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Characteristics of multiwalled carbon
nanotubes-rhenium nanocomposites
with varied rhenium mass fractions

Anna D Dobrzańska-Danikiewicz1, Weronika Wolany1,
Dariusz Łukowiec1, Karolina Jurkiewicz2, and
Paweł Niedziałkowski3

Abstract
The purpose of the article is to discuss the process of oxidation of carbon nanotubes subsequently subjected to the
process of decoration with rhenium nanoparticles. The influence of functionalization in an oxidizing medium is presented
and the results of investigations using Raman spectroscopy and infrared spectroscopy are discussed. Multiwalled carbon
nanotubes rhenium-type nanocomposites with the weight percentage of 10%, 20% and 30% of rhenium are also presented
in the article. The structural components of such nanocomposites are carbon nanotubes decorated with rhenium
nanoparticles. Microscopic examinations under transmission electron microscope and scanning transmission electron
microscope using the bright and dark field confirm that nanocomposites containing about 20% of rhenium have the most
homogenous structure.

Keywords
Nanocomposites, carbon nanotubes, rhenium, nanoparticles, TEM

Date received: 4 February 2016; accepted: 22 March 2017

Topic: Nanocomposites, Nanophase Materials and Nanoscale Characterizations
Topic Editor: Leander Tapfer

Introduction

The discovery of carbon nanotubes (CNTs), which were

characterized in detail in 1991,1 was a breakthrough in

materials engineering. Singlewalled carbon nanotubes

(SWCNTs) are cylindrical objects constructed from rolled

single graphene layer. Multiwalled carbon nanotubes

(MCWNTs) consist of co-axially rolled several graphene

tubes. The excellent physiochemical properties of CNTs

result from their characteristic structure formed by a

honeycomb-shaped hexagonal graphene lattice in which

carbon atoms with sp2 hybridization are forming six-

membered rings.1–5 The CNTs combine excellent electrical

and optoelectrical properties, feature high chemical stabi-

lity and an extended active surface, which makes them a

suitable material for applications in many branches of

industry5–13 often using modern production organization

systems.14,15 Numerous publications exist confirming the

effective application of nanocomposites composed of

CNTs covered with metal nanoparticles, for different sen-

sors, due to their ultra-high sensitivity, selectivity and a fast

response rate of such systems.16,17 The construction of cat-

alysts of fuel cell components and application as a catalyst
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of diverse chemical reactions is an interesting use of such

nanocomposites.18–20 The authors have made an assump-

tion that nanocomposites, whose structural components are

CNTs decorated with rhenium (Re) nanoparticles, will be

an interesting, modern material useful for various applica-

tions. Creation of MWCNTs-Re-type nanocomposites is an

interesting research aspect, mainly due to relatively few

publications concerning nanocomposites consist of carbon

nanostructures and Re in form of nanoparticles. Re, being a

group 7 element, has similar physical properties to group 6

metals, that is, molybdenum and wolfram. On the other

hand, it exhibits characteristics typical to platinum group

metals (platinum, ruthenium and osmium). Re is a heavy

metal (density of 21.02 g/cm3), with its appearance similar

to steel, having a very high melting point and boiling point

of, respectively, 3180�C and 5600�C.21,22 Excellent phy-

siochemical properties make Re suitable for applications in

the progressive industries. The space and aviation industry

manufactures its products using alloys containing Re,

including production of components of jet engines, turbine

blades, thermal shields and combustion chambers. The pro-

duction of thermoelements and heating elements, incandes-

cent parts, cathodes and electron guns is an important field

of applications for Re, which has lower volatility and

higher resistance to high temperatures as compared to wol-

fram.23–25 The radioactive isotopes 186Re and 188Re are

employed in diagnostics and for destruction of tumorous

cells.26 The application areas of Re also include analytical

chemistry and as a catalyst for the manufacture of high-

octane fuels.21,22,27

The results which are presented in this article are con-

tinuation of research related to the production of MWCNTs

– Re nanocomposites. The methodology has been first

described by Dobrzańska-Danikiewicz et al.28 The new

aspect of this article is to present the diverse weight per-

centage of Re in MWCNTs-Re-type nanocomposites. This

was one of the elements taken into account during optimi-

zation of fabrication method. The main criterions in this

respect were the uniform distribution of Re nanoparticles

on the surface of CNTs and no tendency to agglomerate.

