
I. Introduction

Organic synthesis and catalysis form the basis of modern

industry and occupy a top position in high-tech economy

sectors.1, 2 Currently, an interdisciplinary area is being

formed at the boundary of these fields, which would largely

affect the state of chemical science in the near future. 1 ± 3 A

key aspect determining the progress in this interdisciplinary

field is understanding of chemical phenomena and inves-

tigation of chemical reaction mechanisms. The complexity

of synthesized molecular systems is so high that the search

for new reactions and development of new catalysts by

screening of options and traditional successive optimization

are either no longer possible or cost-prohibitive. The prob-
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lem of constructing `molecular complexity' with the previ-

ously inaccessible atomic precision appeared in response to

the need for selective organic reactions for the preparation

of complex molecules.3, 4

The application of physicochemical methods in the

research into the nature of chemical reactions in the listed

fields has its specific character. The reactions related to fine

organic synthesis most often proceed in solutions and

homogeneous catalyst systems where nuclear magnetic

resonance spectroscopy and mass spectrometry are the key

methods.5 ± 7 The use of electron microscopy in this field was

quite rare until recently.

In the studies of heterogeneous catalysis and surface

phenomena, electron microscopy is the main method with a

many-year application experience, providing unique infor-

mation on the micro- and nanostructure of heterogeneous

catalysts. This is caused by high spatial resolution of, first of

all, transmission electron microscopy, which provides effec-

tive retrieval of structural parameters such as the shape and

size distribution of deposited oxide and metal particles and,

in the high-resolution mode, also interlayer spacings, inter-

atomic distances, the structure of boundaries between

particles of different composition, etc.

The transmission electron microscope with accelerating

voltage of 1 MV and a coherent electron beam operating on

a cold field emission source designed by Hitachi (Japan) in

2000 was the pioneering microscope with a resolving power

better than 0.5 �A.8 More recently, the successful operation

of a Hitachi H-3000 transmission electron microscope with

accelerating voltage of up to 3.5 MV was demonstrated; this

instrument was suitable for examination of thick samples

and gave 3D images of items with a thickness of >300 nm.9

It is worth mentioning that high-resolution transmission

electron microscopy has long been not only a method for

obtaining mechanistic parameters or morphological charac-

terization of samples. This is due, first of all, to attainment

of a spatial resolution of <1 �A for microscopes manufac-

tured by top companies such as FEI (USA), JEOL (Japan),

Hitachi and so on. The progress in this field was enabled by

the design of spherical aberration correctors for electro-

magnetic lenses (Cs-correctors), which minimize the image

distortion.10, 11 Aberration-free lenses are used to produce a

narrow electron probe in scanning transmission electron

microscopy and high-resolution electron microscopy. The

former technique generates large arrays of analytical digital

information in pixel picture elements. As a consequence, the

obtained images are suitable for observing single atoms of

the crystal lattice;12 ± 15 simultaneously, it is possible to

perform elemental and chemical analyses by energy disper-

sive X-ray spectroscopy and electron energy loss spectro-

scopy at the atomic level of resolution.14, 16

Currently, SU9000 (Hitachi), ARM-200, 300 (JEOL)

and TITAN (FEI) instruments provide the highest spatial

resolution down to 0.4 �A. This allows visualization of

separate heavy atoms (Pd, Au, Pt and so on) in standard

modes. Moreover, intensity analysis of images of single

atoms or small clusters leads to conclusions about the

nature of a metal (the greater the metal atomic mass, the

higher the intensity), which is very important for studying

supported bimetallic catalysts.

One more recent achievement of electron microscopy is

the possibility of direct observation of sample evolution

during a chemical reaction conducted in situ. By in situ

studies with digital recording of the state of the sample on a

real time basis, researchers obtain qualitatively new data on

the transformations of a catalyst during the operation. The

most advanced electron microscopes are suitable for inves-

tigations in a controlled gas phase at pressures up to 0.1 atm

and temperatures up to 1000 8C. Finally, high-angle annu-

lar dark field scanning transmission microscopy can accom-

plish 3D tomography of samples.17 The listed capabilities of

modern microscopes are optional and also serve as a

prerequisite for electron-microscopic examination at a still

higher level. However, it is noteworthy that, despite the

advances made in the development of new procedures of

electron-microscopic imaging, there are typical problems,

which must be taken into account; otherwise, the achieve-

ments mentioned above would come to nothing, even in the

study of standard heterogeneous catalyst systems, not to

mention microscopic investigations of organic reactions.

As representative examples of the development of mod-

ern electron microscopy and its demanded applications, it is

pertinent to consider determination of 3D structures of

nanocrystals,18, 19 study of biological and pharmaceutical

systems 20, 21 and study of multicomponent catalyst sys-

tems.22 ± 25 Microscopic investigations directly in the liquid

phase are of principal significance for fine organic synthesis

and catalysis.26 ± 30

An interesting current trend is transfer of knowledge

and research experience gained by electron microscopy from

heterogeneous catalysis and surface science to the field of

organic synthesis. In this case, microstructural studies serve

as an important linking unit, which makes this field inter-

disciplinary. The present review considers the key method-

ical aspects and particular examples of practical use of

electron microscopy in these boundary areas.

The progress in the electron microscopy itself (both the

methodological development and advancement of equip-

ment) is caused, to a large extent, by the need to study

catalysts and surface phenomena. These applications of

electron microscopy are considered in Section II of the

review.

Organic molecular and hybrid systems have long

remained a `sticking point' for high-resolution electron

microscopy because of the sensitivity of samples, which

can be readily destroyed by an electron beam. It was only

recently that the development of microscopic technical

equipment and appearance of new-generation field emission

devices brought investigation of organic systems to an

operating level. In this review, this application of electron

microscopy is considered in Section III.

Examples of practical applications of electron micro-

scopy presented in the review were taken from publications

of the last five years and from experimental works per-

formed with participation of the authors (for instance,

photomicrographs shown in Figs 1, 4, 7 and 11 had not

been included in the relevant original publications because

of size limitation).

The following abbreviations are used in the review:

BF Ð Bright Field;

BF-STEM Ð Bright Field Scanning Transmission Elec-

tron Microscopy;

BMIM Ð 1-Butyl-3-Methylimidazolium;

DF Ð Dark Field;

EDX (EDX Spectroscopy) Ð Energy Dispersive X-Ray

Spectroscopy;

EDS Ð Energy Dispersive X-Ray Spectroscopy (same

as EDX);
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EELS Ð Electron Energy Loss Spectroscopy;

EXAFS (EXAFS Spectroscopy) Ð Extended X-Ray

Absorption Fine Structure Spectroscopy;

FFT Ð Fast Fourier Transform;

FIB Ð Focused Ion Beam;

HAADF-STEM Ð High Angle Annular Dark Field

Scanning Transmission Electron Microscopy;

HRTEM Ð High-Resolution Transmission Electron

Microscopy;

MOFÐ Metal-Organic Framework;

MWCNT Ð Multi-Walled Carbon Nanotubes;

NFs Ð Nanofibers;

Ox Ð Oxidative Conditions;

SAED Ð Selected Area Electron Diffraction;

SEM Ð Scanning Electron Microscopy;

STEM Ð Scanning Transmission Electron Microscopy;

TEM Ð Transmission Electron Microscopy;

XRD Ð X-Ray Diffraction;

XPS Ð X-Ray Photoelectron Spectroscopy.

