer.

One of the ways of increasing the quantum yield of

titania photocatalysts was the introduction of defects into

the titania matrix in the form of dopant ions of transition

metals. Numerous studies were devoted to the use of titania

as the support (commercial oxides manufactured by

Degussa, Aldrich, Fuji Titan) in the synthesis of complex

metal oxides or as a component of mixed oxides prepared by

the alkoxy synthesis. Copper attracted attention as a dopant

due to its cheapness, accessibility and catalytic activity in

several important industrial reactions, for example, in the

CO2 reduction and NOx decomposition, which allowed this

metal to be considered as a candidate in the development of

industrial catalysts devoid of noble metals. It was shown

that doping of titania with copper(II) ions extends the light

absorption to the visible region 60 and also improves its

photocatalytic activity.42, 61 ± 64

Several studies considered the effect of the preparation

conditions of copper titanate { catalysts on their structures

and catalytic activity. Thus the structure of Cu/TiO2

catalysts prepared by impregnation or chemisorption-

hydrolysis methods of copper nitrate on commercial tita-

nium oxide 65 was used in both cases as the copper-contain-

ing precursor. In these processes, the copper-containing

surface layer was formed via different inorganic intermedi-

ates. Thus in the former case, the transformation of the

copper-containing precursor into copper ± titanium oxide

proceeded via the monoclinic modification of

Cu2(OH)3NO3. Calcination of the latter afforded the crys-

tallographically amorphous copper oxide phase. In the

latter case, the aforementioned intermediate was not

detected on the support surface and the resulting surface

layer represented small CuO crystallites particles easily

reducible to metallic copper.

The above information agrees with the data of a series of

publications by Wu et al.41, 42, 66, 67 These authors consid-

ered copper ± titanium oxide catalysts prepared by different

methods (impregnation and alkoxy synthesis) from different

copper-containing precursors, namely, inorganic (copper

chloride) and organic (copper acetate) one, and their use

in the photocatalytic reduction of CO2 . It was assumed that

the interaction of the Cu ions with the TiO2 molecules was

stronger in the Cu/TiO2 catalysts synthesized by the sol ±

gel method as compared with impregnation method. The

use of copper chloride as the precursor led to the stronger

copper ± titanium dioxide interaction } as compared with

copper acetate, which was reflected in the higher photo-

activity of the catalyst prepared from the inorganic copper-

containing precursor.42 It was thus concluded that individ-

ual nanosized particles containing Cu(I) ions are the active

sites of the CO2 catalytic photoreduction. The alkoxy syn-

thesis employing copper chloride afforded less aggregated

copper particles with Cu(I) active sites resistant to both

thermal treatment and reduction with hydrogen, which

makes both this method and this type of copper-containing

precursor promising in preparing catalysts for CO2 reduc-

tion.

The conclusion drawn by Wu et al.42 on the effect of the

nature of a copper-containing precursor agrees with the

results of the other study 68 where the relationship `catalyst's

synthetic method and conditions? catalyst structure? ca-

talyst properties' was considered from the viewpoint of the

effect of the nature of copper-containing precursor (copper

chloride and sulfate) on the structure of the titania compo-

nent of the Cu/TiO2 catalysts prepared by the alkoxy

synthesis. It was found that in the case of CuSO4, the

titanium dioxide component contained equal fractions of

rutile and anatase phases, while for CuCl2, it contained

phases with the brookite and anatase structures. The differ-

ences in the titania phase composition determined the

differences in their defects and hence the different strength

of the copper ± titanium dioxide interaction. Using the

temperature-programmed reduction (TPR) method, it was

found that the hydrogen consumption by a sample prepared

from copper sulfate exceeded 20-fold that from copper

chloride, which suggests the stronger Cu7TiO2 interaction

in the latter case.

Single-phase systems with the empirical formula

CuxTi170.5xO2� d and the anatase structure were synthe-

sized 69, 70 by the alkoxy method from tetra(n-butoxy)tita-

nium and copper stearate. These systems exhibited the high

activity in low-temperature oxidation of carbon monoxide

to carbon dioxide, comparable with the activity of industrial

catalysts containing noble metals. It was found that for

x=0.01 ± 0.08, Vegard's law was obeyed, which pointed to

the formation of single-phase oxides in this concentration

range. The increase in the number of copper ions involved

in the anatase structure within the limits of the single-phase

state of the system was accompanied by an increase in the

degree of dispersion of microcrystallites up to 6 ± 8 nm and,

as a consequence, the increase in the catalytic activity. An

attempt to further increase the copper content (x>0.08) led

{The term `titanate' was used for complex oxides in which TiO2 was the

structural motif; the same meaning was put into the term `zirconate'.

}The term `strong interaction metal ± support' was originally introduced

for characterizing the interaction between the coordinatively unsaturated

highly dispersed active phase and a metal oxide support in mixed catalysts

[S Tauster, S C Fung, R T K Baker, J A Horsley Science 211 1121

(1981)]
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to abrupt heterogenization of the system with coarsening of

microcrystallites and the formation of rutile and copper

oxide phases measuring no less than 15 ± 20 nm.70 The

phase heterogenization of the system was accompanied by

the loss of catalytic activity.

IV. Polymorphism in metal oxide catalysts
containing metastable phases

Based on experimental data and theoretical calculations, an

important conclusion was drawn that the main criterion in

the formation of the phase composition of metal oxide

crystallites was the surface free energy rather than the

volume energy.71 This is the rationale for the fact that

many nanostructured materials are formed as metastable

phases. Phase transformations of catalyst's active compo-

nents depend on the synthesis conditions. For example, the

aerosol synthesis of CuxZn17xCr2O4 oxides afforded nano-

structured metastable crystallites with the cubic spinel

structure in all series of samples with the substitution x up

to 0.90, in contrast to other methods used for synthesizing

these oxides, which produced mixed oxides with the stable

tetragonal structure.72

The simplified view on the role of support in complex

oxide catalysts considered the support as an inert carrier of

the oxide component. From this viewpoint, the support

affected only the size and thermal stability of active metal

particles. However, the latest research in this field clearly

demonstrated the dependence of the catalytic activity of

particles on the support type, the method of its preparation

and structure.73 ± 80 Thus for copper-containing catalysts it

was found that Cu-ZnO catalysts synthesized by the co-

deposition method were more active in the methanol syn-

thesis than supported Cu/ZnO catalysts obtained by

impregnation.78 Moreover, a comparison of Cu/ZnO and

Cu/TiO2 catalysts with the same dispersity of copper par-

ticles on the support surface has demonstrated the funda-

mental difference between the catalytic activities of the

mentioned systems.79 Interesting experimental data have

been collected on the structural transformations that

occurred in the interaction of `catalytically active' copper

with the oxide matrix, where the latter played the key role in

the attainment of the optimal dispersion of copper and also

in the maintenance of copper in this state.

For these reasons, it seems very important to consider

the problem of polymorphism of active components in

copper-containing catalysts prepared on different metal

oxide supports.

1. Polymorphism of active phases and catalytic properties
of nanostructured copper-containing zinc, zirconium,
manganese and cerium oxides
a. Polymorphism of active components and catalytic properties

of copper-containing catalysts based on ZnO

Methanol synthesis from the CO7CO27H2 mixture is the

most important industrial method that usually employs

mixed copper ± zinc oxides as the catalysts.81 ± 83 Numerous

publications deal with the methanol synthesis (for example,

see Refs 84 ± 87). However, the opinions of scientists on the

problems concerning the reaction mechanism, the role of

ZnO and the structure of active sites of copper ± zinc oxide

catalysts were so far controversial. Thus there are two

viewpoints on the nature of active sites. One of them states

that the active sites in such catalysts are atoms of metallic

copper;88 ± 93 the second assumes that the active sites repre-

sent the copper ions that interact with the oxygen ions in the

zinc oxide support.94 ± 96 As regards the role of ZnO, the

opinions are also controdictory. The following four hypoth-

eses have been put forward: 1) the use of the ZnO support

enhances the dispersity of copper;88, 89 2) ZnO operates as

the reservoir for hydrogen atoms that propagate over the

copper surface and favour the hydrogenation process;97 ± 99

3) ZnO determines the morphology of the copper particles

by stabilizing the active planes;100 ± 102 4) ZnO favours the

formation of active sites on the Cu surface.81, 103 ± 114

Whereas the first opinion is in fact generally accepted,

there is no agreement as regards the rest three opinions. In

connection with this, we believe that a series of publica-

tions 84 ± 87 supplementing one another can bring certain

clarity to these problems. In the aforementioned publica-

tions, the Cu ±ZnO catalysts were synthesized by the co-

precipitation method usually employed for this purpose in

industry. The method consisted of mixing aqueous solutions

of copper and zinc nitrates with aqueous solutions of

Na2CO3 or NaHCO3, which was followed by the precipita-

tion of intermediates such as malachite Cu2CO3(OH)2 ,

aurichalcite (Cu,Zn)5(CO3)2(OH)6 or hydrocincite

Zn5(CO3)2(OH)6 . The co-pecipitation products were sub-

jected to ageing and annealing and studied by different

physicochemical methods. The following conclusions could

be drawn. The data of scanning tunnelling microscopy 84

and EXAFS 86 suggested that on the Zn/Cu(111) plane, the

surface Cu7Zn metal alloy formed, which was probably

responsible for the formation of active sites. Reflection IR

spectroscopic data obtained in situ 84 made it possible to

elucidate the mechanism of active site operation and of the

process as a whole. Particularly, it was found that the

formate groups coordinated to active sites were easily

hydrogenated to the methoxy groups. Thus, it was found

that in addition to dispersing Cu over the support surface,

the role of ZnO consisted of the formation of catalytic

active sites, namely, a surface Cu7Zn metal alloy. In

studying the effect of the nature of the precursor, it was

found that aurichalcite is the ideal precursor because it

contains a homogeneous mixture of the Cu and Zn ions.

