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INTRODUCTION 
   

 General characteristics of the work 

 The current thesis consists of 6 chapters. The first chapter presents analyses of 
the current state of the problem, the description of the main techniques for obtaining 
of 3D structures based on carbon nanomaterials (CNMs) and its investigations. The 
second chapter contains experimental part that describes the experimental procedures 
and the equipment that was used for synthesis, analysis and characterization of the 
objects obtained in this research. The third chapter is devoted to synthesis of reduced 
graphene oxide (rGO) based aerogels and study of its physico-chemical properties 
and surface morphology. The possibility of growth of carbon nanotubes (CNTs) in 
the structure of the obtained rGO-based aerogels using thermal decomposition of 
ferrocen and the influence of as-grown CNTs on properties rGO-based aerogel are 
studied in the third chapter. The fourth chapter presents the synthesis and study of 
composite aerogels based on Microwave Enhanced Chemical Vapor Deposition 
(MECVD) graphene nanoplatelets, multiwalled carbon nanotubes (MWCNTs) and 
chitosan that acts as a binder. The fifth chapter is devoted to investigation of sorption 
properties in regard to organic liquids of different densities of types of aerogels: rGO-
based aerogel, rGO/CNT-based aerogel, and composite MWCNT/chitosan and 
MECVD graphene/MWCNT/chitosan-based aerogels. The elecro-chemical properties 
of composite aerogel sample are studied. The sixth chapter contains the data on 
synthesis of superhydrophobic and superoleophilic sponges obtained by “dip-
coating” method. The possibility of using these sponges as filters for collection of oil 
and petroleum products on the water surface is studied. 
 Actuality of the theme 

 With the rapid progress of the nanotechnology, we are now able to synthesize a 
wide variety of new nanomaterials with amazing characteristics. On the top of the list 
are graphene and CNTs, which have attracted much attention in recent years. K. 
Novoselov and A. Geim demonstrated a single atomic layer thick graphene in 2004 
and were awarded the Nobel Prize in Physics in 2010 for their “groundbreaking 
experiments regarding the material graphene”. At the same time, the search for novel 
application of graphene and CNTs remains one of the hottest topics in the scientific 
community.  
 In the year of 2010, the explosion of BP’s Deepwater Horizon oil rig released 
210 million gallons of oil into the Gulf of Mexico. Oil booms, combustion, and oil 
skimmer vessels were used to clean up the oil spill, but often with poor efficiency and 
even with undesirable environmental side effects. There is a clear need of new 
cleanup materials for the collection and separation of large amount of organic 
pollutants from water surfaces. As a major oil production country, Kazakhstan is at 
risk of major disasters like spill at Caspian shelf, or during the processing and 
transportation of oil products. 
 Graphene has received considerable attention in different fields of research and 
has become a “star” material in recent years due to its amazing properties. Reduction 
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of graphene oxide (GO) leads to production of rGO - a chemically functionalized 
graphene. 
 With increase of demands of environmental protection it has become necessary 
to develop the direction of obtaining of new materials - sorbents, which are able to 
effectively absorb and remove oil spills, as well as organic solvents contamination. 
 A huge number of sorbents have been obtained on the basis of cross-linked co-
polymers, organic and inorganic nanofilms, macroporous nanocomposites, etc. 
However, these materials have certain disadvantages when compared with ideal 
characteristics and parameters that are required for sorbents. These characteristics are 
superhydrophobicity, low density, high adsorption capacity, low water absorption 
value, low cost, environmentally friendliness and reusability. 
 Aerogels represent a class of materials in which the liquid phase is completely 
substituted by a gaseous one. 
 Over the last 20 years the research on production of aerogels based on pyrolytic 
carbon, carbon nanofibers, carbon nanotubes, graphite and graphene has been carried 
out. 
 In view of a huge variety of aerogels, of a great interest for further investigation 
are aerogels based on CNMs, because of their unique properties - extremely low 
density, low thermal conductivity, high elasticity (ability to restore its shape after 
repeated compression and expansion) and the ability to absorb large amounts of 
organic liquids. The latter property can be used for oil spill response. 
 High porosity of aerogels based on CNMs which is the explanation of their low 
density and high specific surface area alongside with the properties such as 
superhydrophobicity and high adsorption capacity, cause a great interest in view of 
the possibility of their potential use as adsorbents, supports for catalysts, gas sensors. 
Given the fact that these aerogels possess conductive properties, it opens the 
possibility of their use as materials for electrodes and supercapacitors. 
 Due to the natural hydrophobicity of graphene layers, aerogels based on rGO, 
also have a pronounced hydrophobicity, developed surface morphology with high 
porosity and high sorption capacity with respect to organic liquids. With introduction 
of the carbon nanotubes in the structure of graphene based aerogel its mechanical 
properties are significantly improved, in particular increased hydrophobicity of the 
surface, thereby forming an ordered system of pores of a certain size. 
 The current research is specialized in the synthesis of new nano-materials with 
unique and specific properties. This research is devoted to the development of novel, 
inexpensive and effective nanomaterials for oil spill recovery. These carbon-based 
nanomaterials are highly porous aerogels and sponges with low density. They are 
superhydrophobic and superoleophilic at the same time and, therefore, pass oil 
products, but repel water. These aerogels and sponges have also high absorption 
capacity of petroleum products. As we reported, one gram of this aerogel can absorb 
about 87 grams of diesel and 82 grams of pump oil, and repels water at the same 
time.  
 The oil spill treatment system that is being developed in this research uses 
synthesized filters based on graphene and carbon nanotube aerogels and sponges. 
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These aerogels and sponges are then assembled into filter pipes, the filter material, 
diameter, length and the pressure of which across the pipe are optimized for 
throughput, initial construction cost and lifetime for various oil products. 
 The Republic of Kazakhstan has large oil deposits, especially at the Caspian 
shelf, where the production and transportation of oil products continue day and night. 
The risk of oil spills presents a great threat to nature’s ecosystem and the 
environment of the region. Solution of the problem is to develop an inexpensive and 
environmentally friendly technology to timely decontaminate the polluted area after 
spills.  
 For applications as oil sorbents, these aerogels or sponges must have a high pore 
volume, a large pore size, high compressibility and superoleophilicity. This research 
considers the development of the technology to remove oil spills on the surface of 
water, where superhydrophobicity is also required.  In particular, a filtration system 
using a water pump and a synthesized carbon nanomaterial filter, which separates 
organic compounds (oil and other oil products) from water by rejecting water is 
developed. CNMs based aerogels and sponges have demonstrated both 
superhydrophobicity and superoleophilicity and are attractive filter materials due to 
their simplicity, convenience, environmental friendliness, and the ability of reuse. 
 The principle novelty of this research lies in optimization of oil and water 
separation process by varying the nature and composition of hydrophobic materials 
which serve as separating filters and study physical characteristics of separating 
process. Basically graphene aerogels obtained by reduction of GO, composite 
aerogels based on MECVD graphene, CNTs and polyurethane (PU) sponges coated 
with CNMs are primarily materials characterized by high superhydrophobicity and 
superoleophilicity being used in this research as a separating porous filter. 
 The purposes and objectives of the thesis: The aim of the thesis is the 
synthesis and study of highly porous aerogels and sponges based on graphene and 
CNTs, which are characterized by low density, high hydrophobicity and adsorption 
capacity to petroleum products and crude oil. The purpose of the research is to study 
the possibility to use aerogels and sponges as water repellent sorbents and filters for 
collection of oil and petroleum products from the surface of water, as well as under 
water. 

To achieve the objectives, the following tasks are set up: 
1. To develop a procedure for synthesis of aerogels based on GO, using data 

from literature. To investigate the physical and chemical properties of resulting three-
dimensional light-weight materials – aerogels. Study of morphology of their surface, 
mechanical properties, hydrophobicity, sorption capacity in regard to organic liquids 
and regeneration. To synthesize composite rGO and CNTs based aerogels and study 
their physico-chemical properties; 

2. To synthesize and investigate the physico-chemical properties morphology of 
their surface, mechanical properties, hydrophobicity, sorption capacity in regard to 
organic liquids  of composite aerogels based on graphene nanoplatelets obtained by 
MECVD and MWCNTs, using chitosan as a binder; 
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3. To investigate and compare the adsorption capacities of the synthesized types 
of aerogels in regard to organic liquids of different densities. To investigate the 
electro-chemical properties and the possibility of using the obtained MECVD 
graphene/MWCNT/chitosan aerogels as a primary component of electrode materials 
in modern chemical current sources (electric double layer capacitors); 

4. To synthesize and study of the sponges coated with CNMs using “dip-
coating” method. Study the possibility of using them as a superhydrophobic filters for 
collection of oil and petroleum products from the surface of water. 

The main provisions for the defense of the thesis:  

 - chemical reduction of GO for synthesis of aerogels based on rGO and thermal 
decomposition of ferrocene for obtaining of rGO/CNTs based aerogels. Study of 
physico-chemical properties, surface morphology, hydrophobicity and sorption 
capacity in regard to organic liquids of the samples; 
 - development of the approach for synthesis of composite aerogels using 
MECVD graphene nanoplatelets, MWCNTs and chitosan, which acts as a binder and 
study their physico-chemical properties, surface morphology, hydrophobicity and 
sorption capacity in regard to organic liquids to compare the obtained results with 
those of rGO and rGO/CNTs based aerogels. Investigate the electro-chemical 
properties of composite MECVD graphene/MWCNTs/chitosan based aerogels;  
 - development of technique for coating the walls of PU and melamine sponges 
with CNMs for obtaining of superhydrophobic and superoleophilic sponges for 
effective sorption of organic liquids of different densities. Study of their physico-
chemical properties, surface morphology, hydrophobicity in order to investigate the 
possibility of using them as water-repellent filters in installation for continuous 
collection of oil and petroleum products from the surface of water. 
 Objects of research are three-dimensional, highly porous and hydrophobic 
materials – aerogels based on CNMs, particularly based on graphene and carbon 
nanotubes as well as highly hydrophobic PU and melamine sponges coated with 
CNMs. 
 Subjects of research are the process of synthesis and study of physico-chemical 
and mechanical properties, sorption capacity, hydrophobicity, regeneration of three-
dimensional, highly porous and hydrophobic materials – aerogels based on graphene 
and CNTs, as well as highly hydrophobic PU and melamine sponges coated with 
CNMs. Study of the factors that influence the formation of porosity and 
hydrophobicity of as-obtained materials. Investigation of the possibility of using the 
obtained aerogels and sponges as a water repellent and regenerable sorbents for 
organic liquids. 
 Methods of research. In solving the tasks that are required to achieve the 
objectives, the following research methods were used: infra-red spectroscopy for 
determination of functional groups of the surface of graphene layers, X-ray phase 
analyses for determination of the structural features and the main phases of carbon 
and other components, microscopic analyses, SEM for determination of the surface 
morphology of the samples, XPS and Raman-spectroscopy. 
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 Scientific novelty of the study 

 The scientific significance of the current research lies in the development of 
methods of synthesis of three-dimensional porous materials based on graphene and 
carbon nanotubes, followed by developing the possibility of their use as water- 
repelling regenerable sorbent for oil and petroleum products. The study on the 
influence of the parameters of the synthesis and drying on the surface morphology 
and mechanical properties of the samples. 

In this study the following results were obtained: 
- aerogels based on rGO are characterized by a well-developed surface 

morphology, high hydrophobicity and good sorption capacity in regard to organic 
liquids of different densities (1g sorbs 129 g of diesel). The growth of CNTs in the 
structure of rGO-based aerogels using ferrocen increases the mechanical properties, 
as well as the sorption capacity of the samples (1g sorbs 140 g of diesel); 

- composite MECVD graphene/MWCNT/chitosan based aerogels are 
characterized by a developed pore system that is different to the surface morphology 
of the MWCNT/chitosan based aerogel. Graphene nanoplatelets effect the average 
pore sizes, which significantly decreased from a dozen to a few microns. The contact 
angle between the surface of aerogel and a water droplet is 168°, this indicating their 
superhydrophobicity. One gram of composite MECVD graphene/MWCNT/chitosan 
based aerogel sorbs 101 g of diesel; 

- the electrochemical properties of the resulting composite MECVD 
graphene/MWCNT/chitosan based aerogel are studied. The aerogel showed that the 
highest specific capacity is 67 F/g at potential scanning rate of 5mV/sec; 

- sponges coated with CNMs were synthesized using “dip-coating method”. 
These sponges are characterized by excellent mechanical properties, they are 
superhydprophobic. Based on obtained experimental data the laboratorial installation 
for continuous collecting of oil and petroleum products from the surface of water 
using CNMs based sponges as a water repelling filters was designed. A 
superhydrophobic sponge of the size of 2×2×3 cm and weight of 0.64 g is able to 
effectively separate about of 25.4 L of n-hexane and 19.1 L of kerosene within an 
hour from surface of water.  

The practical significance 

The practical significance of the research lies in developing the methods for 
synthesis of three-dimensional structures on the basis of graphene and carbon 
nanotubes, which can serve as water-repelling regenerable sorbents with high 
sorption capacity for collecting of oil and petroleum products from the surface of 
water. As well as obtaining sponges the walls of which are coated with CNMs, which 
in turn may serve as a filters for continuous separation of oil and water. 

The practical significance of the current research also lies in using three-
dimensional structures based on CNMs in synthesis of new carbon electrode 
materials for a new generation of chemical sources of current 
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The theoretical significance 

The main regularities of synthesis of aerogels based on CNMs, the parameters 
effecting the morphology of the surface during the chemical reduction of GO and the 
freeze-drying of the samples are identified. 

The influence of type of binder used for synthesis of composite aerogels based 
on MECVD graphene and MWCNTs is studied. 

The main regularities of synthesis of sponges coated with CNMs using the 
method of "deep - coating" are revealed. Study of the influence of the type of sponge 
on the physico-chemical properties of as-obtained hydrophobic sponges is carried 
out. 

The scientific and technical basis for production and application of sorbents 
based on CNMs which may be used for absorbing of organic liquids both from 
surface of the water and under the water was developed. 

The electrochemical properties of the resulting composite aerogels are studied. 
Approbation of the thesis. The fundamental provisions and results were 

reported and discussed at the following conferences and symposia: III International 
scientific conference "Modern problems of physics of condensed matter, 
nanotechnology and nanomaterials", Almaty, 2014; IX International Conference 
"Efficient use of resources and environmental protection - the key issues of the 
development of mining and metallurgical complex" and XII International Scientific 
Conference "Advanced technologies, equipment and analytical systems for materials 
and nanomaterials", Ust-Kamenogorsk, 2015; VII International Symposium 
"Combustion and plasma chemistry" and scientific-technical conference "Energy 
Efficiency 2015", Almaty, 2015; International conference "Carbon 2015", Dresden, 
Germany, 2015; International scientific conference of students and young scientists 
"al-Farabi alemi", Almaty, 2016; International Conference "CIMTEC 2016. The 5th 
International Conference Smart and Multifunctional Materials, Structures and 
Systems", Perugia, Italy, 2016; IX International Symposium "Physics and chemistry 
of carbon materials/Nanoengineering" and international conference "Nanoenergetic 
materials and nanoenergy", Almaty, 2016.   

The personal contribution of the author is in the formulation and conducting 
of experiments, theoretical and experimental solution of tasks, its interpretation, 
discussion and generalization of the results. 

Publications. Based on the data obtained in this thesis in co-authorship 15 
manuscripts, including 2 articles in a scientific journals with impact factor, 1 of 
which is included in Scopus and 1 is in Thomson Reuters databases, 4 articles in 
national journals of the Committee's list, 9 manuscripts are published in proceedings 
of international scientific conferences and symposia, including 2 in foreign 
conferences and 7 in local symposia and conferences. 

Volume and structure of the thesis. The thesis consists of an introduction, 6 
chapters, conclusion and list of references. The work is presented on 111 pages, 
contains 63 figures, 11 tables and a list of references, including 129 bibliographical 
references of home and foreign authors.  
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1  LITERATURE REVIEW 

 

1.1 The basic methods for synthesis of aerogels based on carbon 

nanomaterials  

Aerogel is a synthetic porous ultralight material derived from a gel, in which the 
liquid component of the gel has been replaced with a gas. These materials are 
characterized by extremely low density and exhibit a number of unique properties: 
toughness, transparency, heat resistance, very low thermal conductivity. Among them 
are well known aerogels based on amorphous silica alumina, chromium and tin oxide. 

A great number of works were devoted to the study of regularities of synthesis 
of ultra-light, super elastic and porous aerogels based on CNMs. The main interest is 
the study of the influence of the original type of CNMs used in the synthesis of 
aerogels on the properties of the final product. 

Historically, the most researched type of aerogel has been the holographic-
looking “blue” silica type. Today, aerogels of numerous different substances can be 
prepared, including: 

-   Silica, both hydrophilic (water-absorbing) and hydrophobic (water-repelling); 
- Transition metal oxides, lanthanide oxides, actinide oxides, main group 

oxides, and mixed matrix oxides; 
- Polymers such as phenolics, polyureas, PU, polyimides, and polyamides; 
- Amorphous carbon, graphitic carbon, CNTs and graphene;  
- Metal chalcogenides;  
- Quantum dots; 
- Metals and carbides; 
Each of these different types of aerogels provides unique properties, which can 

include electrical conductivity (carbon and metal aerogels), extreme (up to 80%) 
elastic return (nanotube and graphene aerogels), catalytic functions (various oxide 
and metal aerogels), photoluminescence (quantum dot and metal chalcogenide 
aerogels), water repulsion and oil sorption (hydrophobic silica and polymer aerogels), 
and more. 

Revising modern literature sources it was found that nowadays aerogels based 
on CNMs are more promising for study and further application. The first carbon 
based aerogel was obtained in 1989 (Prof. Pekala) by carbonization of resorcinol-
formaldehyde (RF) aerogel. In turn, it is usually treated as a kind of highly porous 
amorphous graphite foam. The basic idea of obtaining of RF-aerogel lies in high-
temperature pyrolysis of resorcinol-formaldehyde (1000-1200 ºC) at high pressure or 
in an inert gas atmosphere. In 1996, Hanzawa et al. developed a new approach in 
obtaining of carbonized RF aerogel characterized by ultrahigh surface area via 
activation of its carbon skeleton by using carbon dioxide [1]. 

Among modern techniques for production of ultralight and porous 3D 
structures-aerogels based on CNMs, there are 3 major methods: 

1. Chemical reduction of GO with obtaining of 3D porous structure with its 
subsequent freeze-drying and stabilization after thermal treatment [2-5]; 
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2. Chemical Vapor deposition (CVD) as a method for obtaining CNM-based 
aerogels [6-7]; 

3. Synthesis of composite aerogels based on CNMs with different additions for 
improvement of their chemico-physical properties with their subsequent 
carbonization in inert atmosphere [8-10]. 

Graphene - a 2D nanomaterial with the thickness of one atom which contains 
sp2-hybridized carbon attracts a great interest of scientists due to its unique 
properties: surface area is 2600 m2/g, high thermal conductivity [11], high 
mechanical rigidity with Young's modulus of about 1000 GPa [12], the extraordinary 
electrocatalytic activity [13] and optical properties [14]. 

 
1.1.1  Reduction of graphene oxide to produce aerogels  
Graphene has received considerable attention in different fields of research and 

has become a “star” material in recent years due to its amazing properties.
 
Reduction 

from graphite oxide has the potential to produce reduced graphene oxide (rGO), a 
chemically functionalized graphene, in relatively large quantity. 

During the chemical reduction of GO it is important to choose the prope 
reducing agent to carry out the effective reduction. 3D graphene hydrogels are 
fabricated by hydrothermal process or chemical reduction method, during which GO 
is converted to graphene by thermal treatment or chemical reducing agents, such as 
NaHSO3, Na2S, hydroiodic acid, hydrazine, hydroquinone, and Vitamin C [15-16]. 
Subsequently, aerogels can be obtained by freeze drying or supercritical fluid drying 
of the graphene hydrogels. When prepared by freeze drying approach, the porous 
microstructures including pore size and orientation of aerogels can be controlled by 
changing the conditions including freezing temperature and freezing direction. 

In [17], a highly compressible anisotropic graphene aerogels are prepared by 
reducing GO with ascorbic acid at 70 °C for four hours, followed by directional-
freezing and freeze-drying. Interestingly, the resultant anisotropic graphene aerogels 
exhibit high compressive strength in the axial direction (freezing direction) because 
of the anisotropic structure and good compressibility in both axial and radial 
directions with strain-sensitive electrical conductivities, similar to the homogenous 
graphene sponge prepared by solvothermal treatment. In addition, the aerogels also 
show ultralow density, high porosity, fire-resistance and excellent flexibility in 
organic liquids. It is interesting that these aerogels after absorption of organic liquids 
can be easily recycled by burning, distilling and squeezing.  

The principal of synthesis of aerogels is that 10 ml GO suspension (2-8 mg/ml) 
was mixed with ascorbic acid (1:1, w/w) in a 25 ml beaker, and the mixture was 
heated at 70 °C for 4 h to obtain graphene hydrogel. Then the hydrogel was subjected 
to dialysis in deionized water to remove soluble species, it was put on a Cu disk 
which was half dipped in liquid nitrogen for directional freezing. The hydrogel was 
directionally frozen from the Cu/hydrogel interface to the top surface until it was 
totally frozen. The frozen hydrogel was then freeze-dried with obtaining of aerogels 
[17, p. 459]. 
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In paper [17, p. 460], when the graphene hydrogel is directionally frozen, the ice 
crystals prefer to grow along the vertical direction and expel the rGO sheets, which 
are entrapped between neighboring ice crystals to form a 3D network. After freeze-
drying, the ice crystals disappear and ascorbic aerogel with anisotropic porous 
structure is thus obtained (figure 1). 

 
             Directional freezing                                             Freeze-drying 
 
Figure 1 - A schematic illustration of directional-freezing and freeze-drying [17, 

p. 460] 
 

Various kinds of reducing agents (Na2S, Vitamin C, HI, and hydroquinone) have 
been studied for the synthesis of graphene hydrogels. It was also found that the 
required time for hydrogel formation is different. For example, it takes 30 min for 
NaHSO3 while it requires only 10 min for Vitamin C and Na2S (GO: reducing agent 
concentration is 1.5 mg/ml : 41 mmol/L). Interestingly, when the well-known 
reducing agent hydrazine was used, no 3D architecture is formed at all, and the 
reason for this maybe that the residual nitrogen prevents formation of the 
superstructure and the details of this should be studied [15]. 

Interestingly, it was found that the shape of the as-prepared graphene hydrogel is 
reactor-dependent. Various shapes of graphene hydrogels such as taper-like, 
cylindrical, pear-shaped, and spherical can be prepared when the relative shape of 
reactor was utilized. This indicates the fact that the shrinkage of the as-formed 
hydrogel during the self-assembly is isotropic, and it provides a chance to prepare 
shape-controlled graphene hydrogels as desired [15, p. 3137]. 

In [16], three-dimensional self-assembled graphene hydrogels have been 
fabricated by chemical reduction of GO with sodium ascorbate. Typically, 6 mL GO 
aqueous dispersion (2 mg/mL) was loaded in a 15 mL glass vial. Then, 24 mg of 
sodium ascorbate was added. After sonication for 5 min to dissolve the sodium 
ascorbate, a homogeneous yellow-brown dispersion was obtained. Successively, the 
as-prepared dispersion was heated at 90 °C for 1.5 hour to produce the hydrogel. The 
excess sodium ascorbate was further removed by dialysis and the samples were 
freeze-dried.  

This method provides a new route to prepare graphene based hydrogels. This 
reaction is mild and environmentally friendly. The experimental results indicated the 
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fact that the reduction of GO promoted the hydrophobic and π-π interactions between 
graphene sheets and induced their 3D self-assembly. These aerogels are electrically 
conductive, mechanically strong and exhibit excellent electrochemical performance. 
Aerogels can be prepared at low temperatures through a “green” route, offering them 
many potential applications in biotechnology, such as cell scaffold, enzyme 
immobilization and biocatalysis. 