II. Electron microscopy in the studies of
heterogeneous catalysis and surface processes

II.1. Methodological details of electron-microscopy
experiments
Most often, heterogeneous catalysts are nanopowders pos-

sessing the desired texture and porosity and formed as

pellets. In supported catalyst systems, the active component

is deposited on various porous supports, which are not

always inert and can also exhibit catalytic properties (simple

and complex oxides, zeolites, carbon and so on). In addi-

tion, there is a large class of block systems in which the

catalyst is supported on the walls of cellular blocks as a

secondary layer; these systems possess high thermal and

mechanical stability. The most extensive class of such

systems is represented by automotive catalysts for exhaust

gas purification. In the case of electrochemical reactions,

the catalyst is deposited on the ends of electrically conduct-

ing carbon rods. Despite different sample shapes and

deposition sites of the active component, a TEM examina-

tion requires pretreatment of all samples according to one

of standard procedures.

It is worth noting, first of all, that image formation

mechanisms and sample preparation procedures are differ-

ent for scanning and transmission electron microscopy. The

accelerating voltages in SEM are of the order of several tens

kiloelectron-volt (most often, not more than 40 keV). The

SEM images are formed upon analysis of the intensities of

secondary or reflected (more sensitive to the surface top-

ography) electrons. The objective of SEM is to study the

surface topology at both high and low magnifications. In

order to enhance the spatial resolution, one can decrease the

accelerating voltage down to several hundred volts. Inves-

tigation of dielectrics requires sputtering of heavy metals

(Au, Pt, Ir and so on) as layers, desirably as thin as possible.

In the case where, apart from imaging, it is necessary to

determine the elemental composition by EDX, conductive

carbon layers have to be used, thus sacrificing spatial

resolution. It should be mentioned that obtaining SEM

images at atomic resolution is often inexpedient. Atomic

resolution surface examination is carried out by means of

probe or atomic force microscopy.

Sample preparation for a TEM examination includes a

decrease in the sample thickness to make it transparent for

fast electrons at an accelerating voltage of 100 ± 400 keV or

sample dispersion into particles several tens of nanometres

large. The technique of focused ion beam thinning (most

often, using gallium ions at an accelerating voltage of

30 kV) serves for sample preparation from single-crystalline

layers, semiconductor heterostructures and other items that

are of prime importance in microelectronics. Benchmark

companies manufacture unique high-tech devices for sample

preparation, e.g., such as FIB (GATAN, USA).

However, studies of heterogeneous catalysts as nano-

sized powders do not require this type of equipment. The

most popular method of catalyst preparation for TEM

investigation is the classical powder dispersion method

and, first of all, its type called the method of liquid

suspensions. This sample preparation procedure is used

very often and will not be additionally described here. We

would only like to mention that the use of 10 ± 20 nm-thick

perforated carbon films is important as they retain the

dispersed particles and hence the interfering influence of

the amorphous carbon substrate can be avoided.

Biological products are most often prepared for inves-

tigation by ultramicrotomy, which means cutting the speci-

mens into extremely thin sections by diamond or glass

knives. The samples are stabilized in a polymeric embedding

medium. Limitations of this method are associated with

instability of the embedding medium (epoxy resin) on

exposure to an electron beam under vacuum; this hinders

sample examination at high magnifications.

It is also noteworthy that for addressing unusual prob-

lems that can be solved by electron microscopy (electron

tomography, TEM examination in situ in a controlled gas

environment and so on), a tailored design for sample

chambers and holders of the electron microscope is

required.

II.2. Application of electron microscopy for solving
particular research problems
The active component of a heterogeneous catalyst is usually

represented by nano-sized particles or aggregates of such

particles, in some cases, with a complex composition and

structure. Targeted synthesis of active catalysts stable

throughout chemical processes requires detailed investiga-

tion of the particle properties by means of the most

informative physicochemical methods.

Electron microscopy is the only method suitable for

observing the atomic structure of a multicomponent cata-

lyst with a high spatial resolution. The use of conventional

and scanning transmission modes in modern electron micro-

scopes and combining the imaging mode with X-ray spec-

troscopy and electron energy loss spectroscopy serve for

analytical investigations with determination of the elemen-

tal composition of local sites down to sizes of single atoms.

Furthermore, EELS can be used to analyze chemical bonds

formed by atoms in catalyst particles.

In what follows we will consider some aspects of

electron-microscopy examination of catalyst nanoparticles

and its role for investigation of organic reaction systems.

II.2.a. Supported metal catalysts

Most of supported metal catalysts are rather stable on

exposure to electron beam; therefore, they can be studied

by electron microscopy. In most cases, they contain a metal

with a high mass density (Pt, Pd, Ru, Au, Ag, Ni, Co, etc.)

deposited on a porous material. The supports are usually
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represented by oxides (Al2O3, SiO2, TiO2, MgO, etc.) or

carbon materials of various structures with a moderate

density. It is also necessary to take into account the

possibility of metal oxidation during the sample prepara-

tion. Platinum and gold cannot be oxidized, Pd, Ru and Ag

are slightly oxidizable, while metals like Fe, Ni and Co are

oxidized rather rapidly.

The images obtained by microscopy are two-dimen-

sional and reflect the structure of three-dimensional catalyst

aggregates distributed in space; this is reflected in the image

formation details. For imaging, one should take into

account both the properties of the catalyst (textural fea-

tures, chemical composition of particles, radiation and

thermal stability of the support and the metal, etc.) and

the instrumental conditions (electron beam density and

focusing, lens aberration and other factors).

Using electron microscopy, it is possible to perform

statistical analysis of particle size and to determine param-

eters such as the statistical average size, standard deviation

and so on. Moreover, electron microscopy provides infor-

mation on the active site location on the surface and in the

bulk, texture of the support and the nature of interaction

between the metal and the support. Limitations arise in the

case of broad multimodal particle size distributions com-

prising both atomically dispersed particles and particles

beyond the nanoscale sizes (>100 nm). The issues of

correct imaging of small particles are solved using mathe-

matical modelling of electron-microscopic images. Below

we note some features of application of new electron-

microscopy methods for the investigation of supported

catalysts.

II.2.b. Examination of supported metal particles and determination

of particle size

Z-Contrast method in HAADF-STEM. The best electron-

microscopy method for determination of heavy metal par-

ticle size on low-density supports is Z-contrast (atomic

number-based contrast) 10, 12, 13 implemented in the scan-

ning mode of electron microscopy with inelastic high-angle

(*108) electron scattering (HAADF-STEM method).