The structure of MWCNTs-Re-type nanocomposites was

developed in relation to future practical applications, for

example, gas or liquid sensors or as catalysts for selected

chemical reactions.

Materials and methods

Synthesis of MWCNTs-Re nanocomposites

The MWCNTs fabricated by catalytic chemical vapour

deposition on a silicon substrate containing a catalyst in

the form of a thin film of iron, and two nanometric buffer

layers of aluminium oxide and silicon oxide were applied

for the fabrication of MWCNTs-Re nanocomposites with a

different concentration of elements. C2H4 was used as a

source of carbon and H2 and argon (Ar) were used as other

process gases. The CNTs synthesis process, described thor-

oughly in the earlier publications,29,30 was carried out at

750�C for 45 min. Pristine MWCNTs, being an input mate-

rial for nanocomposite fabrication, contained few impuri-

ties in the form of metallic catalyst and amorphous carbon

nanoparticles. HReO4 acid is a Re precursor.

The oxidization of CNTs using acids, their mixtures or

other strongly oxidizing compounds is an effective method

for functionalization and purification of CNTs.31–37 The

CNTs selected for the experiment were weighed, grouped

into three equal portions and then subjected to a functiona-

lization process with concentrated nitric acid (HNO3), prin-

cipally because such functionalization is effective. The

process was carried out at room temperature for 5 h using

ultrasounds. During the tests, it has been checked that the

use of pure MWCNTs is less effective because Re nano-

particles detached from the outer walls of CNTs during

further processing. The connection is not as stable as in the

case of the use of oxidized MWCNTs.

A Re precursor (perrhenic acid – HReO4) was added

with a pipette to three portions of oxidized CNTs. The rate

of components was determined to achieve nanocomposites

with a weight percentage of, respectively, 10%, 20% and

30% of Re. A nanotubes impregnation process using ultra-

sounds was continued for 1 h. The wet nanotube materials

were placed into quartz vessels at the next stage and were

subjected to heating at 800�C for 45 min. Hydrogen was a

reducing agent, and a protective atmosphere was created by

using Ar. As assumed, during the reduction of metal pre-

cursor, the Re nanocrystals formed are attached automati-

cally to the place where functional groups exist on the

surface of CNTs. Permanent combination of the mentioned

components is achieved as a result and an MWCNTs-Re-

type nanocomposite was created (Figure 1).

Characterization techniques

Scanning electron microscopy (SEM) using SEM Supra 35

by Carl Zeiss and transmission electron microscopy (TEM)

were employed to observe pristine CNTs. The samples

before and after the functionalization process were analysed

with the Raman spectroscopy technique with an InVia

Renishaw Raman spectrometer by Renishaw, fitted with

an ion and Ar laser with the wavelength of l ¼ 514 nm and

power of 50 mW with a plasma filter for 514 nm. Infrared

(IR) spectroscopy is a method complementary to Raman

spectroscopy, because it can confirm the changes in the

carbon network of nanotubes subjected to oxidation. The

IR was used to determine which functional groups exist in

the analysed sample containing oxidized CNTs, using an

IFS66 infrared spectrometer from Bruker for this aim. The

nanocomposite materials achieved were viewed using TEM

and scanning transmission electron microscopy (STEM)

methods. The TEM and STEM images were taken using a

transmission electron microscope STEM TITAN 80-300 by

FEI company, fitted with an electron gun with Field
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Emission Gun (FEG) field emission, a condenser spherical

aberration corrector, STEM scanning system, bright and

dark-field detectors and high angle annular dark field. X-

ray diffraction measurements were recorded on a Rigaku

Denki D/MAX Rapid II diffractometer (cat. no. 2163C104,

Rigaku Corporation). The diffractometer is equipped with a

rotating silver anode (lKa ¼ 0.5608 Å), an incident beam

(002) graphite monochromator and an imaging plate detec-

tion system in the Debye-Scherrer geometry.

