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Abstract: Successful using of cage metal complexes (clathrochelates) and the functional hybrid materials 
based on them as promising electro- and (pre)catalysts for hydrogen and syngas production is highlighted 
in this microreview. The designed polyaromatic-terminated iron, cobalt and ruthenium clathrochelates, 
adsorbed on carbon materials, were found to be the efficient electrocatalysts of the hydrogen evolution 
reaction (HER), including those in polymer electrolyte membrane (PEM) water electrolysers. The clathroche-
late-electrocatalayzed performances of HER 2H+/H2 in these semi-industrial electrolysers are encouraging 
being similar to those for the best known to date molecular catalysts and for the promising non-platinum 
solid-state HER electrocatalysts as well. Electrocatalytic activity of the above clathrochelates was found to be 
affected by the number of the terminal polyaromatic group(s) per a clathrochelate molecule and the lowest 
Tafel slopes were obtained with hexaphenanthrene macrobicyclic complexes. The use of suitable carbon 
materials of a high surface area, as the substrates for their efficient immobilization, allowed to substantially 
increase an electrocatalytic activity of the corresponding clathrochelate-containing carbon paper-based 
cathodes. In the case of the reaction of dry reforming of methane (DRM) into syngas of a stoichiometry CO/H2 
1:1, the designed metal(II) clathrochelates with terminal polar groups are only the precursors (precatalysts) of 
single atom catalysts, where each of their catalytically active single sites is included in a matrix of its former 
encapsulating ligand. Choice of their designed ligands allowed an efficient immobilization of the correspond-
ing cage metal complexes on the surface of a given highly porous ceramic material as a substrate and caused 
increasing of a surface concentration of the catalytically active centers (and, therefore, that of the catalytic 
activity of hybrid materials modified with these clathrochelates). Thus designed cage metal complexes and 
hybrid materials based on them operate under the principals of “green chemistry” and can be considered as 
efficient alternatives to some classical inorganic and molecular (pre)catalysts of these industrial processes.
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Introduction
A great technological challenge for our global future is the search for a safe, green and renewable energy 
source [1]. If not found, increase in energy demand derived from economical and population growth will 
soon result in even higher carbon dioxide emissions. This impact on climate change can have dramatic 
consequences for mankind. So, the creation of new generation of catalytic materials for highly selective 
conversion of carboniferous fossil fuels and, first of all, methane, as most abundant component of natural 
gas, into hydrogen-containing mixtures of the products of their transformations (in particular, giving a 
syngas [2–12]) seems to be also very important task of the modern hydrogen energy and the compressive 
chemical industry as well. On the other hand, hydrogen is a potential alternative to carboniferous fossil 
fuels if obtained from an appropriate source. Carbon intensity can be decreased significantly if water, with 
solar light as an energy input, is the primary carbon-neutral H2 source [1]. However, the wide use of various 
electrochemical systems (fuel cells, electrolysers, etc.) in hydrogen energy, high-tech industries, green hybrid 
and hydrogen-based transports and other different fields of modern social and economic life cause a sub-
stantial increase in a consumption of precious metals, which are currently used as electrocatalysts for hydro-
gen production. Their high cost significantly limits wide-spread use of the above electrocatalytic systems in 
hydrogen energy. The use of cheap and abundant non-platinum metal compounds in the fuel cells, electro-
lysers and electrochemical hydrogen compressors/concentrators in nuclear energetics will make hydrogen 
energetic devices more available than ever. So, one of the most important task of modern hydrogen energy 
is the search of highly efficient catalytic systems, effectively producing hydrogen from aqueous solutions. 
During last decades, the electrocatalytic reduction of H+ ions into molecular hydrogen with the molecular 
3d-transition metal compounds (first of all, the cobalt complexes) as catalysts has been widely used [13–23] 
for hydrogen production of H2 as ecologically friendly fuel; the results of these studies are highlighted in 
several reviews [24–30]. Quasiaromatic d-metal clathrochelates [31, 32] are cheap, synthetically available 
and environmental-friendly compounds with both the chemical and thermodynamical stability in at least 
two oxidation states, as well as in the wide range of redox potentials, pH and temperature. They display a 
high rate of electron transfer, and their redox potentials may be tuned using the functionalizing substituents 
at their cage frameworks; the rational design of these cage electro(pre)catalysts allow obtaining those with 
the lowest overpotential of the redox reaction 2H+/H2. The use of such a functionalizing substituents with 
terminal polyaromatic groups allows an efficient immobilization of thus designed clathrochelate molecules 
as the electro(pre)catalysts via their strong physical sorption on a surface of carbon materials or that of 
working electrodes to give the long-lived catalytic systems possessing a high efficiency in hydrogen pro-
duction 2H+/H2, while those with terminal polar groups can be effectively immobilized on ceramic (oxide) 
supports, thus giving the hybrid clathrochelate-containing systems for catalytic production of syngas (and, 
therefore, of molecular hydrogen).