Owing to the quadratic intensity dependence, the

HAADF-STEM image of a Z-metal particle has high

contrast against a lighter support background. With instru-

ments of spatial resolution of *1 �A equipped with dark

field detectors, it is possible to see single atoms in the

images. The atomic structure charge density is directly

projected on the plane of the HAADF-STEM image in

which the positions of single atoms can be discerned. Thus,

the achievable limit of detection of heavy atoms is the single

atom size; the HAADF-STEM determinations of particle

sizes are highly reliable.

Detailed investigations at the atomic level enable deter-

mination of the chemical composition and visualization of

the crystal lattice geometry for the sample. There are quite a

few examples of recording clear images with high magnifi-

cation (65 ± 10 million) with atomic structure Z-contrast

for palladium, platinum, gold and other heavy metal par-

ticles. Figure 1 presents the HAADF-STEM images of Au

particles incorporated in the cavities of a macrocyclic

cavitand, cucurbit[6,7]uril. This organic compound is able

to incorporate host molecules and bind them in the cav-

ities.32 It can be seen that gold occurs in the cavities in the

form of atoms or clusters of 41 nm size. The data on the

size of the smallest metal particles are consistent with the

results of EXAFS studies using synchrotron radiation.31

Meanwhile, gold located on the outer surface of the cav-

itand forms coarsely dispersed particles of 5 ± 20 nm size.

Other examples of reaching a subnanometre and even

atomic resolution in the studies of supported metal catalysts

are shown in Figs 2 and 3. Indeed, the spatial distribution of

up to 0.5 nm nanoparticles of the PdCu alloys attached to

the surface of porous g-Al2O3 can be clearly seen in the

HAADF image of the commercial PdCu/g-Al2O3 catalyst

(Fig. 2 a).11

The high-resolution HAADF images of the precursor of

the Au/TiO2 catalyst for low-temperature CO oxidation (see

a b

10 nm 50 nm

Figure 1. HAADF-STEM images of Au particles embedded in the
organic cavitand cucurbit[6,7]uril. The micrographs were made by
V.I.Zaikovskii (BIC SB RAS) by a procedure reported in Ref. 31.
(a) Particles of <1 nm size located in inner molecular cavities of
the cavitand; (b) particles of 5 ± 20 nm size located on the outer
surface of large aggregates.

a

b c

50 nm

2 nm 1 nm

Figure 2. HAADF images of the PdCu/g-Al2O3 alloy (a), precur-
sor of the 5 mass% Au/TiO2 catalyst with Au clusters and nano-
particles (b) and single Au atoms (c) attached to the titanium
dioxide surface.11
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Fig. 2 b,c) show gold particles, clusters and single atoms

attached to the titanium dioxide surface. In the images, it is

also possible to trace the interaction of Au nanoparticles

with TiO2 surface defects. Presumably, the oxygen vacan-

cies on the titanium dioxide surface serve as the sites for

attachment of molecules of the active component precursor

and as nucleation centres for gold nanoparticles during the

subsequent reductive treatment.

As the most recent advance in the atomic imaging,

consider the publication 14 in which the STEM images of

hydrogen atoms in the hydride VH2 structure (see Fig. 3)

were obtained using a specially re-designed JEM-2100F

electron microscope equipped with a spherical aberration

corrector; the resolution was 0.1 �A.

A study of the properties of mono- and bimetallic

catalysts supported on materials prepared from layered

aluminium magnesium hydroxides showed them to be

efficient in the dehydrogenation of hydrocarbons.33, 34 The

structure of the hydroxide precursor affects the attachment

of metal complexes and their location in the layered

material. The TEM images of samples obtained by exchange

of interlayer anions in hydrotalcite (Mg : Al= 3.3) with

[PtCl6]27 are shown in Fig. 4 a,b. The Z-contrast in the

HAADF-STEM image of a 1 mass % Pt/MgAlOx sample

reduced at 450 8C shows only minor signs of regular atomic

structure of polyatomic platinum clusters of 1 ± 3 nm size

located in the porous MgAlOx structure (see Fig. 4 b). If the

platinum content is increased to 10 mass%, there are two-

dimensional regular structures with a thickness close to the

interlayer spacing (d003= 0.75 nm) of the initial aluminium

magnesium hydroxide, apart from the platinum clusters

(see Fig. 4 c).33 The partial replacement of Mg2+ cations

of the support by Zn2+ cations induces, according to XPS

data, Ptd±7Znd+ interaction, which has a dispersing effect

on the catalyst active component and increases the catalyst

stability during propane dehydrogenation to propene.34

However, it is fairly difficult to determine the positions

of light atoms in a material structure using commercial

electron microscopes;35, 36 to this end, additional procedures

are needed. A combination of EELS and HAADF-STEM

techniques was used to detect nitrogen atoms 34 on carbon

in nano-sized palladium catalysts for CO oxidation 36 sup-

ported on nitrogen-modified carbon nanofibres (N ±CNFs).

The HRTEM images demonstrated that the structure of

these fibres does not differ fundamentally from the graphite

structure. After the reaction, the catalysts were found to

contain Pd and PdO particles either located on the surface

or partly encapsulated into the near-surface layer of

N ±CNFs fibres with a graphite-like structure (Fig. 5).

This is due to the fact that the doped carbon fibres retain

the multilayer graphene structure, but nitrogen atoms

replace some of the carbon atoms in the graphene sheet

(pyrrole-, pyridine- or graphite-like N-containing rings are

formed).37, 38

Theoretical considerations indicate that the replacement

of carbon by nitrogen may increase the bonding energy

between the metal and the modified support by an order of

magnitude.39 Analysis of the reported 35 HAADF-STEM

images and EELS spectra of Pd/N ±CNFs ±Ox catalysts

demonstrated a close correlation between Pd and N with Pd

nanoparticles being attached to the nitrogen-containing

[001]
[010]

[100]
0.5 nm

V

H

a b

Figure 3. BF-STEM image of the hydride VH2 obtained on a
JEM-2100F electron microscope.14

The hydrogen atoms are located in space between the vanadium
crystal lattice points. (a) BF-STEM image of a vanadium hydride
(VH2). The overlay shows the lattice projection, the underlay is the
simulated image (for 5 nm thick sample); (b) model of the VH2

structure.
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Figure 4. Results of electron-microscopy examination of Pt/MgAlOx samples of various compositions reduced at 450 8C for 2 h. The
micrographs were made by V.I.Zaikovskii (BIC SB RAS) by a procedure reported in Ref. 33.
(a, b) HAADF-STEM images of medium-size (1.9 nm) Pt clusters; metal content 1 mass%; (c) HRTEM image of Pt clusters and isometric
and planar particles intercalated into the support; metal content 10 mass%; the inset shows the twin boundary in the Pt structure along the
(111) plane after FFT filtration.
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sites of CNFs (Fig. 6). The oxidation of CO catalyzed by

Pd/N ±CNFs ±Ox was shown to be a self-oscillating reac-

tion over the whole temperature range, while in the same

reaction catalyzed by Pd/CNFs, self-oscillations occur only

upon cooling of the reactor. The authors assumed that this

is caused by a more dispersed state of the active component

and strong interaction with the N ±CNFs nanofibres, the

rate oscillations being due to Pd7PdO redox transitions in

the samples involving palladium metal and oxide structures.

