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Abstract. In the present research, phenol-formaldehyde resins were used instead of common surfactants for dispers-
ing carbon nanotubes and graphene nanoplatelets in order to develop new composite materials. The use of such 
resins makes it possible to increase the concentration of nanoparticles in solution by approximately two orders of 
magnitude. The presence of reactive groups on the surface of the phenol-formaldehyde-resin-modified carbon  
 nanotubes and graphene nanoplatelets promotes synthesis of a variety of composites. According to the experiments 
performed herein, the modification of the nanomaterials with the phenol-formaldehyde resin significantly improves 
their compatibility and provides good water-solubility. While dispersing in water, the aggregates of the carbon 
nanotubes disappear, giving rise to an ordered structure. Besides, they form stable colloidal solutions at slightly 
 alkaline pH values, but coagulate when decreasing the pH. This effect allows for self-assembly of carbon and com-
posite nanostructures from nanoparticles in solution due to pH adjustment. This enables easy synthesis of hybrid 
composite materials based on carbon nanotubes, graphene nanoplatelets and phenol-formaldehyde resins.
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Introduction
Carbon nanomaterials such as fullerenes, nanotubes, nanodiamonds and graphene are widely 
employed as structural elements in making various advanced nanocomposite materials.

In this regard, only nanostructures formed by nanoparticles will be considered herein 
without concerning the application of carbon nanomaterials as additives for polymers. Car-
bon nanotubes, graphene monolayers and nanoplatelets of different thickness, nanosized par-
ticles of metal oxides and sulfides – e.g., iron (Sun et al., 2013), manganese (Tang et al., 
2012; Cai et al., 2014; Hung et al., 2014; Li et al., 2014; Song et al., 2014), titanium (Cong et 
al., 2011; Favaro et al., 2014; Zhua et al., 2014), zinc (Du et al., 2013), layers of conductive 
polymers – e.g., polyaniline (Chen et al., 2013; Oueiny et al., 2014), polypyrrole and poly-
thiophene (Li et al., 2014; Heli et al., 2012; Heli and Yadegari, 2014), and biological macro-
molecules (Zhang et al., 2010; Seo et al., 2012; Lv et al., 2014) are the most common nano-
structured elements used for creating nanocomposite materials. These nanocomposites 
typically exhibit properties that are superior to those of their individual constituent compo-
nents. For instance, nanocomposites containing carbon nanotubes, graphene, polyaniline and 
magnetite in different combinations possess outstanding electromagnetic radiation absorbing 

* Corresponding author; e-mail: elenburakova@yandex.ru

A New Way of Developing Nanocomposites

This is an open-access article distributed under the terms of the Creative Commons  Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium for non-commercial purposes, provided the 
original author and source are credited.

Unauthenticated | Downloaded 05/19/23 01:41 PM UTC



2 E. Burakova et al. 

properties (Shen et al., 2010; Tong et al., 2011; Xu et al., 2012; Sun et al., 2013;). Introducing 
sulfur nanoparticles and polysulfide ions into graphene cell nanostructures makes it possible 
to eliminate the problem of self-discharge in polysulfide-type chemical current sources (Li et 
al., 2014). On the basis of nanocomposites containing graphene and titanium dioxide parti-
cles, photosensitive systems have been developed (Zou et al., 2011; Favaro et al., 2014; Zhua 
et al., 2014). Besides, nanocomposite materials created based on carbon nanotubes and gra-
phene decorated with metal oxide particles or polyaniline layers can be applied as efficient 
electrode materials for batteries and supercapacitors (Heli et al., 2012; Tang et al., 2012; 
Chen et al., 2013; Cai et al., 2014; Heli and Yadegari, 2014; Hung et al., 2014; Oueiny et al., 
2014).

There are a variety of methods for synthesizing nanocomposite materials. The classic 
way of obtaining these materials comprises the following steps: (1) preparing a highly con-
centrated and stable colloidal solution or dispersion of nanoparticles in water or in a non-
aqueous solvent; (2) combining the components under conditions required for the creation of 
the desired nanostructure; and (3) precipitating the material under conditions ensuring the 
preservation of the resulting nanostructure.