Moreover, the hybrid polynuclear cage metal compounds, as well as their chelate and macrocyclic 
analogs [22, 23, 33–37], pave the way towards efficient photocatalytic devices for hydrogen production. The 
hybrid cobalt and iron cage complexes appear to be good candidates for H2-evolving catalysts, and they may 
provide a good basis for the design of photocatalysts that function in water as both the solvent and the sus-
tainable proton source. A molecular link between the sensitizer and the H2-evolving catalyst seems to provide 
an advantage for the photocatalytic activity: its structural modifications may allow for a better tuning of the 
electron transfer between the light-harvesting unit and the catalytic center to increase an efficiency of the 
system. The functionalized sulfide clathrochelate electrocatalysts and those with terminal thiol groups seem 
to be prospective for their immobilization on a surface of chalogenide quantum dots and, therefore, for the 
corresponding photocatalytic systems with these dots as photosensitizers.

Clathrochelate-based electrocatalyst of the HER 2H+/H2

For the first time, the boron-capped cobalt tris-dioximate clathrochelates 1–4 shown in Fig. 1 have been 
proposed [38] as potent efficient electrocatalysts for hydrogen production from acidic media and their 
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electrochemically generated reduced cobalt(I)-containing derivatives are deduced in this work to be the 
catalytically active intermediates of the HER 2H+/H2, giving the corresponding Co(III)–H hydride interme-
diates [13–30, 39], which have been theoretically studied [40, 41]. Plausible general catalytic cycle of the 
clathrochelate-electrocatalyzed HER, based on a formation of the former cobalt(I)-encapsulating interme-
diate, is shown in Fig. 2. As the above probable catalytic cycle for electrochemical hydrogen production 
includes the formation cobalt(I, II, and III)-containing clathrochelate species, the detailed study of their 
electronic structure has been performed [42]. The nature of their encapsulating ligands is found in this 
work to affect the redox characteristics of their caged metallocenters, allowing them to adopt the unusual 
catalytically active oxidation states. The combined theoretical (DFT) and spectral (EPR and XPS) studies 
have been employed [43] to assess the electronic structure of the clathrochelate catalysts 5–7 (Fig. 3) of the 
HER, which has been subsequently coupled in this work to the cyclic voltammetry data; the electrochemi-
cal kinetics of these systems has been also studied [43]. Its data for these cobalt clathrochelates exhibited 
two quasi-reversible electron transfer processes, assigned to the redox Co3+/2+ and Co2+/+ couples. In all the 
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cases, the standard electrochemical rate constants of one-electron transfers close to 10−3 cm s−1, which are 
the characteristic values for the quasireversible processes were found. Their electroactivity towards the 
HER has been determined [43] by addition of sulfuric acid to the electrochemical cell and a cobalt clath-
rochelate with the most electron-withdrawing groups is reported to possess the lowest overpotential for 
the hydrogen-producing process 2H+/H2. This suggests that the difference in the electrocatalytic activity of 
the above cage complexes 5–7 is substantially affected by the electromeric characteristics of their apical 
and ribbed substituents. So, in order to design the macrobicyclic electrocatalysts of this type, displaying a 
lower overpotential of the HER, such an electron-withdrawing substituents are proposed [43] to be inserted 
into their encapsulating ligands.

