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1. Introduction

A considerable body of literature on graphene (a nearly 100-

fold increase in the number of yearly published articles since

2004 1) characterizes both scientific interest in this novel 2D

material and a great potential of its practical applications. It

is expected that in the near future, graphene and other 2D

materials will be used in various fields from electronics to

gas storage and separation, catalysis, high-performance

sensors, support membranes and inert coatings.2

Graphene, a single layer of graphite, has been one of the

first real 2D materials. In the last five to ten years, consid-

erable efforts were made to obtain single layers of graphite

(graphene sheets). A particular goal of this research activity

was to verify theoretical ideas about the possibility for this

carbon material to exist and to determine its properties.

Most studies on separation of graphite layers were

carried out before the mid-1990s. Their authors mainly

focused on graphite intercalation compounds. In these

systems (inclusion compounds), guest atoms, ions or mole-

cules are sandwiched between graphite layers. An important

role in the formation of such layered complexes is played by

charge transfer from the guest subsystem to the host one or

vice versa. Using amphoteric properties of the graphite

matrix and partial charge transfer, dozens of graphite

intercalation compounds were prepared. They have regular

layered structures, exhibit high anisotropy of properties and

allow one to vary the composition of the intercalated layer.

The precursor material for graphene is thermally

expanded graphite (or exfoliated graphite) obtained by

rapid heating of intercalated graphite followed by transition

of the substance sandwiched between the graphite layers to

the vapour phase. Porous sorbent thus formed possesses

unique properties, e.g., specific surface area of up

to 200 m2 g71, bulk density of up to 0.8 kg m73 and the

volume expansion factor up to a value of 1000.3, 4 Addi-

tional microwave treatment of intercalated crystalline

graphite in the course of thermal expansion enables prepa-

ration of free graphene films a few atomic layers thick.5

Not only thermal expansion, but other methods were

also used for graphite exfoliation before the 2000s; however,

all of them gave graphene flakes a few layers thick.

Eventually, in 2004 researchers from A.Geim's group at

Manchester University succeeded in isolating macroscopic

graphene flakes one atom thick.6 Although being simple,

their method (scotch tape technique) cannot be used to form

coatings on large-area substrates or to obtain large mono-

liths since the yield of single layers of graphite is low.

However, extensive research carried out using the thermal

expansion technique made it possible to solve various

problems related to low-dimensional systems and, in partic-

ular, to prove that high-crystal-quality 2D materials can be

stable under ambient conditions and are continuous on a

macroscopic scale.

The results obtained, in particular, determination of

unique mechanical, electrical, optical and other properties

of graphene gave a strong impetus to the development of

other (including cheap) methods for preparation of gra-

phene sheets for subsequent assembly of graphene materi-

als.

The most widely used methods for the synthesis of

graphene sheets include chemical vapour deposition involv-

ing deposition of hydrocarbons on the surface of metals (Ir,

Ru and Pt) and metal carbides, in vacuo thermal decom-

position (graphitization) of SiC, organic synthesis, chemical

method using colloidal dispersions based on compounds

containing graphene sheets. At present, considerable efforts

are made, aimed at developing readily scalable and eco-

nomically viable technologies based on graphene solutions

(dispersions). In this case, considerable attention is paid to
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solution of the problem of low solubility of graphite. A

promising approach involves transformation of graphite

oxide used as the starting material into graphene oxide

(GO), which is water-soluble when the particle size and

oxidation level are chosen appropriately. This simple tech-

nique allows one to prepare solutions with sufficiently high

concentrations of single-layer GO flakes.

In contrast to graphene, violation of aromaticity makes

GO good insulator. Since many applications require con-

ductive GO, the conductivity of the material can be recov-

ered using chemical and physical methods. Optically

transparent and conductive thin films of chemically reduced

GO are thought to be candidates for replacement of metal

oxides in electrodes for solar cells, while aqueous disper-

sions can be used as precursors for monoliths (hydrogels,

Pickering emulsions, aerogels).

At present, fabrication of graphene monoliths with well-

defined and controllable microstructure attracts consider-

able attention. This first of all concerns porous materials

that can be used as gas (in particular, methane) sorbents.

Adsorption studies using porous graphene monoliths

and especially activated graphene structures fabricated

using reduction of GO demonstrated high methane, carbon

dioxide and hydrogen adsorption capacity. There has been

intensive research into hybrid materials based on porous

graphene structures and metal-organic frameworks (MOF).

However, application of MOF as methane storage units

receives much more attention compared to hybrid systems.

The synthesis of hybrid structures based on graphene

materials and porphyrins is based on the fundamental

concepts of the interaction both between the aromatic

platforms of components and between functional substitu-

ents grafted to the porphyrin ring and carbon substrate.

Self-assembly of such functionalized porphyrin derivatives

into ordered porous surface structures (MOF) occurs

through metal ± organic ligand coordination. These interac-

tions allow one to obtain extended surface-bound supra-

molecular framework structures. Compared to other GO-

based carbon materials, hybrid materials exhibit much

higher catalytic activity, being competitive with the best

commercially available Pt/C catalysts.

In this review the emphasis is placed on the preparation

of hybrid materials using chemical liquid-phase approaches

(`soft' chemistry methods) that provide the possibility of

large-scale production and relatively simple and available

methods for modification of the structure and properties of

the materials being prepared depending on the field of

application.

Notations are as follows:

a-3D-G Ð three-dimensional graphene material,

a-GDC Ð graphene derived carbon,

a-GODC Ð graphene oxide derived carbon,

ARPA-E Ð the US Advanced Research Projects

Agency-Energy,

BET Ð Brunauer ± Emmett ± Teller,

Ce(TPP-Fc)(C22OPP) [TPP-Fc Ð 5-(4-(4-(ferrocenyl-

phenylethynyl)phenyl)-10,15,20-triphenylporphyrin,

C22OPP Ð 5,10,15,20-tetrakis(4-docosyloxyphenyl)por-

phyrin],

Cu-tbo-MOF Ð metal-organic framework with highly

aromatic rigid octacarboxylate linker (tbo),

CVD Ð chemical vapour deposition,

DOE Ð the US Department of Energy,

EG Ð expanded graphite,

GO Ð graphene oxide,

mGO Ð modified graphene oxide,

rGO Ð reduced graphene oxide,

HKUST-1 Ð a Hong Kong University of Science and

Technology material; MOF based on Cu2+ and benzene-

1,3,5-tricarboxylic acid,

MIL-101 Ð a Materials Institute Lavoisier material;

MOF based on benzene-1,4-dicarboxylic acid and chro-

mium(III) cations,

MOF Ð metal-organic frameworks,

NT Ð nanotubes,

SEM Ð scanning electron microscopy,

SGH Ð self-assembled graphene hydrogel,

SSA Ð specific surface area,

STP Ð standard temperature (0 8C) and pressure

(1 bar),

THPP Ð 5,10,15,20-tetrahydroxyphenylporphyrin.

2. Graphene as representative of 2D layered
materials

Since the discovery 6 in 2004, graphene has justly held the

rising star status 7 owing to unique properties (theoretically

large surface area, high mechanical strength, optical trans-

parency, thermal conductivity and high electron mobility).

These unique properties of graphene, characteristic of nano-

metre scale, underlie intensive research into planar systems

immediately after communications by Novoselov and

Geim,8 who were awarded the 2010 Nobel Prize in physics

for the discovery of graphene.

High mechanical strength of graphene is of great impor-

tance for the preparation of monolithic architectures (aero-

gels, composites, etc.). Theoretically, a one-atom-thick

graphene sheet measuring 1 m2 can hold a mass of 4 kg

(Fig. 1).

Owing to the 2D structure graphene is a highly flexible

material which can be used for, e.g., weaving (a graphene

string will be as strong as a heavy steel cord). Besides,

`smart' graphene can exhibit the properties of a self-healing

material under particular conditions. Graphene films are

excellent water filters since they pass water molecules and

hold all other molecules. Probably, in the future this will

help to reduce the cost of seawater desalination. Research-

ers at Lockheed Martin Corp. (USA) developed a graphene

water filter called Perforene, which reduces the energy

expenditure for desalination by 99%.

Figure 1. Mechanical strength of graphene: an illustration.8

A hypothetical graphene hammock measuring 1 m2 and weighting
less than 1 mg can hold a 4-kg cat (cf. only 40 g for a steel
hammock of the same surface area and thickness).

V.V.Arslanov et al. Russ. Chem. Rev., 2019, 88 (8) 775 ± 799 777



To date, main methods for the preparation of graphene

include mechanical cleavage of graphene sheets from highly

oriented pyrolytic graphite (HOPG); growth on substrates

(chemical vapour deposition involving deposition of hydro-

carbons on the surface of metals and metal carbides);

organic synthesis; and a chemical method using colloidal

dispersions based on graphene-containing compounds.

Each method has its own advantages and disadvantages.

For instance, mechanical cleavage (scotch tape technique)

allows one to obtain best-quality samples; however, the

method is labour-consuming and thus inappropriate to

obtain graphene on a large scale. From the standpoint of

commercial manufacture, it is chemical methods of syn-

thesis that seem to be the most promising. Indeed, they are

used to prepare colloidal graphene dispersions representing

convenient systems for various technological applications.

In the pioneering studies that gave rise to the `graphene

rush' 6 single graphene sheets were prepared by the so-called

micromechanical cleavage, or the `scotch tape technique',

viz., a HOPG crystal was sandwiched between the scotch

tape, which was then torn, holding microscopic graphite

platelets. These platelets were again sandwiched between

new scotch tape and the procedure was repeated. It was

found that graphene flakes become visible under an optical

microscope when placed on a silica substrate of a particular

thickness (300 nm). This leads to an interference effect that

allows one to unambiguously distinguish between the sub-

strate and the single-layer structure. For instance, if the

substrate is only 5% thicker (315 nm vs. 300 nm), graphene

crystallites placed on the substrate become completely

invisible.9 Using various narrow-band filters, clear images

of graphene flakes on substrates of different thickness can

be obtained.10

A practically important line of investigations is the

preparation of graphene from expanded graphite (EG),

which is also called thermally expanded graphite. It is

formed upon rapid heating of graphite intercalation com-

pounds. When they are heated in the heat shock mode, the

pressure of the intercalate in the interplanar space abruptly

increases, which leads to exfoliation of the graphite scaffold

and the formation of a porous defective carbon structure

composed of layered graphite domains. Expanded graphite

is obtained from graphite bisulfate or graphite nitrate.

Usually, EG represents multilayer graphene stacks

30 ± 100 nm thick, which corresponds to hundreds of gra-

phene sheets. Attempts to subsequently foliate EG under

prolonged sonication in alcohol were unsuccessful since the

stacks remained more than 50 nm thick.11 Combining

alcoholic and acidic treatment led to better results, viz.,

graphene flakes 6 ± 7 nm thick were obtained. Graphene

colloids can be prepared using both EG of industrial origin

and new forms of EG containing only 10 ± 15 graphene

sheets.12

Graphene can also be obtained from graphite using

chemical methods. One of them involves treatment of

graphite with a mixture of sulfuric and hydrochloric acids.