Studies by the X-ray diffraction method have revealed 85, 86

how the ageing step and the molar ratio Cu : Zn affected the

formation and the degree of deformation of copper crystal-

lites. Structural defects in crystallites could be caused by

penetration of ZnO into the latter or incomplete reduction

of copper, which could result in deformation of the copper

surface and thus affect its catalytic activity. It was shown

that the changes in the microstructure of copper and ZnO

crystallites (particularly, in the particle size, deformation,

lattice parameters) correlated with the changes in the phase

composition of hydroxycarbonate precursors. The catalytic

activity of copper ± zinc oxides with 60% Zn content was

higher than that of analogous oxides with 30% Zn.

b. Polymorphism of active components and catalytic properties

of copper-containing catalysts based on ZrO2

Copper-containing catalysts are widely used in reactions of

selective catalytic reduction of NOx , water-gas conversion

as well as in methanol synthesis and steam reform-

ing.85, 115 ± 125 The high selectivity of these catalysts was

observed in reactions of furfural reduction to furfuryl

alcohol, dimethyl ether conversion to methanol and hydro-

carbons and also in alcohol oxidation to the corresponding

aldehydes or ketones.126 ± 130 The catalysts used in these

processes employed ZrO2 as the support.119, 131 ± 134 For
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example, the addition of ZrO2 to copper-containing

Cu/SiO2 or Cu/ZnO catalysts used in reactions of CO or

CO2 hydrogenation increased the stability, activity and

selectivity of catalysts.135 ± 144 It was also found that the

support structure had a substantial effect on the properties

of the catalytic system. For example, Cu/ZrO2 catalysts

based on ZrO2 with the monoclinic structure (m-ZrO2)

exhibited activity in the methanol synthesis approximately

one order of magnitude higher than the catalyst with the

same surface concentration of Cu on the ZrO2 support with

the tetragonal structure (t-ZrO2),145 the specific surfaces of

m-ZrO2 and t-ZrO2 being equal. Presumably,146, 147 the

observed differences were due to the presence of the larger

number of defects on the surface of m-ZrO2 as compared

with t-ZrO2 .

Let us consider this problem in more detail. Among the

main three types of crystalline ZrO2 , namely, t-ZrO2 ,

m-ZrO2 and cubic (c-ZrO2), the catalytic properties of

c-ZrO2 has been least studied. This is associated first of all

with the instability of this structure at room temperature.148

In both cubic and tetragonal phases, each Zr ion is

surrounded by eight oxygen anions that form two bound

tetrahedrons in which each oxygen atom is connected with

four neighbouring Zr atoms. Different deformation of the

tetrahedra in the cubic and tetragonal phases results in

different Zr7O and Zr7OH bond distances on the support

surface. This is why the deformation of the [ZrO8] structural

fragment in t-ZrO2 is more pronounced than in c-ZrO2. In

m-ZrO2, the Zr ions are coordinated with seven oxygen

atoms and form two types of non-equivalent oxygen

sites.149 The structural distortions in [ZrO7] were the stron-

gest among the given three allotropic phases, which was

manifested by the non-equivalent nature of all seven Zr7O

bonds. Presumably, it is the difference in the space symme-

try of Zr7O and Zr7OH bonds on the support surface

that determines the dispersity of active metal-containing

components and hence the catalytic properties of mixed Cu/

ZrO2 oxide.146, 150

It was underlined 145 ± 151 that the activity of Cu/ZrO2

catalysts in methanol steam reforming crucially depends on

the ZrO2 phase structure. In this process, the retention of

the amorphous zirconia structure in the calcination step and

under the reaction conditions was the main prerequisite for

reaching the high activity/selectivity and for increasing the

stability of copper ± zirconia catalysts. Yet another impor-

tant aspect is the well developed surface at the copper/

zirconia interface.152

The structural evolution of components in Cu ± ZrO2

systems was considered in detail 153 for the calcination step.

Catalysts Cu ± ZrO2 were prepared by co-precipitation of

copper and zirconium oxalates followed by drying the

resultant gel and calcination. The structural changes were

followed by X-ray powder diffraction (XRD) and visible

Raman spectroscopy. It was found that phase evolution of

the ZrO2 matrix in a mixed copper ± zirconium oxide fol-

lows the sequence of amorphous? tetragonal?monoclinic

in the temperature range 350 ± 750 8C. The results of XRD

studies showed that the conversion of the tetragonal phase

into monoclinic started at 650 8C and completed at 750 8C.
At the same time, according to Raman spectra, the trans-

formation of the tetragonal phase into monoclinic started

already at 550 8C. This suggests that the phase transforma-

tion initially occurred at the surface layer of copper ± zirco-

nia and then in its bulk. The phase transformations on the

catalyst surface resulted in the formation of anionic defects

due to the appearance of structural fragments containing

Zr3+ ions, as detected by X-ray photoelectron spectro-

scopy. Earlier,154 based on the data of surface-enhanced

UV Raman spectroscopy, it was shown that the trans-

formation of the tetragonal phase of ZrO2 to the monoclinic

phase during the calcination started from the surface and

propagated into the bulk. This process began at 400 8C and

completed at 700 8C. A comparison of XRD data and

visible Raman spectra 153 for the mixed oxide Cu ± ZrO2

with the data from UV Raman spectroscopy 154 for t-ZrO2

showed that the transformation of the tetragonal ZrO2

phase into the monoclinic phase in the mixed oxide

Cu ±ZrO2 required higher temperatures as compared with

t-ZrO2 . This was explained 153 by stabilization of the

metastable tetragonal zirconium oxide structure by copper

ions in the surface layer. Thus, the zirconium dioxide

structure plays an important role in establishing the rela-

tionship between the structure and the catalytic activity of

copper ± zirconium oxides.

Yet another factor that affected the activity of mixed

Cu ±ZrO2 catalysts was copper specific surface.153 The

changes in the catalytic activity of copper ± zirconium

oxides in steam reforming were analyzed as a function of

the calcination temperature. No linear correlation was

observed between the increase in the rate of H2 formation

and the increase in the specific surface of copper for

catalysts under consideration, which made it possible to

infer the necessity of taking into account the strong cop-

per ± zirconia interaction. From our viewpoint, this means

that it is the highly dispersed CuO phase that is responsible

for the activity of these materials. Indeed, the results of

TPR showed that in the material under study, at least three

types of CuO components were present. These are the highly

dispersed CuO phase, crystalline copper oxide and also

individual Cu(II) ions incorporated in a complex oxide.

The latter represented the monoclinic zirconia phase

enriched in copper in its surface layer. Probably, it is this

phase that is the most active in methanol steam reforming

catalyzed by the described systems.

c. Polymorphism of active components and catalytic properties

of copper-containing catalysts based on MnOx

Mixed copper ±manganese oxide catalysts were also applied

in certain industrially important processes such as CO

oxidation,155, 156 low-temperature NO reduction,157 water-

gas shift reaction,158 VOC processing 159 and other hydro-

genation and oxidation reactions.160 ± 164 In addition, these

oxides exhibited high catalytic activity in methanol steam

reforming, which could be an alternative to the conven-

tional catalytic synthesis of high-grade hydrogen for fuel

cells.165 ± 167

Numerous publications are devoted to synthetic meth-

ods, structure and properties of mixed copper ±manganese

oxides. It is assumed that copper ±manganese components

with the spinel structure resulting from a strong CuO ±

MnOx interaction are the active elements of these sys-

tems.168 The enhanced catalytic activity of copper ±manga-

nese oxides is believed to be associated with the non-

stoichiometric spinel phase.158, 159, 167 ± 169 At present, the

synthesis of copper ±manganese oxides can be carried out

by several methods of which the co-precipitation of metal

hydroxycarbonates is the most popular. However, a com-

parative analysis 170 revealed certain drawbacks of this

method, particularly, the necessity of calcination at a

temperature above 500 8C for crystallization of a phase
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with the spinel structure, which is the reason for the

undesired sintering and the dramatic decrease in the specific

surface. The formation of large amounts of liquid and

gaseous wastes places this reaction among processes that

consume large amounts of energy and present environ-

mental problems. In a series of publications 170 ± 174 devoted

to the synthesis of copper-containing oxide catalysts by the

mechanochemical method, the prospects of this approach as

compared with the standard co-precipitation were demon-

strated. In the proposed method, grinding of a mixture of

solid starting compounds, namely, Cu2CO3(OH)2, MnCO3

and an excess of oxalic acid, in a planetary mill was

followed by calcination at different temperatures. The

effects of the nature of metal-containing precursors, the

milling intensity and the calcination temperature on the

catalytic activity, selectivity and stability of final mixed

oxides in the test reaction of methanol steam reforming

was studied in detail. The structure and porosity of synthe-

sized samples were examined invoking the N2 adsorption,

X-ray diffraction, diffuse reflectance IR Fourier transform

spectroscopy (DRIFTS) and TPR methods. The XRD

studies revealed the presence of the Cu1.5Mn1.5O4 mixed

oxide with the spinel structure, which is a non-stoichiomet-

ric form of CuMn2O4 . It should be noted that the mixed

oxide was formed at the calcination temperature of 300 8C,
whereas in samples synthesized by co-precipitation, this

