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Multi-walled carbon nanotubes have been prepared by chemical vapour deposition pyrolysis of ethyl alcohol
at 665°C. The addition of atoms other than carbon to the nanostructure, in our case the iridium component, leads
to the formation of defects that contribute to changes in the electrical and optoelectrical properties. The formation
and structural changes of multi-walled nanotubes were studied using an electron microscope, Raman and energy-
disperse spectrometry. Using the Raman and X-ray spectrum, a clear difference between the synthesis without and

with the addition of iridium impurities was found.
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1. Introduction

Every carbon nanostructure brought new develop-
ments in research. One of impetus for the following
decades was the study of the Japanese researcher Ii-
jima on the formation of carbon structures in 1991,
which were formed on the cathode when graphite
was sprayed in an electric arc [EI]. In turn, almost
two centuries before the carbon nanostructures,
iridium was discovered in 1803 by the English
chemist S. Tennant along with osmium, which was
present as impurities in natural platinum originat-
ing from South America. The first to admit that
a small insoluble residue survived a dissolution
of native platinum in aqua regia was the French
chemist Joseph Louis Proust. In 1799, he described
his black residue as ‘nothing more than graphite or
plumbago’ Tennant was the first among several sci-
entists who managed to obtain an insoluble residue

in sufficient quantities after dissolving platinum
in aqua regia and to identify previously unknown
metals in it [E].

Carbon nanostructures, including carbon nano-
tubes, are currently one of the active research areas.
In 1889, Edison published the results of experi-
ments on the thermal decomposition of methane in
a light bulb, where carbon filaments were formed.
In subsequent years, the study of the formation of
carbon structures gradually grew. The literature on
the study of the properties and applications of mul-
tilayer CNTs has advanced again in recent years,
and recently there has been interest in improv-
ing and controlling their properties using various
functionalization and doping methods. Modifica-
tion of the structure of nanotubes by the controlled
placement of defects, chemical groups or extrane-
ous atoms entails technological consequences, in
turn justifying a large number of experimental and
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theoretical studies focused on these topics. A lot of
work has already been done in the areas of inter-
calation, endohedral doping and replacement dop-
ing. Semiconductor electronics requires the use
of both p-type and n-type semiconductors. These
structural changes can be controlled by doping
with electron-acceptor and electron-donor addi-
tives. The p-type doping can be carried out quite
simply, since CNT naturally adsorbs molecular ox-
ygen from the air. The alloying of the n-type CNT
turned out to be more difficult in terms of the sta-
bility of doping and the general characteristics of
the devices. Boron and nitrogen doping is used to
create electrocatalysts for oxygen reduction reac-
tions, hydrogen evolution, biological reactions and
gas sensing [@]. B-doped CNTs show the best
sensitivity to ethylene, while N-doped CNTs show
the best sensitivity to nitrogen dioxide and carbon
monoxide []. These modifications open up
prospects for the use of CNTs in transistors, sen-
sors, solar cells, optoelectronic and thermoelectric
devices, charge-storage and fuel-storage devices
[]. Such an extensive range of semiconductor
properties inspires scientists to develop hybrid and
fully organic electronic devices []. The aim
of this work was to study the formation of multi-
walled carbon nanotubes by incorporating iridium
atoms into the structure.

2. Synthesis. Materials and methods

Carbon nanotubes were synthesized using chemical
pyrolysis on an iron substrate at atmospheric pres-
sure using argon []. 95% ethanol was used as
a carbon source. The mixture was fed in a reactor
with a diameter of 25 mm. Before the process of
chemical vapour deposition, the reactor system was
cleaned with argon for 1 h with a flow of 53 ml/min.
Ar/Ethanol vapour was introduced into a quartz
tube with a flow of 47 ml/min. Two solutions of
ethanol and iridium(IV) chloride were used. For
chemical vapour deposition Alfa Aesar iridium(IV)
chloride, 99.95% (metal basis), Ir 56.5% min was
used. Before the pyrolysis process, a mixture of ar-
gon and ethanol was fed to the system for 7 min,
after which it was placed in a cylindrical furnace
with 665°C temperature. During the entire cooling
period, the argon flow was not turned off to reduce
the residues of chemical pyrolysis. The formed
carbon nanotubes were studied using a Raman

spectrometer Renishaw inVia Raman microscope,
a scanning electron microscope Helios NanoLab
650, and an energy dispersive X-ray spectrometer
INCAx-sight with a scanning electron microscope
EVO-50.

3. Results and discussion

Carbon nanotubes grown on an iron substrate un-
der the described conditions were initially studied
using an electron microscope. The preliminary
work for a careful selection of the pyrolysis pro-
cess — growth temperature, flow rate and carbon
carrier concentration in the flow - allowed estab-
lishing optimal conditions for the growth of iridi-
um-doped carbon nanotubes. MWCNT was syn-
thesized on stainless steel substrate from ethanol at
665°C temperature (Fig. Iil). Figure E shows the Ra-
man spectrum of a multi-walled carbon nanotube.
After the synthesis, multi-walled carbon nanotubes
were purified by a three-step process. Firstly,
the obtained powder was heated in dry air for an
hour at 400°C to remove amorphous carbon and
graphitic carbon surrounding the iron particles.
Secondly, nanotubes were immersed in HNO, and
heated for 5 h at 85°C temperature to dissolve and
remove iron and iron oxide particles. Finally,
the remaining powder was washed with distilled
water until it reached neutral pH. The samples were
measured by a Raman spectrometer Renishaw un-
der ambient conditions with a laser excitation of

Fig. 1. SEM image of MWCNT synthesized from
ethanol.
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Fig. 2. Raman spectrum of MWCNT synthesized
from ethanol.