According to the literature data it is known that hydrogels based on GO 
generally can be obtained by the self-assembling process during the chemical 
reduction of functional groups (mainly -OH-groups) using a variety of chemical 
reducing agents. The as-obtained hydrogels are freeze-dried with evaporating all the 
ice which was formed during the freezing and sublimated ice leaves voids in the 
structure of aerogels thus forming its porosity. 

 
1.1.2 Chemical Vapor Deposition as a method for synthesis of carbon 

nanomaterials based aerogels  
CVD method is a plasma-chemical process for production of solids of high 

purity. There are many works on the production of graphene, CNTs, carbon fibers 
and synthetic diamond using CVD method. Moreover, this method is also effective 
for obtaining 3D-structures based on carbon materials – aerogels [18]. 

As shown in [19], 3D graphene is obtained by CVD method using nickel as the 
porous structure and the substrate and ethanol as the source of carbon. During this 
process, the substrate can be easily removed by exposing it to hydrochloric acid, 
thereby leaving the three-dimensional structure of graphene - aerogel. The resulting 
monolith is represented by macropores (100-200 microns), consisting of only one or a 
few layers of graphene. Compared to 2D graphene this monolith is more hydrophobic 
because underneath its surface the air pockets are forming, which are captured by the 
pores of graphene, as described in the model of Cassie-Baxte surface [20, 21]. 
Nevertheless, it does not exhibit superhydrophobicity. 

It is known that, to increase the initial hydrophobicity of material, the roughness 
of its surface needs to be increased. Based on this idea, CNTs are widely used to 
increase the hydrophobicity, while they are also naturally hydrophobic.  

In [22], CNTs sponges were synthesized by CVD process using ferrocene and 1, 
2-dichlorobenzene as the catalyst precursor and carbon source, respectively. 
Ferrocene powders were dissolved in dichlorobenzene to make a solution with the 
concentration of 0.06 g/ml, which was then continuously injected into a 2-inch quartz 
tube housed in a resistive furnace by a syringe pump at a feeding rate of 0.13 ml/min. 
The reaction temperature was set at 860 °C. Carrier gas, a mixture of Ar and H2, was 
flowing at a rate of 2000 ml/min and 300 ml/min, respectively. A quartz sheet was 
placed in the reaction zone as the growth substrate. The sponge-like products were 
collected from the quartz substrate after CVD, which typically reach a thickness of 
0.8 to 1 cm for a growth period of 4 hours.  

The resulting sponge consists of CNTs self-assembled into a porous, 
interconnected, three-dimensional framework. No apparent difference in their 
morphology and distribution was observed from the top surface or side-walls. These 
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are multi-walled nanotubes with diameters in the range of 30 to 50 nm and lengths of 
tens to hundreds of micrometers, indicating multiple layers of CNTs existing in the 
cm-thick sponge. Many catalyst particles were encapsulated inside the tube cavities. 
The growth rate along the thickness direction is about 2-3 mm per hour, and did not 
slow down during the entire process, therefore the sponge production is scalable [22, 
p. 620]. 

The bulk density of as-grown sponges is about 5-10 mg cm, they have a surface 
area of 300 to 400 m2/g and an average pore size of about 80 nm. The CNT sponges 
display structural flexibility. Manual compression to >50% volume reduction shows 
that the sponge is compliant and springy. A bulk sponge can be bent to a large degree 
or twisted without breaking apart, and after that still recover to nearly original shape 
[22, p.621]. 
 In [23], a two staged CVD-process was developed for synthesis of 3D 
composite material – aerogel based on graphene and CNTs. After formation of 3D 
graphene on nickel foam, which acts as a catalytic substrate, it was dipped into a 10% 
solution of polyethylene glycol in ethanol, which also contains 0.1 mM of nickel 
nitrate as a catalyst for growth of CNTs and dried under room conditions. The growth 
of CNTs is carried at 700 ºС during 40 minutes while using ethanol as a source of 
carbon. Nickel substrate was dissolved in hydrochloric acid. The density of the 
resulting composite is 6.92 mg/cm3. 3D graphene serves as a support for growth of 
"forest" of CNTs.  

This study also illustrates the synergistic integration between 2D graphene and 
1D CNTs which may be used for development of their potential new application 
areas. Furthermore it was shown that 3D graphene can act as 3D-power electrode 
during storage, as well as in converting devices. In [24], the method for introduction 
of amorphous carbon as a coating with a controlled thickness across the porous 
structure and also on the individual carbon nanotube assemblies forming aerogels by 
CVD process was developed (figure 2). The resulting composite is characterized by 
enhanced mechanical properties and in particular the stress-strain indicators are 
significantly reduced compared to aerogels based on graphene and CNTs. 

 
Figure 2 - Description of the experimental setup for CVD process, which 

includes electrical oven heated to 750 ºС and С2Н2 as incoming gas-precursor (a); 
photos of aerogels based on CNTs before and after CVD process (b); illustration of 

the formation of bonds in aerogel based on CNTs (c) [24, p. 21] 
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The results of transmission electron microscopy show that regardless of the 
thickness, the coating is uniform over the entire length of the nanotubes. The 
structure of the coating is clearly visible at the ends, where the projections are CNTs. 
There is no defect in the contact area of CNTs and amorphous carbon coating, which 
in its turn proves outer precipitation with good adhesion. This reinforcement of CNTs 
in the aerogel structure results in the improvement of its mechanical properties, as 
well as in structural stability under compression [24]. 

 
1.1.3  Different approaches in synthesis of aerogels based on carbon 

nanomaterials 
One of the most important properties of graphene aerogel is flexibility, the 

ability to restore the original shape after the loadings due to the fact that the light-
weight materials that are both susceptible to compression, followed by an elastic 
recovery of its original form are widely used. CNTs possess a combination of 
elasticity, mechanical strength and low density, thus they are used in preparation of 
sponges and aerogels based on them. However, not all sponges and aerogels based on 
CNTs are still subjected to structural compressions  or subjected to strain, but with 
the ability to restore sagging structure under cyclic exposure to them. 

A group of scientists in [25] have shown that inelastic aerogel based on CNTs 
can be converted into a superelastic material by introduction of graphene layers in its 
structure. The authors synthesized aerogels based on CNTs and graphene by pre-
coating CNTs based aerogel by polyacrylonitrile followed by a two step pyrolysis 
during which graphene was introduced structure. The density of aerogel based on 
CNTs was 8.8 mg/ml, but after introduction of graphene it is increased to 14.0 
mg/ml, which is in turn increased the volume fraction from 0.0067 to 0.009 at a 99% 
of porosity of structure. 

The resulting aerogel based on CNTs and graphene retains its original shape 
after the number of loadings more than 13 106 cycles. Moreover, graphene has no 
effect on the structural integrity of the nanotubes or nanotube compressibility and 
porosity network. Introduction of graphene also increases the Young's modulus and 
the energy storage module with a coefficient ~ 6 [25, p. 4]. 

In [26], the possibility of obtaining aerogels based on MWCNTs and chitosan, 
which acts as a matrix to form a porous structure is shown. The resulting aerogels are 
characterized by high hydrophobicity, the sorption capacitiy to organic solvents of 
different densities is high enough giving the possibility of a further development of 
its synthesis and detailed investigation in order to use them as water-repellent 
reusable sorbents. 

The results of research have shown that increasing concentration of chitosan in 
the structure of the aerogel enhances its mechanical properties, but on the other hand, 
it also increases the density of the sample, which adversely affects its sorption 
activity [26, p. 97]. 

The search for alternative and cheap ways to solve problems of synthesis of 
composite aerogels is the first task, as a result of which it will be possible to spend a 
substantial reduction at the price of the product, and therefore create a real basis for 
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their application. Alternatively, a group headed by prof. Qiu [35] suggested a novel 
approach to synthesis of composite aerogels based on coal liquefaction residue. 
Initially, carbon-based sponges were obtained, which then were subjected to a 
process of CVD, thereby forming a new composite structure. High solubility and 
ability to be carbonized makes liquefied coal residue a good source of carbon during 
the synthesis. A carbon sponge has pore sizes up to 500 microns with porosity of 95 
vol.%. Iron particles, which are presented in the liquefied coal residue are 
homogeneously distributed on the surface of sponge, thereby acting as a catalyst for 
the CVD process. After completion of CVD-process it was found that the whole 
surface of sponge is covered with entangled carbon nanofibers with an outer diameter 
of 20 to 100 nm and a few tens of micrometers in length. The resulting composite 
sponge based on carbon and carbon nanofibers is also a promising candidate for the 
selective separation of oil and water through a combination of hydrophobic and 
capillary effects occurring in its structure [27]. 

Composites of carbon aerogel and graphite oxide were synthesized using a self-
assembly method based on dispersive forces. Its surface was modified by treatment in 
hydrogen sulfide at 650 and 800 °C. First, GO was well dispersed in water by 
sonication, and then finely ground carbon aerogel was added to the GO suspension. 
The mixture was sonicated for 1 h more and then stirred overnight. Afterward, the 
suspension was filtrated without washing and dried at 120 °C. Sulfur was doped by 
heating the initial aerogel at 650 °C or 800 °C, in H2S for 3 h (1000 ppm of H2S 
balanced in nitrogen, flow 80 rate 150 ml/min) [28]. 

The results presented in this paper further confirm solid phase reactivity 
between the two phases of GO-carbon aerogel composites. Strong oxidation of 
carbon aerogel by GO phase results in the presence of “free” acids on the surface. 
Upon a catalytic application of these materials, the acids have to be removed. Sulfur, 
originating either from GO or from carbon aerogel, is stabilized as predominantly 
reduced surface species upon the composite formation. Thiophenic compounds 
located in small pores create centers for oxygen reduction. Moreover, their 
hydrophobicity increases the efficiency of oxygen adsorption on the surface sites. 
Oxygen is supplied to the small pores by the developed system of hydrophilic 
transport pores creating a friendly environment for interactions with the electrolyte 
[28, p. 244]. 

CNT fibers and the polyimide aerogel-coated CNT fiber (PIA) composites were 
successfully developed. CNT thin films were fabricated by an aerogel technique; 
these films were then mechanically rolled to form CNT fibers of various diameters 
and densities. The CNT fibers thus prepared were dipcoated in the polyamic acid 
solutions to form gel-coated fibers, which were then dried with supercritical CO2 to 
obtain CNT/PIA composite fibers. 

In paper [29], CH4, ferrocene, and thiophene were applied as the carbon source, 
catalyst, and reaction promoter, respectively. In a reducing hydrogen atmosphere, the 
nanotubes formed an aerogel in the hot zone of the furnace (1200 °C) and stretched 
into cylindrical hollow socks due to the gas flow. To collect a CNT film, the CNT 
sock, as it was formed inside the reactor, was pulled out from the furnace by a 
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stainless steel rod, and continuously wound on a roller for 10 min. This film was then 
cut into 4 cm×4 cm pieces, and mechanically rolled from one end to the other to 
fabricate CNT fibers. The three different diameters (500-770 mm) of CNT fibers 
were obtained by carefully controlling the magnitude of the applied force (1-5 N). 

A polyamic acid oligomer with a molar ratio of 3, 30, 4, 40 - 
ebiphenyltetracarbonxylic dianhydride (BPDA): oxydianiline (ODA) was formulated 
in ferrocene, thiophene, 1-methyl-2-pyrrolidone (NMP) 1.2796 g of BPDA was 
added to a solution of ODA (0.8376 g) in 19.0 ml of NMP. After the BPDA was fully 
dissolved, a solution of 0.0481 g of octa (aminophenyl) silsesquioxane (OAPS) in 
3.15 ml NMP was then added, with 10 min of stirring. Next, 3.30 ml acetic anhydride 
and 2.80 ml pyridine were added to the obtained mixture, and stirred for another 10 
min. For CNT/PIA composite fiber synthesis, the CNT fibers were dipcoated in the 
polyamic acid oligomer for 1 min to form a uniform coating, and then hung vertically 
in the air for subsequent gelation and aging. The gelation process took place within 
20 min, and the gel-coated fibers were aged for 24 h. After aging, the gel-coated CNT 
fibers were soaked at 24 h intervals, in the corresponding solutions of 75% NMP in 
ethanol, 25% NMP in ethanol and 100% ethanol, sequentially. The CNT/PIA 
composite fibers were eventually obtained by drying these gel-coated CNT fibers, 
through the supercritical drying method using CO2 [29, p. 116]. The composite fibers 
are presented as a coreeshell structure in which the CNT fibers were tightly wrapped 
by porous polyimide aerogels. The relationships between the electrical and 
mechanical structural properties of the composites were investigated. 

The authors [30] have constructed three-dimensional porous graphene/CNTs 
hybrid aerogel through hydrothermal treatment. The CuO nanosheets were 
synthesized by mixing a certain volume of 2 mmol Cu(NO3)2 aqueous solution with 
an equal volume of 1.6 mmol aminoethanol aqueous solution with stirring for 1 
minute, then aging at room temperature for 24 hours. The oxidized water-soluble 
CNTs with a concentration of 1 mg/mL were obtained by 6 M nitric acid treated at 80 
°C for 24 hours. For the preparation of composites, 100 mL GO suspension was 
mixed with 5 mL CNTs solution, then the mixture was added into 187.5 mL CuO 
colloidal solution under vigorous stirring. Since the CuO were highly positively 
charged, it quickly assembled with the negatively charged GO and CNTs, and formed 
flocculent suspension within a few minutes. After dumping the supernate, the mixture 
was hydrothermal reduced by placing it into a 100 mL Teflon-sealed autoclave and 
heated to 180 °C for 10 hours, then freeze-dried. The free-standing aerogel paper was 
prepared via mechanical compression with 2.5 MPa for less than 20 seconds. 

Electrically conductive aerogels composed of CNTs and cellulose were used as 
vapour sensors for the first time. The vapour sensing behaviours of these aerogels 
was investigated by monitoring the electrical resistance change upon exposure to a 
series of volatile organic compound (VOC) vapours such as methanol, ethanol, and 
toluene. At first, the MWCNT dispersion with 1.0 wt% MWCNTs was prepared by 
sonication in surfactant solution. The surfactant to CNT ratio was adjusted to 1.5/1 
(w/w). Then NaOH/urea/CNT aqueous system was prepared by mixing NaOH, urea, 
distilled water, and MWCNT aqueous dispersion. Secondly, the resultant mixture was 
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pre-cooled to -12.0 °C after stirring for 30 min. An appropriate amount of cellulose 
was added immediately into the mixture with vigorous stirring for 5 min to obtain a 
cellulose solution containing CNTs. After degasification, thirdly, the resulting 
dispersion was cast on a glass plate to give a gel sheet, and immersed into a 
coagulation bath with 5 wt% H2SO4 for 5 min at room temperature to coagulate and 
regenerate. The resultant CNT-cellulose composite hydrogels were washed with 
excess deionized water to remove the residual chemical reagents. Finally, the 
hydrogels were frozen by applying flash freezing immersing in liquid nitrogen (-196 
◦C) for about 1 min. In a subsequent step, lyophilization of the frozen mixture took 
place within a freeze-drier apparatus at -52 °C under vacuum for 48 h. CNT-cellulose 
composite aerogels with different CNT loadings were fabricated: 3, 5, and 10 wt%. 
All aerogels in film form have a thickness of about 380 m, which can be controlled 
by the casting process [31]. 

The authors [32] have synthesized graphene aerogel supported flower-like 
ferrous disulfide (FeS2) composite by a two-step self-assembly method using eco-
friendly and low-cost precursors.  

In a typical fabrication, 10 mL GO aqueous dispersion (1 mg/mL) was firstly 
stirred with 5 mL ethanol and 2.5 mL ethylene glycol in a glass vial to get a uniform 
distribution, and then 1.25 mmol FeSO4×7H2O was added and sonicated for 10 min 
to achieve the electrostatic adsorption of Fe2+ ions on GO. After that, 2.5mmol 
Na2S2O3×5H2O was slowly put in to construct a stable complex solution via a 15 min 
sonication procedure. Subsequently, the mixture was heated to 80 ºC and kept for 3 h 
in an oil bath. The glass vial containing resulting solution was then sealed in a 50 mL 
Teflon-lined autoclave and hydrothermally treated at 180 ºC for 16 h. Finally, the as-
prepared sample was washed with DI water and freeze dried overnight. In the case of 
pristine FeS2 particles, the same agents without GO were directly sealed in a Teflon-
lined autoclave for hydrothermal treatment after sonication, followed by washing 
with DI water and drying in vacuum at 60 °C for 12 hours (figure 3). 

 

                       
                       a)                                                                    b) 

 
Figure 3 - Synthesis process of graphene-FeS2 aerogel (a); SEM images of 

graphene-FeS2 aerogel (b) [32] 
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According to the SEM images, the flower-like FeS2 distributes uniformly on the 
inter-linking graphene aerogel networks. The electrochemical tests indicate that the 
as-prepared graphene-FeS2 aerogel exhibits enhanced specific capacitance (313.6 F/g 
at the current density of 0.5 A/g), which is almost twice as high as that of bare FeS2 
(163.5 F/g) [32, p. 5060]. 
 

1.2 Graphene, reduced graphene oxide and aerogels based on them 

Graphene - a two-dimensional (2D) one-atom thick carbon sheet with a similar 
benzene-ring structure, has attracted tremendous interest among researchers from 
different fields, due to its outstanding physiochemical properties, such as a large 
specific surface area (2630 m2/g), high-speed electron mobility, excellent thermal 
conductivities, and well electrocatalytic activity. Graphene is a very special material, 
since it has the advantage of being both conductive and transparent. The transparency 
of a material normally depends on its electronic properties and requires a band gap. 
Under normal conditions transparency and conductivity exclude each other, except 
for a few compounds like indium tin oxide (ITO). However, in contrast to ITO, 
graphene is also flexible and capable of withstanding high stress. Therefore, it is very 
attractive for application of flexible electronic devices, e.g. touch screens. 
Accordingly, there are a lot of efforts in order to prepare graphene easily with the 
required properties. 

 
1.2.1 Basic methods for preparation of graphene and reduced graphene oxide 

Basically, there are two different approaches to preparing graphene. On the one 
hand, graphene can be detached from an already existing graphite crystal, the so-
called exfoliation methods, on the other hand, the graphene layer can be grown 
directly on a substrate surface. The first to report preparation of graphene by 
exfoliation using a simple adhesive tape were Novoselov and Gaim in 2004 [11]. 

In this micromechanical exfoliation method, graphene is detached from a 
graphite crystal using adhesive tape. After peeling it off the graphite, multiple-layer 
graphene remains on the tape. By repeated peeling the multiple-layer graphene is 
cleaved into various flakes of few-layer graphene. Afterwards the tape is attached to 
the substrate and the glue is dissolved, e.g. by acetone, in order to detach the tape. 
One last peeling with an unused tape is performed. The obtained flakes differ 
considerably in size and thickness, where the sizes range from nanometers to several 
tens of micrometers for single-layer graphene, depending on the preparation of the 
used wafer. Single - 1 layer graphene has an absorption rate of 2%, nevertheless, it is 
possible to see it under a light microscope on SiO2/Si, due to interference effects [33]. 
However, it is difficult to obtain larger amounts of graphene by this method, not even 
taking into account the lack of controllability. The complexity of this method is 
basically low, nevertheless the graphene flakes need to be found on the substrate 
surface, which is labour intensive. The quality of the prepared graphene is very high 
with almost no defects. 

Graphene can be prepared in the liquid-phase. This allows upscaling the 
production, in order to obtain a much higher amount of graphene. The easiest method 
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would be to disperse the graphite in an organic solvent with nearly the same surface 
energy as graphite [34]. Thereby, the energy barrier is reduced, which has to be 
overcome in order to detach a graphene layer from the crystal. The solution is then 
sonicated in an ultrasound bath for several hundred hours or a voltage is applied [35]. 
After the dispersion, the solution has to be centrifuged in order to dispose of the 
thicker flakes. 

The principle of liquid-phase exfoliation can also be used to exfoliate graphite 
oxide. Due to several functional groups like epoxide or hyroxyl, GO is hydrophilic 
and can be dissolved in water by sonication or stirring. Thereby the layers become 
negatively charged and thus a recombination is inhibited by the electrical repulsion. 
After centrifugation the GO has to be reduced to regular graphene by thermal or 
chemical methods. It is hardly possible to dispose of all the oxygen. In fact, an atomic 
C/O ratio of about 10 still remains [36]. The performance of this method is very 
similar to liquid-phase exfoliation of pristine graphene. Only the complexity is 
higher, since graphite oxide has to be produced first, which requires the use of several 
chemicals. Also the obtained GO has to be reduced afterwards, using thermal 
treatments or chemicals again [37]. The rGO is of very bad quality compared to 
pristine graphene, nevertheless GO could be the desired product. GO modified with 
Ca and Mg ions is capable of forming very tensile GO paper, as the ions are 
crosslinkers between the functional groups of the graphene flakes [38]. 

A totally different approach to obtaining graphene is to grow it directly on a 
surface. Consequently the sizes of the obtained layers are not dependent on the initial 
graphite crystal. The growth can occur in two different ways. Either the carbon 
already exists in the substrate or it has to be added by CVD. 

Graphene can be prepared by simply heating and cooling down a SiC crystal 
[39]. Generally speaking, single- or bi-layer graphene is formed on the Si face of the 
crystal, whereas few-layer graphene grows on the C face [40]. The results are highly 
dependent on the parameters used, like temperature, heating rate, or pressure. In fact, 
if temperatures and pressure are too high, the growth of nanotubes instead of 
graphene can occur. Graphitization of SiC was discovered in 1955, but it was 
regarded as unwelcome side effect instead of a method of preparing graphene. The Ni 
(111) surface has a lattice structure very similar to the one of graphene, with a 
mismatch of the lattice constant at about 1.3%. Thus, by the use of the nickel 
diffusion method a thin Ni layer is evaporated onto a SiC crystal. Upon heating, 
carbon diffuses through the Ni layer and forms a graphene or graphite layer on the 
surface, depending on the heating rate. The produced in this way graphene is easier to 
detach from the surface than the graphene produced by the growth on a simple SiC 
crystal without Ni [41]. 

 The growth of graphene starts at several locations on the crystal simultaneously 
and these graphene islands grow together, therefore graphene is not perfectly 
homogeneous, due to defects or grain boundaries. Its quality therefore is not as good 
as that of exfoliated graphene, except the graphene would be grown on a perfect 
single crystal. However, the size of the homogeneous graphene layer is limited by the 
size of the crystal used. The possibility to produce large amounts of graphene by 
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epitaxial growth is not as good as by liquid-phase exfoliation, though the 
controllability to gain reproducible results is given. Also the complexity of these 
methods is comparatively low. 