However, the exact catalytic mechanism of the HER in the case of the cage cobalt and iron complexes 
remains an open question [44–46]. In the case of cobalt clathrochelates, a plausible mechanism of their 
electrocatalytic activity is proposed [44] to be either a purely metal-centered activation of H+ ions or an 
intimate cooperation between the macrobicyclic ligand and the encapsulated cobalt ion for the formation 
of H2. Among the different scenarios discussed, the reaction mechanism might be similar to those proposed 
for the well-known cobaloxime complexes (Fig. 4a), the reactive site might be localized on the polyazome-
thine quasiaromatic caging ligands (Fig. 4b), or possibly possess an even more complex character, including 
both the encapsulated metallocenter and the caging ligand [44]. On the other hand, it was unambiguously 
shown [44, 45] that an electrochemical reduction of these cobalt clathrochelates in the presence of an acid 
causes electrodeposition of the cobalt-containing nanoparticles on the electrode surface, which then act as 
very active catalysts for the production of H2 from water. For the iron cage complexes (see below), the precise 
electrocatalytic mechanism (as a truly molecular homogenous or a nanoparticles-forming heterogenous 
process) is also unknown, but the recent results [48] demonstrated an unrivalled stability of a remarkably 
robust iron(I) clathrochelate 8 (Scheme 1) under strongly acidic conditions. The same chemical behaviour is 
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Fig. 3: Chemical drawings of the electrocatalytically active cobalt clathrochelates.
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also reported [48] for its cobalt(I)-encapsulating clathrochelate analog 10 (Scheme 2), for the first time, was 
obtained [49] by a chemical reduction of its cobalt(II)-encapsulating precursor 9. The above results allowed 
to reassess the origins of the electrocatalytic activity of similar cobalt and iron cage complexes shown previ-
ously to be catalytically active in the HER (including hydrogen production in water electrolysers): most prob-
ably, they are the precursors of the corresponding metal-containing nanoparticles or those of an atomic level.
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Indeed, as follows from the electrochemical data [44], the fluoroboron-capped tris-α-benzildioximate 
cobalt clathrochelate 11 (Fig. 3) serves only as a molecular precatalysts for electrodeposition of the cobalt-
containing electrocatalytically active nanoparticles on the electrode surface. Those efficiently catalyze a 
hydrogen evolution from aqueous solutions at pH 7 at a modest cathodic potential [44]. Then, the boron-
capped cobalt tris-dioximates 3, 11 and 12 shown in Figs. 1 and 3 have been used [45] as precatalysts of the 
catalytic HER in acidic aqueous solutions. The performed electrochemical study of the above cage complexes 
revealed the formation of cobalt-based nanoparticles on a surface of the corresponding working electrode. 
The potential for their electrochemical deposition is reported [45] to be affected by chemical nature of the 
ribbed and apical substituents at a macrobicyclic framework.

The n-butyl- and phenylboron-capped tris-dioximate cobalt(II) hexachloroclathrochelates 9 and 13 
(Scheme 2 and Fig. 5) are reported [50] to give the electrocatalytic systems, producing of molecular hydrogen 
from H+ ions at very low overpotentials of the HER 2H+/H2. The electrocatalytic properties of the cobalt 
clathrochelate-based electrocatalysts 14 and 15 of the HER from acidic media have been studied [51]. The 
efficiency of this redox reaction has been increased [51] by immobilization of these cage complexes with 
terminal thiol group(s) on a surface of the working gold electrode; the examples of such an immobilization 
are shown in Scheme 3. The macrobicyclic 2-thiopheneboron-capped iron and cobalt(II) tris-dioximates 16 
and 17 were found [52] to give the highly active electrocatalytic systems for hydrogen production from H+ 
ions. The boron-capped iron and cobalt(II) hexabromoclathrochelates 18 and 19 are also reported [53] to 
be an electrocatalitycally active in various hydrogen producing systems. The iron(II) α-oximehydrazonate 
bis-clathrochelates 20 and 21 have been tested [54] as prospective electrocatalytically active compounds for 
hydrogen production from H+ ions.

Chemical drawings of a series of the iron and cobalt(II) clathrochelates tested [55] as the cathode 
materials for electrocatalytic hydrogen production in the semi-industrial water electrolysers are shown in 
Fig. 6. They were tested in the above electrolysers, either as impregnated in their fine-crystalline form, or 
an immobilized on the carbonaceous substrates as the cathode materials of these electrolysers. In particu-
lar, aiming to use the immobilized iron- and cobalt-containing electrocatalysts, the derivatives of abun-
dant biometals, instead of metallic platinum, new non-platinum hexachloroclathrochelate-based electrode 
materials for electrocatalytic hydrogen production have been tested [55] in water electrolysers. The use of 
a solution – dissolution technique was found in this work to allow a formation of the strongly physically 
adsorbed self-assembled monolayers on a surface of the corresponding carbon material (even inside its 
pores). So, in this case, the relative surface concentration of the catalytically active metallocenters might 
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be higher than that of the clathrochelate-impregnated cathode; even at the high current density values, a 
decrease in the difference between the cathodes with an immobilized and an impregnated clathrochelate 
complexes has been observed [55].