Diffraction and phase contrast in TEM imaging. Despite

the relative simplicity of using diffraction contrast in the

TEM investigations of catalysts, interpretation of images of

metal particles deposited on a polycrystalline support with a

high specific surface area (Al2O3, TiO2, MgO and so on) is

complicated in some cases. The contrast of the images of

metal and support crystallites depends on the angle under

which they are penetrated by electron beam and varies over

broad ranges, which often precludes recognition of particles

on the basis of the mass density difference. If the metal and

support crystallites have similar morphology and size, as,

for example *5 nm palladium nanoparticles supported on

alumina, it is difficult to distinguish between them in the

TEM image.

The phase contrast in the HRTEM images allows one to

observe the smallest metal particles (Pt, Pd, Ru, Au, etc.).

Metal particles of sizes below 1 nm provide a high contrast

if they are supported on amorphous SiO2, plate-shaped

alumina crystallites or carbon materials. When electron

microscopes with a *1 �A resolution are used, a periodic

contrast from the crystal lattice with known parameters is

observed in the images, which provides for the most

accurate approach to size determination for these particles.

However, the phase-contrast HRTEM images of

1 ± 2 nm heavy metal particles are strongly influenced by

the Scherzer phase contrast transfer function, which in turn

depends on a group of parameters such as electron beam

defocusing, the vertical coordinate of the particle position in

the aggregate, the objective lens aperture, etc. This changes

the form of the contrast transfer function for spatially

distributed metal particles as well as particle sizes in the

HRTEM image. The accurate Scherzer focus is the optimal

way of focusing ensuring most adequate determination of

sizes of small metal particles (1 ± 2 nm).40

Thus, the determination of particle distribution for

particle size of down to 1 nm requires that the particles be

b

20 nm 5 nm 5 nm

a c

d111Pd0=2.25�A

d100PdO=3.04�A

Figure 5. HAADF-STEM image of the Pd/N ±CNFs ±Ox catalyst (a), HRTEM images of Pd0 (b) and PdO (c) particles partly
encapsulated in the N ±CNFs layer. 35
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Figure 6. Results of investigation of the Pd/N ±CNFs ±Ox cata-
lyst.35

(a) HAADF-STEM image of Pd0 nanoparticles with a planar
interface with the N ±CNFs support; (b) EELS distribution map
of the nitrogen K-line, E=401 eV (red areas) combined with the
HAADF-STEM image; (c) EELS spectra of the regions marked in
Fig. a: (1) Pd/N ±CNFs interface, (2) N ±CNFs; (d ) EELS spectra
of the regions marked in Fig. b: (1) N ±CNFs, (2) Pd0 nano-
particles, (3) Pd/N ±CNFs interface.
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located in one plane normal to the electron beam. In the

case of particles distributed in space, it is necessary to

choose narrow defocusing intervals for which the error of

measurement of the particle size distribution is minimized.

The errors of measurement can be estimated by theoretical

calculation of the phase contrast in electron-microscopic

images. According to such calculations for heavy metal

particles, the particle size can be determined more reliably

for >2 nm sizes.

Structure of the support surface. Epitaxy of supported

metal particles. As a rule, crystal lattice planes are resolved

more easily in HRTEM images than in STEM images; the

latter require more thorough and long-term tuning of the

optical system for the formation of a thin electron beam

probe. Considering this as well as the mentioned details of

phase contrast formation, HRTEM is more efficient for the

studies of crystallographic features of real nanosystems and

catalysts.

An HRTEM image of the 0.5% Pt/Al2O3 catalyst used

for complete oxidation of hydrocarbons is shown in

Fig. 7 a; the spatial position of the sample allows correct

calculation of the platinum particle size. It is noteworthy

that all metal particles are faceted and oriented in the same

way under the influence of epitaxy on the substrate

(g-Al2O3) crystal lattice. After statistical treatment of a

sufficient number of analogous micrographs, it is possible

to construct a relatively accurate size distribution for highly

dispersed platinum particles (see Fig. 7 b). This enabled

accurate determination of average sizes of Pt particles for

a series of supported platinum catalysts (from 1 to 10 nm)

and to elucidate the correlation between the platinum

particle size and activity towards complete methane oxida-

tion.41

By means of HRTEM, it was found that the surface

structure of crystalline substrate particles is, most often,

non-uniform and contains many surface defects. These

defects serve as the points of formation of active sites:

metal atoms are attached to them during thermal activation

of the catalyst to form clusters and nanoparticles.

The support surface relief and crystallographic proper-

ties appreciably affect crystallization of metal particles on

this surface (despite the polycrystalline state and large

specific surface area). Analysis of diffraction-contrast

HRTEM images of supported highly dispersed catalysts

demonstrated that the epitaxy of particles deposited on a

support is an important factor for their stabilization during

functioning under fairly drastic conditions.

As an example, we will consider a study of the causes of

high stability of nickel catalysts supported on porous nickel

with a magnesium oxide underlayer.42, 43 A TEM study

demonstrated that a large portion of supported nickel

crystallites in the catalysts have sizes of 3 ± 7 nm and are

epitaxially bound to magnesium oxide. After testing for

100 h in methane partial oxidation and steam reforming,

the highly dispersed state of nickel metal is retained owing

10 nm 0

40
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1 2 3 dPt /nm

Number of particles

a b

Figure 7. HRTEM image of the 0.5% Pt/Al2O3 catalyst (a) and Pt
particle size distribution (b). The micrographs were made by
V.I.Zaikovskii (BIC SB RAS) by a procedure reported in Ref. 41.

0.203 nm

0.243 nm

10 nm

a b

Figure 8. TEM image of the Ni/MgO catalyst.43

(a) Moire bands from the superimposed Ni and MgO lattices with
parallel [111] directions; (b) linear arrangement of point reflections
on the simulated diffraction pattern with indicated d111 interplanar
spacings for Ni (above) and MgO (below).