Results and discussion

The MWCNTs with the diameter of 10–25 nm and the length

of 10–30mm examined under TEM and SEM were used in the

course of the experiments. The structure of pristine nanotubes

is presented in Figures 2 and 3; it was observed that MWCNTs

had small structural defects, and the existence of insignificant

amounts of amorphous carbon and individual catalyst parti-

cles in the observation field was noticed. The observations

carried out under the SEM and TEM allowed to conclude that

the investigated pristine CNTs were homogenous within the

whole volume of the examined preparation.

Examinations using the Raman spectroscopy method

were made to additionally characterize the nanotube

material. Raman spectroscopy is considered as an effective

tool for the characterization of MWCNTs as it provides

information concerning, in particular, material purity. The

presence of CNTs in the preparation can be determined

according to the distinctive bands occurring on the chart

(Figure 4). The D band (approximately 1340 cm�1) informs

about the occurrence of structural defects and/or contami-

nants in the sample. The G band (approximately

1550–1600 cm�1) informs about the degree of order of the

graphene structure in the nanotubes. The third visible signal

G0, also called 2D (defined as an overtone of the D mode),

is seen about approximately 2700 cm�1. The following

characteristic peaks were located for pristine MWCNTs:

D approximately 1345 cm�1, G approximately 1571 cm�1

and 2D approximately 2694 cm�1 and for a sample contain-

ing functionalized MWCNTs, the values are as follows: D

approximately 1343 cm�1, G approximately 1571 cm�1

and 2D approximately 2695 cm�1. No presence of radial

breathing mode (RBM) band was observed during the

investigated preparation, which precludes the presence of

single-walled nanotubes in the sample. A comparative

analysis of the peaks D and G was applied in order to

determine the purity of ‘as-prepared’ CNTs and of the

Figure 1. Formation stages of carbon nanotubes decorated with Re nanoparticles. Re: rhenium.

Figure 2. SEM image of as-prepared carbon nanotubes on silicon
substrate. SEM: scanning electron microscopy.

Figure 3. TEM observations of MWCNTs after oxidization
intended for further experiments in bright field. TEM: transmis-
sion electron microscopy; MWCNT: multiwalled carbon
nanotube.
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material oxidized in HNO3. Following the oxidization pro-

cess of MWCNTs with HNO3, the ID/IG ratio for a sample

undergoing functionalization grows as compared to pristine

CNTs. In the analysed cases, ID/IG for unmodified

MWCNTs is 1.11 whereas the ID/IG ratio for the functio-

nalized material is 1.27. It can be claimed, based on the

attained outcomes, that oxidation with HNO3 changed the

structure of CNTs by introducing new functional groups

onto the surface of MWCNT.

The IR is considered a suitable tool to identify the pres-

ence of functional groups attached to the CNTs surface

during the oxidization.38 Figure 5 shows the IR spectra

from the MWCNTs dedicated to further experiments which

were oxidized using HNO3. According to Misra et al.39

who identified weak peak approximately 1445 cm�1 as

characteristic to MWCNTs, in the presented spectrum, a

peak at about 1449 cm�1 also occurs. A pronounced peak

at approximately 3428 cm�1 and peak located at approxi-

mately 1640 cm�1 are visible on the IR spectra, which are

characteristic for the stretching vibrations of O–H bonds

and bending O–H, respectively. This can be a signal from

the residual water in the sample or this can be attributed to

the oscillation of carboxyl groups adsorbed on the external

walls of MWCNTs after HNO3 treatment.39,40 A small

peak located at approximately 1081 cm�1 can be ascribed

as signal from C–O stretching groups. The existence of a

peak at approximately 1384 cm�1 is related to the presence

of some nitrate impurities.