Iron(II) clathrochelates shown in Scheme 4 have been designed [56] for their efficient physical adsorption 
on carbonaceous substrates; the general scheme of an immobilization of the (poly)aromatic-terminated 
metal(II) clathrochelates on the carbon materials of practical interest is shown in Fig. 7. Electrochemistry 
of thus designed mono-, di- and hexafunctionalized iron(II) cage complexes with terminal (poly)aromatic 
group(s) in their ribbed substituent(s) has been studied [57] by CV method in a wide range of the poten-
tial, thus allowing to clarify the nature and character of the metal- and ligand-centered redox processes of 
their cathodic reduction and anodic oxidation. These polyaromatic-terminated clathrochelates were also 
immobilized [57] on a surface of the carbonaceous substrates, such as activated carbon (AC) and reduced 
graphene oxide (RGO); an adsorption of the n-butylboron-capped hexaphenanthrene iron(II) clathroche-
late 27, as well as that of its mono- and difunctionalized analogs, have been studied using UV-vis method. 
Such a physical adsorption is reported [57] to be a structure-dependent process, which is strongly affected 
by the nature of a clathrochelate molecule {in particular, by the number of its terminal (poly)aromatic 
group(s)}. This effect is explained [57] by peculiarities of a macrostructure of the above carbon materials: 
the wedge-shaped pores are presented in a macrostructure of RGO, both the size and the form of which is 
favorable for the physical adsorption of bulky molecules of the hexaphenanthrenyl-terminated macrobicy-
clic complexes, while the size and the form of mesopores of AC are favorable for that of the difunctionalized 
iron(II) clathrochelate.

A series of the iron, cobalt and ruthenium(II) clathrochelate analogs 22–24 (Fig. 7), the derivatives of 
the same macrobicyclic ligand with six terminal phenanthrenyl groups, known as one of the most efficient 
adsorbate, have been prepared [58]; their detailed CV study over a wide range of potential scan rates, as 
well as the study of their immobilization on three carbonaceous substrates, AC, RGO and carbon paper (CP), 
known to be the most common cathode materials, have been also performed in this work. The cyclic voltam-
mograms (CVs) of 22–24 were found [58] to contain the single irreversible (or quasiirreversible) cathodic 
reduction wave and two anodic oxidation waves assigned to the metal-centered M2+/+ reduction and M2+/3+ 
oxidation processes and to a ligand-centered oxidation of their terminal phenanthrenyl groups, respectively.
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Adsorption of the phenylboron-capped metal(II) hexaphenanthrene clathrochelates 22–24 on the above 
carbon materials, as well as that of their mono-, di- and hexafunctionalized iron(II)-encapsulating analogs 
25–27 (Fig. 8) on CP, have been studied [58, 59] using UV-vis spectrophotometry. For the former complexes, 
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the values of a free Gibbs energy are relatively low, similar to each other and characteristic of physical adsorp-
tion processes via the stacking and Van-der-Waals interactions. Their limiting specific adsorption on AC is 
substantially lower than that on RGO and was found [58] to increase with an increase in a Shannon radius 
of the encapsulated metal ion. The adsorption equilibrium constants K for RGO are higher than those on AC. 
The values of their limiting specific adsorption on AC are substantially higher than those on CP, while the 
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corresponding values of the adsorption constant K are lower. So, the adsorbed quantities of hexaphenan-
threne metal(II) clathrochelates per weight unit of adsorbent were found [58] to be higher for AC than those 
for CP, while the relative energies of their supramolecular interactions with the CP surface are higher than 
those with the AC surface. Adsorption on CP in a row of the mono-, di- and hexafuntionalized iron(II) cage 
complexes is reported [59] to increase with an increase in the number of their functionalizing ribbed substitu-
ents per clathrochelate molecule.