CVD is a well-known process in which a substrate is exposed to gaseous 
compounds. These compounds decompose on the surface in order to grow a thin film, 
whereas the by-products evaporate. There are a lot of different ways to achieve this, 
e.g. by heating the sample with a filament or with plasma. Graphene can be grown by 
exposing of a Ni film to a gas mixture of H2, CH4 and Ar at about 1000°C [42]. The 
methane decomposes on the surface, so that the hydrogene evaporates. Carbon 
diffuses into the Ni. After cooling down in an Ar atomosphere, a graphene layer 
grows on the surface, a process similar to the Ni diffusion method. Hence, the 
average number of layers depends on the Ni thickness and can be controlled in this 
way. Furthermore, the shape of graphene can also be controlled by patterning of the 
Ni layer. These graphene layers can be transfered via polymer support, which will be 
attached onto the top of graphene. After etching Ni, graphene can be stamped onto 
the required substrate and the polymer support gets peeled off or etched away. Using 
this method several layers of graphene can be stamped onto each other in order to 
decrease the resistance. Due to rotation relatively to the other layers, the turbostratic 
graphite does not have the Bernal stacking and consequently the single graphene 
layers hardly change their electronic properties, since they interact marginally with 
the other layers (figure 4) [44].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4 - Scheme of preparation of graphene by CVD and transfer via polymer 
support. Patterning of the Ni layer allows a control of the shape of the graphene (a) 

[42, p. 707]; Roll-to-roll process of graphene films grown on copper foils and 
transferred on a target substrate (b) [44, p. 575] 
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Using copper instead of nickel as growing substrate results in single-layer 
graphene with less than 5% of few-layer graphene, which do not grow larger with 
time [43]. This behavior is supposed to be caused due to the low solubility of carbon 
in Cu. For this reason, Bae and co-workers developed a roll-to-roll production of 30-
inch graphene [44]. Using CVD, a 30-inch graphene layer was grown on a copper foil 
and then transfered onto a PET film by a roll-to-roll process. CVD also allows doping 
of graphene, e.g. with HNO3, in order to decrease the resistance. Bae and colleagues 
stacked four doped layer of graphene onto a PET film and thus produced a fully 
functional touch-screen panel. It has about 90% optical transmission and about 30Ω 
per square resistance, which is superior to ITO. The mechanical performance test 
showed a much higher withstanding of graphene compared to ITO. In fact, the 
resilience was not limited by the graphene itself, but by the attached silver electrodes 
(figure 4). 

The optical and electrical performance of graphene prepared by CVD is very 
high, but the purity, which would be necessary for laboratory research, is not given. 
On the other hand, the thus produced graphene layers can be very large and are easily 
obtained in large amounts. The complexity is rather low, since CVD is a well-known 
method and often used in industry. Therefore there is no need to develop new 
machines or techniques. Furthermore, perfect control of the results is given as well as 
transportability [45]. 

In [46] an effective method for bulk obtaining exfoliated GO solids from their 
aqueous solutions, which were prepared from natural graphite by an oxidation 
method is described. GO can be obtained from graphite by the Staudenmaier method 
[47]. Firstly, a reaction flask containing a magnetic stir bar was charged with sulfuric 
acid (36 mL) and nitric acid (18 mL) and cooled by immersion in an ice bath 
followed by stirring. Natural graphite (2 g) was added under vigorous stirring to 
avoid agglomeration. After the graphite powder was well dispersed, potassium 
chlorate (22 g) was slowly added for 30 min to avoid rapid increase of temperature. 
The reaction flask was allowed to stir for 96 h at room temperature. In order to avoid 
environment pollution, we used sodium hydroxide solution to absorb the generated 
chlorine. Secondly, the mixture was slowly poured into deionized water under stirring 
and then filtered after stratification. The products were dissolved in deionized water 
and washed by 5% HCl solution twice in order to remove sulfate ions. After 
reduction of chloride ions, the color of the solution turned into brown-black from 
dark green. Thirdly, the brown-black solutions were diluted and ultrasonicated for 30 
min to further exfoliate the GO sheets, and then centrifuged at 8000 r/min for 10 min 
in order to remove the unexfoliated graphite. The collected supernatant was brown-
yellow GO solution with homogeneous dispersion. 

The authors [46, p. 1944] have performed a bulk preparation of GO solids. 20 
mL of NaOH (5 mol/L) was added into the GO solution (1000 mL) with stirring. 
After standing for 1 hour, GO was coagulated from the GO solution. Solid GO was 
filtered and washed with ethanol until neutral in order to remove excessive NaOH. 
The GO solids were obtained after being dried under vacuum at 40 ℃. The GO 
reduction process as follows: the GO powders (5 g) were dissolved in deionized 
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water (300 mL), ultrasonicated for 0.5 hour. Then, the GO solution was refluxed with 
hydrazine solution and ammonia solution for 2 hours. The final products were then 
filtered, washed and finally vacuum-dried. Finally, the graphene powders were 
pressed into thin section the diameter of which was 1 cm and thickness was 0.6 mm. 

Figure 5 shows FTIR spectra of GO. It is found that the characteristic peaks of 
GO do not change after adding HCl and NaOH. The peak at 3430 cm-1 shows a 
strong and broad absorption due to the O-H stretching vibration. The C=O stretching 
of COOH groups at edges of GO sheets is observed at 1634 cm-1. Compared to the 
traditional COOH groups, the peak of COOH groups of GO is moved to the low 
wave number because of the conjugation effect of the aromatic ring. The absorption 
at 1042 cm-1 may be attributed to the C-O stretching vibration. Comparing figure 5 (a, 
b) and figure 5 (c, d), it is found that there is a new absorption peak at 1450 cm-1 , 
which may be attributed to the C=O stretching vibration of the COO-groups of GO 
after adding NaOH. The excessive NaOH can be removed by ethanol, and treatment 
of ethanol did not change the peak characteristic of GO (figure 5 d) [46, p. 1937]. 

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5 - FTIR spectra of (a) pristine GO, (b) GO coagulated by HCl, (c) GO 
coagulated with NaOH and (d) GO washed with ethanol [46, p. 1937] 

 
The experiments show that there are a lot of hydrophilic groups on GO sheets, 

and the functional groups indicate potential applications of the GO materials. The 
graphene materials reduced from GO have very good electrical conductivity. The 
research [46] explored a simple and effective route to extract GO solids from their 
solutions by using NaOH flocculants. 

 
1.2.2 Physico-chemical properties and application of aerogels based on reduced 

graphene oxide 
Graphene-based hydrogels/aerogels have attracted widespread attention due to 

its excellent mechanical strength, electrical conductivity, thermal stability and 
adsorption capability. GO, as a precursor for constructing carbon-based materials, is 
usually synthesized by chemical oxidation of graphite powder with strong oxidants. 
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In general, three major methods were developed to synthesize GO from graphite 
including Hummer and Offeman’s method [48], Staudenmaier’s method and [49] 
Brodie’s method [50]. Among these methods, the modified Hummer’s method is 
commonly accepted due to its inexpensive and simple operation compared with the 
others. 

Self-assembly is a powerful technique for obtaining of nanostructural building 
blocks. A hydrothermal synthesis is demonstrated as a simple and efficient method 
for constructing graphene-based hydrogel [51]. In this method, they realized self-
assembly of rGO sheets into 3D graphene architectures with hierarchical structure 
and novel properties. The prepared self-assembled graphene hydrogel have many 
performances, such as excellent mechanical property a well-defined and 
interconnected 3D porous network, a wonderful thermally stability (25-100 °C) and 
high specific capacitance. In addition, aerogels can also be obtained via hydrothermal 
treatment with divalent metal ion (Ca2+, Co2+, or Ni2+) using polyvinyl alcohol as a 
strengthening agent [52].  

Hydrothermal synthesis technology, as a traditional and convenient method, 
needs conditions of high temperature and high pressure, and the mixtures are 
absolutely sealed. It is beneficial to improve gel rate and keep gel integrality. 
However, high temperature and high pressure not only need expensive equipment and 
energy but also are not suitable for large-scale preparation. So it is urgent to develop 
a facile and feasible strategy to achieve self-assemble graphene nanosheets [53]. 

As an example in [54] compressive graphene aerogels by reacting GO with EDA 
via a one-step facile chemical reduction assembly at 80 °C for 24 hours and then 
freeze-drying are synthesized. The aerogels, with density ranges from 4.4 to 7.9 
mg/cm3, hold good compressibility in both air and also in organic liquids. The 
electrical resistance of the aerogel is variable under compression and is proportional 
to the strain. Also the excellent fire-resistance allows the aerogel to be re-usable after 
burning. The high porosity was estimated to be 99.6%, with a superhydrophobicity 
with a contact angle of 155° inside, thus allowing the aerogels to absorb different 
organic liquids, with a capacity varying from 100 to 250 depending on the density of 
the organic liquids. Due to the hydrophobicity of the aerogel, it can float on the water 
for absorbing oil and then work as a porous carbon wick for combustion continually 
and recurrently. 

Finally, the absorbed oil can be removed by combustion, while the absorption-
distillation and the absorption-squeezing process have also been successfully 
demonstrated for the oil collection. Especially the absorption-squeezing process is 
quick and less energy consuming, which is more attractive in applications, where the 
aerogel acts as an organogel during the process [54, p. 2940]. 

GO sheets bring various hydrophilic oxygenated functional groups, while 
graphene itself is hydrophobic. So GO sheets can form a stable dispersion in water as 
an amphiphilic macromolecule [55]. However, GO dispersion is instable in a strong 
acidic aqueous medium due to the insufficient mutual repulsion [56]. If the pH value 
of the GO solution decreases, electrostatic repulsion is weakened and hydrogen 
bonding force is enhanced because of the protonation of carboxyl groups. Therefore, 
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increasing the bonding force or weakening the repulsion force is an effective way to 
obtain stable GO gelation. Cross-linking agents were largely explored to promote 
gelation of GO sheets by increasing the bonding force between GO sheets. There are 
several cross-linkers including hydroxyl (PVA) [57], oxygen-containing (PEO, HPC, 
etc.) [55] or nitrogen functional groups (ethylenediamine [58], polyamines [59]). 
These polymers can blend with adjacent GO sheets by forming hydrogen bonds, and 
provide additional bonding force in the process of gelation [53]. 

As an example of use of cross-linkers, the authors [60] used a small amount of 
readily available and thermally cross-linkable poly acrylic acid intermixed with GO 
to enhance the mechanical integrity of the aerogel without disrupting other desirable 
characteristic properties. This method is a simple straightforward procedure that does 
not include multistep or complicated chemical reactions, and it produces aerogels 
with mass densities of about 4-6 mg/cm3 and > 99.6% porosity that can reversibly 
support up to 10 000 times their weight with full recovery of their original volume 
(figure 6). 

 
 

Figure 6 - Scheme of Proposed Morphology of the poly (acrylic acid)/rGO 
aerogels [60, p. 6223] 

 
One of the main reasons for using poly (acrylic acid) acid as the reinforcement 

polymer is not only because poly (acrylic acid) is capable of forming thermal cross-
links in a simple thermal annealing procedure, but also because poly (acrylic acid) 
can exhibit attractive interactions with GO while being completely soluble in DI 
water. Due to the nature of the hydrophilic carboxylic acid pendant group, poly 
(acrylic acid) can form strong hydrogen bonds with carboxylic acid, hydroxyl and 
epoxy groups on the surface of GO sheets. These strong interactions allowed poly 
(acrylic acid) to effectively adhere to the GO surface. After the poly (acrylic 
acid)/GO aerogels are formed by freeze-drying, the poly (acrylic acid) appear to form 
a stringy, dendritic structure positioned within the pores and on the surface of the 
GO. After cross-linking poly (acrylic acid) and reducing GO, the poly (acrylic acid) 
can adhere to rGO by hydrogen bonding or covalent interactions and contribute to the 
enhancement in the overall stiffness and robustness by interconnecting nearby GO 
surfaces creating an elastic weblike structure within the porous aerogel. Interestingly, 
the stringy, dendritic structure of poly (acrylic acid) evolves during thermal 
annealing/crosslinking to a morphology where poly (acrylic acid) appears mostly 
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adhered to rGO sheets with a few poly (acrylic acid) bridges between sheets [60, p. 
6225]. 

Apart from the large improvement in the handle-ability and mechanical integrity 
of the sample, this material features excellent recovery when subjected to a weight 
more than 10 000 times its own weight This poly (acrylic acid)/rGO aerogel 
immediately recovered back to its original state when the weight was removed 
without reducing the initial height or volume of the aerogel. This supporting weight 
ratio is equivalent to a 65 kg man holding 9 space shuttles or 125 African elephants 
without causing any damage. This finding was truly remarkable considering the 
combination of the supporting weight ratio of the poly (acrylic acid)/rGO aerogels 
and its very low density, which is nearly 200 times lighter than water [60, p. 6227].  

A series of different oils were prepared to confirm the superoleophilicity of the 
poly (acrylic acid)/rGO aerogels. The average absorption capacity for six different 
oils was approximately 120 g oil per 1g of aerogel. The performance of the poly 
(acrylic acid)/rGO aerogels as a superabsorbent was also visualized using gasoline 
colored with a fluorescent dye, which clearly demonstrated its capability as a 
potential material for environmental remediation [60, p. 6227]. 

Many researchers reported developed strategies for achieving self-assembly of 
GO sheets by metal ions that were found to promote gelation of GO sheets. 
Moreover, investigations on a variety of metal ions (e.g., K+, Li+, Ag+; Ca2+, Mg2+, 
Cu2+, Pb2+, Cr3+, Fe3+) indicated whereas divalent and trivalent ions could promote 
GO self-assembly (figure 7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7 - Schematic illustration of the formation of gel-like rGO with divalent ion 
linkage. M2+ represents the divalent ion (Ca 2+, Ni 2+, or Co 2+) [61] 

 
The phenomenon mainly describe these metal ions interacting with individual 

GO by a bonding force. For instance, noble-metal salts and glucose were added into 
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the dilute suspension of GO, and promoted GO self-assembly into 3D architectures 
via a hydrothermal process [61]. Meanwhile, different macroscopic sizes of the 
samples can be obtained by different volumes of the container. On the other hand, the 
concentration of GO was also stated to influence the pore density and size. Metal ions 
play an important role by formation of chemical and hydrogen bonds between the 
interconnected water, divalent metals and oxygen-containing groups on GO [53].  As 
another approach in synthesis of aerogels a sol-gel polymerization was used to 
fabricate a variety of mesoporous materials, such as graphene aerogels, carbon 
nanotube foams, and carbon aerogels [62]. Compared with the weak interaction 
between GO sheets in the cross-linking methods, polymerization provides covalent 
bonds between GO sheets [62]. For instance, a thermal- and pH-responsive GO/poly 
N-isopropylacrylamide (PNIPAM) hydrogel was prepared by a facile one step 
strategy [63]. GO sheets were crosslinked with PNIPAM-co-acrylic acid microgels in 
water [64] via the reaction between carboxyl groups and epichlorohydrin (ECH) to 
form covalent bonding. The acquired composite hydrogel exhibited dual thermal- and 
pH- responsive features with good reversibility. Remarkable electrical conductivities 
(0.87 S/cm) and low densities (~ 10 mg/cm3) were also reported that a modified sol-
gel polymerization was applied to fabricate graphene/carbon composite aerogels. 
They found that alkali-treated GO can act as a solid base catalyst to induce the 
polymerization of resorcinol with formaldehyde. The prepared aerogels has 
significantly enhancement in both, the surface area and the electrical (763 m2/g and 
0.53 S/cm, respectively). The outstanding characteristics give it much probability in 
being used as supercapacitors.  

Graphene based aerogels can be made by different strategies, which endow them 
with different properties, such as good mechanical strength, excellent electrical 
conductivity, thermal stability, improved adsorption capability toward dye, oil or 
inorganic ion and interconnected stereo-structure micropores/mesopores. These 
properties facilitate aerogels to be used in various fields, such as environmental 
protection, biomedicine and energy sources [53]. 

Ions of heavy metals like lead, cadmium, chromium, mercury, copper, arsenic, 
causing a serious risk to the environment and human health, can be easily removed 
from the soil and water. In this connection, graphene and its derivatives, 
characterized by a high surface area and large number of functional groups, are 
promising candidates in area of the adsorption or concentration of heavy metal ions. 

GO or recovered GO containing a functional -O, -OH, -COOH and - groups are 
capable to form complexes with metal ions they are able to be used to remove metal 
ions. 

A research group headed by Mi [65] has synthesized graphene aerogel with a 
highly oriented porous structure of e, which is subsequently used as a good adsorbent 
of copper ions (Cu2+) in aqueous solutions with a high absorption rate due to the 
occurrence of diffusion of copper ions into the porous structure of aerogel. The paper 
[66] shows that graphene consisting of several layers of oxide also exhibits a high 
adsorption activity with respect to the ions Cd2+ (0.106 g/g) and Co2 + (0.068 g/g), and 
can also serve as an adsorbent for uranium ions (0.299 g/g) [67]. 
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Graphene with the addition of metal oxides, such as Fe3O4, MnO2, Al2O3, TiO2, 
ZnO also cause a lot of interest of scientists because of their resilience and the ability 
of removal of heavy metals from water. Among the above metal oxides, iron oxide, 
especially Fe3O4 nanoparticles have been widely studied in view of the presence of 
magnetism during separation. 

Fan et al. [68] have synthesized magnetic nanocomposite based on cyclodextrin 
and GO with a high magnetic saturation by amidation of the carboxyl groups of GO 
with amino-group of magnetized cyclodextrin. Resulting nanocomposite combines 
unique magnetic properties cyclodextrin (super paramagnetism, high adsorption 
capacity and strong acid resistance) and GO properties (high surface area and good 
mechanical properties). This composite showed high removal rate of Cr (VI) ions 
from wastewater with high adsorption value (0.12 g/g), and the ability to be re-used 
in alkaline NaOH solution after the process of adsorbing ions of chromium.  

A group of researchers headed by Cong [69] proposed a method of removing the 
stimulus ions of Cr (VI) and Pb (II) with a high adsorption characteristics. They have 
developed a simple one-step method for synthesis of 3D hydrogel based on graphene 
and iron (figure 8). The mechanism of formation is based on synergistic effects of 
self-graphene layers of the stimulus and internal deposition of nanoparticles of metal 
ions such as FeOOH as magnetic nanoparticles and nanorods Fe3O4, which were 
obtained by reduction of the iron under mild conditions.  
 

 
Figure 8 - Mechanism of formation of a hydrogel based on graphene and iron 

ions (a); adsorption isotherm of the hydrogel based on graphene on Cr 6+ ions and 
Pb2+ at room temperature [69, p. 2698] 

 
The adsorption activity of the hydrogel based on FeOOH and graphene was 

studied and it was found that the maximum adsorption of ions Cr (VI) and Pb (II) was 
0.139 and 0.374 g/g, respectively, which in turn tells us that they may serve as ideal 
adsorbents in industrial water purification processes. What is more importantly, 
graphene composites with other metal oxides (Mn2O3, CeO2) may be prepared by the 
same simple method [69, p. 2701]. 
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1.3 Characterization and physico-chemical properties of novel 3D 

composite materials based on carbon nanomaterials with different additives 

Hydrothermal carbonization has been developed recently as a mild and 
promising strategy to obtain the functional carbonaceous nanostructures from cheap 
biomass. The typical hydrothermal carbonization carbons are micrometer sized, 
spherically shaped particles, which are produced by hydrothermal carbonization of 
soluble, non-structural carbohydrates. Importantly, the versatility of hydrothermal 
carbonization makes it quite easy to achieve nitrogen-doping carbon materials by 
directly using nitrogen containing carbohydrates, such as glucosamine and chitosan, 
and even amino acid and proteins. 

Carbon nanofibers can serve as a type of a starting material for synthesis of 
aerogels. Authors [70] expand the ultrathin nanowire-directed hydrothermal 
carbonization method to fabricate N-doped carbon nanofibers (CNFs) with D-(+)-
glucosamine hydrochloride as precursors. Nitrogen-enriched carbonaceous nanofibers 
are firstly produced in large scale by direct hydrothermal carbonization of 
glucosamine hydrochloride in the presence of ultrathin tellurium nanowires at 180 
°C. Further heat-treatment (900 °C) under inert atmosphere and CO2 activation at 
high temperature (1000 °C) results in conductive and highly porous N-doped carbon 
nanofibers with outstanding performance as electrocatalysts for oxygen reduction 
reaction and as electrode materials for supercapacitors. Ultrathin tellurium nanowires 
templates were firstly dispersed in the D - (+)-glucosamine hydrochloride solution to 
form a homogeneous mixture. Similar to the hydrothermal carbonization of glucose, 
in the presence of tellurium nanowires, the D-(+)-glucosamine hydrochloride 
underwent dehydration and polymerization to form a homogeneous carbonaceous 
coating on the tellurium nanowires template. CO2 activation play an important role in 
creating more pores in the N-CNFs based aerogels. The as-obtained N-CNFs based 
aerogel exhibits a high oxygen reduction reaction onset potential which is close to 
that of Pt/C and a high diffusion-limited current nearly the same to Pt/C in alkaline 
medium. Additionally, the N-CNFs based aerogel demonstrates excellent capacitance 
performance in alkaline electrolytes. Such 3D N-CNFs scaffolds can be further 
coated with different precursors to synthesize a variety of N-CNF-aerogels-based 
composites, which may find broad application in the field of energy conversion and 
storage. 

The authors [71] used bacteria cellulose, a type of natural cellulose, pellicles, 
that are composed of highly interconnected cellulose nanofiber networks, and they 
are favorable precursors for the large‐scale fabrication of carbon aerogels. Ultralight, 
flexible, and fire‐resistant bacteria cellulose‐derived CNF aerogels have been 
produced by a facile route and can potentially be used in pressure sensors and 
pollution adsorbents [72]. Very recently, N‐doped CNF derived from a polyaniline 
coated bacteria cellulose was used as an electrode material for the fabrication of a 
supercapacitor, and it had a high energy density and long cycling performance [73]. 
Many researchers have reported catalysts based on carbon aerogels, but little 
attention has been given to the catalytic activity of CNF-based aerogels derived from 
bacterial cellulose. 
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In [71], bacteria cellulose pellicles were used as a precursor and template to 
fabricate the CNF aerogels and N‐dopped CNF aerogels after dehydration, 
carbonization, and N‐doping. The electrocatalytic activity of the CNFA and N‐CNFA 
materials for the oxygen reduction reaction was examined in nitrogen and oxygen‐

saturated 0.1 mol/L KOH solutions at a scan rate of 50 mV/S. A well‐defined oxygen 
reduction reaction peak centered at - 0.14 V with a high reaction current was present 
in the cyclic voltammetry plots when it was converted to oxygen that means that high 
electrocatalytic activity is a characteristic of N-dopped‐CNF aerogel during oxygen 
reduction. The onset and peak potentials of N-dopped‐CNF during the oxygen 
reduction reaction are positive, and the current density is much higher than that of the 
CNF-aerogels during the oxygen reduction reaction. The excellent performance 
probably arises from the contribution of isolated N - atoms (such as pyridine‐like, 
pyrrole‐like, and quaternary nitrogen atoms) upon ammonia treatment, which can act 
as active sites for the oxygen reduction reaction. Synthetic methods were developed 
to use of bacteria cellulose as a template and a precursor in a facial manner and it is 
cost‐effective for large‐scale production. It is shown that the N‐CNF-aerogels is a 
superior candidate for the fabrication of high‐performance fuel cells. Furthermore, N‐

CNF-aerogels has low mass density and continuous porosity, which allows it to be 
used as an ideal electrode material for the production of high capacitance 
supercapacitors. 

Cellulose-based biocomposites from nature exhibit remarkable mechanical 
properties which inspire to prepare synthetic biocomposites. Aerogels of cellulose are 
bio-based lightweight open porous materials having high specific surface area and 
randomly interconnected nano-felt fibrillar structure typically with pore sizes in the 
range of 50 nm to 1000 nm. 

 The authors [74] have designed the hierarchical open porous structures of 
cellulose scaffolds by a novel method in which an intricate trap of oil droplets in the 
cellulose-dissolved molten salt hydrate acts as a structural template assisting the 
formation of interconnected macroporous structures. After washing, the wet gels of 
cellulose were employed in three different drying techniques, namely supercritical 
drying, freeze drying and ambient drying. Due to the versatility in the hierarchy of 
pores, the structural and mechanical properties of cellulose scaffolds are varied from 
lightweight soft materials to hard, stiff and dense material. The pore volume or the 
volume fraction of nanofibers at the cell walls of cellulose materials effectively 
influenced the mechanical properties. The designed hierarchically porous cellulose 
materials could be used as bio-based template or supporting materials for the 
biocomposites synthesis. 