occurred at a higher temperature (>500 8C). According to

the TPR data, the prepared catalysts represented mixtures

of several phases, which included the non-stoichiometric

oxide Cu1.5Mn1.5O4 with the spinel structure, crystalline

CuO as well as MnOx interacting with Cu1.5Mn1.5O4 . It

was shown that the catalytic activity of mixed oxides

synthesized by the mechanochemical method substantially

depended on the nature of precursors and also on the

intensity of grinding. For example, a mixed oxide sample

prepared from oxalate precursors proved to be more active

than a sample synthesized from citrate precursors. Thus

methanol was converted by 92% at 240 ± 260 8C in the

presence of the former catalytic system and by 68% in the

presence of the latter system. Moreover, it is evident that

samples calcined at 300 8C exhibited higher activity as

compared with samples calcined at 500 8C. The higher

activity of a catalyst synthesized at 300 8C was attributed

to the formation of grains with the predominant content of

the catalytically active Cu1.5Mn1.5O4 spinel phase. The

latter was characterized by the high specific surface and

the small size of copper oxide nanocrystals, which resulted

in their stronger interaction with the support phase. The

catalytic properties of mixed copper ±manganese spinels

synthesized by conventional co-precipitation were much

inferior.166, 167

d. Polymorphism of active components and catalytic properties

of copper-containing catalysts based on CeO2

The use of ceria in industrial heterogeneous catalysis is

owed to its high chemical and physical stability. The high

mobility of oxygen vacancies in CeO2 with the fluorite

structure determined its easy reducibility and high catalytic

activity in redox reactions.175 The presence of the cerium

ions in mixed heterometallic oxides MCeO27x modified the

catalytic properties of the overall system as a result of

chemical and electronic synergism between highly dispersed

components. In addition, the presence of the Ce+3 and

Ce+4 ions favoured the oxygen exchange with the gas

phase.176

Recently, numerous studies dealing with copper-con-

taining cerium oxide catalysts have been published. This

trend is associated with the fact that such systems possess

high catalytic activity in reactions of carbon monoxide and

methane oxidation,177 ± 179 SO2 reduction with carbon mon-

oxide,180 ± 182 NO reduction,183, 184 wet oxidation of phe-

nol,185 as well as the high activity and selectivity in carbon

monoxide oxidation in excess hydrogen.186, 187

The synthesis of CuO ±CeO2 catalysts was carried out

by different methods, for example, co-precipitation, sol ± gel

process, impregnation, combustion, etc.188, 189 The effect of

the synthetic method on the physicochemical and catalytic

properties of CuO ±CeO2 catalysts was studied.188 The

efficiency of catalysts prepared by the co-precipitation,

combustion, impregnation and hydrothermal methods was

compared for the reaction of selective CO oxidation. It was

concluded that the catalyst prepared by the combustion

method exhibited the best performance (selectivity and

activity). This method produced a mixed oxide in which

the highly dispersed copper oxide layer strongly interacted

with the ceria surface. The thus synthesized catalysts were

resistant to deactivation in the presence of both CO2 and a

mixture of CO2 and H2O. Depending on the synthetic

method, the catalytic activity of samples was observed to

decrease in the following sequence:

combustion method>hydrothermal method44

44 co-precipitation> impregnation.

It should be noted that catalysts synthesized by the first two

methods represented bulk mixed oxides whereas the last

method produced copper oxides deposited on the surface of

pre-formed ceria (support).

The synthesis of CuO ±CeO2 catalysts by magnetron

sputtering and sol ± gel methods was described.190, 191 The

synthesized catalysts possessed high activity and selectivity

in CO oxidation due to strong interactions between the

highly dispersed CuO clusters and the CeO2 surface, which

resulted in the formation of a solid solution in the

Cu7Ce7O system. These catalysts proved to be more

active and selective at low reaction temperatures as com-

pared with platinum catalysts conventionally used in this

process. As opposed to gold-containing catalyst, they

proved to be less active but more selective and heat

resistant.192 Ceria doped with the copper cations also

demonstrated excellent catalytic properties in the direct

CO-assisted reduction of SO2 to sulfur 193 and also in low-

temperature methane oxidation.194

The synthesis of Cu7Ce7O complex oxide systems by

the impregnation of pre-formed ceria and by the micro-

emulsion co-precipitation of copper and cerium nitrates is

described.32 The resulting catalysts were characterized by

XRD, Raman spectroscopy, high resolution electron micro-

scopy and XPS methods. The synthesized nanostructured

samples proved active in the selective CO oxidation in the

presence of hydrogen. It was shown that different synthetic

methods afforded catalysts with different structures, which

manifested in different catalytic properties. Thus a catalysts

prepared by the impregnation method represented a copper

oxide layer on a ceria support, whereas a catalyst prepared

by microemulsion co-precipitation represented a complex

oxide in which copper oxide components were distributed

over the surface of a Ce7Cu mixed oxide. In the latter case,

the stronger interactions of surface CuO grains with the

Ce7Cu7O support led to the finer distribution of copper
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over the surface and favoured the formation of oxygen

vacancies. This was the reason for the enhanced catalytic

activity of this catalyst in the reaction of CO oxidation in

excess hydrogen.

The CuO ±CeO2 catalyst was also prepared 195 by the

hydrothermal method under different conditions from an

ethanolic solution containing Ce(NO3)3 , Cu(NO3)2, cetyl-

trimethylammonium bromide (CTAB) and an excess of

NH4OH followed by ageing and calcination. The effect of

synthetic conditions on the catalytic performance in the

reaction of CO oxidation in the presence of excess hydrogen

was evaluated by the XRD, TPR and temperature-pro-

grammed desorption (TPD) of CO methods. By changing

the CTAB : Ce ratio and the hydrothermal ageing time

(from 0.5 to 6 h) the catalytic activity of the final mixed

oxide could be increased. Thus, it became possible to

effectively control the dependence `catalyst phase composi-

tion? catalyst activity/selectivity' in the reaction of CO

oxidation in excess hydrogen. The CuO ±CeO2 catalyst

prepared for the optimal CTAB : Ce=1 : 1 ratio and the

hydrothermal ageing time of 1 h demonstrated the best

catalytic performance (the CO conversion higher than

99.2% at 120 ± 140 8C, 100% selectivity at temperatures

below 1108C). Diffraction patterns of samples with different

CTAB : Ce ratios and ageing times have demonstrated that

the fluorite structure was typical of all samples. For

0.5<CTAB : Ce<1, no changes were revealed in reflec-

tions nor in their intensity. The increase in the CTAB : Ce

ratio resulted in less pronounced broadening of reflections

and the increase in their intensity, which pointed to the

coarsening of grains. The change of the hydrothermal

ageing time from 1 to 2 h did not cause any substantial

modifications in the diffraction pattern, which suggests that

CeO2 grains were closely packed and the CuOx particles

were in the highly dispersed state on the CeO2 surface.

According to the TPR results, in the studied materials, the

nanosized oxide clusters CuOx that underwent reduction

were either chemically bound with the surface or adsorbed

on the latter. Insofar as the diffraction patterns contained

no reflections of bulk CuO, it can be concluded that the

copper oxide clusters uniformly distributed over the surface

of bulk ceria were responsible for the catalytic properties of

this system.

The analogous data on the structure and phase compo-

sition of copper ± cerium oxide catalysts was obtained in

another study.196 An optimum composition of a catalyst for

selective CO oxidation was claimed. Particularly, it was

shown that for small contents (45 mass%) of copper

incorporated into the CeO2 lattice, the active components

represented disordered copper oxide clusters. The increase

in the copper content (>10 mass%) led to the formation of

the CuO bulk phase, which caused catalyst deactivation. As

in the former study,195 the high catalytic activity was

associated with the formation of highly dispersed copper(II)

oxide clusters and with the copper ions that formed strong

bonds with CeO2 .

Copper ± cerium oxide catalysts obtained by impregna-

tion of ordered mesoporous zirconium-doped (Si : Zr= 7)

silica were tested in CO selective oxidation.197 ± 199 The

properties of this catalyst were compared with those of a

catalyst with the same composition but prepared by apply-

ing copper and cerium oxide on non-doped silica. Both

catalysts demonstrated good performance as regards the

activity and selectivity in CO oxidation, especially in the

temperature range of 115 ± 140 8C, which made them prom-

ising (from the technological viewpoint) for fuel cells. No

noticeable difference was observed in the activity of samples

with the copper content from 6 mass% to 12 mass%.

Further increase in the copper content led to the formation

of the CuO bulk phase, which was reduced to metallic

copper in the course of the reaction and proved to be

inactive in selective oxidation.

To conclude, we consider recent publications, 200, 201

which describe the use of the co-precipitation method for

the preparation of mixed oxides based on CeO2 or

Ce17xMxO27d (M=Gd, Ho) containing either the Cu

and Ni ions or only the Ni ions. Catalysts with the

Ce7Ni7O composition exhibited high catalytic activity in

the low-temperature oxidative dehydrogenation of pro-

pane 200 and the Cu-Ni/CeO2 and Cu-Ni/Ce17xMxO2 cata-

lysts (M=Gd, Ho) proved to be active in direct methane

oxidation.