The n-butylboron-capped iron(II) hexaphenanthrenylsulfide clathrochelate 27 (Fig. 8) has been either 
immobilized or impregnated on the cathode of gas diffusion electrode and its electrochemical activity with 
regard to the HER has been tested [56] in a PEM water electrolysis cell for hydrogen production. The effec-
tive immobilization of this (pre)catalyst on the surface of appropriate carbon electrode material is reported 
[56] to be successfully implemented for improving an efficiency of the corresponding clathrochelate-based 
hydrogen-producing system.

Performances of the HER in PEM water electrolysis cells with the polyaromatic-terminated iron(II) clath-
rochelates 25–27 as electro(pre)catalysts, the molecules of which are beared with a different number of the 
terminal phenanthrenyl groups (Fig. 8), have been compared [60] with that containing a metallic platinum 
as a standard. It was found [60] that these compounds still cannot fully complete with metallic platinum for 
the moment, but their performances are already encouraging. The electrocatalytic activity of three iron(II) 
clathrochelate analogs shown in Fig. 8 in the HER is described to be affected by the number of terminal phen-
athrenyl group(s) per clathrochelate molecule. The lowest Tafel slopes, which are characteristics of the HER 
mechanism and kinetics, were obtained with a hexaphenanthrene macrobicyclic complex 24 that is reported 
[60] to be a most efficient (pre)catalyst among these polyaromatic-terminated iron(II) clathrochelates.

The results of a testing [60] of the phenylboron-capped iron, cobalt and ruthenium cage complexes 22–
24 shown in Fig. 7, the molecules of which have been designed for their efficient physisorption on carbon 
materials, in the semi-industrial water electrolysers, suggest the good performances of the corresponding 
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clathrochelate-electro(pre)catalyzed hydrogen productions 2H+/H2, which are reported to be similar to those 
for the best known to date molecular catalysts used in an electrolysis cell, and to those of the promising non-
platinum solid-state HER electrocatalysts as well. The use of the suitable carbon materials of a high surface 
area, such as activated carbon and reduced graphene oxide, as substrates for their efficient immobilization, 
caused a substantial increase in an electrocatalytic activity of the corresponding clathrochelate-containing 
CP-based cathodes of these electrolysers [60].

Clathrochelate-based photocatalysts for water splitting

Characterization of two photoelectrodes, including that surface-modified with a methylboron-capped cobalt 
hexachloroclathrochelate 28, and the study of their application to the hydrogen evolution reaction have been 
performed [61]. These photoelectrodes were prepared using a doped precursor Rh:SrTiO3 and its cobalt(II) 
clathrochelate-containing derivative Rh:SrTiO3–28 and the photoelectrochemical kinetics of the HER has 
been analyzed for these functionalized photoelectrodes based on strontium titanate under visible light irra-
diation. The kinetics of the photoelectrochemical water dissociation has been studied in this work using the 
open circuit photovoltage decay (OCPD) and photoelectrochemical impedance spectroscopy (PEIS) methods. 
Under open circuit conditions, the above cobalt cage complex is found [61] did not substantially affect the 
HER kinetics compared to the initial Rh:SrTiO3 semiconductor. But when a reverse bias was applied [61], a 
significant difference caused by presence of the clathrochelate has been observed. The rate constants of the 
charge transfer and the recombination processes were found [61] to be both affected. Therefore, the macrobi-
cyclic cobalt-encapsulated species not only increased the rate of charge transfer, but also they are described 
[61] to play a role of the recombination centres for photoexcited minority carriers. The space charge capaci-
tance has been determined [61] under the inversion conditions. Only under strong reverse bias it was found 
that, whereas the bulk Rh:SrTiO3 has a p-type conductivity, the surfaces of both the bare Rh:SrTiO3 and its 
cobalt clathrochelate-containing derivative Rh:SrTiO3–28 were found in this work to possess the properties 
of a n-type semiconductor.

Clathrochelate-based precatalysts for oxidative methane conversion

Two modern industrial methods of H2 production (Scheme 5) – the reactions of partial oxidation and dry 
reforming of methane (POM and DRM, respectively) – include the intermediate step of syngas formation. 
These methods are highlighted [62] as most prospective, environmental-friendly and cost-effective processes 
for syngas production.

Chemical drawings of the clathrochelate iron and cobalt(II) complexes with terminal reactive (polar) 
groups, designed for their efficient adsorption on ceramic materials, are collected in Fig. 9; the general pro-
cedure of their template synthesis is shown in Scheme 6. Immobilization of the metal(II) clathrochelates on 
the surface of a highly porous ceramic material via, either their supramolecular interactions, or their covalent 
bonding, can be illustrated by Fig. 10 [28].