The images of CNTs decorated with a weight percentage

of Re nanoparticles of, respectively, 10%, 20% and 30%
are shown in Figures 6 to 11. The TEM examinations have

shown that the materials received differ significantly in

Figure 4. Raman spectrum of pristine and oxidized MWCNTs.
MWCNT: multiwalled carbon nanotube.

Figure 5. Infrared spectrum of oxidized MWCNTs dedicated to
further experiments. MWCNT: multiwalled carbon nanotube.

Figure 6. MWCNT-10%Re nanocomposite – TEM observations
in bright field. MWCNT: multiwalled carbon nanotube; TEM:
transmission electron microscopy; Re: rhenium.

Figure 7. MWCNT-10%Re nanocomposite – STEM observations
using HAADF detector in dark field. MWCNT: multiwalled
carbon nanotubes; STEM: scanning transmission electron micro-
scopy; HAADF: high angle annular dark field; Re: rhenium.
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terms of structure. It can be concluded by considering an

MWCNTS-Re nanocomposite with 10% fraction of Re

(Figures 6 and 7) that the material is not homogenous

within its whole volume. The Re nanoparticles are depos-

ited on the external walls of CNTs, and Re nanoparticles

situated inside the core of MWCNTs are also discernible.

The diameter of such nanoparticles differs largely. The

nanoparticles fabricated, as compared to nanocomposites

produced by chemical synthesis method,41,42 are relatively

larger. Visually, a nanocomposite containing 10% of Re

has a small number of nanoparticles in the field of observa-

tion. Uncoated nanotubes were also discovered during

microscope investigations, which may signify that

nanotubes are dispergated unevenly in a medium contain-

ing Re. Figures 8 and 9 present the results of microscopic

observations of a nanocomposite consisting of CNTs with a

Re nanoparticle content of 20% in weight. The Re nano-

particles are arranged quite evenly across the entire surface

of CNTs. A nanotube material with 20% of Re weight

percentage exhibits the first symptoms of nanoparticles

agglomeration, whereas the decisively biggest clusters are

well discernible on the photos of MWCNTs-Re nanocom-

posite with a Re content of 30% in weight (Figures 10 and 11).

The nanocomposite with the Re content of 20% shows

the highest homogeneity considering the nanomaterials

presented. The microscopic observations carried out using

Figure 8. MWCNT-20%Re nanocomposites – TEM observations
in bright field. MWCNT: multiwalled carbon nanotubes; TEM:
transmission electron microscopy; Re: rhenium.

Figure 9. MWCNT-20%Re nanocomposites – STEM observa-
tions using HAADF detector in dark field. MWCNT: multiwalled
carbon nanotube; STEM: scanning transmission electron micro-
scopy; HAADF: high angle annular dark field; Re: rhenium.

Figure 10. MWCNT-30%Re nanocomposites – TEM observa-
tions in bright field. MWCNT: multiwalled carbon nanotubes;
STEM: scanning transmission electron microscopy; Re: rhenium.

Figure 11. MWCNT-30%Re nanocomposites – STEM observa-
tions using HAADF detector in dark field. MWCNT: multiwalled
carbon nanotubes; STEM: scanning transmission electron micro-
scopy; HAADF: high angle annular dark field; Re: rhenium.
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a TEM clearly demonstrate that the growth of Re nanoparti-

cles content on the surface of CNTs is associated with a

growing tendency of their agglomeration.

Figure 12 presents the results of an X-ray diffraction

(XRD) phase analysis of CNTs containing 10% and 20%
of Re nanoparticles by mass, confirming the chemical com-

position of the samples. The powder samples were mea-

sured in glass capillaries with the diameter of 1.5 mm and

the wall thickness of 0.01 mm. The collimated beam width

of the sample was 0.3 mm. In order to remove the back-

ground, additional measurements were carried out for the

empty capillary and the background signal was then sub-

tracted from the intensities recorded for the samples.