Oxidation leads to the appearance of carboxyl groups at the

edges of the sample. Then, carboxyl groups are transformed

to chlorides upon treatment with thionyl chloride. Subse-

quently, graphene layers are formed under the action of

octadecylamine in tetrahydrofuran, tetrachloromethane or

dichloroethane.13

Chemical vapour-phase deposition (CVD) is an efficient

method for the growth of large-area graphene films.14 The

key stages of the method include deposition of a graphene

layer on a copper substrate followed by transfer of this layer

to a dielectric substrate. Almost any organic material can be

used as the source of carbon for the deposition on metallic

substrates. For instance, Tour and co-workers 15 prepared

high-quality graphene on a copper substrate from food,

waste and even insects. However, CVD is expensive due to

large energy consumption and the need to remove the

metallic (copper) layer.14

Other methods for the preparation of graphene include

the synthesis of polyphenylenes followed by cyclodehydro-

genation,16 radiofrequency plasma-enhanced chemical

vapour deposition 17 and high-pressure ± high-temperature

growth process.18 However, it seems unlikely that they will

become economically viable in the next decade.

The properties and, therefore, the potential of practical

application of graphene depend strongly on the quality of

the material and substrate, on the type of defects, etc.

(Table 1).19

Table 1. Properties of graphene prepared by different methods.19

Method Crystallite size Sample size /mm Charge carrier mobility Application field
/mm at 293 K /cm2 (V s)71

Mechanical exfoliation >1000 >1 >26105 and >26106 Research

(at low temperature)

Chemical exfoliation 40.1 ? for a layer of over- 100 (for a layer of overlapping Coatings, paints, ink, com-

lapping flakes flakes) posites, transparent conductive

layers, etc.

Chemical exfoliation *100 ? for a layer of over- 1 (for a layer of overlapping Coatings, paints, ink, compo-

via graphene oxide lapping flakes flakes) sites, transparent conductive

layers, etc.

Chemical vapour 1000 *1000 10 000 Photonics, nanoelectronics,

deposition transparent conductive layers,

sensors

In vacuo SiC graphiti- 50 100 10 000 High-frequency transistors,

zation various electronic devices

778 V.V.Arslanov et al. Russ. Chem. Rev., 2019, 88 (8) 775 ± 799



Since the discovery of graphene, hypothetical graphene-

based devices utilized unique physical properties of this 2D

material (touch screens, solar cells, energy storage units, cell

phones, ultrafast chips). Recently, the prospects of gra-

phene as alternative to silicon as the basic unit of the

electronics industry have been discussed.20, 21

At present, studies on the synthesis and properties of

graphene represent one of the most widely discussed and

rapidly developing field in chemistry and physics. Of partic-

ular interest is the possibility to fabricate unique monolithic

hybrid porous structures based on graphene and its deriv-

atives.22 ± 24

Concluding this Section, mention may be made of the

advantages and drawbacks of the main method for the

preparation of graphene.

To date, best-quality graphene samples are obtained

using the scotch tape technique; the method is labour-

consuming and gives a low yield of the product. Clearly, it

is inappropriate for large-scale production of graphene,

being on-demand for basic and applied research into many

properties of the material. As to the growth of graphene on

substrates, the crucial point is to control the growth of a

single layer of graphene and to exclude the growth of

subsequent layers. Next, large polycyclic aromatic mole-

cules can be treated as graphene nanosheets. However, they

are difficult to synthesize since the solubility of polycyclic

aromatic compounds decreases appreciably with increasing

number of fused rings and owing to the occurrence of side

reactions.

The advantages of liquid-phase chemical approaches

(`wet' or `soft' chemistry methods) to the synthesis of

graphene are as follows: they are suitable for large-scale

production of graphene and allow one to modify the

properties of the material with relative ease depending on

the field of application. Note also that conversion of

graphene into colloidal dispersions is necessary to perform

certain processing steps (impregnation, mixing, deposition,

functionalization) and for various applications (hydrogels

and aerogels, Pickering emulsions, adsorbents, membranes,

etc.).

3. Graphene oxide, a functionalized analogue of
graphene

Graphite oxide, a material related to GO and often treated

as an analogue to GO, was for the first time synthesized

more than 150 years ago.25 The synthesis was based on the

oxidation of graphite. Since then the chemical strategy for

preparation of colloidal dispersions of graphite has

remained essentially unchanged, although some modifica-

tions were proposed. The C : O ratio for graphite oxide is in

the range of 1.62 ± 2.57. For GO, the C : O ratio varies from

2 to 4 and corresponds to the chemical compositions

ranging from C8O4H5 to C8O2H3 .26

Graphite oxide (Fig. 2) has a multilayer structure in

contrast to mono- or few-layer GO. This is the main differ-

ence between the two materials. The C : O and C :H ratios

depend on the starting material and on the character of the

oxidation process (chemical composition and relative

amount of the oxidizing agent, the temperature and dura-

tion of the process, the presence and character of the

activation factor). An interesting optical property of GO is

intrinsic fluorescence in near-IR, visible and UV regions.

This feature distinguishes GO from graphene; the latter is a

zero-band-gap semiconductor and exhibits no fluorescence.

Among graphene derivatives, the most attention is paid

to GO, reduced (most often, partially) graphene oxide

(rGO), graphite and graphite oxide. Graphene oxide is a

complex chemical system composed of graphene nanosheets

(nanoleaves, nanoflakes) decorated with covalently bound

oxygen-containing groups. Epoxy and hydroxyl groups are

arranged on the basal plane, while carbonyl, carboxyl and

lactone groups decorate the edges of GO nanosheets.28

Although GO is made of only three chemical elements (C,

O and H), there is a variety of oxygen-containing functional

groups bound to different regions of nanosheets constitut-

ing the material. The chemical composition of GO was

thoroughly analyzed by IR spectroscopy.29 The structure

of graphene flakes bearing typical functional groups was

also considered elsewhere.30
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Figure 2. Preparation of graphene via intermediate formation of graphene oxide.27

Natural graphite (1) as starting material; graphite oxide with oxygen-containing groups X, Y and Z (2); graphene oxide obtained upon
sonication of graphite oxide and comprising both single-layer and multilayer graphene sheets (3); and reduced graphene (number of layers
in graphene sheets depends on the method of preparation; residual oxygen-containing groups X, Y and Z are also present) (4).

OHO

HO

O

OH

O OH
OH

O

O O

OH

OH

O

HO

O

O OH

HO

OH

HO O
OH

O
O

OH

The structure of graphene oxide

V.V.Arslanov et al. Russ. Chem. Rev., 2019, 88 (8) 775 ± 799 779



4. Preparation of graphene oxide.
The Hummers method and its modifications

There is a number of methods for preparation of GO by the

oxidation of graphite.31, 32 The highest and lowest content

of oxygen in GO and graphite oxide is attained using the

Staudenmaier (C : O=2.9 : 1.0) and Brodie methods,

respectively.33 However, it should be noted that the C : O

ratio depends not only on the method, but also on the

duration of the oxidation process. The average size of GO

flakes can be controlled by varying the oxidation condi-

tions.34 The oxidation is accompanied by an increase in the

interplanar spacing of graphite from 0.34 to *0.6 ± 1.2 nm

depending on the extent of oxidation.35 The large van der

Waals gap allows water molecules to exist in the interplanar

space;36 this to some extent influences the aqueous disper-

sibility of GO. The yield of GO also depends on the size of

the starting graphite crystallites.37 Microcrystalline graphite

has a defective structure, its oxidation affords GO in low

yield, as well as CO2 and CO. The oxidation of macro-

crystalline graphite results in much higher yield of GO (up

to 95%).

In the vast majority of cases, GO is obtained by the

Hummers method and its modifications. The method uses a

strong mineral acid and KMnO4 as oxidizing agent.38 The

classical procedure assumes the use of graphite (100 g),

concentrated H2SO4 (2.3 litre), NaNO3 (50 g) and KMnO4

(300 g). Potassium permanganate is slowly added to a

mixture of other reactants cooled to 0 8C and the temper-

ature of the reaction mixture is maintained below 20 8C.
After the reaction mixture is kept at 35 8C for 30 min, water

(4.6 litre) is added and the temperature rises to 98 8C. After

15 min, the reaction mixture is diluted in water and then

treated with H2O2 to reduce MnVII, and the residue formed

is filtered off. To remove residual cations and anions, the

residue is again dispersed in water and treated with cation

and anion exchangers. The C : O atomic ratio in the product

is 2.3 : 1.0. The technique using H2SO4 leads to replacement

of GO by some amount of sulfonic groups along with other

functional groups.39 The classical method by Hummers and

Offeman gives a product with a specific surface area in the

range of 40 ± 50 m2 g71. A modification of the Hummers

method was reported.40 To concentrated H2SO4 (98%,

70 ml), a natural graphite powder (1.5 g) and NaNO3

(1.5 g) are added in an ice bath and then KMnO4 (9 g) is

added slowly at 10 8C. The mixture is heated to 30 8C and

kept at this temperature for 10 h. Then deionized water

(100 ml) is added dropwise and the mixture is kept at 90 8C
for 2 h. The suspension thus obtained is diluted with water

and 30% H2O2 (30 ml) is added. The mixture is centrifuged

and washed with HCl until pH 7. In the final step, water is

removed at reduced pressure and 50 8C.
Modified Hummers methods were used by different

authors.41 ± 45

It was found that no deep oxidation of graphite is

needed to obtain single-layer GO.46

Interesting chemical transformations of oxygen-contain-

ing groups and slow equilibration of their chemical compo-

sitions in GO were reported.47 Namely, after 35 days since

the oxidation using the Hummers method the concentration

of epoxy groups decreased while that of hydroxyl groups

increased. The contents of these groups equilibrated only

after storage of the GO sample at room temperature for

three months.

In his attempts to determine the molecular mass of

graphite Brodie 48 oxidized the material using strong acids

(HNO3 , H2SO4) and KClO3. Emphasize that this approach

involves the evolution of gaseous ClO2 and is fraught with

danger of explosion. The specific surface area of the product

is 2 m2 g71.

The Staudenmaier method 49 is the development of

Brodie's technique, It involves the addition of KClO3 to a

dispersion of graphite in a mixture of concentrated HNO3

and H2SO4 (1 : 2 v/v).

There are also modified versions of the methods

described above, which involve variation of oxidants and

their ratio, as well as the oxidation and product isolation

conditions.

5. Reduction of graphene oxide

Unlike highly conductive graphene, GO exhibits the proper-

ties of a dielectric, thus being deprived of attractive pros-

pects offered for the former material.

Therefore, there has been intensive research into reduc-

tion of GO in order to significantly increase its conductivity.

The most obvious goal of the reduction is to prepare

graphene-like materials that are similar in structure and

properties to pure graphene obtained by mechanical cleav-

age of single layers of graphite (scotch tape method). In

spite of numerous research efforts, this goal is not yet

achieved. Residual functional groups and defects funda-

mentally change the structure of the carbon sheet and

therefore rGO should not be identified as graphene since

their properties are significantly different. The properties of

rGO depend on the method of reduction, which in turn

influences the final characteristics of materials containing or

devices based on rGO. Although graphene with perfect

structure was not prepared as yet via the reduction of GO,

researchers continuously improve the structure of the final

product in a desired direction.