Cu0

Cu0

V
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b

10 nm

5 nm

[001]

Figure 9. TEM images of the Cu0.08Zn0.92O catalyst after reduc-
tion in H2 at 473 K.44

Nanoparticles of Cu0 (5710 nm) on the surface (a) and epitaxial
clusters of Cu0 (274 nm) in ZnO mesopores (b).
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to strong epitaxial binding to the MgO underlayer. Fur-

thermore, nickel epitaxy on MgO prevents it from oxidation

and the active metal is retained in the dispersed state. The

TEM image illustrating the epitaxial deposition of nickel on

MgO is shown in Fig. 8 a. Electron diffraction modelling

(see Fig. 8 b) confirmed the complete coincidence of the

crystallographic directions, despite some discrepancy in the

lattice parameters.

The formation of epitaxial copper clusters was detected

in the copper-zinc catalyst Cu0.08Zn0.92O used for the syn-

thesis of alcohols after reduction in H2 at 473K (Fig. 9).

The epitaxy relationship corresponded to the crystallo-

graphic relation: [�1�12]ZnO||[110]Cu; [0001]ZnO||[111]Cu.

The crystallographic regularities of formation of copper

metal particles with epitaxy on ZnO was used to determine

the mechanism of action and reversible redox regeneration

of the catalyst.44, 45

II.2.c. Other examples

Organic-inorganic hybrid materials based on molybdenum

disulfide and polymers are of considerable interest as anti-

friction coatings, ion conductors, solid electrolytes for

batteries and components of photovoltaic cells and light

emitting diodes. The possibility of fabricating heterolayer

structures, ordered in the nano-sized range, from MoS2 and

polymer monolayers comes from the two-dimensional

nature of the molybdenum disulfide crystal structure,

which is formed by three-atom-thick S7Mo7S layers

connected by van der Waals forces. The hybrid structures

were fabricated 46 ± 48 using activated MoS2 obtained by

exfoliation of the material to form monolayers in a liquid

medium. It was shown that the chemical nature of the

polymers of various types, including polycationic (polydial-

lyldimethylammonium chloride, polyhexamethyleneguani-

dinium chloride and so on) and neutral ones

(polyvinylcarbazole, polyethylene oxide, polyvinyl alcohol

and so on), affects the structure and ordering of hybrid

compounds.

It follows from the XRD, HRTEM and SAED data

that, depending on the reaction conditions, the period and

the pattern of alternation of heterolayers in the hybrid

compounds vary depending on the layer thickness of the

polymer guest and packing of its molecules between the

MoS2 layers. The superstructural ordering resulting from

charge transfer upon hybrid formation is observed in the

MoS2 atomic structure.

Data of a TEM investigation of the intercalation com-

pound [C18H37(CH3)3N]0.35MoS2 containing alkylammo-

nium molecules in the spacings between MoS2 layers are

presented in Fig. 10. The period C for the structure in which

alkylammonium molecules are perpendicular to the MoS2
layers is 3.5 nm. However, profile analysis of the image

intensity demonstrated that the real structure deviates from

this model.

The morphology and structure of MOF samples as

Ti ±MIL-125, which were used in the liquid-phase catalysis

of 2,3,6-trimethylphenol oxidation with hydrogen peroxide

to 2,3,5-trimethyl-1,4-benzoquinone, were investigated

using a combined HAADF-STEM±EDX, SAED and

HRTEM procedure.49 The catalyst particle size was found

to remain invariable throughout at least three operating

cycles (Fig. 11). The initially microporous Ti ±MIL-125

sample was converted to the mesoporous state after the

reaction; this is consistent with low-temperature nitrogen

adsorption data. After the first cycle, the sample material
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2.57 2.06 2.13 2.27 2.28 2.20 1.98 1.76 nm

Figure 10. TEM image of the [C18H37(CH3)3N]0.35MoS2 particles
(a); HRTEM image of the lateral projection of the structure; the
arrows point to structure defects (b); TEM signal intensity profile
along the line crossing the layers (c); FFT of the highlighted area
(d ) and the model of location of alkylammonium molecules
between the MoS2 layers (e).48
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TiK
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Figure 11. Images of the Ti ±MIL-125 sample after 2,3,6-trimethyl-
phenol oxidation to 2,3,5-trimethyl-1,4-benzoquinone. The micro-
graphs were made by V.I.Zaikovskii (BIC SB RAS) by a procedure
reported in Ref. 49.
(a) HAADF-STEM image, (b) Ti7C element map (HAADF-
STEM±EDX), (c) mesoporous structure of globules, (d) HRTEM
image after FFT filtration and electron diffraction pattern for the
anatase-like structure.
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had an unusual morphology: the disordered mesoporous

amorphous particles *500 nm in diameter consisted of

small (*1 nm) dense corpuscles joined into globules and

surrounded by concentric titanium-containing *5 nm thick

shells (see Fig. 11 b,c). After the third cycle, the shells

disappeared and, according to HRTEM and SAED data, a

weakly ordered anatase-like globular structure appeared

(see Fig. 11 d, interlayer spacings: 0.35, 0.24, 0.19 nm, etc.).

III. Electron microscopy in the studies of organic
molecular and hybrid systems

III.1. Methodological features of conducting a microscopy
experiment
Organic compounds and reactions are studied much more

rarely by electron microscopy than by the traditional

methods such as nuclear magnetic resonance spectroscopy,

infrared spectroscopy and mass spectrometry. The key

factors that restrict the use of electron microscopy by

organic chemists are as follows:

Ð traditional fine organic synthesis rarely involes sam-

ples investigation of which at micro- and nano-levels gives

an amount of useful structure information comparable with

the array of data on the molecular structure; the use of

electron microscopy is justified only in relation to struc-

tured organic materials, polymers and so on;

Ð rather drastic conditions of observation; high vac-

uum in the sample chamber of the microscope precludes

investigation of samples containing volatile components;

neither highly volatile compounds as such nor virtually any

solutions can be studied in this way; this actually precludes

investigations of reactions in situ;

Ð high-energy electrons acting on organic samples can

induce decomposition of compounds and, hence, structural

information is lost.

The use of electron microscopy is restricted in the case of

organic compounds without a complex structural organiza-

tion and homogeneous organic reactions. Heterogeneous

and colloid systems are more valuable objects for electron

microscopy, but the drastic conditions of examination are

still to be taken into account while planning the experiment

in each particular case. In this respect, of interest is the

publication,50 which presents a quantitative estimate of the

impact of electron beam on compounds containing light

elements. The atom ejection cross-sections for model com-

pounds (containing H, C and S) as functions of kinetic

energy of the beam electrons are shown in Fig. 12. For

relatively heavy elements such as carbon and sulfur, the

curves have no maxima, the probability of atom ejection

increasing monotonically with increasing electron energy.

In the case of hydrogen, the curve has a clear-cut maximum

at rather low electron beam energy, while after the max-

imum, the curve declines asymptotically.

Thus, the potential possibility of investigating organic

compounds under drastic conditions inherent in the electron

microscope can be expressed quantitatively. The energy

`windows' corresponding to low probability of atom ejec-

tion can be calculated and used in experiments.