Rigaku/XRD software (version 2.3.3, cat. no. 2163C202,

Rigaku Corporation), which is a comprehensive package

controlling a video image of the sample, data collection

and X-ray image processing, was used for the reduction

of 2D diffraction patterns to 1D functions of intensity ver-

sus the scattering angle. It is also indicated by analysing the

diffraction pattern that the intensity of the registered peaks

is growing as the fraction of Re nanoparticles is increasing.

The material was identified by comparing the observed

reflexes with a diffraction pattern of CNTs and Re available

from The International Centre for Diffraction Data (ICDD)

(file no. 01-1231) possessing information concerning the

situation of diffraction lines and their relative intensity. The

recorded peaks corresponding to reflexes coming from the

Re planes are as follows: 14.5� (Miller’s indicators: 002);

15.3� (101); 23.4� (110); 25.7� (103); 28.2� (201); 35.1�

(203); 37.2� (211); 37.6� (114).

The phase composition of the studied material was con-

firmed also by using the results of electron diffraction. A

diffraction image of a material containing Re nanoparticles

deposited on the surface of CNTs is presented in Figure 13.

The presence of distinctive, fuzzy, circular diffraction max-

imums corresponding to the interplanar distance of (002),

(100) and (102) of CNTs with a graphene structure and

local reflexes, whose arrangement satisfies the dependen-

cies applicable to distance and interplanar angles of Re

with an A3 crystalline structure, was particularly recorded

in the course of the investigations using a TEM.

Conclusions

The authors of the publications are interested in nanostruc-

tured materials formed by the deposition of metal nanopar-

ticles onto the surface of MWCNTs, including Re, due to

an expected synergy of unique physiochemical properties

of nanocomposite components, namely, a large specific

surface area, high electric conductivity and high chemical

and thermal resistance.29,43 The following aspects of the

presented fabrication process are essential: the correctly

conducted oxidation and decoration phases, including in

particular the accurate dispersion of CNTs in the medium,

and an accurately selected chemical composition. The

structure of such nanocomposites is dependent upon the

weight percentage of Re nanoparticles and their uniform

dispersion across the surface of MWCNTs. It was observed

that the materials are not homogenous in the entire volume,

which is the objective of further optimization efforts. The

specificity of the fabrication process prevents the use of

mechanical assistance for heating, hence the Re particles

exhibit an agglomeration tendency, especially when Re

content in the sample is nearly 30%. Research and devel-

opment works have concluded that, in case of MWCNTs-

Re nanocomposites, the favourable Re rate is between 10%
and 20% by mass, which is observable in the photos made

using STEM and TEM. The presented MWCNTs-Re fab-

rication method is effective and universal. Therefore, it is

Figure 12. XRD spectra related to MWCNTs-Re samples with
Re weight percentage of 10% and 20%. XRD: X-ray diffraction;
MWCNT: multiwalled carbon nanotube; Re: rhenium.

Figure 13. Diffraction pattern corresponding to carbon nano-
tubes decorated with Re nanocrystals. Re: rhenium.
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elaborated other interesting nanocomposites consisting of

nanostructured Re combined with carbon nanomaterials,

such as single- and double-walled nanotubes and single-

walled carbon nanohorns.44,45
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26. Vučina JL and Han Ruben SR. Production and therapeutic

application of rhenium isotopes, rhenium-186 and rhenium-

188: Radioactive pharmaceuticals of the future. Med Preg

2003; 56(7–8): 362. DOI: 10.2298/MPNS0308362V.

27. Burch R. The oxidation state of rhenium and its role in

rhenium-platinium reforming catalysts. Plat Meter Rev

1978; 22(2): 57–60.
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43. Dobrzańska-Danikiewicz A, Łukowiec D, Pawlyta M, et al.

Resistance changes of carbon nanotubes decorated with pla-

tinum nanoparticles in the presence of hydrogen at different

and constant concentrations. Phys B 2014; 251(12):

2426–2431. DOI: 10.1002/pssb.201451179.

44. Wolany W. The newly developed nanocomposites consisting

of nanostructured rhenium combined with carbon nanoma-

terials. Poland: Gliwice, 2016, p. 262.
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