The authors [75] explored a facile method to synthesize strong alumina-cellulose 
aerogels by sol-gel processing and freeze-drying method. Hydrosoluble hydroxy 
ethyl cellulose was firstly chosen as fibrous second phase to realize strong supporting 
skeletons with alumina gels. A certain amount of hydrosoluble hydroxy ethyl 
cellulose was dissolved to obtain alumina hydrosols at 50 °C and stirred for 1 hour. 
The alumina-cellulose mixing solution was poured into Petri dish and subsequently 
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frozen at -50 °C. Finally, the monolith frozen hydrogels were subjected to vacuum 
(25 Pa) to sublime the ice in the freeze-dryer for 2-3 days.  

Aerogel samples possess the regular open-cell channel-like porous structures 
and can retain integrated configuration after heat treatment at 1200 °C. The 
regenerated hydrosoluble hydroxy ethyl cellulose increases the strength of lamellar 
skeletons of alumina hydrogels. The increase of hydrosoluble hydroxy ethyl cellulose 
content enhances the mechanical properties of aerogels. Under high compression, the 
aerogels can realize partial elastic recovery [75, p. 11]. 

In [76], the authors have used a simple and cost effective sol-gel technique to 
fabricate a resorcinol-silica composite aerogel monolith with a highly porous 
structure and high surface area. The interpenetrating network of organic and 
inorganic phases was self-assembled during the gelation process. After removing the 
solvent phase present in the monolith, the ambient drying helped to maintain the 
micro and meso- porosity and mechanical integrity of the monolith structure. After 
carbonization of the prepared monolith, some shrinkage occurred due to the removal 
of volatile substances generated owing to the decomposition of carbonaceous 
precursors. In further steps, silica was etched from the carbon-silica aerogel to form a 
carbon aerogel with increased surface area and electrical conductivity. This material 
was used for water desalination (figure 9). 

 
 

Figure 9 - Photograph of carbon aerogel (a); FESEM image of Si and Si etched 
carbon aerogel, the inset in both the figures show higher magnification image (b, c); 
XPS spectrum of carbon aerogel, the inset shows the C 1s spectrum (d) [76, p. 373]  

 
The SEM image of carbon silica aerogel presented in figure 9 b clearly 

illustrates the spherical nature of the carbon nanosphere. The high resolution SEM 
image (inset in figure 9 b) of aerogels further reveals that the carbon nanosphere has a 
uniform size of around 200 nm. Figure 9 b also shows the presence of voids in this 
aerogel at the nanoscale, which leads to excellent porosity (mesoporosity of 12.5%). 
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The porosity of the material was tuned by using different concentrations of the silica 
precursor [76, p. 373]. 

Etching the silica precursor from carbon-silica aerogels using 1 M NaOH led to 
formation of carbon aerogel with an increased porosity that enhanced the 
performance by 80%. The SEM image of carbon aerogels is shown in figure 9 c. 
Interestingly, while the porosity increased (mesoporosity increased by 15%), the 
mechanical strength was not adversely affected. XPS was performed to understand 
the chemical composition of carbon aerogels. The spectrum displayed in figure 9 d. 
2D show that carbon and oxygen are the only two components present in the system. 
The deconvoluted C 1s spectrum consists of two peaks at 284.5 and 286.7 eV, the 
relative intensities of which suggest that carbon in carbon aerogel occurs mainly as 
C=C and partially as C-O [76, p. 374].  

Ceramic based aerogels can serve s a new type of aerogels with enhanced 
mechanical and insulating properties. In [77], aerogels/fibrous ceramic composite 
with unique bird’s nest structure is synthesized with polycrystalline mullite fibers as 
skeleton and ZrO2-SiO2 aerogels as a filler were synthesized. Polycrystalline mullite 
fiber (PMF) is an attractive material applied at high temperature in oxidizing 
environment because of the combination of high thermal stability, high mechanical 
strength, good chemical stability and creep resistance [78-81]. The as-prepared 
aerogels/fibrous composite exhibits high compressive strength of up to 1.05 MPa due 
to high mechanical strength of polycrystalline mullite fibers as skeleton. Meanwhile, 
the composite shows a much lower thermal of 0.0524W/mK at room temperature and 
0.082-0.182W/mK during 500 °C and 1200 °C, because the fiber-lap holes of 
polycrystalline mullite fibers are homogeneously filled by mesoporous aerogels. 
Therefore, this ultra-low thermal conductivity aerogels/fibrous ceramic composite 
with high strength is an excellent heat-insulation material applied in the fields of 
aerospace. 

The authors [82] are developing lightweight but superinsulating material 
convenient to use in space applications where an atmosphere is present. Their 
research is devoted to development of an innovative procedure of creating organic-
inorganic hybrid aerogels with unique properties. Organic-inorganic hybrid aerogel 
blankets were synthesized in a one-pot synthesis process, using a resorcinol-
formaldehyde organic matrix and an (3-Aminopropyl) triethoxysilane mineral matrix 
conjointly embedded in a polyethylene terephtalate mat.  

The material density increased with an increase of % content of solid in solution. 
The density reached a maximum for n (3-Aminopropyl) triethoxysilane/n-resorcinol 
between 1 and 1.5 (depending on the % solid). Water uptake followed the same 
tendency as density with a singular value between 0.5<n (3- Aminopropyl) 
triethoxysilane/n-resorcinol < 0.75. Water uptake was below 15% between 20 and 
80%. Thermal conductivity increased with density for n(3-Aminopropyl) 
triethoxysilane/n-resorcinol > 1.5, but depended on % solid for aerogels with a ratio 
of n(3-Aminopropyl) triethoxysilane/n-resorcinol < 1.5. Lower thermal conductivity 
is obtained for the blankets with the larger quantity of lowest pore sizes and the 
higher density. Thermal treatment in air at 125°C did not have an influence on the 
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materials, whereas a thermal treatment at 220°C in air resulted in an evolution of the 
material, i.e. the opening of oxazine rings by transforming the benzoxazine material 
into polybenzoxazine. Thermal treatment at 220 °C resulted in a slight increase of 
both apparent density and thermal conductivity and in a slight decrease of water 
uptake. By varying the composition of the sol we were able to obtain blankets either 
with apparent densities as low as 0.03 g/cm3, or with thermal conductivities as low as 
to 0.019 W/mK. Very low thermal conductivity could not be maintained at densities 
below 0.05 g/cm3 [82, p. 27]. 

Phenolic resins are synthesized from a phenol and an aldehyde in two forms of 
resol and novolac, which are different in phenol and formaldehyde ratio and also type 
of catalyst. Phenolics can be used in ablative thermal protection applications as 
thermal resistant thermosets. Structural modification of phenolics results in high 
thermal stability, flame retardancy, oxidation resistance, and high carbon yield 
values. Thermal properties of phenolics can be improved by addition of carbon fillers 
of graphene and nanotube [83-86].  

Phenolic resin chains were incorporated into a CNT-containing silica/siloxane 
network. Alkoxysilane-modified phenolic resin and alkoxysilane-modified CNT form 
a network in the presence of tetraethyl orthosilicate by hydrolysis and silica/siloxane 
bonds formation. Char yield of the formed hybrid was compared with CNT-
containing silica aerogel (CNTA)-loaded phenolic resin. Thus, (3-glycidyloxypropyl) 
trimethoxysilane was used as alkoxysilane to increase the compatibility between the 
organic and inorganic phase. Increase of carbon yield value of the phenolic resin and 
also comparison of the two methods to reach higher carbon yield values are the main 
objectives of work [87].  

Nanostructured synthetic carbons such as carbon aerogels are regarded as 
promising candidates for the use in gas adsorbers, energy storage devices and catalyst 
supports due to their high surface area, well-developed pore structure, high electronic 
conductivity, as well as exhibiting rich or easily adjustable surface chemistry [88-90]. 
It is well known that the resorcinol-formaldehyde method is a simple and 
reproducible method for the synthesis of carbon aerogels with good control of its 
textural properties under appropriate experimental conditions including gelation 
temperature, pH, reaction time, and carbonization process [92, 93]. Nevertheless, 
most carbon aerogels normally lack desirable properties owing to their chemically 
inert nature, which consequently hampers their use in catalysis applications. 

The deposition of noble metal nanoparticles, especially Pt, onto a carbon 
surface, to enhance the catalytic ability of carbon materials is widely used in various 
areas [93, 94]. Although Pt/carbon composites can be prepared by a variety of 
procedures, most of the currently used procedures are generally confined to the 
postsynthetic deposition of metal nanoparticles on a supporting material [95-97]. 
Moreover, the inert nature and intrinsic hydrophobicity of the carbon surface acts as 
an obstacle for impregnation of Pt nanoparticles, resulting in undesirable loss and the 
uncontrollable growth of Pt nanoparticles [98-100]. It should be noted that extensive 
modification of the carbon surface is typically needed to introduce nucleation sites 
for the deposition of Pt nanoparticles on the carbon surface, which is normally 
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accompanied by a detrimental effect on surface properties as well as being a time 
consuming process [100-103]. 

The authors [104] demonstrate the use of polyethyleneimine mediated 
deposition as a facile and integrated strategy for the synthesis of N-doped carbon 
aerogels with highly dispersed Pt nanoparticles. The as-synthesized Pt/N-doped 
carbon aerogel composite was employed as an electrocatalyst for the oxygen 
reduction reaction. 

Polyethyleneimine adsorbed on the resorcinol - formaldehyde gel not only 
provided active sites for the deposition of Pt ions but also served as nitrogen sources 
for N-doping, which prevented the classical agglomeration of Pt nanoparticles during 
the thermal annealing process, consequently leading to the high electrochemical 
active surface areas. N-doped carbon aerogels exhibited a higher performance toward 
the oxygen reduction reaction than that for the carbon aerogels by the doping of 
nitrogen atoms into carbon support materials. As a result, these superior physico-
chemical properties of Pt/N-doped carbon aerogel compared to Pt/carbon aerogel led 
to remarkably enhanced electrocatalytic performance toward the oxygen reduction 
reaction [104]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10 – A scheme of hydrogen adsorption in carbon aerogel [105, p. 3568] 

 
In [105], carbon aerogels were synthesized using resorcinol and formaldehyde 

(1:2 M) via sol-gel technique. The optimum synthesis conditions used ensured the 
dominance of submicropore (0.30-1.46 nm) which has proven to be beneficial for 
hydrogen storage. The present investigation suggests that hydrogen storage capacity 
(~5.65 wt. %) at liquid nitrogen temperature (-196 °C) can be obtained for carbon 
aerogels which have dominant presence of submicropores. Hydrogen 
adsorption/desorption studies show complete reversibility at room and liquid nitrogen 
temperature. The hydrogen storage in submicropores takes place by a volume filling 
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mechanism which may lead to condensation rather than by a surface coverage 
mechanism. The Pt doped CAs have not shown enhanced storage capacity due to 
anticipated spillover effect (figure 10). 
 

  1.4 Hydrophobic and oleophilic sponges based on carbon nanomaterials 
PU sponge is a kind of commercially available 3D porous material. With high 

absorption abilities, low densities and good elasticity, commercially available PU 
sponge provide excellent substrates for the fabrication of oil absorbents. However, it 
is usually hydrophilic which makes it impractical for the selective and efficient 
removal of oils from water. Therefore, modifications are needed to change them from 
hydrophilic to hydrophobic. 

In [106], an oil absorbent based on PU sponges coated with rGO was fabricated 
by a facile method. The sponges were coated with a thin coating of rGO to obtain 
rGO coated PU sponges which were then used to absorb different kinds of organic 
liquids (diesel oil, pump oil, lubricate oil, olive oil, bean oil, chloroform, toluene, 
tetrahydrofuran (THF), N’N-dimethyl formamide (DMF) and dimethyl sulfoxide 
(DMSO)). The coating of rGO not only makes the rGO coated PU sponges become 
hydrophobic but also increase their compressive strength. Since it is super-
hydrophobic and super-oleophilic, the rGO coated PU sponge showed high selectivity 
when it was employed as an absorption material for collecting organic solvents from 
water surfaces. The rGO coated PU sponge had absorption capacities higher than 80 
g/g for all the tested oils and achieved a maximum value of 160 g/g for chloroform, 
which is higher than most of other absorbents. The  values for the rGO coated PU 
sponge for organic liquids is in the order: chloroform (1.48 g/cm3) > lubricate oil 
(0.96 g/cm3) > pump oil (0.95 g/cm3) >THF (0.89 g/cm3) > DMSO (1.10 g g/cm3) > 
olive oil (0.90 g/cm3) > bean oil (0.90 g/cm3) > diesel oil (0.83 g/cm3) > DMF (0.94 
g/cm3) > acetone (0.78 g/cm3). This order is not the same as the density order of the 
organic liquids. This phenomenon is attributed to swelling of the PU sponge in 
organic solvents. The absorption capacity of the rGO coated PU sponge did not 
deteriorate, and the weight of the dry rGO coated PU sponge did not change when the 
rGO coated PU sponge was reused for 50 times. The rGO coated PU sponge not only 
has a high absorption capacity for organic liquids, but also has excellent recyclability. 

The authors [107] prepared silica nanoparticles coating the GO surface using 
alkyl-rich silicon to obtain the SiO2/GO nanohybrid material. Then the commercial 
PU sponge is dipped into the SiO2/GO nanohybrids ethanol-water solutions without 
damaging the intrinsic structure of PU sponge and no extra process treatments. The 
surplus hydrophilic group of SiO2/GO nanohybrids was supposed to be combined 
with the group of PU sponge surface, leading to hydrophobic property. The 
hydrophobicity of modified PU sponge may be enhanced by the SiO2/GO 
nanohybrids coated on the PU sponge surface, which could increase the surface 
roughness and decrease surface energy of the PU sponge. As a result, the 
hydrophobic nature as well as high porosity ensures the modified PU sponge quick 
sorption performance for diverse organic solution, amounting to 180 times its own 
weight. 
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Morphology observation is the most direct way to judge the attachment effect of 
SiO2 nanoparticle on GO sheets. The resulting SiO2/GO nanohybrids were 
characterized by transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM). The TEM images of GO and SiO2/GO are shown in figure 11 (a, 
b). It is obviously seen that the silica nanoparticles are coated on GO sheets densely, 
and the magnified image exhibits a homogeneous size about 40 nm. SEM images of 
the materials indicate quite conspicuous features about their microstructure and 
morphology. As shown in figure 11 c, pristine GO sheets stack agglomerates with 
fairly smooth surfaces and layered structures at edges. Figure 11 d illustrates silica 
nanoparticles uniformly dispersed in the surface of the GO and the surface of the 
hybrids is no longer a smooth surface [107, p. 481]. 

 

 
 

Figure 11 - TEM images of GO (a), SiO2/GO (b); SEM images of the GO (c), 
SiO2/GO (d) [107, p. 481] 

 
CNT’s also may be used for preparation of highly hydrophobic surfaces on 

sponges. Generally, superhydrophobic surfaces can be achieved by combining 
appropriate surface roughness with hydrophobic materials. For recycle use of such 
superhydrophobic sponges, the adhesion between coatings and sponge skeletons 
needs special care.  

The authors of [108] fabricated a robust superhydrophobic and superoleophilic 
CNTs-SiO2 coated PU sponge for the selective absorption of oils from water. A 
modified CNTs and SiO2 were dispersed in 150 ml anhydrous ethanol, which was 
then subjected to ultrasonication for 30 min. The PU sponge was dipped into 
perfluorotetradecanoic acid and poly vinylidene fluoride-hexafluoro-propylene 
solution and then CNTs/SiO2 suspension. After curing in an oven (140 °C, 0.5 hour), 
and blowing off particles with poor adhesion, the resulting sponge was immersed in 
anhydrous ethanol containing perfluorotetradecanoic acid (4 g/L) for 1 hour. The 
resulting sponge was dried at 80 ◦C for 1 h to obtain superhydrophobic samples. 
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The resulting sponge exhibited high absorption capacity, high selectivity, and 
robustness, when they were employed as absorptive materials for collecting oils from 
water. The specific wettability of this CNTs-SiO2 coated PU sponge suggests its 
potential applicability in oil/water separation and oil spill cleanup [108, p. 401]. 

The poor thermostability and low fire resistance of PU and PVA sponges have 
restricted their applications in daily life. Thus, melamine sponges with high nitrogen 
content have attracted much attention due to their unique fire-resistant property [109]. 
When exposed to fire, nitrogen released from melamine can retard burning, reducing 
the risk of fire and explosion when used as sorbent for flammable oils and organic 
solvents.  

The authors [110] demonstrated a facile strategy to fabricate hierarchical 
macro/mesoporous carbon monolith from cheap melamine sponge by a simple 
evaporation-induced self-assembly and coating method. The melamine sponge with 
micro-scale 3D reticular skeleton provides an interface for the cooperative self-
assembly and coating of the block copolymer and resol. Benefited from solvent 
evaporation and pyrolysis process, the nano-scale ordered mesopores can be 
successfully introduced into the macroporous system. Depending on the rough 
surface caused by micro/nano-scale porous architecture, the resultant carbon 
monolith exhibits high porosity and excellent hydrophobicity. When used as a 
sorbent for oil-water separation, the carbon monolith can effectively and selectively 
absorb oil from water. In addition, coupling with the intrinsic fire-resistant property, 
the oil-fouled carbon monolith can be directly burned in air without any structure 
destruction, exhibiting good recyclability. Benefited from the intrinsic fire-resistant 
property of macro/mesoporous carbon monolith, direct combustion of the oil-fouled 
carbon monolith in air can effectively regenerate the carbon monolith. Thus, the 
recyclability tests are performed from various organic liquids to evaluate the 
regeneration capacity of as-made carbon monolith. After five absorption-combustion 
cycles, the standard deviation of absorption capacity maintained almost 5.5 wt. % for 
all organic liquids, and less than 1 wt. % of residual weight remained in melamine  
sample after each cycle, indicating a relatively stable recyclable performance of as-
made carbon monolith. The slightly change of the absorption capacity for each cycle 
may be ascribed to the residual weight of organic liquid remained in melamine 
sample during incomplete combustion process. The results clearly suggest the 
excellent recyclability of the carbon monolith, when used as a sorbent for oil-water 
separation. 

 Although the absorption capacity of the resultant macro/mesoporous carbon 
monolith is still lower than those of graphene sponge, carbon nanotube, carbonaceous 
fiber and graphene microsphere, the former has special outstanding features including 
low-cost and available raw materials, good recyclability, as well as simple fabrication 
method. More importantly, the low-cost and available source, and the simple 
preparation method make the carbon monolith easy to be scaled up for potential 
industry applications. 
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1.5  Objectives and tasks of the present research 

With the development of nanotechnology as a separate and independent science 
the creation of nanostructured carbon characterized by high porosity which is able to 
find application in various fields are of great interest and importance. With a wide 
field of possible applications, the continuous increase of demands in this materials 
leads to active research of new methods for their obtaining, reduction of the cost of 
the final product, development of new and modern technologies for creation and 
regulation of porous structure of carbon materials as well as finding new approaches 
for their more effective application.   

With growing demands of environmental protection and actual problems of 
water purification and recycling an urgent necessity to carry out investigations on 
synthesis of novel materials – sorbents which are able to effectively absorb and 
remove oil spills, as well as organic solvents contaminations has appeared.  

A huge number of sorbents have been obtained on the basis of cross-linked 
copolymers, organic and inorganic nanofilms, macroporous nanocomposites, etc. 
However, these materials have certain disadvantages when compared with ideal 
characteristics and parameters required for sorbents. These characteristics are 
superhydrophobicity, low density, high adsorption capacity, low water absorption, 
low cost, environmentally friendliness and reusability. 

To achieve these objectives, the following tasks are set: 
1. To develop a procedure for synthesis of aerogels based on GO, using data 

from literature. To investigate the physical and chemical properties of resulting three-
dimensional light-weight materials – aerogels. Study of morphology of their surface, 
mechanical properties, hydrophobicity, sorption capacity in regard to organic liquids 
and regeneration. To synthesize composite rGO and CNTs based aerogels and study 
their physico-chemical properties; 

2. To synthesize and investigate the physico-chemical properties morphology of 
their surface, mechanical properties, hydrophobicity, sorption capacity in regard to 
organic liquids  of composite aerogels based on graphene nanoplatelets obtained by 
MECVD and MWCNTs, using chitosan as a binder; 

3. To investigate and compare the adsorption capacities of the synthesized types 
of aerogels in regard to organic liquids of different densities. To investigate the 
electro-chemical properties and the possibility of using the obtained MECVD 
graphene/MWCNT/chitosan aerogels as a primary component of electrode materials 
in modern chemical current sources (electric double layer capacitors); 

4. To synthesize and study of the sponges coated with CNMs using “dip-
coating” method. Study the possibility of using them as a superhydrophobic filters for 
collection of oil and petroleum products from the surface of water. 
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2 METHODIC OF EXPERIMENT 

  

2.1 Characterization of the used materials 

The aim of this research is synthesis of aerogels based on CNMs and the study 
of their properties. Natural graphite was used as a raw material to obtain graphene 
based aerogels. GO is a brown powder was obtained by Hummer’s modified method 
[48] from natural graphite through its interaction with acids and chemical reducing 
agents. Samples of rGO aerogels were obtained by chemical and thermal reduction of 
an aqueous dispersion of GO. 

Natural graphite with purity of 98% was purchased in Nanostructured & 
Amorphous Materials [111], Inc. (Houston, USA). Multi-walled CNTs were 
purchased from Nanostructured & AmorphousMaterials, Inc. (Houston, USA) with 
purity of 95% and the outer diameter 20-30 nm. Ethylenediamine was purchased in 
Sigma Aldrich (USA) [112]. The purchased chemicals were used without further 
purification. 

 
2.2 Synthesis of graphene oxide from natural graphite using modified 

Hummer’s method  

To obtain GO from graphite, a modified Hummer’s method [48] was used. 
Graphite with purity of 98% was milled to particle size of 30-40 microns using 
mechanical mill. A weighed sample of graphite powder (2 g) was placed in 46 ml of 
sulfuric acid at 0 °C, and the mixture was stirred for 30 minutes. After 30 minutes 
potassium permanganate (6 g) was added into the mixture portionwise with stirring. 
During vigorous stirring, the mixture was subjected to cooling to 20 °C. The reaction 
between sulfuric acid and potassium permanganate resulted in formation of metal 
ions and sulfate ions, which, in turn, participate in the bundles of graphite flakes. 
Then, the resulting mixture was heated to 30 °C and held for 30 minutes at this 
temperature. 

After cooling, 92 ml of distilled water was added to the mixture. After 60 
minutes of stirring, the reaction was stopped by introducing a high quantity of 
distilled water and 30% of hydrogen peroxide solution (5 ml), which caused 
effervescence mixture and raising the temperature up to 100 °C, after which the 
mixture color changed to bright yellow. The mixture was then thoroughly washed up 
with hydrochloric acid (1:10) to remove the formed metal ions. 

The pasty mixture was collected on filter paper, dried at 60 °C until the starting 
of formation of agglomerates. The resulting agglomerate was dispersed in a volume 
of distilled water for 2-3 hours with slow agitation using a glass rod. Then the 
dispersion was washed up with distilled water until pH 7. 

The collected pasty mixture was sonicated for 1 hour to form an aqueous 
dispersion, and the resulting brown liquid was centrifuged at 4000 rpm for 30 
minutes to remove unreacted particles. Deposited on the bottom GO was dried in an 
oven at 90 °C to constant weight. 

 
 



43 
 

 2.3 Synthesis of aerogels based on reduced graphene oxide 

The essence of methods for synthesis of aerogels based on GO is in self-
assembly of the graphene layers which are in aqueous dispersion, in the three-
dimensional structure under its thermal and chemical reduction. 

