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Abstract: The principles and peculiarities of the molecular layering (ML) method, known often in foreign works under the name of Atomic 

Layer Deposition, are considered. ML method was created in the middle of the last century by Soviet-Russian scientists V. B. Aleskovskii and 

his student S. I. Koltsov. Among the first who after Russian scientists began to carry out research on the method of ML were scientific groups 

from Finland (T. Suntola, S. Hauk, M. Leskela, M. Rital, etc.), the GDR (V. Hanke, G. Olman, B. Horvath and others), Bulgaria (G. 

Bliznakov, K. Petrov, D. Mekhanjiev, D. Damianov and others). The structural-dimensional effects manifested in products obtained using the 

ML method are analyzed. The results of practical application of nanotechnology on the principles of the ML method in various high-tech 

industries are presented: sensor sensors, membrane catalytic processes, catalysts, sorbents, composite materials, alternative energy sources, 

electret materials etc. 
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1. Introduction 
 

The method of molecular layering (ML), created more than 

half a century ago, seems to be very promising for the synthesis of 

materials of the "core—shell" type[1, 2]. The main idea of the ML 

method consists in the sequential build up of monolayers of 

structural units of a given chemical composition and structure on 

the surface of a solid phase matrix due to the realization of chemical 

reactions between functional groups (FGs) of a solid and the 

reagents supplied to them under conditions far from 

thermochemical equilibrium. The process is self organizing, since 

after the entry into the reaction of all available FGs, no more than 

one monomolecular layer is formed on the surface of the substrate. 

The process is most often carried out in the gas phase at 

atmospheric pressure in a carrier gas stream or in a vacuum. 

The method of ML on the surface of solids, different in size, 

shape, structure, and composition, can be used to synthesize 

monolayers, including multicomponent ones, new functional 

groups, and to carry out atom by atom chemical assembly of surface 

nano-, micro- and macro- structures by repeatedly alternating 

chemical reactions according to a given program [2, 3]. 

In general, synthesis by the ML method can be represented by 

the equations (1, 2):  

 

(1)       2MnB + AC4 → (Mn)2AC2 + 2BC  

 

(2)       (Mn)2AC2 + AB4 → (Mn)2AAB2 + 2BC  

 

It is possible to obtain a layer of A atoms whose thickness will 

be determined by the number of ML cycles by repeating the cycles 

of ML reactions (1) and (2) as many times as necessary:  

 

(3)       (Mn)2AAB2 + AC4 → (Mn)2AAAC2 + 2BC    etc.  

 

It is possible to obtain multizone layers with a given mutual 

arrangement of layers of a given thickness, but differing in chemical 

composition, by using the reagents of different chemical nature (for 

example, NB4 ) at different stages of synthesis (4): 

 

(4)       (Mn)2AC2 + NB4 → (Mn)2ANB2 + 2BC  

 

The transformation schemes shown in Fig. 1 illustrate the 

main synthetic routes of different coatings by the ML method. Thus, 

it is possible using the ML method to design the surface of solids at 

the atomic-molecular level, creating the structures of any given 

composition and the structure chemically bound to the matrix. 

 

 
Fig. 1. Chemical constructing of nanostructures on the surface of 

solids by the Molecular layering method 

 

The aim of this article is to present some results of 

research in Russia in the field of the creation by ML method of 

materials with various functional properties.  

 

2. Results and discussion 

 
Theoretical and experimental studies of products obtained by 

the ML method allowed us to reveal fundamental structural and 

dimensional effects associated with the synthetic capabilities of this 

precise synthesis and affecting the functional properties of 

materials:  

- the monolayer effect — drastic changes in properties of the 

material after one - four ML cycles; 

- the substrate shielding effect is physical overlapping of the 

surface after four - six ML cycles; 

- the effect of a multicomponent system is regular or non 

additive (synergistic effect) change of properties of material at a 

given ratio and mutual arrangement of mono and nanolayers;  

- the mutual structural coordination effect of surface of 

substrate and growing layer — influence on the conditions of phase 

formation and solid state reactions in the system. 

