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The first part of research is concentrated on the 

examination of four kinds of carbon nanomaterials: 

graphene oxide (GO), multi-walled carbon nanotubes 

(MWCNT), multi-walled carbon nanotubes functio-

nalized by authors in acids mixture (MWCNT-F) and 

multi-walled carbon nanotubes with hydroxyl groups 

(MWCNT-OH). Their microstructure was observed 

in transmission electron microscopy (TEM). Based 

on these microphotographs, the diameters of carbon 

nanotubes were measured. Then, in order to deter-

mine the chemical composition of GO, MWCNT-F 

and MWCNT-OH, X-ray photoelectron spectroscopy 

was applied. The second part of study concerns the 

properties of the coatings deposited electrophoretically 

on titanium surface from previously examined nano-

materials. The coatings from individual nanomaterials, 

as well as hybrid layers (combination of two kinds of 

nanomaterial: graphene oxide with one of the nanotu-

bes’ type) were deposited. Microstructure of the coa-

tings was evaluated with the use of scanning electron 

microscopy (SEM). Furthermore, surface properties, 

important while considering usage of these materials 

in biological applications: wettability and surface free 

energy were evaluated. These materials are meant for 

application in regeneration and stimulation of nerve 

cells. All the research carried out so far indicate the 

influence of nanotubes’ functionalization degree on 

the properties of their suspension, as well as the cha-

racteristics of the deposited coating. It also influences 

the interaction between two types of nanomaterials. 

Functionalization in strong acids introduces functional 

groups which change nanotubes’ dimensions, proper-

ties and behavior in solution.
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ing while considering interactions between the material 

where biomaterials are used to repair, replace or stimulate 

the tissue, material’s surface is an important factor that 

determines the behavior of the implant in living tissues 

and biological environment response on the material [1].  

can improve the response of bone tissue [2]. But not only 

surface topography, but also chemistry of implants has  

a great meaning for the cells response [3]. For metallic 

-

cation of their surface for improvement of anti-corrosion 

properties in biological environment. In the literature 

 

One way is to coat the surface with a layer of different 

materials. Coatings protect metallic surface from corrosion 

and improve wear properties, as well as inhibit the release 

of ions into tissues [1]. In biological applications, metals 

are often used for orthopedic and dental implants. One 

often uses metallic implant for hard tissue reconstruction 

 

is a material with a high biocompatibility, thanks to the pos-

still a need to modify the surface in order to improve e.g. 

their bioactivity. One method for improving the bioactivity is 

covering its surface with bioactive material, which leads to 

[4,5] or glass-ceramics (bioglass) [6] coatings on metals 

-

ity coatings are used, but also other coatings that mimic 

used in particular for the regeneration of the nervous tissue 

cells. In the case of conductive coatings, their properties 

can induce nerve cells for better growth, proliferation and 

creating networks. Among the materials which have both 

are many methods to apply the coatings on metal surface, 

 

conducting surfaces. It is a technique, in which an electric 

become deposited on the conducting substrate, rinsed in 

particles’ solution [10]. This method is very popular due to 

the simple equipment needed, short deposition time, possi-

layers can be deposited on a substrate of any shape [11].  

-

od to carbon nanomaterials. Chunsheng et al. [12] prepared 

the microstructure and properties of coating. They noticed 

of the hydrogen evolution and its adsorption on nanotubes. 

[13,14]. They deposited functionalized multi-walled carbon 

nanotubes on stainless steel and titanium from three kinds 

structure and properties of obtained coatings. Park [15] 

carbon steel in order to create an anti-corrosion coating. 

alone, but this layer turned out to be well enough as an 

underlying coating, then coated with the organic coating. 

 

40 nm did not have any cracks.



14 Quite new issue comprises creation of hybrid nano-

assembly technique on copper foils. This kind of material 

can be used as an energy storage device in microsystems. 

They obtained homogenous coatings, in which the amount 

of energy stored is controlled by the thickness of the coat-

synergy between two nanocarbon phases improved wear 

show the possible usage of such hybrids in technical appli-

cations. Formerly, the connection of nanotubes and pure, 

applications [19,20]. But the novel approach is to use these 

nanomaterials to create coatings on materials intended for 

biomedical purposes. These hybrids can be created not only 

of these two types of carbon nanomaterials.