The synthesis of Ce7Ni7O catalysts included co-pre-

cipitation of an oxalate gel prepared by mixing ethanolic

solutions of metal nitrates with an excess of oxalic acid and

subsequent calcination.200 The catalytic activity of prepared

samples was compared with the activities of pure oxides

CeO2 and NiO prepared by the same method and also with

the activities of samples prepared by co-precipitation from

aqueous solutions and by the conventional impregnation

method. The Ce7Ni7O catalyst exhibited the highest

catalytic properties in the low-temperature (275 8C) oxida-
tive dehydrogenation of propane (C3H8 conversion of

12.8%; selectivity of 82.7% with respect to C3H6 and

17.3% with respect to CO2; the yield of propene 10.6%),

which favourably compares it with the vanadium ±magne-

sium oxide catalyst conventionally used in this reaction but

operating only at temperatures above 500 8C. Scanning

electron microscopic studies have shown that the

Ce7Ni7O catalyst had a uniform (d& 14 mm) doughnut-

like macrostructure different from that of samples prepared

by other techniques. The uniform NiO dispersion through-

out the catalyst volume and the formation of oxygen

vacancies due to incorporation of Ni2+ ions into the CeO2

lattice distinguished this sample from the analogous oxide

prepared by co-precipitation of oxalates from their aqueous

solutions. The latter sample represented a mixture of

individual CeO2 and NiO species. Thus, the excellent

catalytic performance of the Ce7Ni7O oxide prepared by

co-precipitation of metal oxalates from ethanolic solution

were due to the synthetic method that provided the

enhanced concentration of active oxygen surface sites and

the higher dispersion of the NiO species. Presumably, such a

high activity could also be the result of the formation of a

unique doughnutlike macrostructure.

The samples of Cu-Ni/CeO2 and Cu-Ni/Ce17xMxO27d

(M=Gd, Tb) were prepared by microemulsion co-precip-

itation.201 The samples were tested as the candidates for

anodes in oxide fuel cells of direct methanol oxidation. The

obtained data suggested that the Ni ions and the Gd or Tb

dopant ions had a considerable effect on the structure,

catalytic and electrophysical properties of these oxide sys-

tems. It was shown that the activity of polymetallic oxides

in methane oxidation varied in the following order:

Cu ±Ni/CeGdO>Cu±Ni/CeTbO>Cu±Ni/CeO2 .
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It was assumed that doping ceria with gadolinium and

terbium improved the redox and transport properties of

this material, while the formation of a Cu ±Ni alloy

increased the catalytic activity.

2. Unusual transformations of noble metal nanoclusters
applied on the Al2O3 surface
Recent TEM and SEM studies of the long-known catalysts

containing small amounts of Al2O3-supported noble metals

(40.6 mass% Pt or Rh) led to an unexpected result,

namely, revealed the interaction of noble metal atoms with

g- and b-Al2O3 . Thus it was shown 202 ± 204 that nanosized Pt

clusters reacted with alumina to form Pt2Al, PtAl2 and

Pt8Al21 intermetallic compounds, which gave rise to nucle-

ation of cationic vacancies on the surface of g- and b-Al2O3.

It was reported 205 that the formation of such cationic

vacancies during the reductive activation of the industrial

alumina ± platinum catalyst Pt/Al2O3(F) (AP-64) led to

radical changes in its selectivity in ethanol conversion.

Whereas the partially reduced catalyst exhibited activity in

the ethanol steam reforming to syngas, this catalyst sub-

jected to long-term reduction was selective with respect to

reductive dehydration of ethanol to alkanes. Presumably,

the reason for such changes in the catalytic selectivity was

the interaction of the aforementioned cationic vacancies,

which exhibited aprotic acidity, with water vapour formed

during the reduction, which was followed by the trans-

formation of aprotic sites into strong protic sites respon-

sible for oligomerization.

It was reported 206 ± 208 that the nuclei of highly dispersed

platinum oxide species interacted with the support in the

initial stage of formation of platinum nanoclusters on an

oxide support. Obviously, such unusual transformations

could proceed in metastable systems on the alumina surface

commonly characterized by the high defect concentration.

The 27Al NMR spectroscopic data 209 demonstrated that

thermal activation led to the formation of a considerable

amount of five-coordinate aluminium ions in addition to

four- and eight-coordinate ions on the g-Al2O3 surface. It

was shown that the formation of the alumina ± platinum

catalyst included strong interaction of the platinum ions

exclusively with the five-coordinate aluminium ions, which

led to saturation of the local coordination environment of

the latter ions to octahedral.

It was found 210, 211 that the reductive activation of a

catalyst prepared by applying the presynthesized bimetallic

palladium ± zinc acetate complex on Al2O3 afforded

Pd7Zn metal clusters. At the same time, the activation of

a catalyst prepared by deposition of monometallic acetate

complexes Pd(OAc)4 and Zn(OAc)2 onto Al2O3 resulted in

the formation of oxides of these metals on the support

surface. In the latter case, for the small amount of applied

components (up to *1.5 mass%), the catalyst exhibited

high activity in the selective hydrogenation of acetylene to

ethylene.

Thus, the dependence of the phase composition of

catalyst active components on the synthetic methods and

the nature of precursors as well as on the possibility of

formation of metastable surface phases, which includes the

phases involving atoms of stable oxides, made an important

contribution to the studies of catalytic systems in which the

surface defectiveness of oxide supports determines the non-

equilibrium phase transformations.

V. Nanosized iron-containing complex oxide
catalysts synthesized by the alkoxy method

1. Iron ± aluminium oxide catalysts in the liquid-phase
oxidation of hexadecane, cumene and isopentyl alcohol
The high activity in liquid-phase oxidation of hydrocarbons

is also typical of mixed iron ± aluminium oxide catalysts

Fe7Al7O prepared by the alkoxy method from aluminium

isopropoxide and iron acetylacetonate.212 ± 216 The evolu-

tion of the phase composition of these catalysts in all steps

of their formation was followed by the EXAFS, MoÈ ssbauer

spectroscopy, EPR and magnetic susceptibility methods.

The obtained results served as the basis for gaining insight

into the relationship between the catalyst structure and the

catalytic activity in the liquid-phase oxidation of cumene,

hexadecane and isopentyl alcohol.

Iron ± aluminium oxide catalysts prepared by the alkoxy

method remained X-ray amorphous in all steps of their

formation, from the gel to the oxide. According to the

magnetic susceptibility data, these systems were antiferro-

magnetic and contained high-spin Fe3+ ions, which sug-

gested that the sol ± gel reaction produced Fe7O7Fe

structural elements in which iron ions were bound by

superexchange interactions of the antiferromagnetic type.

These results were confirmed by EXAFS data (Table 1).

The magnetic behaviour of all samples was typical of an

ensemble of superparamagnetic oxide clusters with the

ferrimagnetic type of ordering.

A comparison of interatomic distances in the synthe-

sized gels with the distances known for the pseudoboehmite

and amorphous aluminium hydroxide structures made it

possible to assume that the structure of crystallographically

amorphous gels corresponds to that of local octahedra with

the empirical formula [Al(OH)6] in which the Al3+ ions are

isomorphically substituted by the Fe3+ ions.215 However,

the absence of Fe7Fe(Al) distances with R=3.5 and 4.5 �A
suggested that the iron ions form a thin film on g-Al2O3

faces rather than are distributed in the bulk. Upon thermal

treatment, microheterogenization of the gel matrix

occurred, which was accompanied by the formation of

both individual iron ions and ferromagnetic iron oxide

clusters with superparamagnetic properties. The latter

apparently formed as a result of elongation of the

Fe7O7Fe fragments. The general trend traced for iron-

aluminium oxide samples was that the number of magnetic

Table 1. Structure of Fe3+ complexes in the Fe7Al7O systems
according to EXAFS data.

Fe7Al7O CN Bond type R /�A

Gel 6.2� 0.8 Fe7O 1.96

Fe7Fe 3.00

Fe7Fe 3.62

Fe7Fe 4.08

Fe7Fe 4.45

Oxide (2.5 mass% Fe) 5.4� 0.8 Fe7O 1.96

Fe7Fe 2.60

Fe7Fe 2.84

Fe7Fe 3.10

Fe7Fe 2.84

Fe7Fe 4.40
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g-Fe2O3 clusters progressively increased with the increase in

the concentration of incorporated iron. An indirect con-

firmation of this model was the data on the specific surface

of iron ± aluminium oxides (Table 2, samples 2 ± 5), where

the latter remained virtually unchanged with the variation

in the amount of incorporated iron.213

The data from MoÈ ssbauer spectroscopy and magnetic

measurements showed that g-Fe2O3 clusters in Fe7Al7O

samples containing 410 mass% Fe measured *3 ± 5 nm.

For metal oxides with the higher iron content, the size of the

oxide phase FexOy nuclei increased to hd i& 8 ± 10 nm. A

g-Fe2O3 sample represented an ensemble of superparamag-

netic oxide particles (hd i& 8 nm) with the clearly pro-

nounced magnetic non-uniformity and a defective structure.

This results in the formation of structural and electronic

heterogeneities (defects), which probably favoured the ini-

tiation of the process of liquid-phase oxidation of sub-

strates.217

Mixed iron ± aluminium oxide catalysts with different

iron content synthesized by the alkoxy method were tested

in reactions of liquid-phase oxidation of hexadecane (see

Table 2), cumene (Table 3) and isopentyl alcohol.212 ± 216

The catalytic performance of samples 2 ± 5 was compared

with that of sample 6, prepared by co-precipitation of iron

and aluminium hydroxides from aqueous solutions of

inorganic salts.

Iron ± aluminium oxide catalysts tested in hexadecane

oxidation were synthesized by calcination of the corre-

sponding gels with stepwise temperature increase to 500 8C
in 4 h.