The most widely used reducing agents are aqueous

hydrazine solutions or anhydrous hydrazine; however,

dimethylhydrazine, hydroquinone and other compounds

are also used.

As reduction of GO dispersion develops, the hydro-

philicity of GO gradually decreases, and the reduced gra-

phene sheets precipitate. The residue cannot be redispersed

even under sonication or under the action of surfactants.50

To preclude irreversible aggregation, various stabilizers are

introduced into the reaction medium. These are polymers,

surfactants, biomolecules or large aromatic donor or

acceptor molecules that can stabilize graphene nanosheets

through p ± p interactions. Other methods for stabilization

of rGO colloids involve the use of bifunctional reactants

that simultaneously act as reducing agents and stabilizers or

solvents and thorough control of the reduction conditions.

Graphene dispersions are also stabilized using covalent

modification of graphenes.26

Treatment of GO with concentrated alkali on heating to

moderate temperatures (50 ± 90 8C) leads to removal of

oxygen-containing groups without participation of other

reducing agents.51 Dispersions thus prepared are stable on

the time scale of a few days since in alkali medium one deals

with deprotonation of residual carboxyl groups, which

ensures electrostatic repulsion between rGO nanosheets.

The reaction rate depends on the medium pH, viz., the

higher the pH value the faster the reduction. Besides,
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reduction of GO can proceed under specific conditions, e.g.,

under the action of hydrazine (supercritical conditions) 52 or

immediately under the action of organic solvents or water.53

In addition to the reduction of GO to rGO using

chemical agents under conventional or specific conditions,

thermal 54, 55 and microwave-assisted solid-phase reduction

of GO 56 are used.

The reduction of GO is needed for many applications of

the material.26, 50 The main goal of the reduction process is

to remove oxygen-containing functional groups (epoxy,

hydroxyl, ketone and carboxyl ones).

Heat treatment is an efficient and very simple method

for the reduction of GO, which significantly decreases the

content of oxygen-containing groups in GO. The process is

accompanied by considerable mass loss and distortion of

the crystal structure of GO owing to desorption of struc-

ture-forming components from the surface and from the

bulk of the material. From the standpoint of large-scale

production, low-temperature reduction at temperatures

below 450 8C is of great importance since it leads to efficient

modification of the properties of GO and induces only

slight structural distortions.57 The influence of reduction

on the physicochemical properties of GO in the temperature

range from 200 to 400 8C was studied.58 Using Raman

spectroscopy, it was shown that low-temperature reduction

in argon atmosphere causes a decrease in the intensity of the

D peak relative to the G peak and a shift of position of the

maximum of the G peak towards lower frequencies. It was

found that thermal reduction leads to a decrease in the

intensity of the IR absorption lines corresponding to

hydroxyl groups. Removal of oxygen-containing functional

groups is accompanied by significant decrease in the elec-

trical resistance from values exceeding hundreds of MO to

20 kO. A surface morphology study by electron microscopy

and atomic force microscopy revealed no destructive influ-

ence of heat treatment on the crystal structure of GO.

Microwave-assisted mild thermal reduction of GO was

also reported.59 The reduction of GO can be accomplished

within a few minutes in high yield while the extent of

reduction depends on the duration of microwave treatment

at a given power (800 W).

Interestingly, the electrical conductivity of the rGO

paper is nearly 104 times higher than that of GO paper.59

Electrochemical reduction is an environmentally safe

method that allows one to rapidly obtain high-purity

rGO.60

Tkachev 61 described a method for the preparation of

gram amounts of graphene by reduction of GO by super-

critical isopropyl alcohol. Methods for preparation of GO

and graphene in various solvents were proposed. The action

mechanism of high-power ultrasound on the starting graph-

ite ± water ± surfactant with the formation of nanographite

dispersion was substantiated. Based on the known ideas

about the interaction of high-power ultrasound with matter,

Tkachev proposed that cavitation bubbles that appeared

during the treatment process penetrate into the intercrystal-

line or interlayer space of the graphite structure. Collapse of

cavitation bubbles is accompanied by the onset of secon-

dary shock waves that initiate bond dissociation in and

structure breakdown of graphite (Fig. 3).

6. Chemical modification of graphene

Improvement of methods for the preparation of graphene,

GO and rGO is accompanied by intensive search for

procedures of chemical modification of these nanosystems

in order to develop methods for controlling (i) the reactivity

of the graphene surface including peripheral regions and (ii)

the electronic and other properties to design novel materials

and devices.62

Graphene is characterized by relatively low chemical

activity; its electronic structure is such that p-electrons are

completely delocalized over the entire 2D network. There-

O

O

H H

O

H H

O O

O

H
H

Ultrasonic source

surfactant molecule, cavitation bubbles,

O

cavitation bubble collapse

with the onset of secondary

shock waves

O O O
O

O

O

O

O H

CO2H

HOC

O
O

O H

O

H H

H3C
+

O

H
H

Figure 3. Interaction of cavitation bubbles with graphite layers resulting in nanographite.61

V.V.Arslanov et al. Russ. Chem. Rev., 2019, 88 (8) 775 ± 799 781



fore, chemical modification of graphene is only possible

using rather highly reactive reactants.

It should be noted that no exact data on the dependence

of the reactivity of graphene nanosheets on their size and

shape, and on the possibility of controlling the stoichiom-

etry are available at present. The formation of a covalent

bond on the basal plane of a graphene sheet causes the

appearance of sp3-hybridized carbon atoms. The reactivity

of adjacent surface domain increases, thus inducing a

`chain' reaction starting from the primary attacked point.

Strained regions also exhibit enhanced reactivity. Both

types of graphene edges, zigzag and armchair ones, also

have different reactivities since the zigzag structure is

thermodynamically unstable and more reactive. Graphene

sheets can participate in hydrogenation and fluorination

reactions as well as in the addition of various functional

groups and inorganic species. These reactions were consid-

ered in reasonable detail in a review 63 and in other pub-

lications.53, 64 ± 70

It was established that single graphene sheets are ten

times more reactive than graphene multilayers and that the

reactivity of graphene edges is twice as high as that of the

basal plane atoms.71

7. Chemical modification of graphene oxide

The surface of GO is decorated with numerous functional

groups and can therefore be chemically modified using

classical organic reactions that make it possible to finely

tune the chemical and physical properties of the material.

Methods used to solve this problem depend strongly on the

field of application of the material being designed. In a

broad sense one can consider functionalization of periph-

eral regions of GO nanosheets and functionalization of the

basal plane. In the former case modification is achieved

using the reactivity of carboxyl groups, while in the latter

case modification is based on the reactivity of hydroxyl and

epoxy groups bound to the basal plane.31, 72

Often, certain properties of functionalized GO deriva-

tives are not typical of the starting GO. For instance, to

make `water-soluble' GO dispersible in organic solvents in

order to prepare organosols or to attain compatibility with

polymers, the surface hydrophilic groups of GO are con-

verted to hydrophobic ones. The character and intensity of

interphase interactions can be tuned with high accuracy.

Hydrophobization of the surface decreases its water affin-

ity, which resembles the behaviour of rGO.

Directional functionalization of GO allows one to

assembly complex systems with various properties, e.g.,

enhanced (or induced) hydrophilicity or hydrophobicity, as

well as increased thermal stability and mechanical strength.

Therefore, functionalized GO derivatives are used in poly-

meric composites, drug delivery systems, sensors and elec-

trochemical devices.73 Among various aspects of

functionalization of GO, control of chemo- and regioselec-

tivity is still to be clarified. For instance, when carrying out

amidation of carboxyl groups of GO under the action of

SOCl2 or carbodiimide coupling, the exogenous amine can

simultaneously functionalize the basal plane via ring-open-

ing of the epoxy group. Therefore, modification of func-

tional groups of GO can occur in different regions of GO

nanosheets depending on the reaction conditions. The

modification of GO thus remain an important tool in the

design of novel materials.

8. Aqueous and organic dispersions of graphene
oxide and reduced graphene oxide

In addition to research into graphene and its derivatives as

2D materials considerable efforts were made to design 3D

structures that retain and utilize the properties of nano-

sheets on the macroscopic level and represent a novel type

of materials. In this case, practical implementation of the

advantages provided by graphene requires large-scale syn-

thesis, i.e., integration of individual graphene units into

complex multifunctional (monolithic) structures. In most

cases the 3D structures in question are formed using

aqueous and organic dispersions of graphene and graphene

derivatives.74 It is expected that the 3D structures will

exhibit the properties resulting from synergistic combina-

tion of the properties of graphene and the new 3D archi-

tecture of the ensemble. The first and foremost task in the

design of practically useful 3D structures is to fabricate

consistent, adaptable and predictable graphene architec-

tures by varying the parameters of the assembly and to

understand the interrelations between structural ordering

and the properties of materials. These problems were top-

ical over decades for metallic and ceramic foams.75, 76 The

influence of polarity of organic solvents on the properties of

graphene dispersions was studied.77, 78 It was reported that

homogeneous dispersions of single-layer graphene nano-

sheets in organic solvents similar to aqueous GO disper-

sions cannot be prepared since hydrophobic graphene is

prone to aggregation due to van der Waals interactions

between adjacent sheets. Aggregation leads to a consider-

able decrease in the surface area and leads to significant

decrease in adsorption of porous monoliths.

The leading role in the preparation of dispersions, i.e.,

precursors for monoliths, is undoubtedly played by GO

whose precursor is graphite oxide. As mentioned above,

graphite oxide is a layered material comprised of oxidized

graphene sheets and characterized by high hydrophilicity

owing to high content of functional groups. The interplanar

spacing in graphite oxide differs from that in graphite and

lies in the range from 3.4 to 12 �A. Graphite oxide layers

bear a negative charge, which enables the formation of

aqueous suspensions.79 A drawback of dispersions based

on graphite oxide is that dispersed particles are composed of

a large number of aggregated nanosheets.

Graphite oxide can form colloidal solutions not only in

water, but also in alcohols and other polar solvents as well

as separate into thin (up to single-layer) nanosheets upon

appropriate treatment.80, 81

In aqueous dispersions, GO nanosheets are electrostati-

cally stabilized by peripheral carboxyl groups.82, 83 These

groups are responsible for high aqueous dispersibility of

GO and stabilize aqueous dispersions after chemical reduc-

tion of epoxy and hydroxyl groups 84 on the basal plane.85

The aqueous dispersibility of GO nanoparticles can be

additionally increased by oxidizing hydroxyl groups on the

basal plane to carboxyl ones.86 Taking into account the

importance of these functional groups for stabilization of

GO dispersions, it was assumed 87 that fragmentation of

graphene nanosheets into smaller pieces bearing no car-

boxyl groups on the freshly formed edges should decrease

the dispersibility of nanosheets, but not induce their irre-

versible aggregation (Fig. 4 a). To test this hypothesis,

sonication was used as an efficient tool to reduce the size

of GO nanosheets 88 in a dilute (2 mg ml71) aqueous
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dispersion. Noteworthy, such dispersions gelate after

30 min of sonication (see Fig. 4 b).