In this work we compare the properties of coatings, de-

posited from various types of carbon nanomaterials, as well 

as the hybrids of these materials on titanium surfaces. The 

of different types of carbon nanomaterials on coating’s prop-

erties such as microstructure, morphology, surface energy 

and wettability important in terms of potential application of 

these materials in regeneration and stimulation of nerve cells.

20 nm and lengths between 0.5-2 µm, according to manu-

facturer were also applied. Multi-walled carbon nanotubes, 

2SO4 3 in the 

proportion of 3:1. This procedure, applicable for various types 

of carbon nanotubes is described in the literature [21,22]. 

It allows to remove the residues of metallic catalysts and 

introduce functional groups on the nanotubes’ surface [22]. 

1.2 nm and the diameter from 0.5 to 3 µm was also in this 

investigation. Then, from three types of nanomaterials, the 

 

The percentage ratio of ethanol to acetone to water was: 62% 

 

subsequent step hybrid nanomaterials’ coatings.

 

were prepared in four steps. Firstly metal substrates were 

rinsed in acetone for 30 min with the use of ultrasonic bath 

(Polsonic, Sonic 05). Then the same step was repeated in 

ethanol. After drying in ambient conditions the plates were 

 

water, to remove acid residues.

-

The system consists of two electrodes. One of them is the 

titanium surface, on which the coating is deposited. Here 

it worked as an anode, as the carbon nanoparticles in all 

suspensions were negatively charged (due to the presence 

the positively charged titanium surface. Also titanium was 

used as a cathode. The distance between the electrodes 

was about 1 cm. The voltages of deposition were 30 V and 

50 V, depending on the deposited material. The deposition 

times were in range from 10 s to 30 s. After deposition, all 

coatings were dried in ambient conditions.

In order to observe the morphology and microstructure of 

1011, Japan) was applied. Additionally, on the basis of 

obtained microphotographs the diameters of three types of 

carbon nanotubes were measured using ImageJ software.

) of all carbon nanoma-

light source of wavelength  = 520 nm. 
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amination of the coatings, deposited on titanium surfaces.

coatings’ microstructure. Microphotographs were obtained 

surface in nanoscale. The cross sections of the selected 

observations were performed using Focused Ion Beam 

the internal structure of the selected coating High Resolution 

-

with pass energy 22 eV. The absolute content of carbon 

The surface wettability was measured with the sessile 

was applied to analyze the contact angle and the shape of 

for one sample were performed. As a reference sample, the 

surface of etched titanium was used. 

The surface energy of the coatings was calculated with 

-

ing the contact angle of polar liquid – water and the non-polar 

liquid – diiodomethane. The surface tensions of these two 

liquids are known. The values of dispersive energy and polar 

d
2 

p
2  

d
2 and 

p
2

measurements for two liquids, the surface energy with its 

components was calculated using computer software, con-

nected with the drop shape analysis system.

microstructure of layered graphene is observed. In this 

The manufacturer’s data suggest that the number of gra-

-

differences in the length of nanotubes. Functionalized 

-

is that they were cut during the functionalization procedure. 

process, become open after functionalization, which is 

also connected with the decrease of their lengths [22,23].  

-

tions between individual nanotubes and - as a consequence 

- decrease their tendency to agglomeration [24]. Similar ef-

is not known but analyzing amount of functional groups on 

(described further) which suggests that the conditions of the 

such a large impact on the destruction of the structure of 

show that the structure of all analyzed nanotubes was dis-

turbed as evidenced by the reduction in diameter along the 

length of nanotubes and numerous folds of graphene layers.

The fact that functionalized nanotubes have lower ag-

glomeration tendency has a great meaning when they are 

used in a form of suspension for electrophoretic deposition. 

After functionalization, they are able to form stable suspen-

sions with controlled dispersion [23]. It is known that the 

stability of suspension is an important factor for successful 

deposition.

The average diameters of carbon nanotubes are pre-

similar, in range from 20 to 40 nm. The smallest diameters 

but they are within the error range for all types. The measure-

the length of nanotubes, rather than their diameters.