Each of iron-containing oxides (samples 2 ± 7), except

for catalyst 6, promoted oxidation, whereas g-Al2O3 (sam-

ple 1) inhibited this process. For samples 2 ± 5 prepared by

the alkoxy method, the maximum steady-state oxidation

rate and the autoaccelaration factor were shown to increase

with the increase in the iron content to reach the maximum

values at 20 mass%. Dilution of g-Fe2O3 with alumina

(sample 6) resulted in the loss of catalytic activity. In the

series of iron-containing samples, sample 6 can be taken as

the reference because its catalytic activity is negligible and

the kinetic parameters of reactions in its presence are

comparable with parameters of reactions without catalysts.

Table 3 shows the kinetic parameters of cumene oxida-

tion in the presence of iron ± aluminium oxide catalysts

synthesized by the alkoxy method and in the presence of

g-Fe2O3 . It should be noted that in the absence of catalysts

virtually no oxygen absorption was observed.

As follows from Table 3, the rate of cumene oxidation

(T=90 8C) increased with the increase in the iron content

in the sample from 1.0 mass% to 6.2 mass%; however,

with further increase in the iron concentration, the rate

decreased insignificantly. Analogous data were obtained for

hexane and isopentyl alcohol oxidation.212 The analysis of

kinetic parameters has shown that the initiation of substrate

oxidation occurred on the surface of active components the

size of which affected the oxygen absorption rate.216, 217

The inclusion of a small amount of aluminium into the

g-Fe2O3 lattice did not change the lattice pattern and the

size of microparticles. However, the incoporation of non-

magnetic aluminium ions in the chain of Fe7O7Fe super-

exchange interactions decreases the effective magnetic

moments of sublattices and the values of exchange integrals

and increases the scatter of interatomic distances. This was

accompanied by changes in the nature of electronic defects,

which apparently affected the kinetic parameters of the

oxidation process.

Assessment of the relative amount of iron magnetic

clusters distributed over the surface of catalytic systems

was carried out based on the data from MoÈ ssbauser

spectroscopy. It was shown that the increase in the relative

amount of these clusters favoured the proportional increase

in the hexadiene and cumene oxidation rates.215, 216

Studying the electronic structure of magnetoactive iron

oxides 217 showed that the surface of clusters of non-stoi-

chiometric g-Fe2O3 in the cationic and anionic positions

was enriched in crystallographic defects such as cationic

vacancies around which terminal oxygen bonds concen-

trated, which could easily be transformed into active radical

anions by thermal excitation.217, 218 The formation of the

ferryl radical anions on the oxide surface as well as the

formation of the vanadyl, chromyl and molybdyl 219 surface

groups was accompanied by the shift of the electron density

in the Fe7O bond to the metal atom and the increase in the

Table 2. The main kinetic parameters (maximum rate Wmax and autoacceleration factor j) for the reaction of hexadecane oxidation in the
presence ofmixed iron ± aluminium oxide catalysts (samples 2 ± 5) and catalytic systems g-Al2O3 (1), g-Fe2O3+10 mass%Al2O3 (6), g-Fe2O3 (7).

Sample Catalyst Iron content Specific surface / Wmax6104 / j /
(mass%) m2 g71 mol litre71 s71 mol (litre m2 g s)71

1 g-Al2O3 0 305 3.3 0.180

2 FexAl27xO3 2.5 296 6.0 0.220

3 FexAl27xO3 6.2 290 8.4 0.250

4 FexAl27xO3 13.6 290 11.2 0.310

5 FexAl27xO3 20.0 285 13.0 0.430

6 g-Fe2O3+10 mass% Al2O3 63.0 140 4.8 0.225

7 g-Fe2O3 70.0 190 8.9 0.270

Note. In the absence of catalyst, Wmax=4.76104 mol litre71 s71 and j=0.220 mol (litre m2 g s)71.

Table 3. Catalytic activity of iron ± aluminium oxide catalysts pre-
pared by the alkoxy method in the liquid-phase cumene oxidation.

Catalyst Fe content W06105 Wmax6105 j
(mass%) (see a) (see a) (see b)

g-Fe2O3 70.0 1.20� 0.03 1.62� 0.03 0.90� 0.04

FexAl27xO3 1.0 0.40� 0.03 1.61� 0.03 1.80� 0.05

2.5 0.81� 0.03 3.72� 0.03 3.62� 0.05

6.2 1.14� 0.03 3.90� 0.04 4.22� 0.04

13.6 1.12� 0.03 3.63� 0.04 3.91� 0.04

a In mol litre71 s71; b in mol (litre m2 g s)71.
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interatomic distance. It is high reactivity of the radical

anions formed upon thermal excitation of the oxygen

atoms that was assumed to be the reason for the enhanced

catalytic activity of highly dispersed clusters of non-stoi-

chiometric g-Fe2O3 .

The obtained results suggest that the mechanism of

formation and the structure of iron ± aluminium oxides

depend on the synthetic method. Thus in the co-precipita-

tion of iron and aluminium hydroxides from aqueous

solutions of inorganic salts (see Table 2, sample 6), doping

of the g-Fe2O3 lattice with the aluminium ions proceeded

mainly on the surface of particles. This led to spinel iron ±

aluminium oxide and simultaneously decreased the specific

surface of samples as compared with catalysts synthesized

by the alkoxy method from organic metal complexes. The

presence of structural heterogeneity was confirmed by

magnetic data according to which the samples contained

two magnetic phases, namely, iron ± aluminium spinel and

g-Fe2O3 phases.

Thus, for Fe7Al7O samples prepared by the alkoxy

method, an increase in the iron concentration led to an

increase in the number of active sites that apparently

represented the oxygen ions of superparamagnetic g-Fe2O3

clusters, which can be thermally activated. Upon insignif-

icant increase in the size of g-Fe2O3 surface clusters and

increase in their concentration, the number of active sites

increased, which was manifested by the increase in the

oxidation rates of hexadecane and cumene in parallel with

the increase in the concentration of iron incorporated into

alumina (Fig. 1).

2. Iron ± aluminium oxide catalysts in CO hydrogenation
reaction
Iron ± aluminium oxides exhibited high selectivity not only

in oxidation reactions, but also in CO hydrogenation. The

results of detailed studies of structure ± catalytic activity

relationships of iron ± aluminium oxides in the latter reac-

tion were published.220, 221 Structural studies were carried

out by in situ static magnetic susceptibility and MoÈ ssbauer

spectroscopic measurements.

The aforementioned publications 220, 221 dealt with

iron ± aluminium oxides with different iron content and

also with zirconium-doped iron ± aluminium oxide

(Table 4). All samples were prepared by the alkoxy method

in the same way as for iron ± aluminium oxides described in

Section V.1 followed by thermal treatment in atmosphere of

different gases (hydrogen or air). According to XRD data,

all iron-containing catalysts tested in CO hydrogenation

were crystallographically amorphous.

As follows from Table 4, the increase in the iron content

to 8 mass% (sample C) enhanced both the overall activity

and the degree of CO conversion to alkylaromatic hydro-

carbons. It should be noted that catalysts A7C possess high

selectivity in the formation of alkylbenzenes AlkPh

(Alk=C17C8), the mode of preactivation strongly affect-

ing the catalytic properties of the catalyst. In contrast to

one-step treatment (H2), the two-step treatment (O2 , H2) of

samples A7C led to a decrease in their overall activity and

selectivity with respect to the formation of lower alkylben-

zenes (Alk=C17C3) with the simultaneous increase in

selectivity with respect to formation of higher alkylbenzenes

0.4

0.6

0.8

1.0

Wmax (rel.u.)

0.125 0.32 1.00

1

2

Relative content of g-Fe2O3 magnetic

clusters

Figure 1. Dependences of the reaction rate of liquid-phase oxidation

of hexadecane (1) and cumene (2) on the number of g-Fe2O3 magnetic

clusters in catalysts synthesized by the alkoxy method.

Table 4. The overall activity and the yield of reaction products for CO hydrogenation in the presence of iron ± aluminium oxide catalysts prepared
by the alkoxy method.

Catalyst Iron Activation W (see a) Liquid products (%) Gaseous
content products (%)
(mass%) AlkPh alkenes alkanes

C17C5 CO2

C17C3-Ph C47C8-Ph

A 2.5 (H2) 0.6 48.3 trace trace trace 2.5 49.2

(O2 , H2) 0.4 27.3 6.2 trace trace 2.0 64.0

B 5.6 (H2) 1.8 46.0 trace trace trace 3.0 51.0

(O2 , H2) 1.1 30.0 8.0 trace trace 3.5 58.5

C 8.0 (H2) 3.5 48.0 trace trace trace 3.2 48.8

(O2 , H2) 1.6 30.0 11.8 trace trace 3.5 54.7

C7Zr 8.0 (O2 , H2) 0.7 52.0 trace trace trace 3.0 45.0

(Zr=0.4 mass%)

D 15.0 (H2) 2.5 trace 2.0 6.0 20.0 8.0 64.0

(O2 , H2) 1.7 trace trace 3.0 22.0 10.0 65.0

E 20.0 (H2) 1.4 trace trace 5.0 21.0 8.4 65.6

(O2 , H2) 1.1 trace trace 2.0 20.0 11.0 67.0

Note. Designations: (H2) is activation of gels by hydrogen treatment at 400 8C, 1 atm, 4 h; (O2 , H2) is activation of gels by two-step consecutive

treatment in air at 500 8C, 1 atm, 4 h and in hydrogen at 400 8C, 1 atm, 4 h.221 aW is the rate of CO conversion in mmol litre71 min71.
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(Alk=C47C8). The higher selectivity with respect to lower

alkylbenzenes (Alk=C17C3) was exhibited by zirconium-

modified catalyst C7Zr. Catalyst E proved to be non-

selective in CO reduction to alkylaromatic hydrocarbons

irrespective of the preactivation method.

