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ABSTRACT: This article is a continuation of a series of articles on the production of porous composite nanomaterials. This paper 
presents an overview of the properties of porous, heat-resistant inorganic composite materials. The physicochemical and mechani-
cal characteristics of various porous refractory materials produced industrially are presented. A separate class of materials with 
a regular and quasi-regular porous structure is considered. Such materials include the so-called cellular or «lattice» materials, that 
are becoming widely applied in modern industry. An example of such materials is ceramic foam – a sintered ceramic material with 
a foamy cellular structure. A special group of materials with opal pore structure has been also focused. Synthetic opals have received 
intensive development in recent years because they are model objects for the development and research of new spatial-periodic 
structures with nonlinear optical properties. Such structures include composites based on classical and inverted opals, in which the 
pores are filled with various dielectric, semiconductor, or metallic substances. The optical properties of these systems are determined 
by the size of the close-packed particles, as well as the dielectric constant of the components.
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Properties of porous heat-resistant composition materials. 
Part II

3. Materials with opal pore structure

Another representative of materials with a regular 
porous structure are opals. Opal – one of the most fa-
mous jewelry stones. Its name comes from the Latin 
«opalus» – a precious stone. Opals are characterized 
by a variety of color games, in connection with which, 
a number of varieties of noble opal stand out. Opal is 
a hydrogel of silicon dioxide SiO2•xH2O with variable 
water content. Sometimes in opals, there are impurities 
of organic matter. Opals can be colorless or painted in 
white, yellow, green, red, brown and black. Opals are 
characterized by gloss, as well as opalescence. The hard-
ness of opal is 5.5÷6 on the Mohs scale, but it is very 
fragile. The refractive index is 1.44÷1.46. The density is 
1.8÷2.3 g/cm3 [52].

The development of electron microscopy methods 
made it possible to establish that noble opals consist 
of uniformly sized SiO2 spherical particles with a diameter 
of 150–250 nm, which in turn are formed from smaller 
globular structures with a diameter of 5–50 nm (Fig. 13 
and 14).

The voids of the packing of SiO2 spheres are filled with 
amorphous silicon oxide. The intensity of diffracted light 
is determined by the «ideal» packaging of microspheres 

Fig. 13. Electron microscopic image of opal obtained 
in the transmission mode
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Fig. 14. Photomicrographs of synthetic opal obtained by scanning electron microscopy [52]: 
a – Facets (111); b – (100)

a b

and the difference in the refractive indices of crystalline 
and amorphous silicon oxide. The most noticeable iris 
is observed for black opals, the difference in refractive 
indices for which is 0.02. The formation of opal in nature 
is associated with hydrothermal processes or weather-
ing. Noble opals are extremely rare. Even in the very rich 
deposits of Australia, noble varieties of opal make up no 
more than 1%.

Synthetic opals are model objects for the develop-
ment and investigation of new spatially periodic structures 
possessing nonlinear optical properties. Such structures 
include composites based on opals, in which the pores 
are filled with various dielectric, semiconductor or metal 
compounds, as well as inverted opals. The optical prop-
erties of these systems are determined by the size of the 
close-packed particles, as well as by the dielectric permit-
tivity of the components.

Synthetic opals are model objects for the develop-
ment and investigation of new spatially periodic structures 
possessing nonlinear optical properties. Such structures 
include composites based on opals, in which the pores 
are filled with various dielectric, semiconductor or metal 
compounds, as well as inverted opals. The optical prop-
erties of these systems are determined by the size of the 
close-packed particles, as well as by the dielectric permit-
tivity’s of the components.

The study of such materials intensified more than 
ten years ago, when it was theoretically predicted that 
photonic crystals active in the visible and near infrared 
range would have a variety of exciting optical properties 
[42–44]. Therefore, the term «crystal» assumes that these 
patterns should consist of perfect ordered arrays of solids. 
However, unlike ordinary crystals, which are of the or-
der of several angstroms in length, the photonic crystals 
should be of the order of length in the submicron scale.

These systems, called colloidal crystals, consist of ei-
ther silica or polymer colloids; like a natural gemstone 
opal, which they resemble, they refract visible and near 

infrared light, as a result of submicron diameters of col-
loids. In colloidal crystals of silicon dioxide, there is no 
total photonic band gap. Stronger photon behavior can 
be realized if the dielectric contrast of these systems is 
increased when colloidal crystals are used as templates 
for structuring solids with higher refractive indices. The 
resulting macroporous samples, commonly referred to 
as reverse opals, have arrays of air voids within built-in 
solids with a high refractive index, such as ceramics or 
metals. In these inverted structures, a complete photonic 
band gap can be achieved if the contrast of refractive in-
dices between spheres and interstitial regions exceeds 2.8 
[45–47].

To create photonic crystals, synthetic opals are 
most often used as the initial matrices. Their structure 
has a  three-dimensional sublattice of  interconnected 
nanosized pores formed between close-packed spheres 
of silicon dioxide. The pore sizes vary within hundreds 
of nanometers; the dimensions of the pore-binding chan-
nels reach tens of nanometers. Opals are characterized 
by open porosity and, consequently, the pore sublattice 
in them is available for filling with other substances. The 
main requirement for the formation of nanocomposites 
based on photonic crystals is the completeness of the 
filling of the porous structure, which imposes signifi-
cant limitations on the choice of the synthesis method. 
To fill the porous structure, melt methods (impregna-
tion by melts or a method of introduction from a solu-
tion in a melt), impregnation with strongly concentrated 
solutions, followed by evaporation of the solvent, filling 
the photonic crystal with a colloid solution of nanopar-
ticles, introducing compounds in hydrothermal and su-
percritical conditions, etc. are usually used.