Regarding carbon nanotubes and graphene nanoplatelets as starting components for the 
production of nanocomposite materials, problems may arise at the first stage. It is rather dif-
ficult to obtain highly concentrated and stable dispersions of carbon nanotubes and graphene 
nanoplatelets in a solvent, particularly in water. For example, when using ultrasonic exfolia-
tion of graphite materials in organic solvents or water in the presence of surfactants, one can 
obtain graphene nanoplatelet solutions, but the concentration of graphene in these solutions 
usually does not exceed a few hundredths of a gram per liter, thereby complicating the ap-
plication of such dispersions for the industrial production of graphene-based nanocomposite 
materials. The same corresponds to dispersing carbon nanotubes. The most efficient surfac-
tants allow obtaining aqueous dispersions with concentration of carbon nanotubes not ex-
ceeding 0.01–0.1%. Moreover, in many cases, the presence of surfactants in dispersions may 
become undesirable. 

Chemical reduction and thermal decomposition of graphite oxide appear to be alterna-
tive and highly flexible methods for synthesizing graphene-based nanocomposite materials. 
Graphite oxide is able to spontaneously exfoliate to graphene oxide monolayers in aqueous 
solutions. When exfoliated, graphite oxide monolayers can be reduced to graphene-like sub-
stances with using chemical or electrochemical reduction. Thus, graphite oxide is used as a 
versatile starting material for obtaining graphene nanoplatelets (Zhu et al., 2010). 

Furthermore, the presence of functional groups on the surface of graphite oxide layers 
enables various chemical surface modification reactions to be carried out, and the grafted 
functional groups may remain even after the reduction of the functionalized graphite oxide to 
graphene. Thus, when introducing different nanoparticles between the graphite oxide mono-
layers in the aqueous solution and/or when modifying the graphite oxide with the functional 
groups, one can synthesize various graphene-based nanocomposite materials by reducing the 
graphite oxide to graphene. The main disadvantages of these methods are the high cost of the 
graphite oxide, and the presence of defects in graphene materials obtained by reducing the 
graphite oxide, which is not always acceptable.

Thus, from the standpoint of the industrial production, the synthesis of nanocomposite 
materials using surfactant-stabilized dispersions of graphene nanoplatelets would be advan-
tageous if it were possible to solve the problem of obtaining highly concentrated dispersions 
of few-layered graphene and removing the surfactant from the final product.
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To synthesize nanocomposite structures based on carbon nanomaterials, it has been pro-
posed to use reactive surfactants, molecules of which could be chemically bound to other 
components of the system under study or react with them (Vega-Rios et al., 2013).

It is known that low molecular weight phenol-formaldehyde oligomers synthesized via 
condensation of phenol with an excess of formaldehyde in an alkaline medium (resol-type 
phenolformaldehyde resins) are soluble in water. In such resins, methylol groups possess 
high reactivity, due to which the resin can modify the surface of carbon nanotubes or gra-
phene and thereby impart water solubility to these nanomaterials. This favors the use of these 
materials for synthesizing different nanocomposites based on carbon nanotubes, graphene 
and graphene oxide (Huang et al., 2012; Bello et al., 2014; Zhao et al., 2014; Li et al., 2015; 
Wu et al., 2015). However, to the best of our knowledge, up to date, data on employing 
phenol-formaldehyde resins to prepare water-soluble forms of carbon nanomaterials is 
scarce.

Considering the aforementioned, the aim of the present research was to investigate the 
possibility of employing a phenol-formaldehyde resin as a reactive surfactant in obtaining 
stable and highly concentrated dispersions of carbon nanotubes and graphene.

Materials and methods
“Taunit-M” carbon nanotubes (diameter 8-20 nm) produced by “NanoTechCenter” Ltd. 
(Tambov, Russia) were used as starting (pristine) materials. To get modified nanotubes, the 
surface of pristine nanotubes was oxidized by treating with an aqueous ammonium persulfate 
solution.

An expanded graphite compound prepared according to the method described elsewhere 
(Melezhyk et al., 2014) was employed as a precursor to synthesize graphene nanoplatelets. 
It presented itself as strong aggregates of graphene nanoplatelets which form particles simi-
larly to thermally expanded graphite. The compound was subjected to hydrolysis and 
then rinsed with water. After that, it was sonicated using an IL-10 ultrasonic laboratory de-
vice (“Ultrasonic Techniques-Inlab” Ltd., Saint-Petersburg, Russia; electric output: 1.5 kW, 
frequency: 22 kHz) in an aqueous solution in the presence of a Phenotam GR-326 water-
soluble resol-type phenol-formaldehyde resin (“Krata” Ltd., Tambov, Russia). During this 
process, its particles were exfoliated to form graphene nanoplatelets.

To study the dispersion process, the carbon nanotubes were added to 100 mL of solution 
containing 0.250 g (by dry residue) of the phenol-formaldehyde resin and sonicated for 1 h. 
The probes of the resulting dispersions were diluted with water to achieve the nanotube con-
centration suitable for measuring optical density (usually 0.02 g/L), and then the optical 
density was measured at a wavelength of 500 nm. 