Synthesis of aerogels based on GO consists of 5 major stages [113]: 
 1. synthesis of GO from natural graphite by modified Hummer’s method; 
 2. formation of an aqueous dispersion of GO characterized by specific 

concentration by sonication process; 
 3. synthesis of aerogel by chemical and thermal reduction of the aqueous 

dispersion of GO with subsequent formation of a three-dimensional structure; 
 4. freeze-drying of formed hydrogels to produce aerogels; 
 5. stabilization of aerogels surface by thermal heating in electric oven or under 

the influence of microwaves in atmosphere of inert gas. 
Synthesis of aerogel based on GO was performed in a glass container with a 

sealed lid, in which a weighed amount of GO (0.05 g) and distilled water (15 ml) 
were mixed. The resulting mixture was subjected to ultrasonic treatment for 40 
minutes to form a homogeneous aqueous dispersion of GO (stable dispersion of 
brown color). Further the reducing agent was added to the resulting dispersion, 
bringing pH to 10. Then the contents of glass container were heated for 4-6 hours in 
an oven at a temperature of 95 °C to form a hydrogel as a result of self-assembly of 
graphene layers into three-dimensional structure due to chemical reduction of OH-
groups located at the surface of GO layers [113, p. 87]. 

After formation of a stable, chemically cross-linked hydrogel it is necessary to 
remove water from its structure. To remove water from the hydrogel, freeze-drying 
process was used [113, p. 87]. 

Samples were frozen in liquid nitrogen and then placed in an evacuated chamber 
with the temperature range of -10 to -15 °C. The pressure in the chamber was 
pumped out until reached 50-60 Pa. Under these conditions, the ice turns to a gaseous 
state without going through the liquid phase - sublimates. As the result a porous 
structure of the aerogel is formed because, while freezing the sample in liquid 
nitrogen, it becomes porous due to formation of micro and macro-ice which after 
sublimation makes the whole structure porous [113, p. 87]. 

 
2.4 Preparation of graphene nano-powder by Micowave Enhanced 

Chemical Vapor Deposition  

Graphene nano-powder was obtained by MECVD at 400 °C using additional 
microwave irradiation on non-metallic substrate by researchers of Mechanical and 
Systems Research Laboratories of Industrial Technology Research Institute 
(Chutung, Hsinchu 31040, Taiwan) [114]. 

Commercially available pure SiO2, dry oxide, quartz, and glass were used in 
the MECVD growth of nanographene. All the oxide substrates used in the growth 
process were first cleaned by sonication in acetone, isopropyl alcohol, and de-ionized 
water. After cleaning, the substrate was placed in the MECVD chamber. When the 
vacuum reached 1×10-6 Torr, Ar flow was introduced at a rate of 5 sccm and the 
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plasma was ignited at a partial pressure of 6×10-3 Torr at 400 W for 5 min, thus 
removing organic residues from the substrate surface. The temperature was then 
raised to above 400 ° C under high vacuum. When the temperature stabilized, argon 
and ethylene flows were opened (Ar:0.12 sccm; C2H4:0.12 sccm) and the plasma was 
ignited with powers starting from 800 to 1600 W depending on the growing 
temperature. The growth rate is material dependent, and the typical growth time for a 
thin continuous nanographene film on SiO2 is about 4 min. Following the growth, the 
plasma was turned off, and pure hydrogen flow was introduced for 10 min annealing 
at the same temperature. Finally, the sample was cooled down to room temperature 
under high vacuum (figure 12) [114, p. 2127]. 

 

 
 

Figure 12 – Scheme of MECVD installation for obtaining of graphene [115] 
 

Figure 13 shows a microwave plasma torch (MPT) used in a MECVD process to 
synthesize the nanoplatelets by “bottom – up” approach. The 2.45 GHz microwave 
source has an output power of 1200 W. A metal tube is added to improve the yield of 
graphene nanoplatelets. The plasma temperature is about 350ºC, which drops to 
180ºC at the wall of the metal tube. The flow rates of argon and methane gases are 10 
L/min and 0.1 L/min, respectively, which results in an output of 6 g/hr graphene 
nanoplatelets [115, p. 232]. 
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Figure 13 - Microwave plasma torch for the synthesis of graphene nanoplatelets [115, 
p. 232] 

 

2.5 Synthesis of Micowave Enhanced Chemical Vapor Deposition 

graphene/multiwalled carbon nanotubes/chitosan based aerogels 

A weighted amount of MWCNTs was dispersed in 50 ml of a 1% solution of 
acetic acid under ultrasonic treatment for 60 minutes. Then under a vigorous 
magnetic stirring a certain amount of chitosan was added to the resulting dispersion 
followed by stirring of mixture for 120 minutes until chitosan is completely 
dissolved. With the dissolution of chitosan a weighted amount of graphene 
nanopowder was added to  resulting  homogeneous mixture and stirred. The samples 
were freezed in liquid nitrogen and freeze-dryed to remove the solvent. After that, to 
obtaine aerogels, chitosan was carbonized at 800°C in atmosphere of argon in electric 
oven [116].  
 

2.6 Synthesis of superhydrophobic and superoleophilic sponges coated 

with graphene oxide and multiwalled carbon nanotubes 

A commercially avaible sponges (PU and melamine) - kind of porous and 
hydrophilic material with absorption capacity of both water and oils or organic 
solvents, were used as a frame for graphene and MWCNTs coatings. Sponges were 
cleaned ultrasonically in C2H5OH (95%) and distilled water and then dried in an oven 
at 70 °C for 1 hour.  

For coating these sponges with graphene, they were dipped to dispersion of GO 
in NH3·H2O/C2H5OH, where NH3·H2O is acting as a reducing agent for GO, for 2 
hours. The taken out sponge was dried at room temperature and the dipping 
procedure was repeated several times till complete saturation of sponge with GO. 
Finally, the sponge was washed with distilled water and was dried in a vacuum oven 
at 30 °C for 24 h. 
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For coating the sponge with MWCNTs a different methodics was used. PDMS 
solution in acetaldehyde (300 mg in 200 ml, respectively) with 200 mg of MWCNTs 
was prepaired by ultrasonication for 40 minutes. Ultrasonically pre-cleaned and dried 
sponge was dipped in this suspension, taken out and dried at room temperature. The 
loading of the MWCNT/PDMS nanocomposites on the sponge was controlled by 
repeating the dipping and drying process. Finally, the MWCNT/PDMS-coated 
sponge was cured in an oven (120 °C, 6 hours).   

 
2.7 Description of laboratory setups and auxiliary equipment for synthesis 

of aerogels 

The main equipment for synthesis of aerogels based on CNMs is freeze-drying 
setup for sublimation of ice from the frozen structure of the hydrogel, as well as 
equipment for their thermal treatment in an atmosphere of inert gases (electric and 
microwave ovens). 

 
 2.7.1 Description of the laboratory setup for freeze-drying of hydrogels based 

on carbon nanomaterials 
A freeze-drying setup was designed and assembled to sublimate the ice from 

hydrogels thus drying them. The setup consists of 3 major parts (figure 14): 
1) vacuum pump VRD - 4; 
2) glass trap in liquid nitrogen to condense the water vapor while sublimating 

ice; 
3) freezer with a temperature range of -5 to -16 °C and chamber (desiccator) 

with pressure in the range of 50-60Pa. 

 
 
 
 
 
 
 
 
 
 
 

 
1 - vacuum pump VRD - 4; 2 - ball valve; 3 - a vessel filled with liquid nitrogen; 

4 - glass trap in volume of liquid nitrogen to condense water vapor after ice 
sublimation; 5 - vacuum gauge; 6 - freezer Exquisit; 7 - the vacuum glass valve (3-
way); 8 - a rubber stopper; 9 - flask with frozen hydrogel 

 
Figure 14 - The scheme of installation for freeze-drying of hydrogels based on 

CNMs [117] 
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 The as-obtained hydrogels were rapidly frozen within 2 minutes in a volume of 
liquid nitrogen to form ice particles in the structure, which forms the voids - the pores 
of hydrogel throughout the structure. The flask with the frozen hydrogel was greased 
with vacuum grease and connected to the pumped line, and then the vacuum pump 
was turned on. After reaching the pressure in the pumped line 100-120 Pa, liquid 
nitrogen was poured into a glass vessel with trap to condense water vapors. The 
freeze drying process lasted for 12-16 hours depending on the sample size, after the 
process was stopped and the samples were removed from the vacuum chamber [117, 
p. 24]. 

 
2.7.2 Installation for thermal treatment of aerogels in atmosphere of inert gas 
For complete drying of aerogels, as well as the formation and carbonization of 

their surface structure, samples were heated in an electric furnace to 800 °C in an 
inert gas atmosphere at an average heating rate of 5 °C/min 

The as-dried samples after freeze-drying were placed in a special quartz 
container which was introduced into the central part of the furnace. After that the 
flow of gas was opened - argon with an average rate of 100 ml/min. After 10 minutes 
of argon blowing into the reactor, the furnace started to heat with an average heating 
rate of 5 °C/min to 800 °C. At 800 °C the sample was held for 60 minutes, after that 
the furnace was switched off. After reaching the temperature of 60 °C the gas supply 
to the heating zone was turned off and the sample was removed from the furnace 
(figure 15) [117, p. 24]. 

 
 
1 - tank with argon; 2 - reducer; 3 - output valve; 4 - rotameter to measure the 

gas flow rate; 5 - quartz tubular flow reactor; 6 - electric oven; 7 - a sample container; 
8 - the electric furnace control unit 

 
Figure 15 - The scheme of installation for thermal treatment of aerogels in 

atmosphere of inert gas [117, p. 24] 
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2.7.3 Description of the installation for thermal treatment of aerogels with 
microwave irradiation in inert gas atmosphere 

For treatment of samples with microwaves in atmosphere of inert gas, household 
microwave oven of Elenberg MS 2350D brand (900 W) has been converted into a 
laboratorial setup (figure 16). 

 

  
 1 - microwave oven; 2 - quartz tube reactor; 3 - power regulator; 4 - time 
control; 5 – sample 
 
Figure 16 - The scheme of installation for treating the sample with microwaves [117] 

 
A quartz reactor with the diameter of 100 mm was inserted into the interior of 

the microwave oven, which was sample of aerogel was placed. Then the reactor was 
purged with argon bottom-up flow for 20 minutes to remove any air from the reactor. 
After 20 minutes sample was subjected to microwave irradiation for 2 minutes with 
microwave power of 900 W [117, p. 24].  
 
 2.8 Study of the sorption capacity of aerogel in regard to organic liquids of 

different densities and their hydrophobicity  

 To determine the hydrophobicity of aerogel’s surface, the method for measuring 
the contact angle between the surface of the aerogel and a drop of water was used. 
Using the values of the obtained angle, conclusions on the degree of hydrophobicity 
of the sample were made. 
 

                                                    K = 
�����

��
 , where                                                  (1) 

 
K is adsorption capacity;  

m1 is initial weight of sample; 
m2 is weight of saturated sample.     
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 Sorption capacities of aerogels have been studied for some organic liquids: n-
hexane (0.65 g/cm3), n-octane (0.70 g/cm3), benzene (0.77 g/cm3), diesel oil (0.83 
g/cm3), and engine oil (0.89 g/cm3). The samples were placed in a volume of organic 
liquids for a certain period of time (1 minute), and then they were removed by 
shaking residual amounts of organic liquid and weighed. The a dsorbed mass of 
organic liquid was calculated by the difference in mass of the sample of aerogel 
before and after the immersion [116, p. 21].  
 
 2.9 Study of surface morphology of aerogels by SEM 

 The investigations on the surface morphology of the obtained samples were 
carried out on a microscope QUANTA 3D 200i (FEI, USA) with an accelerating 
voltage of 30 kV. For studies the sample was attached to a copper holder using a 
conductive adhesive or tape [117, p. 25]. 
  
 2.10 IR spectroscopy of the samples 

 FTIR spectra were recorded using a specially molded tablets consisting of KBr 
and analyte. Measurements were taken in the wavenumber range of 4000-450 cm-1 at 
room temperature on the device “Spectrum 65” of the Perkin Elmer Company [117, 
p. 25]. 
 
 2.11 X-ray structural analysis of the samples 

Using X-ray diffraction analysis the structure and the phase composition of the 
samples were studied. Radiographs of the samples were obtained on the 
diffractometer X'Pert MPD PRO (PANalytical) using Cu K-alpha radiation. The 
spectra obtained were identified using X-ray data JCPDS database [117, p. 25].  

 

2.12 Methods for obtaining and study of capacitors with double electric 

layers  

The obtained MECVD graphene/MWCNT/chitosan based aerogels were used to 
create the composite electrodes. 

Experimental capacitors were assembled using a «Swagelok» Teflon system. 
The electrodes were formed by pressing (about 100 kg/cm2) the resulting mixture into 
tablets, which had a geometric surface area approximately equal to 0.785 cm2. 
Electrochemical tests were performed in an aqueous electrolyte solution (1M solution 
of lithium sulphate). Cellulosic fibrous material was used as an electronic separator 
[118-119]. 

Electrochemical tests were carried out using the device galvanostat-potentiostat 
“VMP-3” of BioLogic Company. 

 
2.12.1 Cyclo-volt metric method 
Cyclo-volts metric method was used to study the electrochemical characteristics, 

specifically the cyclability of electric current (stabilized on voltage) applied to the 
composite electrode materials supercapacitor cell. Scanning speeds (potential scan 
rate) ranged from 5 to 100 mV/sec [118-119]. 
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2.12.2 Galvanostatic method 
Galvanostatic method was used to study of electrochemical characteristics of 

obtained MECVD graphene/MWCNT/chitosan based aerogels in cell of 
supercapacitor by applying of a constant current and measuring of charge-discharge 
characteristics of samples in aqueous electrolytes. The measurements were performed 
at a current density in range from 200 to 1000 mA/g [118 -119]. 
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        3 EXPERIMENTAL RESULTS AND THEIR DISCUSSION 

  
 Carbon aerogels are an attractive form of carbon monoliths which have a 
practical importance because of their light weight, high porosity, high specific surface 
area and electrical conductivity. Such structures can be easily obtained by 
carbonization of polymeric aerogels, by chemical sol-gel obtaining methods, as well 
as by self-assembly of novel CNMs such as CNTs, nanofibers, graphene and their 
composites. Nevertheless, the problem of expanding of the functionality of the 
graphene aerogel with finding real applications is very urgent and requires further 
development. 
 The essence of synthesis of aerogels based on GO is creation of aqueous 
dispersions, followed by their chemical and thermal reduction, and freeze-drying to 
remove moisture from their structure. After completion of drying the samples, they 
are subjected to heat treatment in an inert atmosphere to increase the carbon content - 
carbonization. 

 

3.1 Assembly of the installations for carrying out synthesis of aerogels 

based on carbon nanomaterials 
  An important step in the formation of aerogel’s structure is its drying. While 
freezing the hydrogel in liquid nitrogen, in the structure of the hydrogel the ice 
formation occurs that forms ice particles which leaves voids between layers of 
graphene after drying. However, during freeze-drying the structure is compressed 
because of the impact of low pressure values which is necessary to start sublimation 
of ice. Based on the major conditions of drying process, the assembly of the 
installation was carried out followed by optimization of its operating parameters d for 
freeze drying of samples with a minimum of shrinkage. 
  Figure 17 shows images of modular units for carrying out freeze drying of 
samples. As is known, after freezing the hydrogel in liquid nitrogen ice particles form 
pores. To preserve the formed porosity, sublimation is prerequisite - ice transition 
from the solid state directly to a gaseous, by passing the liquid phase at a certain 
temperature and pressure ratio. Formation of even smallest amounts of liquid phase 
leads to adverse effects - deformation of formed pores and collapse of the whole 
structure of aerogel. 
  During sublimation of the ice from hydrogel structure it is important to 
continuously monitor the temperature in the freezing chamber and the pressure in the 
pumpout line. Numerous experiments have shown that the optimum temperature in 
the freezer is in the range from -5 to -15 °C under a pressure of 50-60 Pa. When the 
temperature rises above 0 °C, water is formed in the structure of the hydrogel, which 
adversely affects the quality of aerogel’s structure. It was also found out that at 
pressures on the pumpout line below 30 Pa the compression of aerogels’s structure 
occurred resulting in deterioration of its surface morphology and structure. The 
duration of the freeze-drying of the sample depends on its size, in our case, it was 
between 10 to 16 hours [117, p. 27]. 
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1 - glass 3-way vacuum valve; 2 - pumping line; 3 - glass trap for condensation 
of water vapors; 4 - a vessel filled with liquid nitrogen; 5 - the gauge; 6 – temperature 
controller of freezer; 7 - Exquisit brand freezer; 8 - a flask with a sample; 9 - vacuum 
pump of VRD-4 type 

 
Figure 17 - Photographs of modular installation for freeze drying [117, p. 27]  

 
After completion of freeze drying, the as-obtained aerogels are subjected to 

thermal treatment in an electric furnace to 300 °C in an inert gas atmosphere at an 
average heating rate of 5 °C/min and maintained at 300 °C for 60 minutes. During 
thermal treatment the structure of surface of aerogels is formed, carbon content 
increases due to thermal reduction of GO. 
 The installation for thermal treatment of aerogels in an inert medium is shown in 
figure 18. It consists of an electric furnace, into which a quartz reactor of 20 cm 
diameter is inserted, that is purged with argon. Feeding of argon into the quartz tube 
reactor was implemented using a calibrated rotameter to measure the flow rate of gas 
[117, p. 29]. 
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1 - electric furnace; 2 - quartz tubular reactor; 3 - rotameter for measuring the 
average gas flow rate; 4 - temperature controller 

 
Figure 18 – Photo of installation for thermal treatment of samples [117, p. 29] 

 
After loading of the sample to the reactor the gas flow was supplied, and the 

program on a temperature controller with an average heating rate of 5 °C/min was 
run. After the completion of thermal treatment the sample was removed from the 
furnace and the gas supply was disconnected [117, p. 29]. 

Microwave irradiation based methods are widely used. It is based on microwave 
exposure on samples, which significantly reduces the processing time while 
maintaining high process efficiency. 

As alternative way for drying and thermal reduction of GO - based aerogels after 
its freeze drying, the installation for thermal treatment of samples using of impact 
microwave irradiation was assembled. Household microwave Elenberg MS 2350D 
900 W has been converted into a laboratory setting with an inserted a quartz tubular 
reactor, which was purged with argon to create an inert environment (figure 19). 

The sample of GO-based aerogel on a special container was placed into the 
quartz reactor, after which the reactor was sealed. Argon was fed into the reactor at 
an average rate of 100 ml/min and the reactor was purged for 20 minutes to remove 
all air trapped inside. Then, the oven at a power of 900 W was turned on for thermal 
treatment of samples in microwaves for 1 minute [117, p. 28]. 
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Figure 19 – Photo of the installation for treatment of samples by microwaves 
[117, p. 28] 

 

Table 1 shows the results of elemental analysis of GO and rGO after their 
thermal treatment using different approaches. 

 
Table 1 - The elemental composition of the samples after their thermal treatment 
using different approaches [117, p. 29] 

 
Elements, 

mas.% 
Eleme

ntal 
compo
sition 
of GO 

Type of thermal treatment 

Elemental 
composition of 

rGO before 
thermal treatment 

Elemental 
composition of 

rGO after 
annealing in 
electric oven 

Elemental 
composition of 

rGO after thermal 
treatment using 

microwave 
irradiation 

Carbon 55.1 61.2 86.1 90.3 
Oxygen 42.3 30.0 7.9 5.9 
Nitrogen 0.01 6.3 5.9 3.8 
Hydrogen 2.6 2.5 0.1 0 

 
The results of elemental analysis for the content of carbon, hydrogen, oxygen 

and nitrogen in the structure of aerogel based on rGO before and after thermal 
treatment are shown in table 1. The content of carbon in GO prepared by Modified 
Hummer’s method of [48] is 55.1 wt. %. However, after chemical reduction of GO 
by ethylenediamine or ascorbic acid the content of carbon increases up to 61.2 wt.%, 
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and the content of oxygen significantly decreases. Samples of aerogels after thermal 
treatment in an electric furnace and using microwaves are characterized by great 
increase of the relative content of carbon up to 90 wt. %, while the content of other 
elements decreases as much as possible. The investigation results of elemental 
composition of the samples show that microwave treatment method is very effective 
because of the highest carbon content of the treated samples and the relatively short  
duration of the treatment process [117, p. 30]. 
 

 
Figure 20 - Schematic illustration of reduction and functionalization of GO by 

ethylenediamine [58] 
 

This phenomenon can be explained by the mechanism shown in figure 20, 
which is the replacement of oxygen atoms by nitrogen atoms thus forming bonds 
between graphene layers leading to formation of a three-dimensional structure of the 
aerogel [58]. 
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3.2 Synthesis and study of aerogels based on reduced graphene oxide. 

Chemical reduction of graphene oxide 

GO that has been synthesized from graphite by its chemical oxidation is a 
powder in the form of brown agglomerates. Raman spectroscopy was used to identify 
of the presence of graphene layers in the obtained product (figure 21).  

Figure 21 shows the peaks in the area of the G-band, which characterizes the 
oscillations of sp2 carbon bonds system (~ 1580) - graphite like zone and 2D band (~ 
2700), which is an overtone of the D-band (~ 1350). The presence of the D-band for 
samples of GO and rGO indicates formation of defect structure, and "blurring" 2D-
band characterizes a small number of layers of graphene structure [120]. 

 

          a                                                                   b  
         

Figure 21 - Raman spectra of GO in acetone (a) and rGO reduced by 
ethylenediamine in acetone (b) [120, p. 107] 

 
Figure 22 shows the frequency of vibrations of different groups of GO and rGO 

studied by IR-spectroscopy. By comparing IR-spectra of GO and rGO a visible 
reduction of the peak with intensity at 3414 cm-1 may be observed, which 
characterizes the oscillation frequency of -OH groups. In case of the IR-spectrum of 
rGO, a peak at 1721 cm-1 was observed, which is characterized by stretching 
vibrations of C=O or conjugated C=O groups. The intensity of the peak at 1621 cm-1, 
which characterizes the deformation H2O vibration, peak at 1381 cm-1 that indicates 
the oscillation of C-OH group as well as the peak with intensity of 1067 cm-1 which 
indicates the vibrations of C-O in the case of the rGO are significantly lower than 
those peaks of GO. At the same time the peak at 1027 cm-1, which is responsible for 
fluctuations of epoxide and peroxide C-O-C groups, in the case of rGO is non-
existent [120, p. 108]. 



57 
 

 
 

a) 

 
 

b) 
 

Figure 22 – IR-spectra of GO (a) and rGO (b) [120, p. 109] 

 λ, cm-1 

λ, cm-1 
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Regarding to the results of IR spectroscopy, it can be concluded that the 
reduction, as well as partial amination of oxygen-containing groups of GO (C=O, -
OH, C-OH, C-OC) proceeds almost completely [120, p. 109]. 

For carrying out the scanning electron microscopy (SEM) of GO and rGO 
dispersions were prepared using acetone as a solvent.  

Figure 23 shows that the resulting GO obtained from graphite by modified 
Hummer’s method is represented by a layered structure. In some places there is a 
certain lightness of the structure, which indicates a low content of graphene layers in 
the structure. 

 
 
 
 
 

 

 

 

 

 

 

 

 

 
 
 

Figure 23 – SEM images of GO in acetone solution [120, p. 110] 
 

After chemical reduction of GO prepared using ethylenediamine (pH of 
dispersion is 10-11) with its subsequent thermal treatment at 95 °C for 4-5 hours,  the 
powder’s color changes from brown to black indicating the chemical reduction of 
oxygen-containing groups on the surface of graphene layers. 

The rGO in acetone solution was also studied by SEM. As seen in figure 24, 
during the chemical and thermal reduction of GO, formation of bonds between the 
graphene layers is observed, that further agglomerate and form globules. This 
phenomenon may be a key factor in the synthesis of aerogels based on GO by its 
chemical reduction, resulting in self-assembly of graphene layers in a three-
dimensional solid structure of hydroge [120, p. 110]. 