The possibility to prepare aqueous GO dispersions

(`solutions') is an important factor responsible for the

formation and properties of various materials based on

GO and rGO. The aggregative stability of dispersions first

of all depends on the acidity of aqueous solutions and

monotonically increases with increasing pH. Changes in

`solubility' are due to cleavage of hydrogen bonds between

carboxyl groups of contacting nanosheets. The complex

character of this dependence originates from different nano-

particle geometries and inhomogeneous distribution of

carboxyl groups on their surface. A comparative experi-

mental and molecular dynamics study of the pH-dependent

behaviour of GO sols showed that at low pH, GO is

protonated and forms aggregates.89 At high pH, deproto-

nated carboxyl groups endow the GO nanosheets whith

hydrophilic properties and the ability to form aqueous

colloidal solutions. It was also established that dried sin-

gle-layer GO nanosheets form dense aggregates with a

complex structure and small specific surface area, as deter-

mined by the Brunauer ± Emmett ± Teller (BET) method.90

We believe that it is the simplicity and reliability of GO

preparation by the Hummers method and its modified

versions that are responsible for the popularity of GO

among chemists working in the field of materials science

and for increased interest in GO as versatile nanosized

structural block in the synthesis of materials.

A study 91 of aqueous GO dispersions gave interesting

results. Aqueous dispersions of GO nanosheets prepared by

exfoliation of graphite oxide were treated with dye solutions

(neutral red, brilliant green and rhodamine). It was found

that the addition of dyes leads to failure of aqueous

suspensions and precipitation of GO and that the residues

separated from excess dye form stable suspensions of

coloured GO nanosheets in water or N,N-dimethylforma-

mide after re-dispersion. Colouration of GO nanoparticles

is accompanied by a shift of the main absorption bands of

the dyes towards longer wavelengths. Besides, the dye

stability against UV irradiation increases significantly

upon applying the dye to the GO nanosheets.

9. Formation of graphene oxide and reduced
graphene oxide gels

Many studies are aimed to prepare homogeneous GO

hydrogels and appropriately treat them using physicochem-

ical methods in order to subsequently assemble 3D archi-

tectures (e.g., aerogels).7, 92, 93

By definition, a gel is a colloidal system representing a

suspension of liquid particles in a solid. The volume fraction

of the solid component in the gel is much lower than that of

the liquid component. The solid component has the form of

nano- and microparticles brought into contact with one

another and thus forming a branched network of chains and

nanosheets that continuously penetrates the entire volume

of the gel. That is why gels show no fluid behaviour, being

jelly-like or even elastic rather than liquid. If the liquid

phase is completely replaced by a gas (e.g., air), an aerogel is

formed.

Stable and homogeneous aqueous GO dispersions as

precursors for monolithic 3D networks are often prepared

using gel-forming molecules (e.g., small organic molecules

including amides, peptides, ureas, saccharides, nucleotides,

molecules bearing long alkyl chains or steroid derivatives).

After gelation these organic additives form chemical or

physical cross-links that eventually stabilize the 3D struc-

ture and functional properties of the material prepared.

Since the assembly of GO-based structures offers certain

advantages (water as medium, the possibility of dispersion

to single-layer nanosheets and their chemical modification,

relative simplicity of control of the assembly process), it is

GO that is most widely used as precursor for monoliths.

Monolithic graphene-based structures are formed using

hydrothermal reduction, chemical reduction, as well as

physical methods leading to formation of highly cross-

linked graphene hydrogels.94 The content of oxygen in the

final product depends on the reduction conditions (e.g.,

sonication

fracture fragmentation

Graphene

oxide
CO2H groups
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sonication

sonication

Aqueous
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Figure 4. Illustration of the fracture and fragmentation of graphene oxide nano-
sheets during sonication, where reduced coverage of carboxyl groups (represented
as spheres) along the edges of the nanosheet fragments leads to gelation (a); a
digital image demonstrating the conversion of aqueous graphene oxide dispersion
into a hydrogel upon sonication (b).87
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temperature) and usually lies in the range of

10 at.% ± 15 at.% except procedures involving post-thermal

treatment. At temperatures above 900 8C, i.e., at lower

content of oxygen, one deals with the formation of mechan-

ically strong and ultralight aerogel monoliths. Each method

for reduction of GO (see above) has its own advantages and

the choice of particular approach depends on the ultimate

goal. The absorbed water is removed by freeze-drying or

supercritical drying.95

In some cases, graphene nanosheets are assembled using

no gel-forming agents. Namely, porous 3D GO materials

(or even multilayer free films) are assembled from colloidal

suspensions of untreated GO nanosheets (no additives)

using joint action of vacuum evaporation, temperature and

centrifugal force. Thermal annealing at 800 8C in H2/Ar

stream leads to formation of spongy rGO and rGO films

containing less than 5 mass% of oxygen.96

Hydrogels based on rGO attract considerable attention

due to unique architecture and useful properties. Compared

to GO-based hydrogels, the former are characterized by

higher mechanical strength and electrical conductivity as

well as excellent thermal, chemical and electrochemical

stability.97, 98

Main strategies for the preparation of hydrogels are

shown in Fig. 5. Hydrogels based on GO offer certain

advantages that are specified by the properties of GO

nanosheets. These particles readily form hydrogels in

water in the presence of various gel-forming agents. The

hydrogels thus formed are composed of 2D GO domains

decorated with oxygen-containing functional groups; they

have large specific surface areas and can be controlled with

ease using external factors. This lays the groundwork for

various potential applications, such as adsorption, separa-

tion, sensorics, purification, drug delivery, etc.99

The formation of GO hydrogels under sonication with-

out using gel-forming agents was reported.87 Sonication

induced fracture of GO nanosheets into smaller fragments

whose as-prepared edges were not decorated with functional

(carboxyl) groups. Taking account of importance of these

groups for stabilization of the dispersion, gelation in the

absence of carboxyl groups was explained by changes in the

chemical properties of the GO surface. Another situation

was observed when GO was prepared from graphite pow-

ders of different size by the Hummers method. In this case

smaller GO nanosheets are better `dissolved' in water owing

to higher specific concentration of carboxyl groups.100, 101

The formation of GO-based hydrogels using no addi-

tional solid templates requires considerable efforts to ensure

the assembly of homogeneous architectures with specified

cell size. A possible method for solving this problem is to

prepare Pickering emulsions.

10. Pickering emulsions as precursors for
homogeneous porous structures

Pickering emulsions are dispersions stabilized by solid

particles immobilized at oil7water interface rather than

conventional emulsifiers (surfactants). This type of emul-

sions was named after S.Pickering,102 who described them

in 1907, although the effect was discovered by W.Rams-

den 103 in 1903. This type of emulsions was for long used

only in food and cosmetics industries. In the last decades,

Pickering emulsions have attracted considerable interest in

connection with prospects for green and economic produc-

tion of hybrid polymer particles and nanocomposites with

supramolecular colloidal structures. Both emulsion or sus-

pension polymerization in Pickering emulsions makes pos-

sible in situ preparation of reinforced nanostructured poly-

meric composites, unusual latexes and microcapsules with

unique properties.

As we mentioned recently,104 the ease of preparation of

stable adsorption layers at the oil ± water interface is due to

the fact that adsorption of GO on the interface leads to

better compensation of the GO surface domains of different

energy compared to the case where air is the second phase.

The effect is of particular importance for the formation of

Pickering emulsions.

It is assumed that the ability of GO to exhibit the

properties of adsorption-active substance to a great extent

depends on the nature (polarity) of the oil phase, which was

in fact ignored earlier. Graphene oxide-stabilized Pickering

emulsions were studied in most detail by He et al.105 They

discussed the influence of various factors on the properties

of Pickering emulsions and demonstrated the possibility to

use these systems as catalysts for reduction of 4-nitrophenol

to 4-aminophenol. The assembly of graphene monoliths

were not considered.

Demulsification of oil (heavy petroleum) ±water Picker-

ing emulsions stabilized by GO and rGO nanosheets was

studied 106 in connection with petroleum recovery problems.

Considerable attention is paid to the use of GO as

stabilizer of emulsion polymerization of styrene, methacry-

late, etc.107 ± 109

The application of GO nanoparticles as seeds rather

than stabilizers of seeded emulsion polymerization made it
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Figure 5. Schematic illustration of the main strategies of the
preparation of graphene gels of different morphology.99

Graphene oxide hydrogels formed using gel-forming agents, low
volume shrinkage (a); rGO hydrogels formed after chemical reduc-
tion of graphene oxide, high volume shrinkage (b); rGO hydrogels
formed after chemical reduction of graphene oxide on a metallic
substrate (c); and rGO hydrogels formed after electrochemical
reduction of graphene oxide on an inert substrate (d ).
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possible to significantly improve the monodispersity of

emulsions.110

A recent study 111 was carried out using GO modified

with alkyl chains of different length (mGO). Grafting

occurred as a result of the reaction between GO and alkyl-

amine and led to reduction of GO. Compared to GO-

stabilized oil-in-water emulsion, all mGO-stabilized emul-

sions were of the water-in-oil type. The mGO-stabilized

emulsions demonstrated high stability in a wide range of pH

and ionic strength values.

Perfect single-layer graphene is often treated as giant

polyaromatic molecule having a large surface area, whose

surface is accessible from both sides and which can undergo

various reactions by analogy with unsaturated systems in

organic molecules.112 This feature of GO nanosheets allows

one to modify them in order to improve various properties

of the nanoparticles including the hydrophilic-lipophilic

balance.

Thus, 2D nanoparticles such as GO nanosheets can

stabilize Pickering emulsion owing to efficient adsorption

at the oil ± water interface. Studies on Pickering emulsions

stabilized by GO or its derivatives (including rGO and

mGO) are scarce. The same holds for investigations of the

assembly of 3D monolithic architectures (aerogels) from

Pickering emulsions and determination of factors respon-

sible for the properties of the fabricated materials.

11. Formation of monolithic aerogels based on
graphene derivatives

Aerogels are widely used to solve various scientific and

applied problems since they have large surface area, low

density and ultrathin pores.113

Usually, aerogels are prepared from hydrogels by super-

critical drying. The advantage of this approach is that the

structure of the initial gel is retained, whereas in the case of

conventional drying the subsiding liquid shrinks and breaks

up the network formed by nanoparticles. There is no liquid/

gas phase boundary in a supercritical fluid, and, conse-

quently, there is no surface tension.

Vacuum freeze-drying is yet another method for drying

gels with retention of their structure. Since in this case water

is removed through sublimation of the dispersion medium,

the process can proceed only in vacuo. Correspondingly,
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capillary forces have no effect on the gel structure under

vacuum freeze-drying and supercritical drying conditions.

The structure of aerogels predetermines their unique

properties. Although the strength of aerogels can approach

that of solids, their densities are similar to those of gases.