Three approaches to investigating heterogeneous (or

microheterogeneous) organic reactions by electron micro-

scopy can be distinguished. The first one implies investiga-

tion of solid reactants or catalysts before the reaction, the

second one consists in the study of the solid phase of the

reaction mixture after it has been separated from other

components, and the third one is to observe the behaviour

of heterogeneous mixtures without pretreatment.

In the first two cases, solid compounds, either neat or

deposited on substrates, e.g., on aluminium foil, serve as the

samples. Examination of these objects is preceded by the

standard sample preparation procedure including the fol-

lowing operations: application of a minor amount of the

sample on a special stage, attachment of the sample by

means of a conductive adhesive or conductive adhesive

tape, thorough drying of the sample and sputtering of a

nanometre-thick metal or carbon layer onto the sample

surface to provide the electrical conductivity and thus to

suppress the charging effect, which impairs the image

quality. However, it is noteworthy that metal sputtering

should be used with caution, because it affects the sample

morphology and chemical composition. For example, it was

demonstrated 51 that sputtering of relatively thick (25 and

50 nm) chromium layers and 5 ± 50 nm-thick layers of a

palladium and platinum alloy results in deposition of well-

discernable metal nanoparticles of about 5 ± 15 nm size on

the sample surface. This fact needs to be taken into account

in the development of the sample preparation strategy and

interpretation of the results of a microscopy examination.

An adverse effect of the sputtering on the sample morphol-

ogy can be avoided by using ultrathin coatings, by adjust-

ment of the composition of the metal coating or by replac-

ing metals or alloys by more neutral carbon.

For examination of heterogeneous systems without

pretreatment, it is necessary to stabilize the liquid phase in

vacuum. This problem can be solved by using special

vacuum-tight capsules, which have a thin window trans-

parent for the electron beam but simultaneously isolating

the sample from the microscope chamber. Another

approach implies the use of non-volatile ionic liquids either

as the liquid phase of the sample or as a stabilizing matrix.

III.2. Application of electron microscopy for solution of
particular research problems
Electron-microscopy study of the solid component of a

reaction mixture before the reaction with subsequent deter-

mination of the activity or reactivity of this material is a

common practice. Study of the activity of potassium per-

manganate acting as an oxidant in the oxidative coupling of
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Figure 12. Ejection cross-sections of hydrogen (1), carbon (2) and
sulfur (3) atoms as functions of the electron beam kinetic energy
(E ).50

Calculation for model compounds containing hydrogen, carbon
and sulfur atoms.
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oximes with 1,3-dicarbonyl compounds as a function of the

degree of its dispersion can serve as an example.52 It was

shown that the use of the oxidant as a macrocrystalline

compound or as a coarse powder may result in a 90% yield

of the product of model reaction, while the use of fine

powder under the same conditions gives a yield of 64%. The

degree of dispersion was qualitatively evaluated on the basis

of scanning electron-microscopy data (Fig. 13).

An increase in the activity of the cerium chloride catalyst

in the addition of b-diketones to vinyl ketones on going

from the macrocrystalline to microstructured state has been

demonstrated.53 When the initial macrocrystalline com-

pound is used as the catalyst, the product yield in the

model reaction is only 3%, whereas the use of microstruc-

tured CeCl3 results in increasing the yield to 91%. The

morphology of the catalyst was studied by scanning electron

microscopy (Fig. 14).

A similar activity increase of a heterogeneous catalyst

upon dehydration, which is accompanied by appearance of

a clear-cut microstructure, has been demonstrated 54 for

peroxidation of b,d-triketones in the presence of phospho-

molybdic acid.

Scanning electron microscopy in combination with scan-

ning transmission electron microscopy has proved useful in

the studies of supported catalysts, which are also used in

organic synthesis and in some other fields of catalytic

chemistry. The morphology of palladium- and gold-based

catalysts has been studied by STEM. The characterized

catalysts have been successfully used in cross-coupling

reactions,55 liquid-phase hydrogenation,56 ± 58 oxidation of

alcohols 59 ± 61 and carbon monoxide oxidation.62 ± 63

Hydrogenation of 1-phenylethynylphosphonic acid was

used as an example to investigate the effect of the support

on the palladium catalyst activity.58 The authors demon-

strated that the use of a material based on multiwalled

carbon nanotubes and titanium dioxide (MWCNT/TiO2) as

the support gives a catalyst possessing high activity and

stability. When 1 mol.% palladium was used, the yield of

the hydrogenation product was 100% over more than

10 cycles of catalyst operation. The microstructures of

Pd/MWCNT/TiO2 and Pd/MWCNT were characterized by

the BF-STEM technique (Fig. 15).

The same method was also successfully used to charac-

terize the palladium nanoparticles in catalysts based on

MOF Ð the metal-organic framework MIL-53(Al) and its

modified analogue, (NH2) ±MIL-53(Al).57 It was shown

that palladium exists in the catalysts as nanoparticles of

average size of not more than 4 nm (Fig. 16). The obtained

Pd/MIL samples were tested in diphenylacetylene hydro-

genation. The use of these catalysts was found afford cis-

stilbene with a selectivity of more than 97%± 98% at a 95%

conversion of the initial alkyne. It can be seen from the

given examples that BF-STEM is a convenient tool for

determining the shape and size of metal nanoparticles on

solid substrates.

The SEM technique can serve to study the morphology

of the support, because it has a higher sensitivity to surface

a cb

500 nm 500 nm 500 nm

Figure 13. SEM images of KMnO4 samples in the macrocrystalline form (a) and as coarse (b) and fine powder (c).52

10 mm 10 mm

a b

Figure 14. SEM images of CeCl3 samples in the macrocrystalline
(a) and microstructured forms (b).53

a b

200 nm 100 nm

Figure 15. BF-STEM images of Pd/MWCNT (a) and
Pd/MWCNT/TiO2 (b). 58

50 nm 100 nm

a b

Figure 16. BF-STEM images of Pd/MIL-53(Al) (a) and
Pd/(NH2) ±MIL-53(Al) (b).57
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structure details than STEM (or TEM). Catalysts for

selective reduction of nitrogen oxides have been studied by

SEM.64 ± 66 The photomicrographs of the HBeta zeolite,

used as one of the supports, and the (MnOx7CeOx)/

HBeta catalyst (16% Mn ± 16% Ce) are shown in Fig. 17.

According to electron-microscopy data, the catalyst surface

structure with the supported MnOx7CeOx phase differed

noticeably from the surface structure of the initial zeolite;

this was attributed to the formation of a dense surface layer

of the MnOx7CeOx particles.

The possibility of applying electron microscopy to

investigation of the microstructure of supported catalysts

for fine organic synthesis processes was demonstrated in a

study devoted to the use of the heterogeneous Cu(ClO4)2/

SiO2 catalyst in the peroxidation of b-diketones and

b-ketoesters by tert-butyl hydroperoxide.67 The SEM

method was employed to examine the surface morphology

of the catalyst obtained by deposition of Cu(ClO4)2 on SiO2

from a solution in methanol and of the initial support

(Fig. 18).