To estimate the degree of dispersing the carbon nanotubes and graphene nanoplatelets in 
the aqueous solution in the presence of the resin, the photometric method described else-
where (Rastogi et al., 2008) was employed. The light absorption coefficient was calculated 
according to the following equation: 

K = D / C L, 

where K is the light absorption coefficient, L/(g cm); D is the optical density (absorbance), 
dimensionless; С is the nanomaterial concentration, g/L; and L is the cell thickness, cm.

The same procedures were performed for the graphene nanoplatelets.
The morphology of the nanomaterials was studied by scanning (SEM) and transmission 

(TEM) electron microscopy using a Neon 40 instrument (Carl Zeiss, Germany).
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Results and discussion

Phenol-formaldehyde resins as agents for dispersing carbon nanotubes  
and graphene
Figure 1 demonstrates the dependence of K on the nanotube weight per 100 mL of solution. 
It can be seen that almost all the nanotubes pass into the solution at their low concentrations. 
When the weight increases, the K effective value decreases, and a precipitate can be observed 
in the system after the sonication. Thus, at low nanotube concentrations, the K effective 
value (48.0 L/(g cm)) is equal to the true light absorption coefficient for the given type of 
carbon nanotubes in the solution.

Figure 2 presents the dependence of the concentration of the starting and oxidized car-
bon nanotubes on their initial weight per 100 mL of solution after the sonication calculated 
using the optical density data at K = 48 L/(g cm). The dotted line stands for the theoretical 
line that would be observed if all the starting carbon nanotubes passed into the solution.

While analyzing this figure, it can be seen that for both the starting and oxidized 
 carbon nanotubes, their concentration in the solution initially increases proportionally to 
their weight, reaches the maximum value, and then decreases. The maximum solubility can 
be observed at phenol-formaldehyde resin : carbon nanotubes dry residue weight ratios of 
0.71 : 1 and 0.17 : 1 for the starting and oxidized nanotubes, respectively. In the initial sec-
tion, almost 100% of the nanotubes passes into the solution (the observed concentration 
 coincides with the calculated concentration). The decrease in the solubility at high carbon 
nanotube weight values may be related to the phenol-formaldehyde adsorption on the nano-
tubes resulting in diminishing the coating of the nanotube surface by the resin molecules and 
the resin concentration in the solution.

Thus, when carrying out the sonication of the aqueous solution containing the phenol-
formaldehyde resin, the nanotube concentration reaches 11.4 g/L, which exceeds the concen-
tration reported in the literature for common surfactants (Vaisman et al., 2006) by approxi-
mately two orders of magnitude. The nanotube solutions obtained herein with the use of the 
phenol-formaldehyde resin as surfactant are stable during storage and do not precipitate after 
centrifugation (30 min, 5,000 rpm, 3,773 g).

Figure 1. Dependence of the light absorption 
coefficient (K) on the concentration  
of the initial carbon nanotube (CNT)  

weight per 100 mL of solution.

Figure 2. Dependence of the carbon nanotube (CNT) 
concentration in solution on the initial carbon nanotube 

(CNT) weight in 100 mL of solution: 1  
– starting CNTs; 2 – oxidized CNTs.
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Besides, it would be desirable to find out whether the efficient dispersing action of the 
resin can be achieved only due to the adsorption of oligomer molecules on the nanotube sur-
face, similarly to conventional surfactants, or there is a chemical interaction between the 
resin and the nanotube surface. It is obvious that in the latter case, the resin dispersion effect 
should depend on the nature of the groups on the nanotube surface. As can be seen in Fig. 2, 
the oxidized carbon nanotubes are dispersed in the solution much better than the starting 
(pristine) ones. One can assume that the resin molecules interact with the oxidized nanotube 
surface in a better manner due to the formation of hydrogen bonds and chemical reactions 
between the resin molecules and polar oxygen surface groups of the oxidized carbon nano-
tubes. If the chemical reactions take place, the dispersion efficiency of the oxidized nano-
tubes will depend on the sonication temperature. To verify the temperature effect, mixtures 
containing 1.75 g/L of the oxidized “Taunit-M” and 0.25 g (by dry residue) of the phenol-
formaldehyde resin in 100 mL of the aqueous solution were sonicated. The temperature of the 
refrigerated water bath was adjusted in order to set the predetermined fixed temperature of 
the treated solution at 30–50 °C.