For instance, the best samples of silica aerogel have a

density of about 2 mg cm73 (density of air is 1.2 mg cm73

in ambient conditions), which is 1000 times lower than that

of nonporous solid materials. The density of graphene

aerogel can be as low as 0.16 mg cm73 (Ref. 114).

Besides, aerogels are characterized by very low thermal

conductivity since the heat should pass through a highly

branched network of thin chains formed by nanoparticles.

Heat transfer in the air is also precluded because these

chains make convection impossible.

Brittleness is the major drawback of aerogels. It is

typical of almost all known silica aerogels, certain metal

oxide aerogels and carbon aerogels. Nevertheless, prepara-

tion of aerogel based on graphene/carbon nanotube com-

posite, with high elasticity and fracture strength was

reported.114

Usually, graphene aerogels are prepared upon thicken-

ing of GO suspensions accompanied by partial reduction of

GO and formation of a porous 3D network in the liquid. As

the liquid phase is removed, a dry 3D graphene structure is

available. Although GO-based aerogels offer certain advan-

tages compared to conventional carbon aerogels, they are

inferior in properties to the aerogels based on graphene

nanosheets obtained by mechanical cleavage or by chemical

vapour deposition, which are characterized by much higher

crystallinity and superior mechanical and electrical charac-

teristics.

Researchers from California University at Berkeley

proposed a new method for the synthesis of aerogels from

GO containing high-quality sheets of crystalline graphene.94

The approach assumes the formation of a gel from a

suspension of GO in aqueous ammonium hydroxide at a

moderate temperature (*80 8C). The gel thus prepared is

dried using supercritical carbon dioxide and then annealed

at 1050 8C in nitrogen atmosphere. In this step, a conven-

tional GO-based aerogel is formed. To prepare a highly

crystalline gel, the process was augmented with annealing in

helium atmosphere at temperatures above 1500 8C. High-

resolution scanning electron microscopy (SEM) images

demonstrate that the annealed gel is single-layer or few-

layer highly crystalline graphene (Fig. 6). High-quality

graphene sheets in the new aerogel provide its stability at

high temperatures and exhibit higher strength and superior

electrical properties compared to graphene in conventional

graphene aerogels. The authors 94 believe that possible fields

of application of the new material include catalysts and

energy storage units, in particular, supercapacitors, lithium

ion batteries, as well as devices for water desalination,

sensors and composite materials.
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A graphene aerogel was also prepared from GO hydro-

gel by hydrothermal synthesis (180 8C, 12 h) followed by

vacuum freeze-drying.115 The final monolith (aerogel) had a

cellular macroporous structure with the framework formed

through physiclal cross-linking of overlapping flexible gra-

phene nanosheets. The aerogel demonstrated high mechan-

ical and electrical properties (Fig. 7).

An rGO-based aerogel modified with silica nanopar-

ticles was synthesized.116 The porous material was highly

hydrophobic (water contact angle of 1378) and had low

density (13.5 mg cm73) and high specific surface area

(516 m2 g71).

Yet another method for the preparation of graphene

macroensembles uses rigid porous templates, e.g., nickel

foams.117 Graphene is synthesized from CH4 by chemical

vapour deposition at *1000 8C. The technique allows one

to control the density of the solid phase by varying the

amount of the deposited compound and the structure of the

solid phase through the choice of the scaffold with the

desired architecture, thus ensuring the attainment of high

porosity and large specific surface area. However, the

method requires high energy expenditure and is inappro-

priate for fabrication of self-supporting monoliths with high

mechanical properties since the 3D networks break up with

ease upon removal of rigid sacrificial framework.

Polystyrene and silica nanoparticles were also used as

solid templates for the preparation of graphene monoliths

with ordered porous structures.75, 109, 111 However, this is

possible either at high temperatures (above 800 8C) or in the

presence of harmful chemical substances (e.g., HF) to

dissolve the solid SiO2 scaffold. The use of other templates

also significantly complicates the preparation of graphene

architectures.

Fabrication of high-quality monoliths requires the

development of chemistry of aqueous and organic `solu-

tions' of graphene derivatives.63, 118, 119

Almost all monoliths fabricated using the method

described above (except methods that use solid templates

and Pickering emulsions) have random porous structures

formed by random stacking of 2D graphene nanosheets.

Tuning the architecture of such 3D materials is a challenge.

At present, fabrication of graphene monoliths with well-

defined and controllable microstructures is impossible.75 In

this connection, the development of new approaches to the

design of porous graphene materials with controllable

architectures is required.

12. Graphene materials as methane sorbents

Methane is the main constituent of natural gas and plays an

increasing role in power engineering. It is used in industry,

in household, in boiler plants, as motor fuel and as raw

material in chemical industry. The content of CH4 in

natural gas is about 90%, the overall concentration of

other impurities being as high as 10 mass%; therefore,

transformation of a natural gas storage facility to a methane

storage facility requires gas separation.120

At the same time, a continuous decrease in the fraction

of readily available fossil fuels necessitates a research into

alternative energy sources including biogas.121 For environ-

mentally friendly use of biogas that is mainly composed of

CH4 and CO2 it is necessary to develop efficient methods for

separation of these gases.122, 123

Coalbeds represent yet another, at least equally impor-

tant, source of methane. The action of high temperature and

high pressure causes the formation of coalbed hydrocarbon

gases with methane being the main component. The con-

centration of methane in the gas mixture is in the range of

80%± 98%.120

Thus, the main problems related to utilization of meth-

ane include purification, transportation and storage.

In this review we will consider certain issues that are

mainly related to the last-mentioned problem, viz., applica-

tion of porous adsorbents for methane collection.

An adsorption-based natural gas (methane) collection

system is a storage unit specially filled with a porous

adsorbent. Materials with high porosity and large specific

surface area are promising for methane storage applica-

tions. The intermolecular forces acting between CH4 mole-

cule and an adsorbent are primarily induced by instant

polarization of highly symmetric methane molecule. The

interaction between the methane molecule and the pore wall

is governed by the pore size.

A large surface area of an adsorbent provides high

gravimetric methane uptake, while high volumetric methane

uptake requires close packing. The packing density can be

increased by compressing the powdered sample. The pack-

ing density should be considered as an important factor

used to achieve high volumetric storage capacities of mate-

rials. A drawback of all powdered storage media is the

packing density limitation equal to 0.3 g cm73 for typical

and 1 g cm73 for an ideal bulk sample.

The Advanced Research Projects Agency-Energy

(ARPA-E) of the US Department of Energy (DOE)

reported the following target values of methane storage

parameters: 0.5 g (CH4) (g of sorbent)71 for the gravimet-

ric density and 12.5 MJ (litre of sorbent)71 for the volu-

metric energy density in the temperature range from 740 to

85 8C for a vehicle under actual operating conditions.124

Also, the packing losses of about *25% and the sorbent

price (less than 10 US dollars per kg) should be taken into

account.

A number of recent reviews 125 ± 137 on methane adsorp-

tion on porous solid graphene materials are available.

A comparative study of methane adsorption on typical

carbon-based materials including graphene sheets, activated

carbon and carbon black was reported.127 It was shown that

the adsorbed amount of methane does not change in

proportion to the specific surface area of the adsorbent.

Namely, the absolute adsorption at 0 8C and 20 bar was

found to be 6 mmol g71 on the activated carbon vs.

1.25 mmol g71 on the graphene sheets and 0.6 mmol g71

on the carbon black. However, the specific surface area of

the activated carbon (1118 m2 g71) was nearly 3.7 and 14.6

times larger than that of the graphene sheets (300 m2 g71)

and the carbon black (76 m2 g71), respectively. A similar

conclusion was drawn from comparing the specific pore

volumes of the adsorbents. Graphene nanosheets had larger

specific pore volume compared to carbon black, but this did

not lead to an increase in the storage volume per unit

surface area, which was the largest for carbon black. It

should be noted that microporosity of the graphene mate-

rial mentioned above was not optimized. The efficiency of

various porous adsorbents for CH4 was compared else-

where.138, 139

A detailed study of the interaction between methane and

graphene is available.128 According to calculations, the CH4
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molecule is oriented with three hydrogen atoms towards the

graphene sheet, being located at a distance of 0.33 nm from

the surface, and binding energy is 0.17 eV. Recently,129 it

was established that the equilibrium distance between the

graphene surface and methane molecule is 0.31 nm and the

corresponding adsorption energy is nearly 11.5 kJ mol71;

this confirms weak interaction (physisorption) between CH4

and graphene. Contrary to this, strong adsorption (chem-

isorption) of methane on Pt-decorated graphene was found

when the CH4 molecule was above a Pt atom on the

graphene sheet. In this case, the calculated energy was

nearly four times higher (46.8 kJ mol71) and the distance

between the methane molecule and graphene was shorter

(0.206 nm) as compared to the corresponding values

obtained for undecorated graphene. The authors of yet

another study 130 reported that edge functionalization of

graphene can also favour methane adsorption.

Physisorption of CH4 on modified graphene depends

slightly on the orientation of methane molecules and on the

electronegativity of the dopant atom.140 For instance,

doping graphene with boron decreases the adsorption

energy of CH4 , whereas doping with nitrogen increases

this energy. More intensive experimental studies in this

field are needed to better understand the processes of

adsorption on both pristine and doped graphene materials.

It was reported that the measured methane adsorption

capacity of activated S-doped rGO surface is only

0.5 mmol g71 at 0 8C and 1 bar,141 whereas doping a

graphene aerogel with nitrogen causes its CH4 adsorption

capacity to increase from 1.4 mmol g71 to 1.7 mmol g71

under identical conditions.142 At atmospheric pressure and

0 8C, a graphene material named graphene nanoribbon

framework demonstrated a rather low methane adsorption

capacity of 0.72 mmol g71. This can be a consequence of

relatively small specific surface area (680 m2 g71) as well as

small micropore volume (0.16 cm3 g71).131 To attain higher

CH4 adsorption values, higher pressures are required.

A graphene nanomesh material characterized by high

volumetric methane uptake of 200 cm3(STP) cm73 [where

cm3(STP) refers to the methane volume at the standard

temperature (0 8C) and pressure (1 bar)] and high methane

adsorption capacity (14.8 mmol g71 at 1 8C and high

pressure of 90 bar).143 The material was synthesized by

CVD using porous MgO sheets as a template and had a

large specific surface area of 2038 m2 g71 with a pore size

distribution centred at *1 nm.

Moreover, as the bulk density of a graphene nanomesh

pellet was increased to 0.5 ± 1.0 g cm73 by pressing, the

volumetric methane uptake reached a value of

236 cm3(STP) cm73 at 1 8C and 90 bar. A drawback of

this type of synthesis is a high consumption of valuable

gaseous hydrocarbons to produce the final material. A 3D

nanoporous graphene material (a-3D-G) characterized by a

methane adsorption capacity of 12.03 mmol g71 at 25 8C
and a lower pressure (35 bar) was fabricated.132 A large

specific surface area of 2720 m2 g71 and a total pore volume

of 1.45 cm3 g71 were obtained using alkali (KOH) activated

graphene structure.