Following main routes for the application of the ML method 

can be distinguished after the analysis of possible areas of 

application for new precision technology and taking into account 

the observed regularities and various directions in the development 

of chemical material science using "core—shell" systems:  

— synthesis of extremely thin coatings with a thickness from 

one to several monolayers, when it is necessary to obtain and evenly 

distribute very small amounts of substance on the surface of a 

solid�phase matrix in such a way that each attached atom or group 

of atoms is available for further physicochemical transformations; 

— creation of relatively thick coatings, up to several tens and 

hundreds of nanometers thick, formed with an accuracy of up to one 

monolayer, which is important for optimizing the composition, 

thickness, and structure of the layer, and, consequently, the 

functional characteristics of the material; 
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— formation of multicomponent mono- and nano-layers, when 

it is necessary to create polyfunctional coatings or synergistic 

systems; 

— regulation of interactions between the surface centers of a 

solid and the reagents supplied to them in obtaining a coating with 

the specified composition and structure, which is of interest for the 

subsequent optimization of the regimes of secondary 

physicochemical and thermal transformations of the ―core — shell‖ 

type composition. 

 

The monolayer effect (ME), consisting in a sharp change in the 

properties of the matrix after the deposition of from one to four 

monolayers of new structural units, has found application for 

objects where it is required to distribute evenly and attach firmly 

small quantities of the substance on a sufficiently developed 

surface, including a porous space (with a specific surface area from 

units to hundreds and thousands of square meters per 1 g). This 

concerns layers from partial monolayer to several monolayers of 

doping additives for different purposes (activating or inhibiting 

physicochemical transformations of the matrix, protective, 

strengthening, etc.). [2 – 6]. 

Such materials include, first of all, catalysts, sorbents, highly 

disperse fillers of composite materials, pigments, etc. 

The reaction of VOCl3 with surface hydroxyl groups of silica 

gel results in the formation of monolayer of groups with main 

formula (≡Si-O-)3VO on pore support. It was used to obtain the 

indicator for water vapours. The color of vanadium-containing 

silica gel (IVS-1) is essentially dependent on the humidity of air 

flow (Table 1). 

Table 1. Indicator characteristics of vanadium containing 

silica gel (IVS-1) 

 

It is a reversible sorbent - indicator for water vapors, and it is 

regenerated at 200-400°C. It is important to note, that the sample 

with two or more V-O monolayers on silica loses of indicator 

properties.  

It is known that phosphorus (+5) oxide actively reacts with 

vapors of water. And it can be used for drying of gases. But it is 

rather bad that the phosphoric acid is formed and it regeneration is 

difficult. It was created a sorbent on a basis of silica with P-oxide 

nanolayer (PhS-1-3). It is an active sorbent of vapors of water and it 

is better in 5-6 times, than initial silica (Table 2).  

 

Table 2. Moisture capacity of initial and of phosphorus - 

containing silica gel (at humidity about 70 %) 

Sample The content of 

P, mmol/g 

Adsorption 

capacity, % 

Remark 

1 2 3 5 

Initial silica gel  

ShSK 

0 6 - 

ShSK impregnated  

by Н3РО4  

4,06 - 1,02 20 The sample is 

covered with 

a sticky film 

PhS 1 1,0 20  

PhS 2 1,3 25 — 

PhS 3 1,6 35  

PhS-1-3 also adsorbs of ammonia, of organic vapor. New 

sorbents are used in the industry for clearing and stabilization of the 

gas atmosphere in devices. 

The other example - doped ceramics for ceramic insulators in 

the technology of X-ray tubes [2, 7]. 

Several years ago industrial company ―Svetlana-Roentgen‖ 

addressed us to do research to reduce the sintering temperature of 

ceramic mass by at least 100 degrees. We synthesized titanium-

oxide layers on the surface of particles by the ML method.  

Characteristics of sintering of the initial and modified ceramic 

mass by ML and mechanical mixing methods are presented in Table 

3. 

Table 3. Characteristics of sintering of the initial and modified 

ceramic mass by using of ML method   (nTi - after 1 – 4 cycles ML) 

in compare with mechanical mixing 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen from the data in the Table 3, after 2-4 ML 

cycles, the sintering start temperature is reduced by 134 degrees. 

 This material is used for the manufacture of ceramic insulators 

in the production of X-ray tubes. 