In general, by modified Hummer’s method [48], the GO was prepared using 
graphite as a raw material, which serves as the major material for production of 
aerogels during restoration and partial amination by ethylenediamine or other 
chemical reducing agents. 
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Figure 24 – SEM images of rGO, reduced by ethylenediamine in acetone 
solution [120, p. 111] 

 
During synthesis of aerogels based on GO an important step is formation of its 

homogeneous and stable aqueous dispersion. It has been found that by sonication of 
15 ml of distilled water with the portion of GO powder for 60 minutes, the formation 
of a stable dispersion of a dark brown color was observed. The color depends on the 
concentration of GO in the dispersion.  

An important parameter in the formation of a three-dimensional structure of the 
aerogel based on GO is concentration of GO used for creation of its aqueous 
dispersion. The concentration range from 1 to 5 mg/ml of GO for synthesis of 
aerogels was determined experimentally. When GO concentrations are of 1-2 mg/ml 
there is no formation of associated three-dimensional structure of the hydrogel, it is 
mechanically weak and the slightest external influence destroys its structure. 
However, at the concentration of GO 3 mg/ml, a tightly crosslinked hydrogel 
structure with a minimum of shrinkage - up to 20% was formed. A further increase in 
the concentration of GO led to the increase in the relative density of the obtained 
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aerogels. Thus, for lightweight aerogels, a constant values of GO concentration (3 
mg/ml) was adopted [120, p. 112].  

For synthesis of aerogels based on GO several chemical reagents were used as a 
reducing agent: ethylenediamine, L-ascorbic acid, NaHSO3. The obtained 
experimental results suggest that the type of the reducing agent has a significant 
influence on the formation of the hydrogel’s structure. 

Figure 25 shows that at the same concentration of GO in a dispersion the usage 
of L-ascorbic acid as a reducing agent leads to substantial compression of the 
structure of the formed hydrogel (figure 25 a). The formed hydrogel is characterized 
by irregular shape with a large number of defects in its structure. This phenomenon is 
also observed when NaHSO3 was used as a reducing agent. However, when 
ethylenediamine was used as a reducing agent, the resulting hydrogel formed with 
uniformly crosslinked structure with minimum value of shrinkage (figure 25 b) [117, 
p. 35]. 

 
 

 

 
 
 

 

 

 

   

  

      
a                                            b 

 

Figure 25 – Images of hydrogels based on GO reduced by L-ascorbic acid (a) 
and ethylenediamine (b) [117, p. 35] 

 

Stability of GO and its aqueous dispersions mainly depends on the presence of 
carboxyl groups in the environmental media. The most suitable pH value for 
formation of three-dimensional structure of the hydrogel is in the range from 10 to 
11. It has been found that at pH 12, indicating the higher content of ethylenediamine 
in the aqueous dispersion, the same sample compression was observed. Therefore, 
during the synthesis of aerogels based on GO, ethylenediamine was added to 
dispersion using special microsyringe under constant stirring and measuring pH of 
the dispersion. The most favorable pH by using ethylenediamine is in the range 10-
10.7 (figure 26) [120, p. 112]. 

It is interesting that in the self-assembly of the graphene layers into a three-
dimensional structure via chemical reduction of GO the formed hydrogel takes the 
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Freeze- 

drying 

shape of the container in which the reduction process took place. This phenomenon 
allows to control and specify a definite shape of the sample during its synthesis. 

 

 

 

 

 

+EDA 
95ºC 

 

 

 

 

            a)                                              b)                                             c) 
 
a - an aqueous dispersion of GO (3 mg/ml; 15 ml); b - hydrogel based on the 

rGO; c - a sample of the aerogel based on rGO after freeze-drying 
  

Figure 26 - Illustration of the process of producing aerogels based on GO [120, 
p. 112] 

 

In general, synthesis of aerogels based on GO is characterized by 3 main stages: 
formation of an aqueous dispersion of GO under the influence of ultrasound; 
chemical reduction of GO to ethylenediamine by introducing a reducing agent, 
followed by heating at 95 °C during 4-5 hours; freeze drying of the samples (figure 
26) [120, p. 112]. 

 
        3.3 Physico-chemical properties of reduced graphene oxide based aerogels 

 The freeze-dried aerogels are characterized by a highly porous structure that, in 
its turn, renders a strong impact on sorption capacity of aerogels in regard to organic 
liquids. Further, as a part of experimental work, the physico-chemical properties of 
as-obtained aerogels based on rGO were investigated. 

 
3.3.1 Study of the density and surface morphology of reduced graphene oxide 

based aerogels 
 After microwave irradiation treatment of rGO-based aerogels the total content of 
carbon in its structure increases greatly and the relative density of the sample 
decreases.  
 The density of the resulting sample is a very important characteristic. 
Calculation of density of the sample was carried out by dividing the weight of the 
resulting aerogel by its volume. The samples were of a cylindrical shape, so the 
volume of the cylinder was taken into account, thus taking into account the basic 
dimensions of the obtained aerogel. The formula for calculating the density of 
aerogels based on rGO is as follows: 
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                                  �	= 
�

�		
�	
,  where                                                      (2) 

 

 � is density of the sample (mg/cm3); h is height of the cylinder (cm); r is 

radius of cylinder (cm). 

 

Figure 26 shows a diagram which describes the influence of the nature of 
treatment of aerogels by microwave irradiation on their density. The diagram shows 
that after treatment of aerogel by microwaves in an inert atmosphere of argon the 
density of the sample significantly reduces. This phenomenon can be explained by 
the complete thermal reduction of GO, which is also accompanied by a final drying 
of the sample after freeze drying [117, p. 37]. 

By calculating the density, it was found that the sample after freeze drying is 
denser, its density varies from 9.2 to 10 mg/cm3, depending on the conditions of 
synthesis. However, after microwave treatment in an inert atmosphere, its density 
reduces in the range from 3.9 to 5.1 mg/cm3. The findings may serve as confirmation 
of the fact that carbon based nanomaterials are characterized by extremely low 
densities and may be considered as one of the most lightweight materials which have 
been produced in recently [117, p. 37]. 

 

 
 
Column 1 - density of the aerogel before treatment with microwaves, column 2 

- density of the aerogel after microwave treatment 
 

Figure 26 - Diagram of the influence of microwave treatment in inert argon 
atmosphere on density of the sample [117, p. 37]  
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 As evidence and for easier understanding of the lightness of these materials, we 
have taken a photograph of the rGO-based aerogel sample on the surface of a 
dandelion [113, p. 86]. 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 27 - Photos of rGO-based aerogel on the surface of dandelion [113, p. 86] 
 

It is clearly seen from figure 27 that a sample of rGO-based aerogel is able to 
remain on the surface of a dandelion, which certainly proves its low density and 
lightness. 

 
Figure 28 – SEM images of the surface of rGO-based aerogels [113, p. 86] 

 
The surface morphology of rGO-based aerogels was studied using SEM (figure 

28). From these images it is evident that the aerogel has a spongy structure with 
interconnected pores, the size of which varies in the range of tens to hundreds of 
micrometers. The skeleton of aerogels was formed by forming bonds between layers 
of graphene, and the voids between them are formed by freezing the hydrogel in 
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liquid nitrogen prior to freeze drying, which led to formation of micro and macro 
particles of ice, which has left voids after sublimation [113, p. 86]. 

 
3.3.2  X-ray structural analysis of aerogels based on rGO 

 One of the informative methods of studies of nanostructured materials, is an X-
ray analysis. X-ray diffraction was used to study the structure and phase composition 
of the obtained samples. 
 Diffraction data - angles (2θ) corresponding to the X-ray lines, the intensity (I) 
of lines, the X-ray peak half-width at a height - FWHM (ε), radiometric filing ASTM 
(American society for testing materials), interplanar distance (d), X-ray lines 
corresponding to carbon structures are shown in table 2 [117, p. 39]. 
  

Table 2 - Roentgenometric data of the tested sample of rGO-based aerogel  
 

Peak’s 
numbe
r 

Angel 
2θ, degr. 

Interpla
nar 
distance 
d, Å 

Intens
ity  

I, %  

Width 
at half-
maxim
um ε, 
2θ 
FWHM  

Estimated 
phases 

Field 
of 
angle 
2θ, 
degr.  

Width 
[cts] 

1 2 3 4 5 6 7 8 

№1 24.8372 3.58191 57.55 1.2 
01-072-0506; 
01-080-0042 276.96 173.1 

№2 26.4739 3.36406 100 0.36 01-072-0506 144.38 300.8 
№3 47.7032 1.90494 6.2 0.36   8.95 18.64 
№4 53.9904 1.69701 0.66 1.2 01-080-0042 3.17 1.98 

№5 61.6906 1.50237 5.53 0.36 
01-072-0506; 
01-080-0042 7.99 16.65 

№6 76.5651 1.24334 2.28 0.48 
01-072-0506; 
01-080-0042 4.38 6.84 

№7 78.5968 1.21621 2.51 0.96 01-072-0506 9.67 7.56 

№8 80.7635 1.18896 5 0.36 
01-072-0506; 
01-080-0042 7.22 15.05 

№9 82.5693 1.16747 3.26 0.3 
01-072-0506; 
01-080-0042 3.93 9.81 

№10 84.9545 1.14068 4.4 0.3 
01-072-0506; 
01-080-0042 5.29 13.23 

№11 87.5772 1.11315 2.19 0.3 
01-072-0506; 
01-080-0042 2.63 6.58 

№12 92.5124 1.06625 1.72 0.48 01-080-0042 3.32 5.19 
№13 93.4624 1.05789 2.82 0.48 01-080-0042 5.43 8.48 
№14 94.6065 1.04809 2.07 0.48 01-080-0042 3.98 6.22 
№15 99.1868 1.0116 2.07 0.36 01-080-0042 2.98 6.21 
№16 101.1965 0.99687 1.04 0.48 01-080-0042 1.99 3.12 
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Continuation of Table 2 
 
1 2 3 4 5 6 7 8 

№17 102.2927 0.98915 0.33 0.72 01-080-0042 0.94 0.98 
№18 104.4605 0.97447 1.48 0.48 01-080-0042 2.84 4.44 
№19 106.0493 0.96421 0.24 0.48 01-080-0042 0.47 0.73 
№20 110.5902 0.93699 0.72 0.36 01-080-0042 1.04 2.17 
№21 112.0342 0.92896 1.41 0.48   2.72 4.25 
№22 112.9348 0.92409 2.35 0.3 01-080-0042 2.82 7.05 
№23 117.0935 0.90298 0.73 0.36   1.06 2.2 
№24 118.3248 0.89713 0.34 0.36 01-080-0042 0.5 1.03 

 
On a roentgenogram of rGO-based aerogel (figure 29), there is a diffraction line 

corresponding to the amorphous carbon phase with a distinct peak in the range of 
angles 2θ = 26.4739 °. 

 
Solid line - the Fourier transform method of Bragg-Brentano. Noise line - 

amorphous carbon phase by the method of moving the X-rays 
 

Figure 29 – The roentgenogram of rGO-based aerogel [117, p. 40] 
 



66 
 

The amorphous phase is 100%, and the maximum brightness is about 5-10%. 
We can say that the phase relates to the quasi-crystalline or nano-dispersed carbon. 
Fourier analysis on the background of this line shows the highlighted peaks Number 
1 and Number 2 or the intensities of 100 and 57.55, with the interplanar distance d = 
3.36406 Å and d = 3.358191 Å at angles 2θ = 26.4739° and 2θ = 24.8372°, which can 
be interpreted as a mixed calcite and dolomite. But the amount of these phases is less 
than 1% of the whole mass of the sample [117, p. 40]. 

 

3.3.3 Study of the mechanical and hydrophobic properties of reduced graphene 
oxide based aerogels 

The synthesized aerogels based on rGO are porous and lightweight materials. It 
has been found that the mechanical load (compression) of these aerogels exhibit the 
ability to recover their original shape, i.e. have multiple compressibility.  

Figure 30 shows that the aerogel sample based on rGO is able to restore its 
original form (up to 3 cycles) after mechanical stresses and compressions with 
loadings of weight of 25 g. Obtained results allow to conclude that rGO-based 
aerogels are not mechanically strong and able to resore their iriginal shape only 3 
times.  

 

 
 

Figure 30 - Illustration of mechanical compression and restore of the original shape 
of aerogel based on rGO  
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 The presence of defects and pores of a certain size on the surface of the rGO-
based aerogel as well as the total roughness of its surface determine its natural 
hydrophobicity - the ability to repel the water. 

From figure 31 it is clear that the samples have strong hydrophobic properties, 
the angle between the surface of rGO-based aerogel and water drop is more than 
120º. 

 
  

Figure 31 – The image of a water droplet on the surface of rGO-based aerogel 
with indicated contact angle 

 
Synthesis and investigation of aerogels based on rGO showed that the samples 

are lightweight ultraporous systems characterized by extremely low densities. Taking 
into consideration its good mechanical properties, in particular the ability to restore 
the original shape after compression, hydrophobicity, which together with the ability 
to absorb large quantities of organic liquids of different densities, we can say that all 
these factors open up the possibility of their use as effective waterproofing reusable 
adsorbents.  

 
3.4 Synthesis and study of composite aerogels based on reduced graphene 

oxide and carbon nanotubes 

 Aerogels obtained via chemical reduction of GO are a class of materials with a 
monolith structure, which combines the unique properties of individual graphene 
layers. The presence of pores, alongside with high sorption capacity, allow aerogels 
based on GO to be considered as one of the best synthetic sorbents. However, the 
resulting aerogels show the average value of hydrophobicity. It is known that for a 
real practical application for separation of oil and water these aerogels has to be 
superhydrophobic, they must have superhydrophobic properties [121]. 
 Superhydrophobic materials are materials with the increased surface roughness 
and defects on the surface to minimize the contact area between the surface of 
aerogel and water due to the presence of trapped air. 
 CNTs, with their vertically arranged arrays are widely used to create 
superhydrophobic surfaces. 
 Synthesis of composite aerogels based on the rGO and CNTs can be carried out 
in two main ways [122]: 
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1. Creation of aqueous dispersions of GO and CNTs, and their subsequent 
mixing and chemical reduction, which leads to formation of a three-dimensional 
structure of the composite aerogel [121, p. 267]; 

2. Growth of CNTs in the structure of the prepared rGO-based aerogel followed 
by microwave treatment in an inert atmosphere of argon using ferrocene as a 
precursor. 
 In this research, an attempt to synthesize a composite rGO and CNT-based 
aerogel was taken in order to enhance the mechanical properties and hydrophobicity 
of rGO-based aerogels. 
 The aerogel synthesized by chemical reduction of GO, followed by freeze-
drying and microwave processing was placed in a solution of ferrocene in acetone. 
Then, aerogel that has absorbed the ferrocene in acetone, was dried and subjected to 
microwave irradiation treatment in an inert atmosphere. At high temperatures and 
inert atmosphere, CNTs started to grow in the structure of rGO-based aerogel due to 
thermal decomposition of ferrocene on iron ions serving as a catalyst for the growth 
of CNTs and cyclopentadienyl, which serves as a carbon source. 
 

 3.4.1 Study of surface morphology and mechanical properties of composite 
aerogels based on reduced graphene oxide and carbon nanotubes 

 The study of hydrophobicity of composite aerogels based on rGO and CNTs was 
carried out by measuring the contact angle between the water droplet and the surface 
of the sample. 

The synthesized sample of composite aerogel is characterized by strong 
superhydrophobic properties. The value of the contact angle is over 150°, this 
allowing us to speak about the superhydrophobicity of synthesized samples. 
Superhydrophobicity can mainly be explained by growth of vertically arranged CNTs 
on the surface of graphene layers, which in turn creates a surface roughness and 
minimizes the area of contact between the surface of sample and the molecules of 
water [123]. 

The surface morphology of the composite aerogel based on rGO and CNTs was 
studied by SEM (figure 32). 

 
Figure 32 - SEM images of the surface of composite aerogel based on rGO and 

CNTs 
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From figure 32 it is clear that the growth of CNTs in the structure of graphene 
aerogel as a result of decomposition of ferrocene during the treatment of the sample 
by microwave radiation improves the morphology of the surface. The surface of the 
composite aerogel is represented by a well-developed system of pores and 
considerably differs from the morphology of the surface of the aerogel on the basis of 
rGO (figure 28). It is also important that the growth of nanotubes effects the average 
pore size, which decreased significantly. The average pore diameter of the composite 
aerogel is in the range from a few to tens of micrometers. This pore size is optimal 
for high sorption of organic liquids, which by its viscosity close to viscosity of oil.  

Figure 32 also shows that the formed CNTs are localized on the surface of the 
graphene layers randomly with high density. The average diameter of the formed 
nanotubes is 5 nm. 

The resulting typical disposition of CNTs on the surface of the graphene layers 
may serve as the main explanation of superhydrophobicity of composite aerogels 
[123]. 

The mechanical properties of aerogels based on rGO showed that the samples 
are able to restore their structure after compression up to 10 times, and then reverse 
compressibility of the sample did not reach the maximum value and with each 
subsequent compression it reduces considerably. 

The investigation on the influence of the growth of CNTs in the structure of 
graphene aerogel on its mechanical properties was carried out. By comparing figures 
30 and 33 we can conclude that the composite aerogel based on rGO and CNTs has a 
better developed and more solid structure, without a large number of defects and 
cracks on its surface, as it can be seen in case of aerogel based on rGO [121, p. 268]. 
 

 
 

Figure 33 - Illustration of mechanical compression and restore of the original 
shape of the composite aerogel based on rGO and CNTs 

 
It has been found that composite aerogel has good reverse deformation, it is able 

to restore its original shape after more than 50 cycles of mechanical compressions. 
The presence of CNTs in the structure of the aerogel significantly enhances its 
mechanical strength. 
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 4 COMPOSITE AEROGELS BASED ON MICROWAVE ENHANCED 

CHEMICAL VAPOR DEPOSITION GRAPHENE NANOPLATELETS, 

MULTIWALLED CARBON NANOTUBES AND CHITOSAN AS A BINDER 

 

Carbonized chitosan is a hydrophobic material by itself, but unfortunately the 
contact angle between its surface and water drop is not large enough, it is close to 
109° (figure 39 a). The use of CNMs as additives which are able to increase the 
hydrophobicity of the surface is one of the ways of creating superhydrophobic 
surfaces. In this study, the obtaining superhydrophobic spongy 3D materials with 
high sorption capacity to organic liquids is carried out. 

4.1 Characterization of carbon nanomaterials used in synthesis of 

composite aerogels with chitosan as a binder 

The as-obtained graphene nanoplatelets by MECVD method are characterized 
by a high value of BET surface area – 2041 m2/g and this is rather comparable with 
the specific surface area of graphene obtained by conventional CVD at 1000°C. The 
comparison of BET surface areas of MECVD graphene nanoplatelets with BET 
surface area of graphene obtained using other methods is shown in table 3 [115, p. 
232]. 

 
Table 3 - Comparison of specific surface areas of graphene obtained by different 
methods  
 

Type BET surface 
area (m2/g) 

Approach 

Single layer graphene 2630 Theoretical 
MECVD graphene nanoplatelets (~2 layers)  2041 Experimental 
Nanomesh graphene by CVD 2039 Experimental 
Top-down ( ≥4 layers) 466 Experimental 

 
According to Raman spectrum of MECVD graphene nanoplatelets shown in 

figure 34 the ratio of 2D to G peak is less than two, that shows that it is consistent 
with the high quality of graphene nano-platelets with an average thickness of two 
layers [115, p. 232]. 

 

 
 

Figure 34 - Raman spectrum of MECVD graphene nanoplatelets  
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Taking into account the results of XPS analysis shown in figure 35 (a, b), we 
can say that the as-obtained MECVD graphene nanoplatelets do not have any 
functional groups on their surface. The XPS of MECVD graphene nanoplatelets 
(bottom-up approach) (figure 35 a) was compared with XPS of GO and rGO (top 
down approach) (figure 35 b). As a result, the XPS of GO shows the existence of 
oxygen-containing groups on its surface, as well as rGO with with oxygen and 
nitrogen groups, while XPS of MECVD graphene nanoplatelets do not show any 
peaks in this area [115, p. 232].  

              a)                                                                         b) 
 

Figure 35 - XPS of GO and rGO (a) and MECVD graphene nanoplatelets (b)  
 

The MWCNTs used in synthesis of composite aerogels were purchased from 
Nanostructured & Amorphous Materials, Inc. (Houston, USA) with purity of 95% 
and the outer diameter 20-30 nm [111]. These MWCNTs are manufactured by 
catalytic CVD. 

SEM analysis of MWCNTs purchased from Nanostructured & Amorphous 
Materials, Inc. (Houston, USA) is represented in figure 36 a. According to the scale 
of SEM images 100 nm we may conclude that MWCNTs are about 20-35 nm in outer 
diameter corresponding to the description of these MWCNTs on official website of 
Nanostructured & Amorphous Materials, Inc [111].   

In figure 36b, the Raman spectrum MWCNTs purchased from Nanostructured & 
Amorphous Materials, Inc. is represented. The band at 1580 cm-1 (G band) is 
assigned to the in-plane vibration of the C-C bond (G band) with a shoulder around 
1604 cm-1, typical of defective graphite-like materials and the band at 1342 cm-1 (D 
band) is activated by the presence of disorder in carbon systems. D band in 
MWCNTs is to be expected to a certain extent to give the multilayer configuration 
and indicates more disorder in the structure [111]. 
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a) 
 

 
b) 
 

Figure 36 – SEM analyses of MWCNT purchased from Nanostructured & 
Amorphous Materials, Inc. (a); the Raman-spectrum of MWCNT purchased from 

Nanostructured & Amorphous Materials, Inc. (b) [111] 
 

4.2 Synthesis and characterization of multiwalled carbon 

nanotubes/chitosan based aerogels 

The resulting aerogel based on CNTs and chitosan is a porous 3D-structure of 
bright black color (figure 37 a). The mechanical properties of aerogel depend on the 
amount of chitosan. Increasing of amount of chitosan improves the mechanical 
strength of aerogel, but at the same time, the density also increases leading to the 
decrease in its porosity and sorption capacity. It was found that after thermal heating 
aerogel shrinks in size by 33% (figure 37 b, c) [124-125]. 
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a) 

 

 

                             

 

 

                                             b)                                                    с) 

 
Figure 37 – Image of aerogel based on CNTs (a); image of aerogel sample 

before thermal heating in an argon atmosphere at 800 °C (b); image of aerogel 
sample after a thermal heating in an argon atmosphere at 800 °C (c) [125, p. 23] 

 
The phenomenon of aerogel shrinkage was studied. It was found that a pressed 

tablet of chitosan after annealing to 800 °C in inert atmosphere is carbonized and 
shrinks in size. Carbonization of chitosan followed by its shrinkage, in its turn, leads 
to shrinkage of aerogel in size (figure 38) [125, p. 23]. 

 

 

 

 

 

 

 

Figure 38 - A pressed tablet of chitosan before (left side) thermal treatment at 800 °C 
and after (right side) thermal treatment [125, p. 23] 
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Carbonized chitosan is a hydrophobic material by itself, but unfortunately, the 
contact angle between its surface and water drop is not large enough, it is close to 
109°  (figure 39 a). The use of CNMs as additives which are able to increase 
hydrophobicity of the surface is one of the ways of creation of superhydrophobic 
surfaces. In this study, we have obtained superhydrophobic spongy 3D materials with 
high sorption capacity in regard to organic liquids [126]. 

The presence of MWCNTs on the surface of aerogel, structure of which is 
formed by carbonized chitosan definitely improves the hydrophobicity of  the whole 
surface of aerogel. It was found that the resulting samples are characterized by 
superhydrophobicity with the contact angle between a water drop and surface of 
aerogel larger than 165° (figure 39 b) [126, p. 21].  