Figure 3 shows the dependence of the nanotube concentration in the solution on its fixed 
temperature during the sonication. At low temperatures, the nanotubes are poorly soluble, 
and a precipitate can be observed, whereas at higher temperatures, the nanotube concentra-
tion considerably increases, and all the nanotubes pass into the solution. In these experi-
ments, nanotube concentrations in solution were calculated from the observed optical density 
and previously determined light absorption coefficient (48.0 L/(g cm)).

The obtained results confirm that the resin molecules react with the oxygen (hydroxyl 
and carboxyl) groups located at the nanotube surface, thereby directly affecting the increase 
in the resin immobilization on the nanotube surface and, consequently, the nanotube solu-
bility. At the sonication stage, the latter increases with the temperature. To explain this fact, 
it was assumed that chemical reactions involving the molecules of the phenol-formaldehyde 
resin takes place at the nanotube surface. Another possible explanation for these data is that 
polymerization of the resin molecules takes place in the adsorption layer on the nanotube 

Figure 3. Dependence of the carbon nanotube (CNT) concentration  
in solution on the sonication temperature.
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surface when increasing the temperature, whereupon the surface concentration of the resin 
molecular fragments grows.

Furthermore, the experiments described herein have shown that, like in the case of 
 carbon nanotubes, the oxidized graphene nanoplatelets are also effectively dispersed by son-
ication in an aqueous solution containing the resol-type phenol-formaldehyde resin. Thus, 
this water-soluble resin can be used as an attractive dispersant for nanomaterials comprising 
 oxide groups on their surface. The modified nanomaterials synthesized herein are of interest, 
since the molecules of that dispersant appear to be reactive and can further react with other 
molecules or nanoparticles when creating multicomponent nanocomposites. Thus, the prob-
lem of removing the surfactant molecules from the synthesized nanocomposite materials, 
relevant when using conventional surfactants, can be eliminated. Besides, using the phenol-
formaldehyde resin as dispersant makes it possible to increase the concentration of nanoma-
terial particles in solution by approximately two orders of magnitude compared to the con-
ventional surfactants, thereby enabling low-cost mass production of nanocomposite materials. 
Our experiments have shown that the maximum concentration of the “Taunit-M” carbon 
nanotubes in the aqueous solutions which can be reached with using the resin is 3.5–4.0 wt%. 
At these concentrations, no precipitate was observed. However, at prolonged standing (month 
or more), these solutions are transformed into gels. Shaking these gels passes them back to 
fluid solutions. These sol-gel transformations seem to be reversible. 

One interesting feature of the nanotube and graphene dispersions solubilized with the 
phenol-formaldehyde resin is that their stability depends on pH. The original resin employed 
in the present research contains a small amount of alkali for stabilization. This resin is read-
ily soluble in water at pH > 9; however, it reversibly coagulates (precipitates) at pH ≤ 8. 
Perhaps, the pH effect on the solubility is related to the ionization of phenolic groups. In the 
same manner, the resin-modified carbon nanomaterials form stable colloidal solutions at 
slightly alkaline pH values, but coagulate when decreasing the pH. This effect allows for self-
assembly of carbon and composite nanostructures from nanoparticles in solution due to pH 
adjustment.

The possibilities for developing some resin-modified carbon-nanomaterial-based nano-
composites will be described hereafter.

Morphology of the modified carbon nanotubes

Figure 4 presents the SEM and TEM images obtained for the starting “Taunin-M” nanotubes. 
As seen in this figure, they form aggregates, in which they are randomly entangled. Using 
conventional methods for dispersing and molding the nanotubes (with and without common 
surfactants) does not allow creating somewhat oriented structures. Nevertheless, when soni-
cating the oxidized nanotubes in the solution containing the resin and then filtering them out, 
they form locally ordered structures (Fig. 5). Besides, it is possible to observe a tendency 
toward stacking of the nanotubes into bundles of parallel-oriented nanostructures.

Such stacking can take place in the filtered precipitated layer, provided that random 
tangles of nanotubes in solution become unraveled. It is possible that the mutual orientation 
of the resin-modified carbon nanotubes already begins in the concentrated solution, just like 
the molecular orientation of liquid crystals. Theoretically, using appropriate techniques 
makes it possible to obtain more extended oriented nanotube structures, as well as oriented 
(aligned) nanotube-based composite materials. As it is known, the development of polymer 
nanocomposites containing oriented arrays of carbon nanotubes would significantly improve 

Unauthenticated | Downloaded 05/19/23 01:41 PM UTC



A New Way of Developing Nanocomposites 7

the mechanical and electrical properties of existing composite materials. This issue has at-
tracted great attention of researches (Wei et al., 2007; Bradford et al., 2010; Boncel et al., 
2011; Xie et al., 2011; Li et al., 2012; Kim et al., 2014). Using carbon nanotubes modified 
with phenol-formaldehyde resins may be one of possible approaches for synthesizing such 
composite materials.