Yet another chemically activated graphene-based

adsorbent is a-GDC, or graphene derived carbon.144 The

methane adsorption capacity of the material is

11.3 mmol g71 at room temperature and 35 bar. It was

also shown that a-GDC is a promising adsorbent for CO2

(21 mmol g71 at 25 8C and 20 bar) and H2 (3.8 wt.% at

7196 8C and 10 bar). High adsorption capacity of this

material can be explained by the presence of well-developed

porous structure with a BET specific surface area of

3240 m2 g71 with interconnected network of micro- and

mesopores (average pore size of 2.75 nm). Besides, a-GDC

is characterized by fast adsorption ± desorption kinetics and

low heat of adsorption, which indicates van der Waals

interactions between the adsorbent surface and gas mole-

cules. The pore size in this type of materials varied from 1 to

4 nm and the calculated optimum pore size for the most

efficient methane capture at ambient temperature and

35 bar was 0.8 ± 1.2 nm.133 A GO-based carbon material

a-GODC (graphene oxide derived carbon) 126 has a rather

large BET specific surface area of 1900 m2 g71 and a total

pore volume of 1.65 cm3 g71. The methane adsorption

capacity was 10.91 mmol g71. It was shown that the specific

surface area, pore volume and the pore size distribution can

be controlled by varying the concentration of the activator

(KOH) solution and the treatment temperature.

In Fig. 8 we compare the methane adsorption properties

of three graphene materials with different average pore sizes

and specific surface areas (SSA) at 25 8C and

35 bar.132, 137, 144 The structure parameters were calculated

on the basis of low-temperature nitrogen adsorption iso-

therms. The effect of SSA on the methane uptake is not

clearly seen, which can be due to the differences in the

methods for evaluating the BET surface area. The same also

holds for the effect of the pore diameter. However, based on

the available adsorption data, one can assume that the pore

size is a more important factor than SSA. In the range of

average pore diameters from *2.0 to *2.8 nm the gra-

phene adsorbents (see Fig. 8) are characterized by similar

methane adsorption capacities ranging from *10.9 to

*12.0 mmol g71 despite a significant difference in their

SSA (1900 ± 3200 m2 g71). To achieve higher CH4 storage

and efficient (fast) adsorption ± desorption kinetics, it is

required that the material have a large volume of opti-

mum-size micropores and a certain volume of mesopores.

The pore size distribution centred at 1 nm allows two or

three CH4 molecules to be accommodated within a pore,

thus resulting in high packing density of the adsorbed

phase.133 According to calculations of the density of meth-

ane in micropores and micro-mesopores at pressures of up

to 100 bar using experimental data for activated carbons,
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Figure 8. Methane adsorption capacities of three graphene mate-
rials at 25 8C and a pressure of 35 bar plotted vs. average pore size
and Brunauer ± Emmett ± Teller specific surface area (S, expressed
in m2 g71).125
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pores smaller than 1 ± 2.5 nm in size have a strong effect on

the methane adsorption capacity at high pressures.134

13. Methane adsorption on hybrid materials
containing graphene derivatives and metal-organic
frameworks

Although studies and application of metal-organic frame-

works as methane storage units receive little attention

compared to hydrogen storage 145 or CO2 capture,146 there

has been gradually increasing activity in this field.

Peng et al.147 determined that the US DOE gravimetric

target for methane sorption can be reached using a MOF

with an apparent surface area of 7500 m2 g71 and a pore

volume of 3.2 cm3 g71. Based on these values of structural

parameters, the volumetric methane uptake of this MOF

should be 195 cm3 (STP) cm73. The methane volumetric

capacity of a well-studied and commercially available MOF

known as a Hong Kong University of Science and Technol-

ogy material (HKUST-1, MOF based on Cu2+ and ben-

zene-1,3,5-tricarboxylic acid) can be as high as

267 cm3 (STP) cm73 at 25 8C and 65 bar and the single-

crystal density of the sorbent. Since HKUST-1 has high

storage capacity, can be synthesized with ease and is

commercially available, it was proposed as a reference and

to compare the properties of novel materials for methane

storage units 136 with those of HKUST-1. A drawback of

this material is low mechanical stability. Indeed, mechanical

compaction leads to significant decrease in the volumetric

capacity of HKUST-1.147, 148 Recently, a similar MOF

material with high volumetric methane uptake

[16.58 mmol g71 and 221 cm3 (STP) cm73 at 85 bar using

a crystal density of 0.595 g cm73] was reported.126 It was

synthesized using highly aromatic and rigid organic linker

with intrinsic strong CH4 adsorption sites; the BET surface

area of this material is 3971 m2 g71.

A comparison of the methane adsorption properties of

various porous materials including activated carbons, MOF

and graphene materials in relation to their SSA revealed 132

that MOF with SSA >3000 m2 g71 exhibit saturation and

thus a further increase in SSA should not improve their

adsorption properties. At present, MOF and porous com-

posites based on rGO attract increasing attention as meth-

ane adsorbents.135, 149, 150 Figure 9 b presents a SEM image

of the MOF/rGO hybrid material.151 Although MOF have

large specific surface area and well-developed porous struc-

ture, they are not always efficient adsorbents for light gas

molecules at atmospheric pressure.149

Obtaining hybrid materials with high porosity and

improved adsorption properties requires additional studies

on the formation of graphene/MOF hybrids.152, 153

Zhou and co-workers 154 synthesized a rGO/MIL-101

hybrid [MIL is a Materials Institute Lavoisier material, a

MOF based on benzene-1,4-dicarboxylic acid and

chromium(III) cations] with a specific surface area of

2950 m2 g71 and a total pore volume of 1.42 cm3 g71. The

material has a high methane adsorption capacity of

7.5 mmol g71 at room temperature and 25 bar. A simula-

tion performed for the rGO/MIL-101 system and equimolar

CO2 : CH4 mixture revealed high separation selectivity

(15.0) at 1.5 bar (cf. an experimental separation selectivity

of 32 at 1.5 bar for a mixture of 10% CO2 and 90% CH4 ).

For comparison, we present the data for activated

carbons that are also considered as potential methane

storage materials. For instance, activated carbons prepared

from mesophase pitch adsorbed up to 160 cm3 (STP) cm73

of CH4 at 25 8C and 35 bar and a packing density of

0.62 g cm73 (Ref. 134). The adsorption capacity of KOH-

activated carbon was 12.33 mmol g71 at 20 8C and

50 bar.155 A methane uptake of 10.25 mmol g71

[147 cm3(STP) cm73] at 25 8C and 20 bar attained for the

carbon adsorbent AC4-PC (AC stands for activation, PC

stands for porous carbon, KOH : PC=4 mass%) is one of

the best results reported for activated carbons with large

surface area at relatively low pressures.156 Activated car-

bons prepared in other studies 157, 158 were characterized by

the following methane adsorption properties:

9.34 mmol g71 [130 cm3(STP) cm73] and 8.62 mmol g71

[120 cm3(STP) cm73] at 25 8C and *30 bar, respec-

tively.157, 158

Zeolite 13X is often used as adsorbent because of its

polar surface and large surface area and pore volume. The

methane adsorption capacity of zeolite 13X is

*2.8 mmol g71 at 30 8C and 10 bar, and the CO2 : CH4

selectivity reaches a value of 26 at 30 8C and 4 bar.159

Table 2 presents the methane adsorption properties of

various graphene-based materials. It should be noted that

adsorption of CO2 and H2 on this type of materials has been

much better studied than adsorption of CH4 .

Methane adsorption is usually measured at high pres-

sures (>20 bar). The values of adsorption at atmospheric

pressure are taken from the gas separation studies. At high

pressures, graphene materials along with MOF are the most

promising methane adsorbents for potential commercial

applications. For instance, graphene derivatives demon-

strate high methane uptakes up to 12 mmol g71 at 25 8C
and pressures lower than 35 bar.132 Further studies of

b

a

5 mm

5 mm

Figure 9. SEM images of materials based on metal-organic frame-
work (a) and MOF/rGO hybrid (b).151
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methane adsorption on graphene-based materials, especially

on activated graphene materials and rGO, which are char-

acterized by high CO2 and H2 uptakes, are required.

14. Formation of porphyrin architectures on the
surface of graphene materials. Covalent and
noncovalent interactions in graphene ± porphyrin
hybrids

The main problem in the design of graphene-based

hybrid materials is that pristine graphene exhibits very

low solubility and aggregates through stacking of elec-

tron systems of the carbon framework. At present, all

known approaches to the design of composite materials

based on graphene derivatives and porphyrins involve, to

one or another extent, preparation of graphene or GO

dispersions.161 In the case of graphene this often requires

preliminary modification of the carbon framework.

Chemical methods of preliminary exfoliation combine

the use of strong acids,77 ionic liquids,162 surfactants 163

or organic solvents164 and sonication.165

Subsequent covalent or noncovalent functionalization

with various molecules or nanoparticles is carried out

both in water and in nonaqueous solvents.166 ± 168

Hybrid structures based on carbon materials and

tetrapyrroles are fabricated using fundamental concepts

of the interaction between tetrapyrrole aromatic platform

and(or) functional substituents grafted to the porphyrin

ring and the carbon substrate. Targeted design of such

hybrid materials implies control of the porphyrin ± sub-

strate interactions and manipulation of the mobility and

reactivity of the molecules involved. Depending on

nature of the surface and on the structure of porphyrin

molecular tectons, the organization of the porphyrins on

the carbon substrate can vary following the combination

of covalent and noncovalent bonds in the final structure.

This variety of possibilities is to the full extent realized in

the supramolecular structures based on porphyrins and

their derivatives that have the advantage of chemical and

thermal stability and variability of the molecular struc-

tures through grafting of substituents over other types of

linkers used to assemble metal-organic frameworks.169

meso-Functionalization of porphyrins using appropri-

ate substituents allows one to control assembly of nano-

and microstructures on various surfaces. Substituents of

low reactivity, such as phenyl groups (2H-tetraphenyl-

porphyrin), mainly favour the formation of close-packed

structures through van der Waals interactions and for-

mation of the so-called T-shaped packing of substituents

in adjacent molecules. Regular patterns of such struc-

tures are determined by the intrinsic lattice of the

substrate.170

Incorporation of metals, e.g., Fe, Co or Zn, into the

porphyrin ring before or after assembling the supra-

molecular ensemble has almost no effect on the packing

pattern.171 Porphyrin units bearing bulky substituents

(e.g., tert-butylphenyl ones) form tetragonal 172 or close-

packed hexagonal phases.173, 174

In order to graft MOF, the surface of graphene sheets

can be functionalized with hydroxyl, aldehyde, carboxyl

or epoxy groups by treating the surface with strong

oxidants, e.g., KMnO47H2SO4 and then with H2O2 .

Exfoliation of the modified graphene is achieved by

sonication of the material. Further chemical modification

involves partial reduction of the GO surface using vari-

ous agents, for instance, hydrazine to remove oxygen-

containing groups and to reduce the conjugated structure

in the carbon framework. Carboxylated GO is prepared

by exfoliation in alkali medium followed by neutraliza-

tion with HCl. This enables selective retention of car-

boxyl groups on the surface of the GO nanosheet.