The formation of macroporous polymers from col-
loidal films provides the simplest illustration of the gen-
eral methodology used to convert opals to inverted opals 
[48, 49]. The process begins with a close-packed colloidal 
crystal, or normal opal, in which 24% of the volume oc-
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Fig. 15. SEM photomicrograph of reverse opal made of polystyrene [48]: 
a – after removing the silica template by chemical etching, the sample contains a large proportion of the free volume; 
b – an enlarged view of the porous structure

a b

cupies air. Liquid monomer is introduced into the pores 
of opal, usually through a capillary interaction. A suitable 
monomer is then photochemical or thermally polyme
rized around the particles. To remove the colloids, then 
chemical etching is used, in the case of silica, or thermal 
decomposition, in the case of polystyrene. With results, 
they are an exact replica of opal, which now consists 
of 76% air in the form of spherical voids in the original 
locations of the colloids (Fig. 15a).

Spherical voids are in the same place as the initial 
colloidal silica. An important feature of inverted opals is 
the creation of small «windows» observed between large 
voids (Fig. 15b); they are the result of neck formation 
between the original colloids. An enlarged view of the 
porous structure shows small holes that connect spheri-
cal voids. These forms are formed around the necks that 
exist between the silica colloids and provide an intercon-
nected network of channels for the chemical etching 
process. Their diameter is uniform (variance of values 
of σ ~ 6%), and their average size can be varied by ad-
justing the viscosity of the monomer solution. Without 

this network of small voids, the chemical etching proce-
dure used to remove the silicon dioxide would not have 
been able to open the entire volume of the sample. These 
necks can have a significant effect on optical properties, 
in that they represent a small departure from the ideal-
ized face centered lattice of balloons that barely touch 
their neighbors [47].

Thus, a wide variety of macroporous polymers was 
manufactured; with the exception of conductive polymers 
[50], the contrast of their refractive indices is similar to 
their original systems of silicon dioxide and air. To form 
stronger photonic crystals, inverted opals should be ob-
tained from materials with higher refractive indices.

As the introduced substances, it is promising to use 
semiconductor or dielectric materials with high refractive 
indices such as GaP, SnO, ZrO2, WO3, etc. Moreover, 
controlling the degree of filling of the pores with the sub-
stance allows changing the average permittivity of the 
composite and thus «rearranging» the position of the pho-
tonic band gap opal. A further increase in the dielectric 
contrast can be achieved by selective etching of SiO2 from 

Fig. 16. A photomicrograph of inverted opals based on SiO2 and WO3 [46, 47]
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the composite. The spatially ordered nanostructures thus 
obtained are called inverted or inverted opals (Fig. 16).

In these inverted structures, the total photonic band 
gap between, can be achieved if the contrast of refrac-
tive indices between spheres and interstitial regions ex-
ceeds 2.8 [46, 47]. For interstitial materials, such as silicon 
(with a refractive index of ~3.4), this discontinuity occurs 
at a wavelength of ~3.5 times the radius of the spheres 
forming this structure [46, 51].

CONCLUSION

In this paper, a review of the properties of porous 
heat-resistant inorganic composite nanomaterials was 
presented. The physicochemical and mechanical char-
acteristics of various porous refractory materials manu-
factured industrially were considered. The greatest suc-
cesses in the production of lightweight refractory materials 
were achieved in the USA as a result of the development 
of production and flight tests of the space shuttle reusable 
spacecraft thermal protection system. A class of materials 
with a regular and quasiregular porous structure is sepa-
rately considered as an example. Such materials include 
the so-called cellular, cellular or «lattice» materials, which 

are increasingly used in modern technology. An example 
of such materials is foam ceramics – a sintered ceramic 
material with a foam cellular structure. For materials 
with a lattice structure, a model was proposed that re-
lates their density and strength to their structure. So with 
a low connectivity racks, they have low stiffness, because 
the configuration of their cells allows them to bend. This 
assumption leads to the idea of lattice structures built from 
micro trusses. This assumption made it possible to apply 
the generalized Maxwell rule and Maxwell criterion to 
these materials. They provide an analytical approach for 
the design of lattices with a predominance of tensile forces 
in their structure and, accordingly, to obtain stronger and 
lighter materials. A special group of materials with an opal 
pore structure is considered separately. Synthetic opals 
have been intensively developed in recent years because 
they are model objects for the development and study 
of new spatially periodic structures with nonlinear opti-
cal properties. Such structures include composites based 
on classical and inverted opals, in which the pores are 
filled with various dielectric, semiconductor, or metallic 
substances. The optical properties of these systems are 
determined by the size of the close-packed particles, as 
well as by the dielectric constants of the components.

Part I of the paper «Properties of porous heat-resistant composition materials» by Kudryavtsev P.G. has been published 
in the issue 6/2019 of the journal «Nanotechnologies in Construction».
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