If one adds more resin and then lowers the pH of the resulting solution during the soni-
cation, coagulation would take place in the system, and a coarse precipitate would be formed. 
The latter can be separated by conventional filtration. Figure 6 presents the SEM image of the 
resulting composite material. It can be seen that, the resin precipitate is grown on the nano-
tube surface during the coagulation. 

Similar experiments were conducted with the graphene nanoplatelets. Besides, the phe-
nol-formaldehyde resin/graphene nanoplatelets composite material was synthesized herein. 
After activation, it was transformed into a nanoporous carbon/graphene nanoplatelet-type 
nanocomposite material containing 16 wt% of the nanoplatelets (and 84 wt% of the nanopo-

Figure 4. SEM и TEM images of the starting 
“Taunit-M” carbon nanotubes.

Figure 5. SEM images of the precipitate layer  
filtered out from the solution  

of the phenol-formaldehyde-resin-modified oxidized 
“Taunit-M” carbon nanotubes.

Figure 6. SEM image of the phenol-formaldehyde 
resin (PFR)/carbon nanotubes (CNTs) nanocomposites; 

PFR:CNTs dry residue weight ratio – 5:1.

Figure 7. SEM image of the nanoporous  
carbon/graphene nanoplatelets (GNPs)  

nanocomposite (GNP content – 16 wt%).
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rous carbon). The material has a BET specific surface area of 3,100 m2/g. Figure 7 demon-
strates its SEM image. It can be seen that although the graphene nanoplatelets make up only 
16 wt% of the material, they define the texture of the latter in the form of platelets covered 
with the amorphous nanoporous carbon layer. The experiments showed that the synthesis of 
the nanoporous carbon under the same conditions but without adding the nanoplatelets re-
sults in a quite different texture of the material presenting coarse pores.

Figure 8 illustrates the pore size and pore volume distribution curves for the resulting 
nanocomposite. By varying the activation conditions, it was possible to obtain similar materi-
als with a pore size of 0.8–6.0 nm and a pore volume of 1.5–2.5 cm3/g. These nanocomposites 
can be successfully used as electrode materials for supercapacitors.

Carbon nanotubes/graphene nanocomposites

It is known that for certain applications, nanocomposite materials containing both carbon 
nanotubes and graphene nanoplatelets demonstrate better results than these components do 
individually. In such hybrid systems, nanotubes are usually introduced between graphene 
layers or nanoplatelets, thereby preventing graphene stacking accompanied by a loss of the 
accessible surface area. In this regard, nanotubes/graphene nanocomposites were synthesized 
herein from aqueous solutions of the oxidized carbon nanotubes and graphene nanoplatelets 
modified with the resol-type phenol-formaldehyde resin. It was found that the structure of the 
resulting materials depends on the synthesis conditions. If the mixed nanotubes/graphene 
dispersion passes through a filter, dense packing occurs. In the material obtained, locally-
oriented nanotube arrays alternate with the graphene layers, as seen in Fig. 9. In this figure, 
it can be observed that some nanotube bundles are located directly at the visible surface of 
the sample, whereas the other ones are covered with translucent nanoplatelet flakes being in 
close contact with them.

However, the structure of the materials changes dramatically if one performs coagula-
tion of the system by decreasing pH before filtration (this can be achieved by adding an 
acetic acid solution). As shown in Fig. 10, the disordered structure of randomly arranged 

Figure 8. Pore size and pore volume distribution curves obtained  
for the nanoporous carbon/ graphene nanoplatelets (GNPs) nanocomposite (GNP content – 16 wt%).
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carbon nanotubes and graphene nanoplatelets is formed. In this case, it is possible that the 
decrease in pH and coagulation lead to agglutination of carbon nanoparticles in random posi-
tions, thereby preventing their ordering when the precipitate occurs.

Conclusion
The presence of reactive groups on the surface of carbon nanotubes and graphene nanoplate-
lets modified with the phenol-formaldehyde resin makes it possible to synthesize a variety of 
nanocomposites. According to the experiments performed herein, the surface modification of 
the nanomaterials with the resin significantly improves their compatibility and distribution, 
thereby making it possible to employ them for synthesizing nanocomposites (e.g., glassy 
carbon, carbon/carbon composites, etc.).

Besides, good water-solubility of the modified nanomaterials enables easy synthesis of 
hybrid nanocomposites such as titanium dioxide/carbon nanotubes/graphene nanoplatelets.
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