The iron, cobalt and ruthenium clathrochelates 29–31 shown in Fig. 11, the molecules of which contain 
the terminal polar groups, have been immobilized [63] on a surface of highly porous ceramic material used 

Partial oxidation of methane (POM)

CH4 + 1/ 2 O2 CO + 2 H 2

Dry reforming of methane (DRM)

CH4 + CO 2 2CO + 2 H 2

(SG)

(SG)

1   :    2

1    :    1

Scheme 5: Modern processes of oxidative methane conversion.
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as the support and a cobalt cage complex 32 without such a groups (as a control). The obtained hybrid clath-
rochelate-containing materials have been tested for a syngas production from CH4 using the above POM and 
DRM processes. These clathrochelate-based systems were found [63] do not catalyze the partial oxidation 
of CH4, while that based on an immobilized ruthenium(II) clathrochelate 31 was revealed as the active and 
selective catalytic material of dry reforming of CH4 + CO2 mixture at the optimal temperatures close to 900 °C 
into a syngas containing the equimolar amounts of H2 and CO (Fig. 12).
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The obtained [63] results suggest that these metal(II) clathrochelates are only the precursors of single 
atom catalysts, in the case of which each of their catalytically active single sites is included in a matrix of its 
former encapsulating ligand that underwent a thermal decomposition under the reaction conditions used. 
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Choice of their macrobicyclic ligands, designed for an efficient immobilization of their cage complexes on a 
surface of all the fibers of a given highly porous ceramic support, allowed to increase a surface concentra-
tion of the catalytically active centers (and, therefore, that a catalytic activity of a given ceramic material 
modified with these clathrochelates). Immobilization of the ruthenium(II) clathrochelate 31 as a precatalyst 
on the surface of a highly porous ceramic material used as the support allowed to obtain the active and 
selective catalytic material for the conversion of CH4 + CO2 mixture into a syngas containing the equimolar 
amounts of H2 and CO.

Conclusions
Thus, the designed cage complexes with an encapsulated metal ion (clathrochelates) and the functional 
hybrid materials based on then were obtained and successful implemented as electro- and (pre)catalysis 
for molecular hydrogen and syngas production. These polyaromatic-terminated iron, cobalt and ruthenium 
clathrochelates, adsorbed on carbon cathode materials, were found to be the efficient electrocatalysts of 
the electrocatalytic HER, including those in PEM water electrolysers. They still cannot fully complete with 
metallic platinum for the moment, but their performances in these semi-industrial electrolysers are already 
encouraging. Their electrocatalytic activity in the HER was found to be affected by the number of the terminal 
polyaromatic group(s) per clathrochelate molecule. The lowest Tafel slopes, which are characteristics of the 
HER mechanism and kinetics, were obtained with the hexaphenanthrenyl-terminated macrobicyclic com-
plexes. They possess the good performances of hydrogen production, which are similar to those for the best 
known to date molecular catalysts used in a PEM electrolysis cell and to those of the promising non-platinum 
solid-state HER electrocatalysts as well. The use of the suitable carbon materials of a high surface area, such 
as activated carbon and reduced graphene oxide, as the substrates for their efficient immobilization, allowed 
to substantially increase an electrocatalytic activity of the corresponding clathrochelate-containing carbon 
paper-based cathodes. In the case of the reaction of dry reforming of methane into syngas of a stoichiometry 
CO/H2 1:1, the designed metal(II) clathrochelates with terminal polar groups are only the precursors (precata-
lysts) of single atom catalysts, where each of their catalytically active single sites is included in a matrix of its 
former encapsulating ligand that underwent a thermal decomposition under the reaction conditions used. 
Choice of their designed ligands maintained an efficient immobilization of the corresponding cage metal 
complexes on the surface of highly porous ceramic material and allowed to increase a surface concentration 
of the catalytically active centers and, therefore, the catalytic activity of hybride materials modified with 
these clathrochelates. The obtained cage metal complexes and hybrid materials based on them operate under 
the principles of “green chemistry” and can be considered as efficient alternatives to some classical inorganic 
and molecular (pre)catalysts of these industrial processes.
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