With further increase in the iron content in the catalyst

(>8 mass%), the selectivity of the process dramatically

decreased. Insofar as all catalysts had virtually the same

specific surfaces (Ssp= 380 ± 400 m2 g71), it is evident that

the catalytic properties depended on the nature of iron-

containing sites. As follows from the results shown, the

synthesis of alkylaromatic hydrocarbons from CO and H2 is

characterized by higher structural sensitivity than the

liquid-phase oxidation.

The data from MoÈ ssbauer spectroscopy show that the

gel preactivation has a considerable effect on the structure

of catalysts. Thus samples A ±C subjected to one-step

activation (H2) contained high-spin Fe2+ ions and Fe3+

ions in the amorphous aluminium oxide matrix. No a-Fe
clusters were found in samples A ±C subjected to one-step

activation even in the case of their enrichment in 57Fe. In

contrast, the two-step activation (O2 , H2) of samples A ±C

led to the formation of metallic iron in addition to para-

magnetic Fe2+ and Fe3+ oxides.

The highest activity in the synthesis of alkylaromatic

hydrocarbons from CO and H2 was exhibited by catalyst C

subjected to one-step activation.220 MoÈ ssbauer spectro-

scopic studies have shown that this catalyst consisted of a

mixture of iron carbide (magnetically ordered w-Fe2C5

clusters measuring 3� 0.5 nm in average) and an iron-

substituted g-FexAl27xO3 spinel.

After its pretreatment with hydrogen, the structure of

catalyst E with the highest iron content substantially dif-

fered from the structures of catalysts A7D. After the

reduction, almost the whole sample E transformed to a

mixture of a-Fe (*46%) and g-FexAl27xO3 with high-spin

Fe3+ (*29%) and Fe2+ (*25%) ions. However, low-

temperature MoÈ ssbauer measurements indicated that small

ferrimagnetic spinel clusters were present in sample E. As a

result, this catalyst turned out to have the highest degree of

reduction, which correlated with virtually complete loss of

its selectivity in alkylaromatic hydrocarbon synthesis.

A comparison of the degree of reduction of catalysts C

after their one- or two-step activation shows that their

selectivities in alkylbenzene synthesis are the higher the

lower the degree of their reduction. This is probably

associated with the fact that after the treatment with oxy-

gen, a part of original gel C transformed into nanoclusters

with the magnetite structure.

After the CO hydrogenation reaction, catalyst E proved

to be in the highest reduction state. It was found that the

relative content of metallic iron (a-Fe) in this sample

reached *87%.

The result of two-step activation of catalyst C ±Zr was

similar to that of one-step activation of catalysts A7C.

From the analysis of structural peculiarities of the most

selective catalyst C ±Zr it was suggested that its modifica-

tion with zirconium has a dual effect. First, the substitution

of the zirconium ions for the aluminium atoms results in

violation of the local symmetry of cationic positions in the

structure and changes in the MoÈ ssbauer parameters of the

Fe3+ ions. Second, Zr inhibits the mobility of lattice oxygen

thus slowing down the formation of magnetic clusters and,

the more so, their aggregation.

According to the data from MoÈ ssbauer spectroscopy,

the zirconium-doped catalyst comprised small iron oxide

clusters with hd i& 3 ± 7 nm, the g-FexZryAl27x7yO3

matrix with discrete Fe3+ and Fe2+ ions and a new

magnetic structure (its relative content did not exceed

3%± 5%). The latter structure with spectral parameters

close to those of iron carbide FexC can be defined as

intermediate between ferrite (tetragonal martensite) and

carbide Fe27xC structures. The role of oxygen vacancies in

the hydrocarbon chain growth was also analyzed.220

It was concluded that stabilization of the structure of

iron ± aluminium oxide with zirconium ions allowed the

iron-containing particles to retain their uniform highly

disperse state in the course of catalyst evolution, i.e., the

state favourable for the enhanced selectivity of such a

catalyst with respect to formation of lower alkylbenzenes

from CO and H2 .

3. The process of formation of FexM170.75xO2� dd

(M=Zr4+, Ti4+) binary oxides from gels prepared
by the alkoxy synthesis
Interesting results were obtained 35 when studying the for-

mation of binary iron-containing oxides with the general

composition FexM170.75xO2� d (M=Zr4+, Ti4+) from the

corresponding gels synthesized by the alkoxy method.

According to the data from elemental analysis, IR-spectro-

scopy and magnetic susceptibility measurements, the crys-

tallographically amorphous gels synthesized from iron(III)

acetylacetonate and tetra(isobutoxy)titanium or tetra(iso-

propoxy)zirconium contained organic fragments of the

original complexes and the metal ions. Heat treatment of

these gels at 500 8C for 6 h led to the loss of organic

fragments and crystallization. According to XRD analysis,

this resulted in the formation of solid solutions of isomor-

phous substitution with the empirical composition

FexZr(Ti)170.75xO2� d (0.01< x<0.17 in the Fe7Zr7O

system and 0.01< x<0.14 in the Fe7Ti7O system).

Extended X-ray absorption fine structure studies of the

iron ± zirconium oxide gel revealed the formation of small

clusters with the structure close to that of ZrO2 , which were

linked to one another by organic fragments or by iron ions

in the octahedral environment. For the Fe-ZrO2 gel, the

following three main interatomic distances were found:

R=1.94 �A (Fe7O), R=3.12 �A (Fe7Fe) and R=3.30 �A
(Fe7Zr). The sample formed after crystallization con-

tained, in addition to these iron-involving bonds, two

other interatomic distances R=2.14 and 3.61 �A, which

were attributed to the Zr7O and Zr7Zr bonds, respec-

tively. An insignificant change in interatomic distances

involving Fe atoms upon crystallization of the iron ± zirco-

nium oxide sample suggested that the formation of the iron

oxide structure started already in the gel and that the

crystallization involved only the removal of the organic

fragments, which favoured the contraction of cubic ZrO2

polyhedra formed in the gel. As a result, the cubic metal

oxide ZrO2 with slight structural deviations formed on the

faces of which the epitaxial Fe2O3 film grew. Due to the

great difference in the Zr7O and Fe7O distances, no more

than one Fe3+ layer could exist on the ZrO2 face. Therefore,

the observed Fe7Fe distance of 3.13 �A apparently per-

tained to the iron ions belonging to different ZrO2 clusters.

Thus, the structure of the iron ± zirconium oxide catalyst

represents flattened cubic clusters of zirconium oxide with

hd i& 10 ± 12 nm on the faces of which epitaxial films of

iron oxide formed.
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The formation of the FexTi170.75xO2� d complex oxide

structure also began in the course of the alkoxy synthesis

and proceeded in the analogous manner as the

FexZr170.75xO2� d formation.7 In the Fe7Ti7O system,

in the same manner as in its zirconate analogue, the iron

ions did not incorporate into the TiO2 structure but were

stabilized on the (110) plane incompletely occupied with the

iron ions. Thus, the nanostructured materials synthesized

by the alkoxy method represent highly dispersed particles of

titanium or zirconium oxides stabilized by the iron ions.35

This stabilization determines the low catalytic activity and

the high selectivity of these systems in the synthesis of

gaseous alkenes C27C5 and liquid aromatic compounds

from CO and H2 .

Insofar as titanium dioxide was a part of the

FexTi170.75xO2� d sample, it seemed natural to assume

that this mixed oxide was catalytically active in photo-

reactions. The catalytic activity of colloidal solutions of

nanostructured iron ± titanium oxide catalysts synthesized

by the alkoxy method from tetra(isopropoxy)titanium and

iron(III) acetylacetonate in photooxidation of methanol was

assessed. 222 A comparison was made of the structures and

the catalytic activities of TiO2 with and without iron-dopant

prepared by the alkoxy method from inorganic or organic

precursors.

The results of studies by HRTEM and cryo-TEM

methods have shown that all titanium-containing photo-

catalysts studied possessed the same particle size (2 ± 3 nm)

and the same structure (anatase) irrespective of the type of

the starting reagents. It was stated 222 that the iron ions are

incorporated into the TiO2 lattice though no clear evidence

was provided; this is in contrast to our previous studies 35

where a conclusion was made that the iron ions form a film

on the TiO2 faces without being incorporated into the

titania lattice. Despite the observed structural similarity of

studied titanium-containing samples prepared from inor-

ganic and organic precursors, they exhibited different pho-

tocatalytic activities. The highest photocatalytic activity

was exhibited by an iron ± titanate catalyst synthesized

from organic precursors (the quantum yield of formalde-

hyde formation was used as the photocatalytic character-

istic). This was associated with the formation of a supra-

molecular structure in this material, namely, chain-like

aggregates. As a result of the formation of such a structure,

the energy transfer from one particle to another is possible,

which makes the substrate molecules adsorbed in any site of

this colloidal aggregate accessible for the photocatalysis

(the `antenna' effect). Thus, it was demonstrated that nano-

structured iron ± titanium oxide catalysts synthesized by the

alkoxy method from organic precursors could serve as

shallow charge traps.

VI. The effect of the size factor on the catalytic
properties of iron oxide catalysts on porous
supports

1. Iron oxide nanoparticles on porous TiO2

The analysis of several publications 223 ± 226 on the synthesis

and catalytic properties of iron oxide samples synthesized

by sonication made it possible to reveal the relationship

between the catalytic activity in cyclohexane oxidation and

the catalyst size characteristics.