Functionalization of graphene and GO using stacking of

porphyrins on 2D carbon frameworks has been studied in

considerable detail.175 ± 178

Covalent functionalization can also be achieved

through cycloaddition of Pd porphyrin complexes to the

carbon framework.179 This type of graphene functional-

ization leads to the appearance of sp3-defects in the

carbon framework with simultaneous loss of conductive

properties.180

In the vast majority of cases noncovalent functional-

ization is performed using planar aromatic molecules; as

a consequence, the properties graphene are retained while

its solubility increases owing to hydrophobic interactions

and aromatic stacking.181 Noncovalent functionalization

of graphene and GO is achieved using porphyrins,182, 183

phthalocyanines 184 and pyrenes.185 Note that noncova-

lent functionalization of disperse GO and chemically

reduced forms of GO in order to fabricate hybrid

materials is mainly carried out using porphyrins capable

of forming cationic species.186 ± 190 Usually, immobiliza-

tion of porphyrins on the surface of carbon particles

through stacking and electrostatic interactions accompa-

nies mixing of the porphyrin and the carbon framework

in the bulk of the disperse system.

Functional groups on the surface and at the edges of

GO nanosheets play an important role in immobilization

of porphyrins on GO particles. The most reliable method

indicating successful immobilization is fluorescence spec-

troscopy since interactions between porphyrin and the

graphene scaffold cause quenching of tetrapyrrole fluo-

rescence through electron transfer or energy transfer

from the excited state of the molecule to the electron

Table 2. Methane adsorption properties of graphene-based materials.

Graphene-based material Pressure/ Methane Ref.
temperature adsorption
(bar/8C) /mmol g71

Graphene sheets 20/0 1.25 127

Nanomesh graphene 90/1 14.8 143

Graphene monolith 90/1 14.5 136

Spongy graphene 0.96/0 0.24 160

Graphene nanoribbon 1/0 0.72 131

framework

a-GDC 35/25 11.3 144

a-GODC 35/27 10.91 137

a-3D-G 35/25 12.06 132

S-Doped graphene material 1/25 0.5 141

N-Doped graphene aerogel 1/0 1.74 142

rGO/MIL 25/25 7.5 154

Cu-MOF/rGO-1 a 1/0 *1.3 152

Cu-MOF/rGO-2 a 1.01/0 *1.3 153

aCu-MOFaremetal-organic frameworks based onCu2+ and benzene-

1,3,5-tricarboxylic acid.
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system of graphene.190 Yet another informative method

for monitoring the formation of the hybrid material is

electronic absorption spectroscopy, which allows one to

observe a bathochromic shift of the characteristic Soret

band (strong band in the UV-vis spectra of porphyrins)

when porphyrin interacts with GO. This shift is most

pronounced for chemically modified GO and least pro-

nounced for GO prepared by direct oxidative exfolia-

tion.191 Pyridyl-substituted porphyrins interact with the

GO surface mainly through electrostatic forces, which

allows one to evaluate the extent of immobilization from

an increase in the efficiency of photoinduced electron

transfer and(or) energy transfer from the organic mate-

rial to the carbon framework.182 Since the wettability of

graphene and graphene derivatives depends on pH, the

pH value can be preadjusted by adding amphiphilic block

copolymer poly(isoprene-b-acrylic acid).182, 192 This

method affords stable aqueous dispersions of graphene

and copolymer in anionic form in an alkali medium.

Subsequent immobilization of cationic porphyrins on

such a modified carbon framework followed by the

formation of the hybrid material is also driven by electro-

static interactions between positively charged porphyrin

and negatively charged GO nanosheets. The efficiency of

immobilization of these composites, where porphyrin acts

as photoexcited electron donor while the graphene sheet

acts as electron acceptor can also be evaluated using

photoluminescence spectroscopy and absorption spectro-

scopy.

Yet another method for immobilization of porphyrins

on GO uses functionalized GO as a kind of a sheet-like

surfactant, which enables the formation of adsorption

layers at water ± oil interfaces. Mixing of aqueous GO

dispersions with porphyrin [e.g., zinc 5,10,15,20-tetra(4-

pyridyl)-21H,23H-porphine] solutions gives stable dis-

persed composites through interactions between the por-

phyrin and the GO adsorption layers.193

The surface porphyrin MOF was formed by modify-

ing GO by grafting of bis-pyridyl groups as surface-

anchored linkers for subsequent binding of MOF compo-

nents.177 The method enables the formation of stable

dispersed composites with porous structure owing to the

introduction of MOF crystallites and high electrocata-

lytic properties. Note that small amount of the carbon

material in such composites severely restricts their use as

gas sorbents.

An original method for MOF immobilization on the

GO surface was practically implemented in our study.194

It involves preliminary modification of GO nanosheets

using metal salts that can act as metal cluster linkers

both to ensure immobilization of porphyrins on the GO

surface and to interconnect porphyrin linkers within the

MOF. The method is characterized by variability of

assembly conditions and chemical compositions of sys-

tems being assembled. It allows the surface MOF to be

assembled in aqueous or water-emulsion media and

involves the use of finely dispersed GO, which favours

an increase in the specific surface area of the sorption

surface of the material.

The strength, nature, directionality and selectivity of

lateral intermolecular interactions in the porphyrin

ensembles on the surface of solid substrates can be varied

over a wide range using functional groups, e.g., pyr-

idyl,195 ± 202 nitrocarboxyl,173, 203 alkoxy 204 or phenylar-

boxyl ones.174 Owing to formation of intermolecular

hydrogen bonds and(or) electrostatic intermolecular

interactions the structure of supramolecular ensembles

of functionalized porphyrins can vary from stacking

aggregates,173, 205 extended wires,173, 204, 205 and porous

networks 204, 206 to close-packed 2D layers.195, 207

Efficient assembly of metal porphyrins to ordered

porous structures (MOF) on the surface occurs through

metal ± substituent coordination. These interactions allow

one to fabricate extended linear 197, 198 and framework-

type198, 200, 201 supramolecular structures.

Considerable efforts have also been made to perform

covalent assembly of framework structures to prepare

more stable and strong nanosystems and supramolecular

porous sorbents. A key problem in this field is to remove

structural defects that negatively influence the uniform

build-up and the properties of the framework structure

porphyrin ensembles on the surface. Up to now such

structures were mainly fabricated on the surface of noble

metals by dehydrogenation of porphyrins. This procedure

was used to synthesize covalently bound oligomers from

unsubstituted free base porphyrins on an Ag(111) sur-

face.208 Bromine-substituted tetraarylporphyrins were

covalently polymerized on Ag(111) surface using the

Ullmann reaction activated by sublimation of porphyrins

on the substrate and subsequent annealing of the sub-

strate.209 Optimization of this protocol depending on the

assembly conditions using trans-substituted porphyrin

[5,15-bis(4-bromophenyl)-10,20-bis-(4-iodophenyl)por-

phyrin] led to fabrication of extended chains, 2D frame-

works and 3D porous heterostructures. In the case of

iodo derivatives, lower activation energy of the reaction

enabled the formation of extended 1D chains on solid

substrate in the first stage of the assembly process.

Subsequent thermal activation may induce transforma-

tion of these 1D domains into regularly patterned

domains of covalently cross-linked 2D porous networks.

Similar structures are formed using covalently bound

dibromofluoro-substituted porphyrin oligomers.210 A

scanning electron microscopy (SEM) study showed that

thermally activated meso-tetra(mesityl)porphyrin

adsorbed on the Cu(110) surface undergoes homo-

polymerization.211 Polymerization of ZnII 10,20-diphe-

nylporphyrin resulting in the formation of 1D ensembles

was performed by successive polymerization on a similar

substrate.212

A fundamentally different strategy for fabrication of

porphyrin nanostructures on solid surfaces is based on ex

situ synthesis of covalently bound fragments that are then

applied to the surface of solid substrates using methods

developed for non-subliming compounds, e.g., using elec-

trospray. It was used to obtain nanoring structures com-

posed of ferrocene-bridged trisporphyrin building blocks.

Nanorings built of 30 and 15 porphyrins form a ten- and a

five-membered ring, respectively (Fig. 10).213

Ensembles with smaller pore size were fabricated using

presynthetic assembly by Vernier templating 214 through

formation of relatively small nano-rings (to 12-porphyrin

nano-rings).

At present, the use of perfectly smooth solid layered

substrates of atomic thickness, such as sp2-hybridized

graphene sheets, as platforms for controlled assembly of

tetrapyrroles is one of the most promising and intensively

developing areas.215 ± 217 Tetrapyrroles can be immobi-
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lized on such substrates by transfer of preliminarily

ordered structures from metallic substrates to the graph-

ite surface followed by exfoliation, as well as by direct

self-assembly on modified 2D templates. Rigid C(sp2)

layers facilitate immobilization of the structures being

assembled and thus ensure their assembly along the

specified direction. It was shown that aromatic discotic

molecules adsorbed from solution on the surface of

CVD-graphene sheet on a Ru(0001) substrate can form

an ordered close-packed monolayer.217 A cobalt phtha-

locyanine complex forms close-packed hexagonal and

tetragonal layers on graphene coated on a mixed sub-

strate based on hexagonal boron nitride Ð (h-BN)SiO2

(Ref. 215) or on Ir(111) surface.218 The formation of

organic tetrapyrrole islands is due to the templating

effect of the (111) h-BN/Cu substrate for graphene. This

effect manifests itself in the formation of a regular 2D

Kagome lattice (trihexagonal packing) as the surface

coverage increases. The Kagome lattice is formed due to

spatial modulation of molecular orbitals on the extended

electronic system of graphene.216 Self-assembly and

mechanical manipulation of porphyrin molecules on

solid substrates is accompanied by other electronic

effects influencing the behaviour of the molecules.219

Yet another possible route to stable close-packed

porphyrin ensembles is to use compounds with grafted

alkyl chains.220 Tetrakis(alkoxyphenyl)porphyrin forms a

lamellar packing on the HOPG surface, adopting a so-

called `face-on' orientation parallel to the carbon sub-

strate and stabilized by intermolecular interpenetration

of hydrocarbon substituents.220 Carboxyl groups allow

one to form porous patterns on graphite surface through

formation of selective hydrogen bonds.221 Liquid-phase

self-assembly of porphyrin structures on the surface of

carbon substrates can also be achieved using sulfonate

groups.222 Porous ensembles of more complex structure

can be synthesized from solutions of double-decker or

triple-decker sandwich porphyrin complexes,223, 224 such

as, e.g., heteroleptic complex Ce(TPP-Fc)(C22OPP)

(TPP-Fc is 5-[4-(4-ferrocenylphenylethynyl)phenyl]-

10,15,20-triphenylporphyrin; C22OPP is 5,10,15,20-tetra-

kis(4-docosyloxyphenyl)porphyrin) 224 through hydrogen

bonding, van der Waals interactions and p ± p stacking.

Up to the present hybrid self-assembled porphyrin

ensembles were mainly fabricated as potential fragments

of photocatalytic devices.225

Photovoltaics and optoelectronics are rapidly devel-

oping areas of research into porphyrin/carbon hybrid

materials; here, tetrapyrroles are used as electron donors.