The catalyst surface was found to resemble the surface

of pure SiO2. The catalyst exhibited a high activity towards

peroxidation, the yield of peroxides was 65%± 82%; the

possibility of repeated use of the catalyst with a minor loss

of activity was demonstrated.

In some cases, metal particles can be identified on the

support surface by means of SEM. Usually, this is facili-

tated by a relatively large size and a distinguishable shape of

metal particles and the nature of the support that gives an

acceptable contrast level between the observed phases.

Studies devoted to the manufacture and use of cobalt-

based catalysts for the Fischer ± Tropsch synthesis can serve

as an example of successful application of SEM for charac-

terization of the catalyst active phase.68, 69 For example,

using electron microscopy, it was ascertained 69 that the

active phase in the Co/Al2O3 and Co/SiO2 supported

catalysts is represented by aggregated cobalt particles of

50 ± 100 nm size (Fig. 19).

A contrast sufficient for visualization of even small

metal particles can be attained for carbon-supported sam-

ples. This feature of the metal ± support pair was used for

detecting platinum particles in the active layer of a fuel cell

electrode.70 Metal particles of several nanometre size were

detected as bright light dots on the carbon support surface

(Fig. 20).

The ability of nano-sized metal particles to act as

contrast agents in the metal ± carbon system is used for

defect visualization on a carbon support by the SEM

method.71 For this purpose, palladium particles are depos-

ited on a carbon material from a solution of Pd2(dba)3 (dba

is dibenzylideneacetone) in chloroform and then detected by

electron microscopy (Fig. 21).

Analysis of particle distribution over the surface of a

carbon material gives the idea of the presence of particular

defects. The developed procedure was utilized to character-

ize various types of defects: point, linear, topological and so

on. This procedure for defect visualization has been success-

fully used 72 to demonstrate the phenomenon of shielding of

surface active sites on graphene by thin carbon films of

1 ± 2 nm thickness.

It is noteworthy that dealing with free metal particles or

uniform metallic films presents no difficulty. These objects

are readily detected and their morphology can be studied

with a relatively high resolution. Samples of such particles

have high stability on exposure to electron beam. For

a b

500 nm 500 nm

Figure 17. SEM images of HBeta (a) and (16% Mn716% Ce)/
HBeta (b).66

a b

10 mm10 mm

Figure 18. SEM images of SiO2 (a) and Cu(ClO4)2/SiO2 (b).67

20 mm

3 mm

20 mm

1 mm

a b

c d

Figure 19. SEM images of Co/Al2O3 (a, b) and Co/SiO2 (c, d ). 69

a b

500 nm 200 nm

Figure 20. SEM images of platinum particles in the electrode active
layer.70

(a) Survey micrograph, (b) enlarged fragment.
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example, palladium 73 and gold particles 74 and films based

on them 75 have been investigated by electron microscopy.

The photomicrographs of samples of palladium nanopar-

ticles obtained upon decomposition of a chloroform solu-

tion of Pd2(dba)3 are presented in Fig. 22. The Pd particle

size varies over a broad range from 60 to 200 nm. Smaller

particles (10 ± 20 nm) were detected in a minor quantity.

Most of the above examples were concerned with the use

of micro- and nano-sized materials as catalysts of various

chemical processes. However, reactions involving solid

micro- or nanostructured reactants are equally important.

Heterogeneous systems with solid-phase reactants are of

interest because of the possibility to control the chemical

properties of substances in such systems by controlling the

morphology.

The photomicrographs of nanostructured coordination

polymers with the formula [Ni(SAr)2]n (Ar is aryl) are

presented in Fig. 23. These compounds were shown 76 to

undergo carbon ± sulfur cross-coupling reactions with vari-

ous aryl halides in the presence of copper or palladium

compounds and triphenylphosphine to give the correspond-

ing diaryl sulfides in up to 86% yields. It was also found

that the reactivity of [Ni(SAr)2]n particles is largely deter-

mined by their morphology. The high degree of structural

organization of the coordination polymer accounts for its

high activity in the cross-coupling.

In the general case, electron-microscopy investigation of

the products of fine organic synthesis does not provide

useful structural information; however, it is still used for

investigations of self-assembled or other structured organic

materials. As noted above, a substantial limitation is the

low stability of organic compounds to the action of electron

beam. This problem can be solved quite easily by using low-

voltage microscopy (in particular, with deceleration of

electrons) and reduced currents of the electron beam. An

additional advantage of these modes is a decrease in the

contribution of the charging effects, which allows using

materials without a special sample preparation.

The micrographs of the films of dimeric magnesium

phthalocyanine complexes on aluminium foil are presented

in Fig. 24. It was found 77 that upon self-assembly, phtha-

locyanine complexes form aggregates of different shape,

most of them being spherical. The aggregate size varies from

several hundred nanometres to several micrometres.

Using scanning electron microscopy, the structure of a

micronized steroidal drug (mecigestone) substance was

successfully studied.78 The micrograph of the substance

sputtered on the aluminium foil surface is shown in

Fig. 25. The crystal size of the micronized drug is

*10 mm. According to biological testing, the bioavailability

a b

300 nm 500 nm

Figure 21. SEM images demonstrating the distribution of palla-
dium particles on the surface of a carbon material.71

The arrows mark various types of defects: point, linear (a) and
defects at graphene sheet boundaries (b).

a b

1 mm 100 nm

Figure 22. SEM images of palladium particles obtained upon
decomposition of a solution of Pd2(dba)3 in chloroform.73

(a) Survey micrograph, (b) micrograph with high magnification; the
arrow points to a small particle.

a b

5 mm 10 mm

Figure 23. SEM photomicrographs of nanostructured samples of
nickel aryl sulfides [Ni(SAr)2]n.76

Ar=Ph (a), 4-Br-C6H4 (b).

a b

2 mm2 mm

400 nm400 nm

Figure 24. SEM images of films of dimeric magnesium phthalocya-
nine complexes. 77

Figs a and b show the micrographs of two different complexes.

10 mm

Figure 25. SEM image of the mecigestone drug substance.78
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of this agent was 7.5 times as high as that of the initial

substance.

The structures of the polystyrene and poly(4-vinylpyr-

idine) block copolymer micelles, both in the initial state and

decorated with palladium nanoparticles, were characterized

by a combination of atomic force, transmission and scan-

ning electron microscopy.79 The TEM and SEM images of

micelles decorated with palladium nanoparticles are shown

in Fig. 26. From transmission electron microscopy data, the

metal particle size was determined to be *3 nm. Scanning

electron microscopy served as an additional source of

information about the morphology of the micelles acting

as the support.