 
 
 
 
 

 
                                                                

a)                                                 b)                                          
 

a - carbonized chitosan; b - MWCNT/chitosan based aerogel 
 

Figure 39 - The image of a water drop on the surface of materials [126, p. 21] 
 

For better sorption of organic liquids, aerogels have to be porous with a low 
density. As was said above, the increase in chitosan content increases the density and 
at the same time that also adversely effects the sorption capacity of the sample. 
However, on the other hand, the less amount of chitosan we use, the mechanically 
weaker is the obtained sample. In that case, it was important to optimize the amount 
of chitosan to impact better mechanical strength and sorption capacity. The data of 
table 4 show that with increasing the amount of chitosan the density of resulting 
aerogels also significantly increases, but the shrinkage of the aerogel structure 
decreases. According to the obtained results, the following investigation of properties 
was carried out using aerogel with MWCNT to chitosan ratio 1:2 because of its low 
density and higher sorption activity [125, p. 23].  

Table 4 - Physical properties of MWCNT/chitosan based aerogels with different 
chitosan content [125, p. 23] 

Type of aerogel 
(MWCNT to chitosan 

ratio) 

Density of , mg/cm3 Shrinkage, % 

1:2 7.32 33.3 
1:10 20.31 30.6 
1:20 29.96 27.2 
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  For further investigation of the hydrophobicity and the ability of these aerogels 
to sorb organic liquids, their surface morphology was studied by scanning electron 
microscopy (figure 40). Scanning electron microscope images show that the surface 
of the aerogel is presented by a system of macropores ranging in size from a few tens 
to hundreds of micrometers (figure 40 a). MWCNTs that have an average outer 
diameter of 20-30 nm are localized on the surface of carbonized chitosan skeleton, 
thereby forming microdefects (figure 40 b). This phenomenon may explain the 
superhydrophobicity of the obtained aerogels [125, p. 24]. 

            

 

 

 

 

 

   

                         a)                                                               b) 

Figure 40 - SEM images of the surface of MWCNT/chitosan based aerogels 
[125, p. 24] 

 It is known that due to their low density and ultra-porosity, aerogels based on 
CNMs exhibit high sorption capacity in regard to organic liquids, oil and petroleum 
products. Given the fact that their surface is superhydrophobic, i.e. they have the 
ability to repel water while adsorbing organic liquid, there appears a promising 
possibility of their application as a sorbent for collection of oil and petroleum 
products from the surface of water. This potential application is also improved by the 
possibility of their recovery and re-use by a simple squeezing or heating that is 
followed by evaporation of all amount of adsorbed organic liquid from the structure 
of the aerogel. 
 
 4.3 Synthesis and characterization of Microwave Enhanced Chemical 

Vapor Deposition graphene/multiwalled carbon nanotubes/chitosan based 

aerogels 

 For the further investigation of the influence of addition of CNMs on the 
structure and properties of the resulting aerogels, the introduction of MECVD 
graphene into the structure of MWCNT/chitosan based aerogels was studied (figure 
41). The used graphene nano-platelets are characterized by an average thickness of 
two layers with a small size of the nano-platelets, their BET surface area is 2041 m2/g 
[115, p. 232]. 
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Figure 41 - The image of a water drop on the surface of synthesized MECVD 

graphene/MWCNT/chitosan based aerogels with the indicated contact angle [126, p. 
23] 

 
  The study of mechanical properties of MECVD graphene/MWCNT/chitosan 
based aerogels showed that the resulting aerogels are more resistant to external 
mechanical influences compared with aerogels based on MWCNTs and chitosan 
while the both types of aerogels are characterized by the same content of chitosan in 
the structure. The contact angle between a water drop and the surface of MECVD 
graphene/MWCNT’s/chitosan based aerogel is 168° (figure 41), its surface is 
superhydrophobic [126, p. 23].  
 The study oft he mechanical stiffness of 3D structure of sample of MECVD 
graphene/MWCNT/chitosan based aerogel is shown in figure 42. 

 
 
                   
 
 
 
 
 
 
 
 
Figure 42 - Picture of aerogel based on MECVD graphene/MWCNTs/chitosan (mass 

is 0.09 g) with loading of 10 g [126, p. 23] 
  
 It is shown that aerogel based on MECVD graphene/MWCNTs/chitosan with 
own mass of 0.09 g is able to carry 110 times higher mass on its surface without any 
distruction of the structure, while aerogel based on MWCNTs/chitosan which is 
characterized by approximately the same weight is crashed after loading of 10 g on 
its surface (figure 42). It is possible to make an assumption that introduction of 
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graphene layers into the structure of aerogel enhances stability of its structure to 
different loadings [126, p. 24] 
 
 
 
 
 
 
 
 
 
  
  
                                            
                                       a)           b)       
 
 
 
 
 
 
 
 
 
 
 
 
                                                                    c) 
 

Figure 43 - SEM images of the surface of MECVD graphene/MWCNT/chitosan 
based aerogels [126, p. 24] 

 
 SEM images of the surface of MECVD graphene/MWCNT/chitosan based 
aerogels are presented in figure 43. It is shown that introduction of graphene 
influences the  surface thereby forming a  more developed pore system that is 
different to the surface of the MWCNT/chitosan based aerogel (figure 40 a, b). It is 
also important that graphene affects the average pore sizes, which significantly 
decreased from a few microns to a dozen (figure 43 b). It is evident that layers of 
graphene are vertically located on the surface of the carbonized chitosan, thereby 
forming pores [126, p. 24]. 
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5 THE SORPTION PROPERTIES OF SYNTHESIZED AEROGELS 

  
 It is known that in view of its low density and porosity aerogels based on CNMs 
are characterized by high absorption properties in regard to organic liquids, oil and 
petroleum products. Given the fact that their surface is hydrophobic, i.e. they are able 
to repel water and at the same time sorb organic liquids, a promising possibility of 
their application as sorbents for collecting oil and petroleum products from water 
surface appears. This potential application is also confirmed by the possibility of its 
regeneration by a simple squeezing or heating, and all the adsorbed organic liquid 
evaporates from the structure of aerogel and it can be reused several times. 

 
5.1 The sorption capacity of reduced grapehen oxide and reduced graphene 

oxide/carbon nanotube based aerogels in regard to organic liquids 

Table 5 shows the values of sorption of organic solvents of different densities by 
aerogels based on rGO. The table shows that 1 g of the sample is able to absorb up to 
130 grams of diesel fuel. Also, from the results of table 5, it can be concluded that the 
adsorption capacity of the rGO-based aerogel is inversely dependent to the value of 
its density, i.e. the lower the density of the sample, the higher its adsorption capacity 
[113, p. 88]. 

 
Table 5 - Quantitative values of sorption of organic liquids of different densities by 
aerogels based on rGO (per 1 g of aerogel) [113, p. 88] 
 

The density 
of aerogel, 
mg/cm3  

Mass of 
absorbed n-
hexane, g 

Mass of 
absorbed n-
octane, g 

Mass of 
absorbed 
gasoline, g 

Mass of 
absorbed 
diesel, g 

Mass of 
absorbed 
pump oil, g 

9.73 51.2 81.3 79.2 99.3 98.1 
6.25 61.3 87.8 86.3 106.7 102.6 
5.63 69.8 93.2 97.6 118.2 114.2 
4.21 73.2 99.1 106.8 129.3 120.3 

 
The studied high adsorption capacity of obtained aerogels in regard to organic 

liquids is primarily defined by their low density and a well-developed surface 
morphology, in particular by the presence of a large number of pores. 

The obtained aerogels based on rGO can repeatedly absorb organic solvents up 
to 10 cycles with a maximum sorption capacity [113, p. 88]. 

Sorption of diesel fuel was carried up to 10 cycles, and then the weight of 
aerogel with sorbed organic liquid was measured. Regeneration of the sample was 
carried out by its usual burning till complete evaporation of the organic liquid 
occurred, and then its weight was measured again. The error of the experiment in 
relation to the initial weight of the aerogel is up to 0.0002 g. 

Figure 44 shows that a sample of aerogel on the basis of rGO able to adsorb the 
organic liquid and can be regenerated multiple times (up to 10 cycles) without a 
significant decrease of its sorption capacity. Regeneration of the sample can be 
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performed by squeezing, heating and burning out the absorbed organic liquids. In the 
case of squeezing the adsorbed organic liquid is not completely removed from the 
sample, so the method of burning or heating was used, followed by evaporation of 
organic liquid from the structure of aerogel. The vapors of organic liquid can be 
condensed and pick up in prefabricated containers [113, p. 89]. 

        a                                                               b 
 
Figure 44 - The influence of the regeneration of rGO-based aerogel on the change of 

its sorption capacity in regard to diesel fuel (a) and photograph of the process of 
regeneration of the rGO-based aerogel by burning and evaporation of diesel fuel from 

its structure (b) [113, p. 88] 
 

 The study of the sorption properties of composite aerogels based on rGO and 
CNTs in regard to a number of organic liquids of different densities shows us that the 
presence of nanotubes forms a system of pores of a certain size and also increases the 
adsorption capacity of the samples. 

Table 6 shows that samples of the same composition of composite rGO/CNTs-
based aerogels have higher sorption capacities in regard to organic liquids compared 
to samples of aerogels based on rGO. Composite aerogel in the amount of 1 g is able 
to absorb up to 139 g of diesel fuel, while the rGO-based aerogels absorb diesel in the 
range from 99 to 129 g depending on density of the sample (table 5). It was also 
found that the composite rGO/CNTs aerogel exhibits high sorption activity with 
respect to the denser organic liquids, in particular it is able to sorb 155g of pump oil, 
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apparently due to the formed system of pores of a certain size. These high sorptive 
values of composite rGO/CNTs-based aerogels are not confirmed for aerogel based 
on rGO [117, p. 49]. 
 
Table 6 - Quantitative values of sorption of organic liquids of different densities by 
composite rGO/CNTs-based aerogels (per 1 gr of aerogel) [117, p. 49] 
 

Type of organic liquid Composite rGO/CNTs-based aerogels  
Sample 

1 
Sample 2 Sample 3 

Mass of absorbed n-hexane, g 81.2 78.1 80.3 
Mass of absorbed n-octane, g 102.6 103.2 103.3 
Mass of absorbed gasoline, g 118.5 120.1 122.1 
Mass of absorbed diesel, g 140.1 138.2 140.2 
Mass of absorbed pump oil, g 156.7 156.1 157.2 

 
In general, the impact of the growth of CNTs in the structure of rGO-based 

aerogel has a favorable character. Studies of the properties of composite aerogels 
showed that the presence of CNTs in the structure of aerogel improves the 
morphology of its surface, in particular, a porous system with an average diameter of 
pores up to 10 microns is formed, the samples exhibit superhydrophobic properties 
that allow to adsorb the organic liquid both on the water surface and underwater, due 
to water repulsion of water molecules by superhydrophobic surface of the sample, the 
existence of CNTs significantly enhanced the  mechanical properties of the samples. 

 
 5.2 The sorption capacity of multiwalled carbon nanotubes/chitosan and 

Microwave Enhanced Chemical Vapor Deposition graphene/multiwalled carbon 

nanotubes/chitosan based aerogels in regard to organic liquids 

Table 7 shows that aerogels based on MWCNT/chitosan are characterized by 
high sorption capacity in regard to organic liquids of different densities. Aerogel with 
a less amount of chitosan shows the highest sorption capacity, because its density is 
much lower comparing to the other samples. It was found that the increase in the 
amount of chitosan leads to the increase in the density of the sample and also to the 
decrease of its sorption capacity. It is stated that 1g of the low density aerogel can 
absorb about 87 g of diesel [125, p. 25].   

The density of the samples was calculated by dividing the weight of resulting 
aerogel by its volume. The samples are synthesized in a cylindrical shape, so the 
volume of cylinder was taken in account. The results in table 7 show that with 
increase in the amount of chitosan, the density of aerogel increases greatly while the 
sorption capacity decreases. Regarding this, the optimum ratio of MWCNT to 
chitosan was taken as 1:2 [125, p. 25].   
 
Table 7 - Quantitative values of sorption of organic liquids by MWCNT/chitosan 
based aerogels (per 1 gr of aerogel) [125, p. 25] 
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Type of aerogel,  
1g  (MWCNT:chitosan ratio) 

1:2 1:10 1:20 

Density of sample, mg/cm3 7.81 19.23 29.33 
Mass of absorbed n-hexane, g 29.3 27.1 18.7 
Mass of absorbed n-octane, g 58.7 30.4 19.5 
Mass of absorbed gasoline, g 41.3 31.3 23.3 
Mass of absorbed diesel, g 87.2 52.3 33.1 
Mass of absorbed pump oil, g 82.1 51.1 28.9 

 
The stated high sorption capacity of obtained aerogels to organic liquids is 

primarily determined by their low density and a well-developed porous surface [125]. 
It has been found that the introduction of graphene nano-platelets into the 

structure of  MWCNT/chitosan based aerogels is also beneficial to their sorption 
properties. Table 8 shows that 1 g of composite aerogel with the ratio of MWCNTs to 
MECVD graphene 1:5 is able to absorb about 101.3 g of diesel. All values of sorption 
capacities of MECVD graphene/MWCNT/chitosan based aerogels in regard to 
organic liquids are much higher compared to those of MWCNT/chitosan based 
aerogels [126, p. 23] 
 
Table 8 - Quantitative values of sorption of organic liquids by MECVD 
graphene/MWCNT/chitosan based aerogels (per 1 gr of aerogel) [126, p. 23] 
 

Type of aerogel (MWCNT: 
graphene ratio), 1 g 

1:1 1:2 1:5 1:10 

Mass of absorbed n-hexane, g 30.2 32.1 36.2 35.9 
Mass of absorbed n-octane, g 59.3 59.2 64.1 62.1 
Mass of absorbed gasoline, g 43.2 44.4 48.7 48.5 
Mass of absorbed diesel, g 90.2 91.3 101.3 100.9 
Mass of absorbed pump oil, g 87.8 88.4 99.3 99.4 

 
The as-obtained composite aerogels based on MWCNTs and chitosan are 

characterized by high porosity, superhydrophobicity, high sorption capacity in regard 
to organic liquids of different densities. It is found that composite aerogels based on 
MECVD graphene/MWCNT/chitosan, which serves as a glue matrix, exhibit stronger 
stability to weight loadings than aerogels without addition of graphene nanoplatelets. 
Introduction of graphene layers increases the overall porosity of the structure as well 
as their sorption capacity in regard to organic liquids. The properties of aerogels 
studied in this research provide the opportunity to talk about the prospect of their use 
as a water-repellent, regenerable sorbents for oil, oil products and other organic 
liquids [126, p. 23]. 
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5.3 Method for formation of electrode composites based on aerogels and 

creation of prototype of supercapacitor with double electric layer 

Experimental prototypes of high capacitance capacitors with double electric 
layer have been developed as an electrochemical cell inside of Teflon shell. The cell 
by itself is a special system of crimping fittings made of Teflon, which allows to 
conduct the experiments with corrosive electrolytes. The current collectors are made 
of stainless steel, separator is a glass fiber of GF/A grade. Special plungers with 
teflon seals located at the ends of the cell allow to maximize the contact of current 
collectors with the carbon electrodes, thereby increasing the contact area of testing 
electrodes, separated from electrolyte by a separator, located in the middle of the cell 
(figure 45) [118-119].  

 

 
 

Figure 45 - The scheme of electrochemical cell of capacitor [118-119] 
 
The obtained electrodes in the form of tablets, with a geometric surface area 

approximately equal to 0.785 cm2, were dried in a vacuum oven. Lithium sulfate was 
use as electrolyte. 

Results of cyclo-volt metric measurements of electrode samples based on 
MECVD graphene/MWCNT/chitosan aerogels were presented in the form of 
corresponding redox areas, the numerical values of which were collected in data files 
and calculated using the integral calculation of cross-sectional area with the help of 
«Origin». 

For calculation of the capacitive characteristics of the obtained materials a 
mathematical formula in which the electric capacitance of double electric layer is 
directly proportional to the calculated cross-sectional area of cyclo-volt metric data 
and inversely proportional to the coefficient that takes into account the magnitude of 
the potential was used: 

 

                                  
FK

S
C

×

×
=

%100
, where                                                     (3) 

 
S is a sectional area of cyclo-volt metric curve, (cm2); 

K is a coefficient that depends on the magnitude of potential. 
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Figure 46 presents the cyclo-volt metric diagram of aerogel based on MECVD 
graphene/MWCNT and chitosan (the ratio of graphene to MWCNT is 1:5). The 
figure 46 shows that the oxidizing and reducing areas non-symmetrical to each other, 
which adversely affects the ability of electric charge to distribute in the volume of the 
composite electrode. Specific capacity of the sample is 67 F/g in the case of potential 
scanning rate of 5 mV/sec. The observed decrease of capacity with increase of 
potential scan rate up to 100 mV/sec is probably because the process is in the 
diffusion region. 

 

 
 

Figure 46 - Cyclo-volt metric diagram of capacitor with double electric layer 
based on composite MECVD graphene/MWCNT and chitosan aerogel, the potential 

scan rate ranges from 5 to 100 mV/sec 
 

Figure 47 presents the dependence of the specific capacitance of double electric 
layer capacitor based on MECVD graphene/MWCNT and chitosan based aerogel (the 
ratio of graphene to MWCNT 1:5) on the potential scan rate. It is evident that at the 
potential scan rate of 5 mV/sec the highest specific capacitance of 67 F/g was 
observed. 

 

 
 

Figure 47 - Dependence of capacitance of capacitor with double electric layer on 
potential scan rate using the composite aerogel as electrode material 

 
For investigation of operating modes of produced electrode systems in an 

aqueous electrolyte solution a galvanostatic method of measuring the 
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charge/discharge characteristics of high-capacity capacitors was used. The graphs of 
discharge capacity have been constructed based on the results obtained at a current 
density ranging from 200 mA/g to 1000 mA/g. For calculations, the formula for 
determination of discharge capacity of double electric layer capacitor taking into 
account Ohmic losses was used:  

                                            
Vm

tAn
C

×

××
= , where                                          (4) 

 
С – electrical capacity (F), V – the upper limit of imposed 

potential (V), 
n – number of electrodes, m – characteristic electrode weight 

(g), 
A – current strength, taking into 
account ohmic losses (А), 

t -  duration of the 10th cycle (sec.) 

 
Figure 48 presents the dependence of the specific discharge capacity of the 

sample of composite aerogel, which serves as electrode material for supercapacitors, 
on the density of electrical current. It can be seen that during the increase of current 
density from 200 mA/g up to 1000 mA/g, the specific discharge capacity is slightly 
changed from 37 and 32 F/g, respectively. 

The exceptional feature of this MECVD graphene/MWCNT/chitosan based 
aerogel sample is its ability to maintain the high specific capacity at high current 
loads. For example, an increase in current load in 5 times higher than initial (from 
200 mA to 1000 mA) the capacity loss is in the range of 10-15%. 

 

 
 

Figure 48 - The dependence of capacitance of capacitor with double electric layer on 
density of electrical current using the composite aerogel as the electrode material 

 
In general, the samples of aerogels based on MECVD 

graphene/MWCNT/chitosan are electrically conductive, have a high capacity of a 
double electric layer, electro-chemically inert, which generally allows for using of 
this material in electro-chemical capacitors. 
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6 SYNTHESIS AND STUDY OF SUPERHYDROPHOBIC SPONGES 

BASED ON GRAPHENE OXIDE AND MULTIWALLED CARBON 

NANOTUBES  

 
Aerogels obtained by chemical reduction of GO, as well as composite aerogels 

with additives of CNTs, represent a class of highly porous lightweight materials. 
Alongside with high porosity and low density, these materials also have good 
mechanical properties, the ability to repeatedly recover their original shape after 
mechanical compressions. 

It was found that aerogels based on CNMs are excellent regenerable and 
hydrophobic sorbents for organic liquids of different densities, as well as densities 
close to the density of the heavy oil. 

However, the high cost of raw materials at the moment and time consuming 
process of production of aerogels pose a major challenge for creation of new, lower-
cost high performance adsorbents based on CNMs. Also an important factor is the 
possibility of long-term use of sorbents, so applied sorbents must have excellent 
mechanical properties, ability not to degrade in aggressive environments. 

The possibility of using of the existing skeleton with a specific surface 
morphology and porosity, the walls of which can be covered by CNMs is an 
interesting and promising direction. Firstly, it can significantly reduce the cost of the 
final product in view of reduction of consumption of used CNMs, secondly, it 
significantly reduces complexity of the process of obtaining these adsorbents, and 
thirdly, there is a possibility of fast production of these sorbents. 

With the growth of oil and petroleum production as well as during 
transportation, the potential risk of oil spills is becoming stronger. Oil, as well as 
organic pollutants can be adsorbed by various sorbents, which are used for oil spill 
recovery, are usually removed by mechanical extraction sorbents, followed by 
burning and other specific methods of their processing. They also require high 
processing time for separation of large quantities of oil and water, while their 
processing is allocated with a huge amount of evaporated petroleum fractions into the 
atmosphere, enhancing the greenhouse effect [128]. 

During the research a low-cost method of “dip-coating” was developed for 
coating the commercially available melamine and PU sponges by carbon 
nanomaterial to create superhydrophobic and thus sorbing organic liquid sponges. 
These sponges can absorb both water and organic liquids, but after coating their walls 
with CNMs, particularly with MWCNTs, and graphene oxide, the obtained sponges 
actively repel water, i.e. become hydrophobic [127]. 
 

6.1 Synthesis of superhydrophobic sponges by “dip-coating” method 

Two types of sponges were taken to determine the effect of type of the sponge 
on the properties of the final sponge: PU and melamine sponges. PU sponge is elastic 
with good damping properties, resistance to tearing, abrasion, aging, the ability to 
work for a long time at high humidity and a temperature of 100-110 °C. PU is 
characterized by particularly high load-carrying capacity. When being pressed, a PU 
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sponge easily accepts different shaped profiles. Pore sizes of PU foam are greater 
than those of melamine foam [127, p. 250]. 

The possibility of obtaining of superhydrophobic sponges by converting 
standard commercially available hydrophilic PU and melamine sponges to 
hydrophobic is studied. 

The essence of the process of obtaining hydrophobic sponges lies in coating the 
walls of sponge, the surface morphology of which is characterized by a specific 
porosity with pore sizes up to 50 microns, by graphene layers or MWCNTs, which 
makes the sponge superhydrophobic. 

The “dip-coating” method, schematically shown in figure 49, was used to coat 
the walls of sponges. The pre-cleaned by ultrasonic treatment sponge was placed in a 
dispersion of MWCNTs in ethyl acetate, kept inside for a certain period of time, then 
removed and dried to constant weight. Since the sponge by itself is lyophilic, i.e. 
actively adsorbs both organic liquids and water, while absorbing ethyl acetate 
dispersion with MWCNTs, MWCNTs are also deposited and accumulated in its 
structure. This action was carried out the multiple number of times constantly 
measuring the weight of the dried sample to determine the degree of loading of 
carbon nanotube into structure of the sponge [127, p. 250]. 
 

 
 

 
 
 
 
 

 
 
 

Figure 49 – The schematic illustration of “dip-coating” method [127, p. 250] 
 

For multiple reuse of these sponges in separation of organic liquids and water, a 
strong binding of MWCNTs on the surface of the sponge wall is required. For this 
purpose, as "cementing" agent we used insoluble polymer, polydimethylsiloxane, into 
organic solution of which the hydrophobic sponge was immersed, and after that a 
thermal heating in the inert medium followed by polymerization of the polymer on 
the walls of sponge was carried out - fastening of CNMs on the surface of walls of 
sponge [127, p. 250]. 