In such a way four types of coatings were obtained. Also, 

of stable dispersed carbon nanomaterials suspension in 

-

tion of an electrostatically stabilized dispersion, which in 

general terms, requires the preparation of a solvent me-

dium in which the particles have a high -potential, while 

keeping the ionic conductivity of the suspensions low [25].  
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[26], if the absolute value of  is smaller than ±25 mV, the 

repulsive force is not strong enough to overcome the van 

particles begin to agglomerate [27]. The stability of carbon 

and water has been determined by -potential measure-

-potential was at the 

level of -20 mV. This value is below -25 mV, but stability of 

stable for all suspensions. The difference may be due to the 

assumed value of viscosity of a solution consisting of three 

solvents and viscosity values are very crucial parameters 

acetone and water the viscosity was estimated based on 

the procedure proposed by Song S. et al. [28]. Moreover, 

the contractual value ±25 mV of -potential is checked for 

this value may be different.

voltage and time depend upon the suspension but do not 

affect the surface properties of the obtained coatings, 

thus they were not described in detail for each coating. 

The concentration of each pure carbon nanomaterial in 

 

Sample
(isopropanol) (m) (m)

Volume 
ratio [mV]

Ti Reference sample: titanium surface etched in 5% HF (Ti-HF)

- -19.9

- -

- -22.6

- -16.2

1:1 -23.0

5:1 -20.4

5:1 -23.5

A
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Microstructure and morphology of pure and hybrid coat-

-

of this material is typical. In the microphotograph a thin 

reproducing its topography is observed. Only visible trails 

on the metal surface indicate the presence of graphene 

layers on its surface.

-

to be the more dense and homogenous than the other two 

OH is irregularly spread on the plate, partly parallel and 

partly perpendicular to the surface and even porous-like 

nanotubes’ tendency was observed in our previous work but 

for different metal substrate (stainless steel) and deposited 

favours creation of hydrogen bonds between the metallic 

-

suspension, which was used for deposition. It can be then 

-

ences the behavior of nanotubes in suspension, but also 

has an impact on the properties of coating, deposited from 

this suspension. The coating of unfunctionalized nanotubes 

type for cell culture, allowing the transport of nutrients and 

waste products. 



18 Topography and microstructure of hybrid coatings is 

be observed on the surface, when the coating consists of 

situation can be observed in the case when the coating 

here the nanotubes are more agglomerated and tangled 

proportions and deposition conditions. It can be also con-

nected with another surface properties – depending on the 

fact, how much nanotubes are on the surface and how they 

of carbon nanomaterials. The absolute content of carbon 

-

other organic solvents, as well as in different matrices, due 

point of view, this type of nanomaterial is ideal for coatings’ 

-

carbon content, when compared to commercially available 

more hydrophilic and their structure is more defected than 

was observed due to the presence of the peak located 

at around 532.9 eV, which corresponds to functionalized 

content of functional groups on their surfaces.

this type of materials and majority of carbon materials. 

Presence of the functional groups such as –COOH and 

nanomaterials. The lowest contact angle was observed 

-

 

Sample
Absolute content [%]

C O

69.06 30.94 -

83.99 16.01 -

89.83 9.45 0.72



19

on the wettability of these coatings, connected probably 

with different morphology of these surfaces. Comparing 

-

tant regarding biological applications of this nanomaterial.  

After functionalization, nanotubes not only become biosta-

ble and harmless, but also give the opportunity of further 

-

functionalization nanotubes become more soluble in organic 

solvents [32] which has a great meaning while using them 

For hybrid coatings, it can be noticed that the average 

contact angle strongly depends on the presence of graphene 

 

-

Surface free energy for deposited coatings is related to 

are more hydrophilic and they have higher surface energy. 

This parameter is important in the case of interaction of bio-

material’s surface with tissue. Titanium, bioinert in biological 

environment, has relatively low surface energy. All depos-

ited coatings have higher surface energy than titanium 

which may indicate that the surface of these materials has 

more active sites capable to interact with cells [33]. Surface 

energy of implant material is one of the important factors 

in the process of cells adhesion [34]. Cell adhesion is one 

differentiation of cells before tissue formation [35].

This study indicates that it is possible to obtain pure 

carbon nanomaterial and especially hybrid carbon nanoma-

controlling the properties of the coatings, such as thickness, 

through the changing of the deposition process parameters. 

These results indicate that the microstructure and proper-

the type of carbon nanomaterial and in particular - with the 

not only change the dimensional properties of nanotubes, 

and consequently homogenous coating. Microstructure 

of hybrid coatings depends on the carbon nanotubes to 

-

centration of the functional groups and ratio of these two 

phases, it is possible to control the physicochemical prop-

erties of coatings, such as wettability and surface energy. 

These parameters and others, like surface morphology and 

and proliferation.
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