Rather interesting direction of ME application in the creation 

of electret polymer materials has been formed in recent years[8 - 

10]. It is known, that upon irradiation of polymer dielectrics with a 

flux of charged particles (ions, electrons), a charge is accumulated 

on their surface, i.e. an electret state occurs. The charged state of 

such materials, which are called electrets, can persist for a fairly 

long time (up to several years). 

Electrets are used in modern hightech products, in particular, 

in creating electroacoustic transducers, sensors, and also nonlinear 

optical elements [11, 12]. An important factor for the practical 

application of these systems is the stability of their electret state. 

Very interesting perspective results on the use of monolayer 

effect when creating electret materials. 

Polytetrafluoroethylene (PTFE) films were modified using ML 

method by treatment with titanium tetrachloride and water vapor.  

Film samples were pretreatment in a positive corona discharge. 

The charge stability on the surface of polymer was then investigated 

at different temperatures. It was found that the decrease of surface 

potential in modified films begins at higher temperatures (fig. 2).  

 
Fig. 2. The charge stability of thermally stimulated surface of 

PTFE nanocomposite:1 – original, 2 - plasma treated, 3 – modified 

by TiCl4 and H2O, 4 – plasma treated and modified by TiCl4 and 

H2O 

The first results on the creation of electret materials with the 

use of ML were further developed using other polymers and 

modifiers 

The substrate shielding effect (SSE) is manifested after the 

formation of a nanolayer with the thickness of more than four or six 

Relative 

humidity 

given at  

20°C,   % 

Response time 

(no  more 

than), min 

Coloring  of face layer  

of IVS-1 

0.05 20 Pale yellow tone 

0.5 20 Lemon 

1.6-4.5 15 Yellow 

6-10 15 Bright - orange 

10-13 15 Dark - orange 

15-45 15 Red, dark - red 

48-60 25 Brown 

70-95 25 Black-brown 

Sample 

TiO2 Тinitial - Т Shrinkage 

%  by 

weight 

оС оС % 

Initial 0,06 874 0 0.50 

Initial 

+TiO2 
0,21 

864 -10 0.66 

1 Ti 0.26 780 -94 0.99 

2 Ti 0.42 740 -134 1.11 

3 Ti 0.57 740 -134 1.20 

4 Ti 0.70 740 -134 1.20 
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monolayers, physically screening the sur� face from external 

influence. The thickness of such a coating was calculated 

theoretically [13]. 

One of the promising areas is the use of SSE in a creation of 

shell pigments and fillers. Using a particle of cheap material (for 

example, waste products in metallurgy and mining) as a "core", the 

ML method can be used to form a "shell" of the optically active 

product on their surface (titania, zinc oxide nanolayers in the 

production of white pigments, chromium oxide, iron oxide 

nanolayers for the creating of color pigments). A complex of such 

studies was carried out at the end of the last century [14 – 17].  

Today is a very dynamically developing direction for the 

creation of sensors. One of the most promising is a fiber-optic 

sensors (FOS). One important characteristic is the magnitude of the 

reflected light output from the end face of the optical fiber (fig 3). 

 

 
Fig. 3 Diagram of the FOS element  

A – functional nano-coating; B – quartz optical fiber; C - 

optical fiber with a polymer coating) 

 

It was shown, that with increase of number of ML cycles also 

increase reflected light power (fig 4). 

To further increase the value of the reflected power is 

necessary to create on the surface of a two-component nano-coating 

with thickness corresponding to the first maximum in the sine wave.  

 

 
 

Fig. 4 The magnitude of the reflected light power depending 

on the number of cycles ML (Laser with a wavelength of 1310 nm) 

 

Fig. 5 shows AFM data for zirconium-oxide coating on the 

lateral surface of fiber that provides increased strength of fiber, as 

well as resistance to high temperatures.  

Interestingly, there are defects on the original surface of the 

fiber (fig 5, upper image), but after deposition of coating, these 

defects are no longer visible (fig 5, bottom drawing). 

The mutual structural coordination effect (MSCE) is due to the 

chemical interaction of the atoms of applied low molecular weight 

reagents and the atoms of the original matrix. 