Of particular interest are composites based on tetrapyr-

roles and fullerenes or carbon nanotubes because they

provide charge transfer from the tetrapyrrole moiety to

the carbon scaffold. Monolayers of binary supramolecu-

lar composites based on C60 and porphyrins were pre-

pared on different substrates.226 Regular open framework

structures formed by porphyrins enable immobilization

of the carbon component immediately in the framework

pores.206 Supramolecular ensembles based on C60 and

5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin and

some other porphyrins can be transformed to covalently

cross-linked copolymers by thermal anneling.227 ± 231

Supramolecular ensembles based on fullerene ± porphyrin

composites are also studied from the standpoint of

transition from spontaneous assembly to a process con-

trolled by external stimuli.232 According to optical

absorption spectroscopy, SEM and transmission electron

microscopy data, noncovalent hybridization of porphyr-

ins with single-wall nanotubes (SWNT) results in the

formation of a 3D hybrid material with a framework

architecture determined by the molecular structure of the

porphyrins, the concentration of the hybrid and the

SWNT : porphyrin ratio. The assembly of the hybrid

material involves the formation of porphyrin J-aggre-

gates on the outer surfaces of the SWNT with a tendency

2.9 nm

10.5 nm

5.7 nm

a b

5 nm

2 nm

Figure 10. SEM images of ten- and five-membered nanorings of ferrocene-bridged trisporphyrin buildng blocks on an Au(111) surface in
ultra-high vacuum at 77 K (a); the structure and dimensions of the deca- and pentamer (b).213
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to aggregation in porous ring structures. The presence of

electron-donating pyridyl groups in para-positon of the

phenyl rings in 5,10,15,20-tetraphenyl-21H,23H-porphine

facilitates the formation of J-aggregates and the assembly

of the porous superstructure based on SWNT.233

15. Composite materials based on porphyrins and
graphene derivatives

Liquid-phase assembly of composites based on porphyr-

ins and graphene derivatives offers prospects for fabrica-

tion of novel materials for catalytic, sorption, fuel cell,

and other applications.

Usually, such an assembly proceeds following diverse

and technologically simple protocols, although many

factors should be taken into account. A particular

advantage of liquid-phase assembly is that it can be

used when electrodeposition or sublimation from the

gas phase is impossible. Structures assembled at the

liquid ± solid interface are formed either under the action

of weak forces between the carbon substrate and por-

phyrin molecules or through specific interactions between

functional groups and the surface.232, 234 ± 236

Control of these interactions made it possible to

develop a new method for the preparation of graphene

from graphite using liquid-phase porphyrin exfoliation of

graphite. Graphite is pretreated with organic ammonium

bases to give an intercalated scaffold and then porphyr-

ins capable of incorporating into the hybrid material

through stacking interactions with the graphene sheets

are introduced. Graphene sheets thus obtained have

undisturbed sp2 carbon structure.183, 237

At present, the application of graphene ± porphyrin

composites is limited to a few areas,238 in particular,

sorption and extraction of heavy metal salts. Such com-

posites were used as solid-phase adsorbents for precon-

centration and extraction of ZnII from aqueous

solutions.238 However, the primary practical interest in

this type of materials is first of all associated with

electro- and photocatalysis. A typical example is pro-

vided by electrochemical reduction and functionalization

of GO nanoribbons using a water-soluble complex, FeIII

meso-tetrakis(N-methyl-4-pyridinio)porphyrin (FeTM-

PyP), through noncovalent p ± p interactions resulting in

the formation of aggregated sp2-hybridized domains on

the electrode surface.239 Hybrid films thus fabricated

demonstrate very high electrocatalytic characteristics in

the reduction of dissolved oxygen. These films were

applied in a biosensor for fast amperometric detection

of glucose.

Photocatalytic oxidation of rhodamine B was carried

out using a hybrid material with developed internal porous

structure based on GO and a zinc complex of tetrapyridyl-

substituted porphyrin. In this composite, GO simultane-

ously acts as surfactant promoting the assembly of the

supramolecular hybrid structure and as the functional

component responsible for efficient synergistic photooxida-

tion of substrate.193

Cobalt porphyrin Co2+-THPP [THPP is 5,10,15,20-

tetrakis(4-hydroxyphenyl)porphyrin] and rGO were used

to synthesize novel electrocatalytic materials for oxygen

reduction from carbon dioxide with the chemical compo-

sition rGO/(Co2+-THPP)n. Preparation of the gra-

phene ± poprphyrin catalytic material using the layer-by-

layer assembly is schematically shown in Fig. 11. Com-

pared to other GO-based carbon materials including

scaffolds modified with cobalt salts, these hybrid materi-

als exhibit much higher catalytic activity comparable

with that of the best commercially available Pt/C cata-

lysts. However, the hybrid catalysts are more stable

owing to fine tuning of the structure and maximization

of the synergistic action of both components.235

Porphyrin ± graphene composites are of interest as

materials for nonlinear optics. Novel covalently function-

alized composites GO ± (Cu, Zn, Sn, H2 , VO)-por-

phyrin 240 are characterized by strong quenching of

porphyrin fluorescence, which is indicative of the inter-

action between the tetrapyrrole ring and the graphene

scaffold. These composites exhibit nonlinear optical

properties observed in the studies of absorption using

Graphene oxide

Co2+

GO/Co2+

+

THPP

hydrazine

7NH3

rGO/(Co2+-THPP)n (n=1±9)
GO/(Co2+-THPP)n

n cycles (n=1±9)

Figure 11. Preparation of graphene ± porphyrin catalytic material rGO/(Co2+-THPP)n using the layer-by-layer assembly technique.235
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femtosecond laser pulses; the most pronounced nonlinear

effects were observed for the composite based on the free

base porphyrin.

So-called nanohybrid materials for nonlinear optics

were prepared using rGO pre-modified with diazonium

salts and porphyrins. In this case, modification enables

covalent grafting of porphyrins to the surface of the

carbon material. Immobilization of porphyrins on the

rGO surface significantly increases the solubility and

processability of rGO and rGo-based materials. A feature

of this type of materials is efficient photoinduced elec-

tron transfer and(or) energy transfer from the tetrapyr-

role rings to the extended p-system of rGO owing to

interactions between the carbon scaffold and porphyrin.

As a consequence, these materials exhibit much better

nonlinear optical properties than not only their individ-

ual components, but also conventional materials based

on C60 fullerene.241

In spite of rapid progress in the chemistry of por-

phyrin/carbon composite materials, there are only a few

publications on the design of MOF/graphene composites

based on tetrapyrrole linkers. Note that most systems in

question are also considered as catalysts for various

processes. The development of methods for fabrication

of such materials is an innovation area of basic and

applied research.

In particular, graphene nanoribbons (GNR) were

used as templates to incorporate with the metal-organic

framework MOF-525 based on ZrIV and carboxyl-sub-

stituted porphyrin [5,10,15,20-tetrakis(4-carboxyphenyl)-

porphyrin] by solvothermal synthesis in aqueous

dispersion of GNR.242 The framework structure of the

composite is composed of MOF nanocrystals intercon-

nected by 1D nanoribbons. The material was used to

prepare an electrochemical catalyst for the decomposi-

tion of nitrites. Highly porous MOF nanocrystals acted

as the catalyst while the GNR network ensured fast and

efficient charge transfer. The composite was shown to be

a much more efficient catalyst compared to analogous

MOFs.

Yet another example of assembly of a porphyrin

MOF on a graphene substrate is provided by iron

porphyrin complexes formed on rGO pre-modified with

bis-pyridyl ligands for subsequent surface immobilization

of porphyrin molecules. It was shown that the composite

material thus fabricated can be used as synergistic cata-

lyst for electrochemical reduction of oxygen from water,

thus being a cheaper and readily available alternative to

platinum electrodes for fuel cells.177 Besides, this type of

composites can be used for the oxidation of cyclohexane

at 150 8C.243

No porphyrin MOF on graphene substrates used as

gas sorbents have been reported to date. Based on

analysis of published data, one can suggest that compo-

sites based on porphyrin MOF and graphene aerogels are

the most promising for application as selective membrane

cleaners and separators for sorption of carbon dioxide

and(or) hydrogen sulfide and purification of methane in

the thin outer layer of sorbents when pumping the gas

into storage facilities. Economic and efficient purification

of natural gas from bound carbonic acid and hydrogen

sulfide using selective sorbents is a crucial task for gas

producing industry since carbonic acid residue formed

during gas liquefaction precludes its utilization and trans-

portation. Environmental risks associated with production

of graphene ±MOF composite materials can be minimized

since graphene aerogel is a green material while potentially

toxic or contaminating MOF components are used in small

amounts relative to the overall volume of the composite

material.

16. Conclusion

Studies on the synthesis and properties of and graphene

derivatives are one of the most demanded and rapidly

progressing areas in chemistry and physics. Increasing

interest in this class of novel materials is, in particular,

due to the possibility to fabricate monolithic hybrid

porous structures. Chemical liquid-phase approaches

(`soft' chemistry methods) to the synthesis of these

materials considered in this review offer the advantages

of large-scale production and relatively simple and avail-

able methods for modification of the structure and

properties depending on the field of application. Colloi-

dal dispersions (hydro- and organosols) of graphene

derivatives are convenient systems for performing various

technological steps including mixing, dispersion, impreg-

nation, functionalization, gelation, etc., that are neces-

sary to fabricate the target products. Numerous studies

are aimed to prepare GO hydrogels and treat them using

physicochemical methods in order to assemble 3D archi-

tectures (e.g., rGO aerogels). Aerogels prepared from

such precursors as Pickering emulsions stabilized by

graphene derivatives enable the formation of homogene-

ous porous monoliths.

Considerable attention paid to scientific research into

the design of novel promising graphene-based adsorbents

is due to sustainable need to develop efficient methods

for storage and transportation of natural energy sources,

in particular, methane. Although at present graphene

derivatives are characterized by rather low methane

uptake, it seems likely that the results obtained can be

improved by incorporating MOF into graphene scaffolds.

Clearly, further studies aimed to improve the properties

of hybrid materials are required.

Recent publications have a high impact on the design

of carbon material/porphyrin hybrids. These studies are

based on fundamental concepts of the interaction

between the tetrapyrrole aromatic platform and(or) func-

tional substituents grafted to the porphyrin ring and the

graphene substrate. Liquid-phase assembly of porphyrin/

graphene composites offers prospects for fabrication of

novel materials for catalytic, sorption, fuel cell, and other

applications. Porphyrin MOF/graphene aerogel compo-

sites can be used as selective membrane cleaners and

separators for sorption of carbon dioxide and(or) hydro-

gen sulfide and purification of methane in the thin outer

layer of sorbents when pumping the gas into storage

facilities.

The review has been written with the financial support

from the Gazprom JSC.

Figures 4, 8, 9 are courtesy of Elsevier. Figures 5, 11 are

courtesy of Wiley Interscience. Figures 6, 7, 10 are courtesy

of the American Chemical Society.
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