Using the low-voltage microscopy technique, it is possi-

ble to study not only organic compounds but also various

materials of biological origin. Using scanning field emission

electron microscopy, samples of bovine pericardium, which

serves for the fabrication of prosthetic heart valves, were

investigated.80 The change in the surface morphology on

treatment of pericardium samples with pure carbonic acid

(Fig. 27) and a chitosan solution in carbonic acid was

examined. On the basis of scanning electron microscopy

data, the thickness of the deposited chitosan layer was

investigated.

More examples of using electron microscopy to explore

the structure of solid samples can be found in publications

devoted to the microstructures of a number of metal-

organic frameworks,81 ± 83 thermally expanded graphite,84

iron oxide nanoparticles,85 Ag ± sapphire system 86 and

silicon-containing film ± laminated cloth systems.87 Practi-

cally valuable results were obtained in a SEM study of

arabinogalactan inhibition of the deposition of calcium

carbonate.88

The most interesting problem, from the standpoint of an

organic chemist, that can be solved by electron microscopy

is investigation of reaction mixtures `as is' without isolation

of the solid phase. This is a non-trivial task because the vast

majority of solvents used in organic reactions cannot with-

stand high vacuum conditions in the sample chamber of an

electron microscope. The only eligible type of solvents are

ionic liquids. They have extremely low vapour pressure and

remain stable in the chamber throughout the examination

time.

Not only pure ionic liquids but also their mixtures with

volatile compounds can be studied by SEM.89 Figure 28

shows the micrographs of [BMIM][BF4] ionic liquid in the

pure state, with water traces and as a mixture with 10 vol.%

and 20 vol.% of water added before the examination.

By means of electron microscopy, various structures

formed by water in a solution in ionic liquid, such as

droplets, dense structures and channels, were detected and

described. In total, more than ten samples of binary

mixtures of ionic liquids with water and alcohols were

studied.89

Apart from binary systems, electron microscopy is

suitable for investigation of reaction mixtures.89 The micro-

graphs of the reaction mixtures for conversion of fructose to

5-hydroxymethylfurfural in a [BMIM][BF4] ± [BMIM][Cl]

mixture of ionic liquids in the presence of a catalyst (sulfuric

100 nm

500 nm

a b

Figure 26. TEM (a) and SEM images (b) of the polystyrene and
poly(4-vinylpyridine) block copolymer micelles decorated with
palladium nanoparticles.79

a b

1 mm1 mm

Figure 27. SEM images of bovine pericardium surface samples.80

(a) In the initial form (stabilized with glutaraldehyde), (b) after
carbonic acid treatment.

a

c

b

d

10 mm 10 mm

10 mm10 mm

Figure 28. SEM images of [BMIM][BF4] ionic liquid: in the pure
state (a), with water traces (b) and with addition of 10 vol.% (c)
and 20 vol.% of water (d ).89

a b

5 mm 5 mm

Figure 29. SEM images of samples of mixtures of fructose, sulfuric
acid and ionic liquids containing traces (a) and 10 mass% of water
(b).89
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acid) and different amounts of water are presented in

Fig. 29. The addition of 10 mass% of water to the reaction

mixture promotes the formation of dense fructose aggre-

gates, which has an adverse effect on the degree of con-

version (20% vs. 66% for the system with water traces) to

5-hydroxymethylfurfural. Further research of the influence

of water and conditions of synthesis resulted in the develop-

ment of a special approach to the use of plant biomass in

fine organic synthesis.90

IV. Conclusion

To summarize the presented material regarding the inves-

tigations of heterogeneous catalysts, we can distinguish two

modern trends in the development of electron microscopy

that are expected to prevail in the coming years:

Ð increase in the maximal resolution of electron-micro-

scopic images to approach the atomic precision;

Ð necessary chemical analysis for assignment of con-

trasting elements of the image to particular catalyst compo-

nents.

The former trend is related to the fact that in recent

years, the sizes of the supported metal particles have been

decreasing down to several nanometres. Simultaneously, the

degree of dispersion of the metal has increased and, hence,

the number of surface atoms on which the catalytic reaction

takes place grows and the reactivity of these atoms changes;

this brings about size effects. These effects can be used for

practical purposes, especially for increasing the selectivity

to the desired products in the selective oxidation and

hydrogenation of hydrocarbons.91 ± 94 A clear demonstra-

tion of the trend towards decreasing the size of supported

metal particles is switching to single atoms, which has

become a rather popular line of research in recent years

and has been called `single atom catalysis'.95, 96 Study of

sintering processes of atoms and nanoparticles of supported

metals, especially at the initial stage, is also exceptionally

important for solving the problem of stability of supported

heterogeneous catalysts.

The necessity of chemical analysis in microscopic experi-

ments is dictated by vigorous development of bimetallic

catalysts, because they often substantially enhance the

catalytic processes compared with the processes catalyzed

by monometallic samples.97 ± 100 It is clear that identification

of particular elements of these catalysts is very important,

as this makes it possible to determine the structure and

spatial arrangement of elements, which is specified during

the preparation of catalysts, and possible appearance of

non-uniformity in bimetallic systems, for example, forma-

tion of monometallic particles. It is also noteworthy that the

contrasts of some components of complex modified cata-

lysts (e.g., Pd/CeO27Al2O3 catalysts for after-burning of

exhaust gases) are very similar (PdO and CeO2), which

hampers identification of these components directly in the

electron microscopy images.

Finally, TEM investigations during a catalytic reaction

are also very important, because active sites of a different

structure can be formed, and this would affect the catalytic

reaction mechanism.101

While summarizing the presented material concerning

organic synthesis, we would like to emphasize that modern

chemical research is arriving to the level of preparation of

complex molecules with high selectivity, which can concep-

tually be regarded as `atomic precision'.3, 4 It is the use of

new-generation catalysts and advanced metal-containing

materials that predetermined the rapid progress in the fine

organic synthesis of molecular and hybrid systems with

increasing complexity (Fig. 30). Electron microscopy has a

primary role in characterization of micro- and nano-sized

structural elements, and recent advances in the equipment

have brought routine investigations to the atomic level.

Thus, for the first time, at the disposal of chemists, there

is a versatile tool for visual detection of the morphological

changes during the evolution of molecular and hybrid

chemical systems (see Fig. 30). Apart from obtaining static

images, electron microscopy was successfully used for video

monitoring of physicochemical transformations in the

liquid phase.89 Within the framework of the ongoing project

devoted to investigations of molecular and hybrid systems,

the issues that are still unsolved in the methodology of

organic chemistry and catalysis include visualization of

processes with small molecules,103 ± 106 dynamic nature of

complex biomolecules 107 ± 110 and rational design of multi-

functional systems.111 ± 114

Obviously, the number of research works in classical

organic chemistry performed with the aid of electron micro-

scopy will markedly grow in the years to come. In the near

future, electron microscopy is going to become an indis-
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pensable and convenient tool for investigation of organic

systems, like mass spectrometry and nuclear magnetic

resonance.
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