The results of cyclohexane oxidation in the presence of

nanostructured crystallographically amorphous oxides

FeO/TiO2 synthesized by iron oxide precipitation from an

iron pentacarbonyl solution in decalin onto the surface of

commercial titania (Degussa P25) by sonication in air are

described.223 The structures and the particle sizes of synthe-

sized catalysts were established by the XRD and TEM

methods. It was shown that the size of spherical FeO/TiO2

particles was 40 nm. The latter represented titania covered

with highly dispersed iron oxide nanoparticles measuring

5 ± 10 nm. The use of this catalyst in cyclohexane oxidation

with oxygen (1 atm, 70 8C) afforded a mixture of cyclo-

hexanol and cyclohexanone in the ratio of 1.5 : 1 (conver-

sion 16.5%, selectivity 90%).

This reaction carried out in the presence of highly

dispersed iron oxide (hd i& 8 ± 10 nm) also prepared by the

sonication 224, 226 revealed its lower catalytic activity (con-

version 11%) but higher selectivity (up to 95%). The cyclo-

hexanol : cyclohexanone ratio was 2.3 : 1.

Cyclohexane oxidation in the presence of iron oxide

supported onto mesoporous titania presynthesized by the

sol ± gel method from tetra(isopropoxy)titanium proceeded

under mild conditions (O2 , 1 atm, 70 8C).225 This catalyst

with the specific surface of 570 m2 g71, the average pore

size of 1.3 nm and the volume of pores of 0.23 cm3 g71

demonstrated the highest activity (cyclohexane conversion

was 26%) among the highly dispersed iron oxide samples

described above.

Thus, it can be concluded that the use of nanostructured

supported iron oxides as the catalysts was more efficient as

compared with non-supported iron oxide.

2. Supported superparamagnetic gg-Fe2O3 nanoclusters
on silica matrices
Stabilization of g-Fe2O3 clusters in a layered silica matrix

made these systems efficient catalysts in transformations of

chloro alkenes 227 and selective oxidation of hydrogen

sulfide contained in natural gas to sulfur.228 The activity

of these catalysts was much higher than that of other

supported g-iron oxide catalysts.229 It was found that the

size factor determined by the nature of the support and the

electronic state of g-Fe2O3 nanoclusters had a substantial

effect on the catalytic performance of these heterogeneous

systems.

Macroscopic magnetization in the temperature range

from 2 to 300 K and MoÈ ssbauer spectroscopy at 300 K

were used to study supported g-Fe2O3 nanoclusters on an

activated silica gel matrix (ASGM, specific surface after

activation 340 m2 g71) 230 and a silica matrix (ASM, spe-

cific surface after activation 350 m2 g71) 227 prepared by

acidic etching of either KCK-2 silica gel with the globular

structure (in the former case) or natural vermiculite (in the

latter case). The samples were prepared by impregnating

ASM or ASGM with a toluene solution of iron(III) acetyl-

acetonate followed by drying in air, evacuation and calci-

nation at 550 8C. All the samples, namely, 2.5 Fe/ASGM,

2.5 Fe/ASM, 4.5 Fe/ASM, 18 Fe/ASM (the percentage of

iron in the sample is indicated), were crystallographically

amorphous.

The catalysts 2.5 Fe/ASM and 2.5 Fe/ASGM proved to

be magnetically heterogeneous and contain two different

magnetic phases each. A complex structural study has

shown that these phases are represented by magnetically

ordered nanosized clusters and paramagnetic iron ions

incorporated into the silica lattice. The difference in mag-

netic properties of 2.5 Fe/ASGM and 2.5 Fe/ASM samples

is due to the fact that, in the former, coarse superparamag-

netic iron clusters with the antiferromagnetic sublattices
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formed on the silica gel surface. A substantial contribution

to magnetic properties was made by paramagnetic iron ions

that formed complexes with the oxygen ions of silica

matrices. The ASM-supported iron oxide clusters had

narrower size distribution as compared with clusters on

ASGM.

The presence of small magnetic g-Fe2O3 clusters in

2.5 Fe/ASM and 2.5 Fe/ASGM samples was confirmed by

the data from their direct and reverse magnetization at

T=2 K.231 Figure 2 shows the hysteresis curves typical of

a magnetically ordered material, particularly superpara-

magnetic g-Fe2O3 clusters with the size hd i& 2 ± 3 nm.

After the reaction, the field dependence of magnetization

at 2 K was linear (the line ab passes through the origin).

The analysis of MoÈ ssbauer spectra and magnetic properties

of samples made it possible to assume that in the course of

the catalytic reaction the Fe3+ ions in g-Fe2O3 nanoclusters

were partly reduced by the chloro alkene to Fe2+ ions

within a complex in which both the chlorine ions and the

oxygen ions of the silica matrix served as the ligands.

Probably, this was the reason for the high catalytic activity

of g-Fe2O3 nanoparticles.

According to the data from MoÈ ssbauer spectroscopy, as

the iron content in ASM increased to 4.5 mass% and

18.0 mass%, coarse g-Fe2O3 clusters with the size assessed

by magnetization measurements as 6 ± 8 nm formed in the

layer silica matrix in addition to small g-Fe2O3 clusters

(hd i& 2 ± 3 nm). In this case, with the increase in the iron

content, the relative ratio of coarser clusters increased from

0.34 (4.5 Fe/ASM) to 0.50 (18 Fe/ASM).231

Iron clusters in the silica matrix differed in size, while

their magnetic properties reflected the total contribution

made by both these particles and aggregate systems invol-

ving them.

The highest catalytic activity was exhibited by the ASM

sample with 2.5 mass % of Fe in which Fe3+ and Fe2+ were

present in their paramagnetic state. The catalyst s activity

increased with the appearance of magnetically ordered

g-Fe2O3 clusters formed as the iron content in the catalyst

increased to 15 mass%.

Iron-containing systems on ASM exhibited high activity

in selective oxidation of hydrogen sulfide contained in

natural gas to sulfur.228

H2S+
1

2
O2 S+H2O.

This reaction plays an important role in cleaning gases

from toxic hydrogen sulfide by the Claus process, it pertains

to the so-called adsorption-catalytic reactions. This means

that sulfur formed is deposited in the catalyst pores as the

result of which the coarse iron clusters on the surface of

different supports are quickly converted to stable and

inactive iron sulfides with the loss of catalytic activity.232

The strong interaction of the iron ions with the ASM

support made it possible to longer retain the activity of

nanocluster g-Fe2O3/ASM catalysts. It was found that in

the presence of this system, the quantitative transformation

of hydrogen sulfide to sulfur occurred even at room temper-

ature.233

Figure 3 shows the dependence of the extent of hydro-

gen sulfide conversion on the volume of passed gas in the

presence of 2.5 Fe/ASM catalyst, which included the regen-

eration stage. As is seen, after passage of 13 600 cm3 of gas

containing 0.5 vol.% H2S, the catalyst activity decreased

due to the deposition of elemental sulfur on its surface.

After the regeneration stage (melting sulfur out of the

surface), the catalyst recovered its activity, which enabled

virtually quantitative conversion of hydrogen sulfide.
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Figure 2. Isotherms of magnetization s (per g of Fe) at T=2 K for

2.5 Fe/ASM (a) and 2.5 Fe/ASGM (b) samples.

The inserts show the magnified parts of the hysteresis curve.
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Figure 3. Dependence of the degree of conversion of hydrogen sulfide

on the volume of passed gas in the presence of 2.5 Fe/ASM catalyst.

The arrows point to the regeneration stages of the latter. Gas

composition (vol.%): 0.5 H2S, 1.25 air, balance CH4. T=25 ± 35 8C.
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At 150 ± 170 8C and the feed flow rate of the hydrogen

sulfide-containing gas of up to 5000 h71, the catalyst

activity retained for a long time and the residual hydrogen

sulfide content in the gas at the reactor outlet did not exceed

2 ± 5 ppb.233, 234 The data obtained on studying the catalyst

activity and structural evolution during the catalytic process

allowed the mechanism of catalysis to be proposed. Accord-

ing to this mechanism, the exchange reactions between the

sulfur ions and the oxygen atoms involved the terminal

oxygen atoms of non-stoichiometric oxide g-Fe2O3 stabi-

lized by the ASM matrix and were followed by a stage of

elemental sulfur deposition on the catalyst surface. The

catalytic site regeneration occurred through the addition of

oxygen molecules, which was introduced in small amount

into the reaction zone, to the reduced iron ions.227, 235

3. Iron-containing oxide catalysts in the hydrogenation
reaction of brown coal organic mass (COM)
a. A model of the interaction of the iron ions with the COM surface

The processes of hydrogenation of the coal organic mass to

hydrocarbons is a strategic direction in the field of non-

petroleum fuel production, which is explained by much

richer natural coal resources as compared with oil and gas-

condensate. The moderate interest in this problem, though,

in other alternative approaches as well, was mainly associ-

ated with the accessibility of oil. However, the trend to

depletion of oil and gas fields determines the necessity of

solving this problem. The development of methods of coal

organic mass processing has its own rich history.236 ± 238 The

use of principles of the formation of nanosized catalytic

systems directly on the surface of coal that is processed and

studies on the genesis of active components in the hydro-

genation reaction of brown coal organic mass emerged as a

new promising approach to solve this problem. It should be

noted that the literature contains insufficient information

on the structure and evolution of catalytic systems used in

this field.

The ability of iron ions to form nanosized non-stoichio-

metric oxide clusters on the support surface that are stable

at high temperatures and elevated pressures makes it possi-

ble to prepare efficient heterogeneous systems with highly

developed specific surfaces. We used this important prop-

erty for designing a catalyst for COM hydrogenation.