Figure 50 presents PU sponge before and after coating its walls with MWCNTs 
followed by polymerization of the surface. Figure 50 shows that after coating the 
walls of the sponge with MWCNTs, its color changed to black. 
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Figure 50 - Photo of PU sponge before treatment (left) and after coating it with 

MWCNTs (right) 
  
Coating of walls of sponges by graphene required the methodology that is 

different from the method of coating with MWCNTs. Ultrasonically pre-cleaned in 
acetone and distilled water sponge was placed in a GO dispersion in ethanol and 
ammonium hydroxide, which serves as a reducing agent for  GO and was kept there 
during 2-3 hours (figure 51). 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 51 - Photo of melamine sponge before treatment (left) and after coating it 

with graphene (right) 
 

This procedure was repeated multiple times, after which the sponge was heated 
at 100 ºC in an inert atmosphere of argon for 8 hours, followed by thermal reducing 
of GO, and locking of graphene layers on the walls of the sponge by Van-der - Waals 
interactions. 
 

6.2 Investigation of physico-chemical and mechanical properties of sponges 

based on graphene oxide and multiwalled carbon nanotubes 

The study of mechanical properties of the sponges showed that sponge, covered 
with MWCNTs is a three-dimensional porous, superhydrophobic structure with 
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excellent mechanical properties (the ability to compress and restore its original shape 
multiple times). These properties are caused by the sponge itself, which can compress 
and decompress multiple times. It was found that during the mechanical compression 
of the sponge no CNMs were separated from its surface that indicates complete 
polymerization of polydimethylsiloxane followed by “cementing” of CNMs on its 
surface. 

It was found that after saturation of melamine sponge with CNMs its structure 
hardened, its mechanical properties (the ability to restore its original shape after 
compressions) considerably weakened, while the PU sponge remained flexible and 
elastic, restoring its original shape after numerous compressions. A large pore size of 
the PU sponge provides larger quantity of sorbed organic liquid. 

Figure 52 shows that after loading of PU sponge coated with MWCNT 50 g 
weight, a complete compression of its structure occurres. However, after 
compression, the sample of MWCNT’s sponge is able to easily recover its original 
shape multiple times, that indicates that coating of the walls of PU sponges with 
MWCNTs followed by polymerization of its surface using polydimethylsiloxane, 
does not affect the deterioration of the mechanical properties of the sponge. 

 

 

Figure 52 - Illustration of the compression process of PU sponge coated with 
MWCNTs with loading of 50 g followed by restoring its original shape 

 
The study of hydrophobicity of the obtained sponges based on CNMs is shown 

in figure 53. Figure 53 a shows the melamine sponge coated with graphene on the 
water surface (top) and melamine sponge without any coating (bottom) (figure 53 a), 
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PU sponge, coated with MWCNTs on the water surface (figure 53 b), as well as 
melamine (figure 53 с) and PU (figure 53 d) sponges coated with MWCNTs under 
water [127, p. 251]. 

Figure 53 a shows that melamine sponge by itself is hydrophilic, it absorbs 
water and sinks, but after covering its walls with CNMs, the sponge becomes 
superhydrophobic and completely repels water. Figure 53 b clearly shows that the 
contact angle between a water droplet and the surface of the PU sponge coated with 
MWCNTs is more than 160º that enables us to classify these samples of sponges as 
superhydrophobic [127, p. 251]. 

Figure 53 c and 53 d show that immersion of melamine and PU sponge coated 
with MWCNTs into water forms the entrapped air particle on its surface due to the 
presence of MWCNTs on its surface which creates defects and roughness on it, 
thereby forming superhydrophobic sponges not allowing them to absorb water [127, 
p. 251]. 

 
 
 
 
 
 
 
 
 
 
 
 
  

a) b) 
 

 
 
 
 
 
 
 

 
                                 
 
                                c)                                                     d) 
 
Figure 53 - Study of hydrophobicity of sponges coated with CNMs [127, p. 251] 
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 The morphology of the surface of sponges coated with CNMs was studied by 
SEM. 

From the images of SEM of PU sponge coated with MWCNTs, followed by 
polymerization of its surface (figure 54) it can be seen that MWCNTs on the surface 
of walls of sponge are located in chaotic manner, covering the maximum surface of 
the walls, thereby providing the hydrophobicity across the whole structure of the 
sponge [127, p. 252]. 

 
 
 
 
 
 
 
 
 

 
Figure 54 – SEM images of the surface of PU sponge coated with MWCNTs 

[127, p. 252] 
 
In SEM images of melamine sponge it is seen that it has a developed pore 

system with an average pore size of several to hundreds of microns (figure 55 a). 
SEM images of melamine sponges surface show that the morphology of the surface 
of walls coated with graphene (figure 55 c) differs from the morphology of the 
surface of the conventional melamine sponge walls (figure 55 b). Formation of 
numerous wrinkles on the walls of the sponge covered with graphene caused by 
overlapping of thin layers of graphene is observed. The forces of interactions between 
graphene layers have been converted to π-π-interaction from the electrostatic 
repulsions of functional groups of GO, which lead to binding of the graphene layers 
with a wall surface of the sponges. 

 
 
 
 
 
 
 
 
 

 
                       a)                                             b)                                       c) 

 
Figure 55 - SEM images of melamine sponge surface coated with graphene 

[127, p. 253] 
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IR spectroscopic study of PU sponge coated with graphene is presented in figure 
56. The figure shows that a PU sponge (curve 1) has a peak observed at 3297 cm-1 
caused by stretching vibrations of N-H group. The peak at 2928 cm-1 indicates 
fluctuations of C-H group, which is also effected by fluctuations of -CH3 and -CH2 
groups, and the peak at 2275 cm-1 is caused by asymmetric oscillation of -NCO 
group. Peaks at 1721, 1644, 1106 cm-1 are caused by oscillations of C = O group in 
the amide group, urea groups as well as ethers [129]. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 56 - IR spectra of a PU sponge (1), a sponge coated with GO (2), sponge 
coated with rGO (3) [129, p. 48] 

 
For the sponges coated with GO (curve 2) and rGO (curve 3) the peak at 

3290cm-1 expands and increases in comparison with curve 1 for the PU sponge, 
which can be explained by the overlap of -OH groups and the presence of the valence 
vibrations of -NH groups. The peaks at 2870 cm-1 and 2275 cm-1 are caused by 
stretching of C-H- group and asymmetric stretching of -NCO groups, respectively. 
The obtained IR spectra allow us to assume that in the case of sponges coated with 
graphene, there are no new bonds formed in their structure (figure 56) [129, p. 48]. 

The sorption capacity of the obtained superhydrophobic sponges was 
investigated by dipping pre-weighted sponge in organic liquid for 20 seconds, after 
which the sponge was removed, shaken and weighed. The amount of adsorbed 
organic liquid is determined by the difference in mass. 

Table 9 shows the sorption capacity of sponges based on PU and melamine 
coated with MWCNTs for a number of organic liquids of different densities [127, p. 
252]. 
 Table 9 shows that the sorption values of PU and melamine sponges coated with 
MWCNTs in regard to organic liquids of different densities are a little different. It is 
evident that the sorption capacity of the PU sponge is slightly higher compared with 
melamine sponge that can be attributed to the different pore sizes of two types of 
sponges. Superhydrophobic sponge in amount of 1 g is able to adsorb about 115 g of 
chloroform (density is 1.49 g/cm3) or 65 g of volatile acetone (density 0.786 g/cm3) 
[127, p. 252].  
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Table 9 - The sorption capacity of PU and melamine sponges coated with MWCNTs 
for a number of organic liquids (in terms of 1 g of sponge) [127, p. 252] 
 

Organic liquid Type of sponge 
 

PU Melamine 

Mass of adsorbed acetone, g 65.2 57.4 
Mass of adsorbed gasoline, g 99.3 97.1 
Mass of adsorbed kerosene, g 91.5 89.0 
Mass of adsorbed engine oil, g 90.8 90.2 
Mass of adsorbed chloroform, g 115.2 115.0 
Mass of adsorbed oil of  “Tengiz” deposit, g 93.2 90.4 

 
Investigation of sorption capacity of sponges coated with graphene was carried 

out for a number of the same organic liquids with the purpose of comparing the 
obtained quantitative data 

Table 10 shows that the values of sorption capacities of PU and melamine 
sponges coated with graphene are commensurable with values of sorption capacity of 
those MWCNTs coated. The sponge coated with graphene in amount of 1 g is able to 
adsorb about 114 g of chloroform or 63 g of acetone. 
 The obtained experimental data allow to conclude that sorption capacity of 
sponges coated with MWCNTs is commensurable with the sorption capacity of 
sponges coated with graphene. However, the degree of hydrophobicity of sponges 
coated with MWCNTs is higher than that of sponges coated with graphene. At the 
same time PU sponge coated with MWCNTs, unlike melamine sponge, showed 
excellent mechanical properties, it easily compresses and decompresses, what is very 
important for their recovery and multiple reuse. After analysis and comparison of the 
experimental data, further investigations were carried out with a PU sponge covered 
with MWCNTs. 
 
Table 10 - The sorption capacity of PU and melamine sponges coated with graphene 
oxide for a number of organic liquids (in terms of 1 g of sponge) 
 

Organic liquid Type of sponge 
 

PU Melamine 

Mass of adsorbed acetone, g 63.2 61.2 
Mass of adsorbed gasoline, g 94.3 94.0 
Mass of adsorbed kerosene, g 90.6 90.1 
Mass of adsorbed engine oil, g 91.2 90.5 
Mass of adsorbed chloroform, g 114.8 113.5 
Mass of adsorbed oil of  “Tengiz” deposit, g 91.2 91.3 
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 An important parameter for using the obtained sponges as sorbents is the rate of 
sorption of organic liquids. 
 Figure 57 shows the sorption process of gasoline colored by dye for organic 
liquids “Sudan” by PU sponge coated with MWCNTs. As can be seen from in the 
figure 57, the sponge effectively absorbs gasoline repelling water due to its 
hydrophobic surface. The rate of sorption kinetics of gasoline is high, the absorption 
process is 6-8 seconds [127, p. 253]. 
 
 
 
  
  

 
 
 
 

 
Figure 57 - Illustration of sorption process of gasoline, colored with “Sudan”, from 

water surface by the sponge coated with MWCNTs [127, p. 253] 
 

During a spill of heavy oil, part of it settles on the bottom, this being a problem 
for the environment and highly complicates the process of its collection. It was found 
that the obtained spongy materials based on CNMs can actively absorb organic 
liquids both from the surface and under the water. 
 Figure 58 shows the storyboard of the video of sorption of a drop of chloroform 
colored with “Sudan” at the bottom of a beaker with water (figure 58 a), the density 
of which is higher than that of water, therefore it sinks to the bottom. Figure 58 b 
shows that hydrophobic sponge completely repels the water due to formation of air 
particles on its surface, but actively adsorbs the drop of chloroform on the bottom of 
the beaker (figure 58 c). The sorption time of drop of chloroform is 5 seconds [127, p. 
253]. 
 

 
  

Figure 58 - Illustration of sorption of chloroform, dyed with Sudan, under water by 
the sponge coated with MWCNTs [127] 
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Regeneration of sponges coated by CNMs by ignition is impossible in contrast 
to aerogels based on CNMs, since the melting temperature of PU is 160º, at 
temperatures above 220º PU begins to decompose. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 59 - Illustration of the squeezing process of PU sponge coated with MWCNTs 

[127, p. 253] 
 
The only way, with the exception of heating to 120º in the case of adsorption of 

volatile organic liquids is squeezing. With their excellent mechanical properties, the 
ability to restore the original shape after compression, sponges are perfectly 
regenerated by squeezing, the process of which is shown in figure 59. It is evident 
that during squeezing most of the adsorbed organic liquid is released, up to 92%. 
After squeezing, the sponge is able to be used again [127, p. 254]. 

Figure 60 shows the data of recovery of PU sponge coated with MWCNTs that 
adsorbed kerosene by squeezing. The graph shows that after 10 cycles of adsorption 
of kerosene, followed by squeezing, the sorption capacity of the sponge is 95.56% of 
the initial sorption capacity, this suggesting the possibility of their use as water- 
repelling reusable sorbents [127, p. 254]. 
 

 
 

 
 
 
 
 
 
 
 
 

 
Figure 60 - Regeneration of PU sponge coated with MWCNTs [127, p. 254] 
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For development of method for oil spill collection it is more effective to use 
these materials not as sorbents, but like filters, which during the creation of pressure 
difference are capable to pass organic liquids through their structure, and at the same 
time repell water. 

During oil spill there is a possibility of its localization and concentration in a 
small area using booms and skimmers. The next step is to collect the localized oil 
from the surface of water using oil collectors. Based on the operating principle, 
collectors can be divided into 4 groups: dammed - when gravity of oil floating on the 
surface of the water helps it to overflow into the collector which is set up accurately 
as possible at the interface between oil and water, in order to minimize the amount of 
water collected together with oil; oleophilic - oleophilic surface moves through the 
oil slick, adsorbes oil and then scraped off or squeezed out into a special container; 
vacuum - vacuum pump installations or air systems, pumping the oil from the surface 
of the water directly into the vessel for collection; mechanical - include tape with 
blades, metal jagged discs, thrilling scoops and drum type separators. The basis of 
their actions is the physical principle of absorption of oil [129, p. 54]. 

Figure 61 presents the method for collecting oil spills using hydrophobic sponge 
coated with carbon nanomaterials as a filter. The pump (9) creates a pressure 
differential across the pumping line (5) and organic liquid (2) is selectively pumped 
from the surface of water (1) though the hydrophobic sponge (3) into the refluxe tank 
(7). Due to its high hydrophobicity, the filter does not pass the water through the 
structure, even during the pumping in large extent [129, p. 54]. 

 

 
 

 1 - layer of water, 2 - layer of organic liquid, 3 - hydrophobic sponge, coated 
with CNMs as a filter, 4 - a vessel with liquids, 5 - pumping line, 6 - a pressure 
gauge, 7 – collector, 8 - collected organic liquid, 9 - pump 

 
Figure 61 – Scheme of laboratorian setup for collecting oil spills using a hydrophobic 

sponge coated with CNMs as a filter [129, p. 55] 
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The developed method for collecting oil spills combined – it is partly vacuum - 
pumping the oil from the surface of water, but for elimination the amount of pumped 
water, it has a hydrophobic, oleophilic filter presented by a sponge coated with 
CNMs, which repels water. The technology allows the use the sponge coated with 
CNMs as a separating filter, which during the creation of pressure differential, i.e. 
pumping the oil and petroleum products from the surface of water, repells water 
molecules due to high hydrophobicity of its surface [129, p. 56]. 

The major parameter during the use of obtained sponges as hydrophobic filter is 
the pressure in the system. It has been found that at high pressure, i.e. insufficiently 
pumping, the process of collecting the oil and petroleum products from the surface of 
water is not performed. However, at low pressures in the system, i.e. during the 
strong pumping, the sponge unable to effectively filter organic liquids, the 
compression of its structure occurs. 

Also an important parameter of process is the diameter of the pumping line (5), 
which is inversely proportional to the pressure in the system, i.e. the higher the 
diameter of pumping line, the lower pressure values in the system are required (figure 
61). 

An important parameter for developed method for collection of oil spills is the 
size of sponge. After numerous tests, it was found that sponge of large size has a low 
efficiency, i.e. when sponge is large, the process of pumping the organic liquids 
through its structure is hampered since the pumping power reduces due to the long 
distance from the sponge to pumping line. The density of pumped organic liquids 
also influence on the efficiency of the process of oil spill collection [129, p. 56]. 

All said above parameters of oil spill collection method have been optimized on 
laboratory setup for continuous collecting the oil from the surface of water and 
presented below. 

 

6.3 Creation and optimization of a laboratory setup for continuous 

collection of oil from the surface of water 

The obtained sponges, the walls of which of are covered with CNMs have 
proven themselves as regenerable, water-repellent sorbents for oil and petroleum 
products in the area of collection of them from the surface and under water. However, 
in view of excellent mechanical properties of the sponges coated with CNMs, their 
high degree of hydrophobicity, it is interesting and promising to develop a technique 
of using these sponges not as sorbents but as filters, which can pass organic liquids, 
but their structure effectively repel water. 

Of interest is the use of PU sponges coated with MWCNTs in combination with 
a vacuum system to remove organic liquids from the surface of water. A photo of the 
laboratory setup for continuous collection of petroleum products from the surface of 
water is shown in figure 62 [129, p. 56].  

The operating principle of the laboratory setup (figure 62) for continuous 
collection of oil and petroleum products from the surface of water is to create a 
pressure difference using a vacuum pump that is connected to this system, and then 
through a superhydrophobic PU sponge coated with MWCNTs (2) which acts as a 
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filter, organic liquid are pumped, while it entirely repels water, i.e. selectively passes 
only organic liquids through its structure. The separated organic liquid passes through 
the pumped tube (3) into which a filter (2) is inserted and enters the primary and 
secondary containers for pumped organic liquids (4 and 6, respectively). To measure 
and control the operating pressure in the system, a calibrated pressure gauge (5) is 
used. The process and scheme of pumping the system is schematically indicated by 
the arrows [129, p. 56]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
1 - container with water and dyed kerosene; 2 - superhydrophobic sponge; 3 - 

pumping tube; 4 – container for pumped organic liquid; 5 - pressure gauge; 6 - 
additional container for pumped organic liquid 

 
Figure 62 – The photo of laboratory setup for continuous collection of oil from 

the surface of water [129, p. 57] 
 
Figure 63 shows the process of continuous collection of organic liquid from the 

surface of water. Superhydrophobic sponge absorbs the maximum amount of organic 
liquid after its immersion into a container with organic liquid and water, after which 
the vacuum pump was started to run and further collection of organic liquid on the 
surface of water was conducted (figure 63 a). From figures 63 c, d and e, which show 
the dynamics of the process of collecting organic liquid, it is seen that sponge - a 
filter after completion of collecting organic liquid during the further pumping and 
creation of a pressure difference in the system does not pass water through itself, that 
can be proven by comparing water levels using the scale of container (figure 63 a, b). 
Also after the completion of the process, the presence of water is not observed in the 
containers for pumped organic liquid (figure 63 b) [129, p. 57]. 
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   a)                                                               b) 
 
 
 
 
 
 
 
 
 
 

 
 c)                                     d)                                      e) 

 
Figure 63 - Pictures of the process of continuous collection of dyed kerosene from the 
surface of water by using a filter based on a PU sponge coated with MWCNTs [129, 

p. 58] 
 
The process of collecting the organic liquid from the surface of water was 

carried out for a number of organic liquids (gasoline, kerosene, n-hexane), as well as 
for oil of "Tengiz" deposit. 
 Table 11 shows the quantitative data obtained from the collection of organic 
liquids from surface of water using a PU sponge coated with MWCNTs which acts as 
a filter in terms of processing time 1 hour.  
 For optimization of the process of collection of organic liquids from surface of 
water using polyurethane sponge coated with CNMs as a filter, the optimal size of the 
sponge was taken as 20 × 20 × 30 mm and it was connected to the installation. 
  Based on the results of optimization shown in the table11, with increase density 
of fluid the operating pressure in the system decreases, i.e. for denser liquids more 
intensive pumping is required. It also shows that for optimal process during pumping 
of a denser organic liquids the pumping line with larger diametr is required. It is 
found that the efficiency of the laboratory setup also depends on the density of the 
collected fluid. The table shows that in terms of 1 hour, this laboratory setup is able 
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able to pump 25.4 L of n-hexane and 19.1 L of kerosene which is denser [129, p. 59]. 
 
Table 11 - The values of parameters of process of collection of organic liquids from 
the surface of water using a polyurethane sponge coated with a CNMs as filter [129, 
p. 59] 
 

Type of organic 
liquid, density, 

g/cm3 

Pressure, 
MPa 

Diameter 
of 

pumping 
line, mm 

Size of filter, 
(height × 
width × 

depth), mm 

Amount, L/h 

N-hexane (0.65) 0.020 15.0 20×20×30 ~ 25.4 

Gasoline (0.71) 0.018 15.0 20×20×30 ~ 19.5 
Kerosene (0.78-

0.85) 
0.018 25.0 20×20×30 ~ 19.1 

Oil of  «Tengiz» 
deposit (0.789)  

0.015 25.0 20×20×30 ~ 18.7 

 
Thus, the obtained superhydrophobic PU sponges coated with MWCNTs are 

excellent filters for separation of water and organic liquids. In other words, the 
sponge is able to separate large amounts of organic liquids – in average, 23000 times 
exceeding its own weight - from the water surface, that makes them a promising 
candidate as filters for oil spill collection.  
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CONCLUSION 

 

1. Based on research it is stated that aerogels based on rGO, which were 
obtained from natural graphite by modified Hummer’s method, are hydrophobic, 
lightweight, porous materials, with average pore size ranging from few to 100 
microns. They have a high sorption capacity in regard to organic liquids of different 
densities. The growth of CNTs in the structure of rGO based aerogel during the 
thermal decomposition of ferrocene under the microwave irradiation in inert 
atmosphere enhances its mechanical strength and decrease the size of pores to 10 
microns, as well as their sorption capacity in regard to organic liquids. 

2. Graphene nanoplatelets with average thickness of 2-3 layers and BET surface 
area of 2041 m2/g was obtained by MECVD method at 400°С on non-metallic 
substrate. During the synthesis of composite aerogels it was found that with increase 
of amount of chitosan their mechanical strength also enhances. The optimal ratio of 
MWCNTs to chitosan was found as 1:2; the further increase of amount chitosan 
increases the density of sample and decreases its sorption capacity. Composite 
MECVD graphene/MWCNT/chitosan aerogels are highly hydrophobic with contact 
angle of 168°. The existence of MECVD graphene impacts the morphology of 
surface of aerogel, the average pores sizes decreased to 10 microns in comparison 
with MWCNT/chitosan aerogel the average size of pores of which was up to 100 
microns. 

3. The sorption properties of obtained aerogels in regard to organic liquids of 
different densities are studied. It was found that 1 g of rGO and rGO/CNTs based 
aerogels is able to adsorb up to 129.3 and 140.2 g of diesel, respectively. The sorption 
capacities of composite aerogels based on MWCNT/chitosan and MECVD 
graphene/MWCNT/chitosan (1 g) in regard to diesel is 87.2 and 101.3, respectively. 
The sorption capacities of rGO and rGO/CNTs based aerogels are higher than that of 
composite aerogels based on MWCNT/chitosan and MECVD 
graphene/MWCNT/chitosan because of a lower density of the first type of aerogels 
(rGO-based), because they don’t need any binders which in its increase the relative 
density.  

4. The study of electro-chemical properties of MECVD 
graphene/MWCNT/chitosan based aerogel showed that its highest specific capacity is 
67 F/g at potential scanning rate of 5mV/sec. It was found that with increase of power 
of current from 200 mA to 1000 mA the specific discharge capacity is slightly 
changed from 37 and 32 F/g, respectively, the capacity loss is in the range of 10-15%, 
it means that it maintains the high specific capacity at high current loads. 

5. Hydrophobic and oleophilic sponges the wall of which are coated with GO 
and MWCNTs were obtained by “dip-coating” method. It was found that the coating 
of walls of sponge by MWCNTs doesn’t affect its mechanical properties. These 
sponges are highly hydrophobic due to existence of CNMs on their surface, their 
sorption time is fast and they can be easily regenerated by squeezing and heating. 
Sponges coated with MWCNTs followed by sticking them on the surface using 
PDMS are more stable to aggressive influences of organic liquids comparing to the 
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GO-coated sponges without using any polymers. The combined vacuum-oleophilic 
installation for collection of organic liquids from the surface of water using sponges 
as filters, which allow organic liquids pass through its structure and repel the water 
was designed. The sponge coated with MWCNTs of a size of 2×2×3 cm and weight 
of 0.69 g is able to collect up to 19.l L/h of kerosene in 1 hour through its structure 
repelling the water, but with time its efficiency decreases due to detachment of 
MWCNTs from the surface of walls due to aggressive influence of organic liquid. 
The developed basic installation may serve as a precondition for creation of 
technology for continuous collection of oil spills using combined vacuum-oleophilic 
collectors based on superhydrophobic and superoleophilic sponges coated with 
CNMs. 
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