As it was noted, the MSCE can significantly influence phase 

transformations of both the matrix and the growing layer, increasing 

the rate of solid phase reactions in the system. The results of a 

comparative study of phase transformations in a nanocomposite and 

in a mechanical mixture of a similar composition are presented in 

[18 – 21]. For example, it has been shown that the formation of 

mullite in a nanostructured composition takes place in just a few 

minutes (Fig. 6). The degree of conversion reaches only 0.4 at a 

much longer time in products of a similar composition obtained by 

mechanical mixing of silica and aluminum oxide. 

 
Fig. 5. AFM image of a side surface of the sapphire fiber: the initial 

(upper image) and the modified (bottom drawing) by Zr- oxide 

layer (400 ML cycles) (scanned area size 1 × 1 microns) (left - 

topography mode, right – mode of phase contrast) 

 

The results obtained make it possible to predict with sufficient 

confidence the application of the ML method and the mutual 

structural coordination effect of the synthesized layer and matrix in 

the processes of compaction of highly dispersed products widely 

used in the technology of binders, ceramic materials and products 

[20, 22, 23].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                               t, min 
 

 

Fig. 6 Transformation (α ) of SiO2 and Al2O3 nanolayers into 

mullite: A- in nanosized structure of Al2O3 /nanolayer (4 Nm of 

SiO2); B – in mixture of SiO2 and Al2O3 

 

The effect of a multicomponent system (MS) is regular or non 

additive (synergistic effect) change of properties of catalists, 

sorbents, fillers of composite materials etc.  

Multicomponent systems created by layer-by-layersynthesis 

have found application in the production of membrane catalysts. 

First, an oxide layer of one chemical nature with a certain thickness 

was created. This regulated the membrane pore structure. Then a 

catalytically active additive was applied to its surface [24 – 28] (fig 

7). 

The ML method was applied successfully to obtain 

nanostructured composite membrane catalysts by depositing metal 

oxide structures on the surface of a porous carrier. Low dimensional 

chromium—phosphorus oxides and other structures were used as 

the catalytically active compound. 
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Fig. 7 Change in pore diameter and application of the 

catalytically active component in the sequential treatment of the 

membrane with various reagents 

 

To prepare a membrane catalyst for the oxidative 

dehydrogenation of methanol to formaldehyde, vanadium and 

vanadium—phosphorus oxides were synthesized in the pores of an 

asymmetric tubular membrane of αAl2O3 with a thin layer of 

narrow porous γAl2O3. The synthesis was carried out by the ML 

method directly in the membrane reactor by alternative treatment of 

the carrier surface with VOCl3—H2O or PCl3—H2O. 

The results described in the publications [29, 30] have showed 

for the first time that the ML method is a simple and flexible way of 

modification of a porous inert membrane carrier, ensuring the 

application of the active component not only to the surface, but also 

to micro- and nanopores. 

Thus, the presented results allow to draw a conclusion that 

using the ML nanotechnology, it is possible to assemble 

nanostructures of various functional purposes on the surface of 

porous carriers in a single chemical technological cycle. These 

nanostructures regulate the pore size of the carrier and impart the 

required catalytic properties to the system. The synthetic program 

includes as the main parameters the selection of the necessary 

reagents and the sequence of their feed to the reaction chamber. 

Previously was investigated the catalytic properties of the 

VOx/TiOy/γ-Al2O3 systems (obtained by ML with using vapors of 

TiCl4 и VOCl3) in the reactions of oxidative dehydrogenation of 

methanol to formaldehyde, and ethane to ethylene. At the present 

time there were obtained and investigated multicomponent systems, 

such as Mo(Nb)Ox/TiOy/γ-Al2O3; VOx/Mo(Nb)Oy/SiO2; 

NbOx/VOy/SiO2 and others. 

 

3. Conclusion 

 

Thus, the analysis of the results presented in this report allows 

us to conclude that to date a sufficiently reliable theoretical, 

experimental, and applied physicochemical basis has been created. 

It is really possible using this basis to set specific targets for the 

widespread introduction of nanotechnology in the industry for the 

production of solid phase materials and products for various func 

tional purposes. Based on the principles of the molecular layering 

method, taking into account the structural and dimensional effects 

in ML products, it is possible to adopt and implement innovative 

solutions in the most diverse directions of solid-phase materials 

science, to create new materials with various functional properties. 

 

The work has financial support from the Russian Ministry for 

Education and Science (Project № 16.1798.2017/4.6). 
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