Studies by precision magnetic methods allowed us to follow

the changes in the coordination environment of the iron

ions on the COM surface in the course of formation of

oxide nanoclusters and their subsequent phase transforma-

tions. It seemed natural to assume that the activity of the

catalysts employed depends to a large extent on the nature

of the starting iron complexes used for immobilization on

the active coal surface as well as on the structure of iron-

containing sites emerged during hydrogenation. In connec-

tion with this, we studied the interaction of iron acetylacet-

onate mono- and bimetallic complexes used as precursors

with the brown coal surface.239, 240

A monometallic iron-oxide catalyst was prepared by

thermolysis of iron(III) acetylacetonate supported onto the

coal surface from an aromatic solvent. It was found that

chemisorption of iron acetylacetonate occurred on the

interface between the organic mass and inorganic inclusions

in coal and led to partial decomposition of the original

complex.239, 240 During hydrogenation, the iron-containing

component was preferentially obtained in the form of spinel

non-stoichiometric oxide particles where the non-stoichi-

ometry factor varied from xFeO . yFe2O3 to g-Fe2O3 .

Based on the data from the static magnetic susceptibility

measuremens and MoÈ ssbauer spectroscopy, the following

model was proposed for the interaction of the iron ions with

the COM surface. Iron acetylacetonate was adsorbed in

defective disordered regions in the coal bulk and decom-

posed on its interface with inorganic inclusions (a-quartz,
silica, iron and aluminium oxides, calcite). In the course of

hydrogenation, hydrogen reacted first of all with carbon

located in the mentioned quasiamorphous matrix regions,

which led to the Fe7C bond cleavage. As COM trans-

formed into hydrocarbons, the iron oxide compounds

deposited on the surface of the inactive carbon mass.

Simultaneously, they were reduced, recrystallized and

formed clusters with the reverse spinel structure of the

magnetite type.239 Experimental data also pointed to the

formation of iron metal clusters that were later oxidized

with oxygen contained in coal and thus passed to the stable

state of superparamagnetic oxide particles. As a result of

coal hydrogenation, iron was accumulated in the solid

deposit to form massive blocks of a non-stoichiometric

magnetite.

b. Phase transformations of nanosized mono- and binuclear

iron ± cobalt containing catalysts on the COM surface

In continuation of the search for efficient catalysts for

hydrogenation of the coal organic mass, we studied the

catalytic properties and structural peculiarities of iron-

cobalt catalysts prepared from mono- and heteronuclear

metal acetylacetonates.241

Heteronuclear iron ± cobalt acetylacetonate was synthe-

sized by the anodic electrochemical dissolution of an iron ±

cobalt alloy in acetylacetone. The metal-containing com-

plexes were applied onto the surface of dried coal from an

aromatic solvent. The total amount of deposited metals did

not exceed 1.5 mass%. Tetralin and a bituminous oil

fraction that boiled above 350 8C were used as the liquid-

phase hydrogen donors. The catalyst structure was studied

by MoÈ ssbauer spectroscopy and X-ray diffraction methods.

According to Table 5, after the reduction, the bimetallic

catalysts and the iron-containing catalyst provided suffi-

ciently high COM conversion and yield of liquid products.

According to the data from MoÈ ssbauer spectroscopy,

after the experiment, in sample 2, two structural types were

revealed, namely, a structure intermediate between Fe3O4

and g-Fe2O3, which corresponded to non-stoichiometric

magnetite micrograins measuring 100 ± 200 nm, and a struc-

ture corresponding to non-stoichiometric pyrrhotite

Fe17xS. The spectra also contained paramagnetic doublets

of high-spin Fe2+ ions and Fe3+ ions in the octahedral

environment of either the O27 ions or the hydroxyl groups,

which most probably were distributed throughout the intact

COM matrix.

The relationship between the phase composition of iron-

containing components and the degree of COM conversion

was studied.242 It was found that an increase in the catalytic

activity correlated with an increase in the relative content of

metal phase clusters and a decrease in the pyrrhotite cluster

content. The interatomic distances between the iron and

cobalt ions in the mixed oxide prepared from a bimetallic

iron ± cobalt acetylacetonate complex were substantially

shorter than in the oxide prepared from a mixture of

monometallic acetylacetonates. It is because of this that in

the former case nanosized intermetallic active components

formed, which increased the catalytic activity (Table 5,

samples 6 an 7). In contrast, the use of monometallic
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acetylacetonate complexes as the catalyst precursors led to

the formation of non-stoichiometric magnetite and pyrrho-

tite in place of active metal species. Based on this compar-

ison, it can be concluded that iron ± cobalt intermetallic

species were resistant against sulfur and oxygen contained

in the coal.

The synthesized heterometallic iron ± cobalt acetylacet-

onate complex proved to be a promising precursor of the

catalyst used in the processing of a mixture of brown coal

with bituminous oil employed as the paste-forming agent.

In this case, the conversion of the organic mass of mixed

starting components reached 88% at the yield of the liquid

hydrocarbon fraction of * 65%.

Thus, a series of studies 239 ± 242 demonstrated the high

catalytic activity of highly dispersed iron-containing oxide

and iron ± cobalt intermetallic clusters synthesized from

metal oxide precursors and stabilized at the interface of

carbon grains and natural inorganic oxide admixtures.

VII. Conclusion

The surveyed studies on mixed copper- and iron-containing

catalysts based on oxides of different metals demonstrated

considerable progress in the field of heterogeneous catalysis

in the past 20 years. Modified procedures of synthesis of

such catalysts developed by different authors, particularly,

the sol ± gel process, made it possible to synthesize materials

with catalytic properties comparable and in certain cases

exceeding the properties of noble metal-containing cata-

lysts.

The analysis of presented data has shown that the

alkoxy methods played a special role in the development

of complex metal oxide catalysts. Doping of the oxide

matrix with transition metal ions in the stage of gel

formation resulted in the appearance of solid solutions of

substitution only on the surface of the oxide matrix. To

form oxides with the uniform distribution of dopants

throughout the bulk, higher calcination temperatures were

required. This determined the attractiveness of alkoxy

methods for the targeted synthesis of heterogeneous cata-

lysts in which the highly dispersed active sites with the

complex structure were distributed over the surface of

various carriers.

The use of an alkoxy method that employs phosphorus-

containing templates in synthesizing titanate catalysts led to

the development of materials with unique properties. Thus

the synthesized single-phase oxides PxTi170.75xO2� d had

uniform porosity in addition to the narrow size distribution

of micrograins. Moreover, the pore size could be regulated

from 2 to 4 nm by changing the molecular volume of the

phosphorus-containing precursor. Membranes developed

on the basis of these oxides exhibited anisotropy of catalytic

properties, which depended on the gaseous substrate flow

direction. This allowed a membrane-catalytic diode to be

developed on their basis.

To date, the most important problems of heterogeneous

catalysis included studies of the polymorphism of active

components on the interface with the support and also the

cooperative interactions between nanoclusters, including

the interactions observed in the course of evolution of

catalytic systems. It was shown that many nanostructured

metal oxides formed as metastable phases. The phase trans-

formations of active components in catalysts depended on

both the synthetic method as a whole (impregnation, co-

precipitation, sol ± gel process, etc.) and numerous reaction

parameters (e.g., the type of metal-containing precursors,

the nature and structure of supports, the use of templates,

etc.). Elucidation of the relationship `catalyst's synthetic

method and conditions? catalysts structure? catalytic

properties' is undeniably determined by the possibilities of

the contemporary research physicochemical methods that

make it possible to study the structure of active sites and the

reaction mechanisms on the latter.

A series of studies on iron-containing mixed oxides that

were crystallographically amorphous in all stages of their

formation convincingly demonstrated the prospects of

combining spectroscopic and magnetic research methods in

studying the catalyst structure. The detailed study of nano-

strutured oxides prepared by both the alkoxy methods and

the deposition on different substrates brought about the

whole series of new materials that proved to be efficient and

economic catalysts in processing of coal organic mass to

hydrocarbons, formation of alkylaromatic hydrocarbons

from CO and H2, and several other industrial processes.

Among the other results, mention should be made of

unusual transformations of nanoclusters containing Pt and

Pd that occur in metastable non-equilibrium systems on the

alumina surface characterized by the enhanced concentra-

tion of defects. It was revealed for the first time that the

reduction of aluminium ± platinum catalyst afforded inter-

metallic platinum ± aluminium clusters distributed over the

oxide matrix surface.

As a whole, the results shown in this review can be

considered as a new stage in the targeted synthesis of mixed

metal oxide catalysts the defective surface and non-stoichio-

metric composition of which determine the non-equilibrium

phase transformations to afford active components.

Table 5. Brown coal hydrogenation in tetralin in the presence of mono- and heteronuclear metal-containing complexes (P=10 MPa, t=2 h).

Sample Applied complex Metal content Texp / K COM Yield of liquid Yield of gases (%)
(mass%) conversion products (%)

(%) hydrocarbons CO+CO2

Fe Co

1 without application 653 32.5 27.0 2.8 2.7

2 Fe(acac)3 1.5 653 68.0 56.5 4.5 8.0

3 Fe(acac)3 1.5 693 86.0 59.3 14.7 12.0

5 Co(acac)2 1.5 653 78.0 52.5 14.7 10.8

6 FeCox(acac)y 0.45 1.05 653 86.0 61.0 12.5 11.6

7 FeCox(acac)y 0.45 1.05 693 90.0 66.1 13.7 10.2

8 Fe(acac)3+Co(acac)2 0.45 1.05 653 74.0 46.7 15.9 11.4

9 Fe(acac)3+Co(acac)2 0.94 0.56 653 70.0 46.3 12.8 10.9
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