532 nm, the calibration with Si showed 520 and
442 cm™, and the standard resolution mode was
used for the measurement with the help of a x50
objective (Figs , E). The growing of carbon nano-
tubes with incorporated iridium consisted of sev-
eral stages. Given many possible options for the for-
mation of carbon nanotubes on an iron substrate,
the result of long and short synthesis processes dif-
fers from each other not only by the difference be-
tween the length of the nanotubes themselves, but
also by the structure. Separate results, further de-
scribed in the work, as it happened earlier, raised
new questions and revealed some more informa-
tion about the structure of multi-walled carbon na-
notubes. Structurally changing the carbon tubular
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Fig. 3. Raman spectrum of MWCNT synthesized
from ethanol.

shape of the nanotubes by adding the so-called ‘de-
fects, we obtain new structures that are formed
with different from the previous physical proper-
ties. Most of these defects can be ascertained using
Raman spectrometry []. Further, these re-
sults tell about one of these structural changes. Fig-
ure H shows the initial phase of the formation of
multi-walled nanotubes with adding an iridium
component to the synthesis process. In the Figure,
there are visible twisted, climbing, tilting multi-
walled carbon nanotubes with a diameter of 100-
150 nm. As can be seen from the electron micro-
scope image, the initial stage of the formation of
MWCNT indicates structural ‘defects® that will be
repeated during a longer process, thereby establish-
ing the stability of the process. We see the formed
short multi-walled carbon nanotubes after 5 min of
the synthesis from ethanol and iridium chloride
mixtures. The difference in the diameter of CNT
depends on the surface structure of the iron sub-
strate, also on the flow rate of the mixture, and it is
very dependent on temperature. Increasing
the temperature, the diameter of nanotubes de-
creases. The following Figs. H and H show the spec-
tral measurements of various layers of multi-walled
carbon nanotubes after the chemical vapour depo-
sition for 15 and 50 min (Fig. ﬂ), and 5 h. The py-
rolysis process temperature was 665°C and the flow
rate of argon and ethanol-iridium mixture was
53 ml/min. Raman spectral analysis was performed
using laser radiation at 532 nm in ambient condi-
tions. The presented comparison of the Raman
spectrum of iridium-incorporating carbon nano-
tubes after different synthesis times shows a change

Fig. 4. SEM image of MWCNT after 5 min growing
(gas flow 47 ml/min).
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Fig. 5. Raman spectra of MWCNT after 15 min,
50 min and 5 h growing.

in the RBM, D, G, G', D', G+D, 2D and 2G modes.
It can be seen from the graph that the value of
the RBM mode in the second sample differs from
those of the first and third samples. D, G and D'
modes are clearly distinguishable in all three spec-
tra: 15 min growing - 101, 664, 1348, 1590,
1615 cm™; 50 min - 101, 1342, 1590, 1615 cm™;
5h-101, 1342, 1580, 1612 cm™. In the first sample,
one more line is clearly visible, which appeared af-
ter the iridium compound was added to the process
of chemical pyrolysis. The spectra show two inten-
sive peaks at 1348 and 1590 cm™, corresponding to
the disorder-induced sp? peak (D-line) and
the graphite highly oriented mode sp* peak (G-
line). The relationship between the D and G lines
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Fig. 6. Raman spectra of MWCNT after 15 min,
50 min and 5 h growing.

Fig. 7. SEM image of MWCNT after 50 min synthesis.

gives information about the structure of the sample
data. The intensity of the D peak is greater com-
pared to that of the G peak, which indicates a cer-
tain level of the C-C sp* order. A high level of crys-
tallinity of the tubes is described by a decrease in
the D peak. The presence of the shoulder D' in
a 5-hour sample indicates a low degree of the order
of C-C sp® In the far part of the spectrum, the 2D,
G+D and 2G modes are clearly pronounced: 15 min
growing - 2694, 2932, 3230 cm™'; 50 min - 2689,
2925, 3227 cm™’; 5 h - 2690, 2937, 3225 cm™.
The peak, which is newly formed in the process, is
related to the structural change of the tubular form
of carbon nanotubes. The peak at 664 cm™ indicates
a different bond between the atoms involved in
the synthesis process. The specific ability of carbon
and iridium atoms to attach, as well as the low crys-
tallinity of the nanostructures obtained, may indi-
cate the formation of more carbon-free regions in
the nanotubes, with iridium replacing carbon. Given
a small change in the RBM mode, the MWCNT
structure formed consists of carbon and iridium at-
oms. One of the formations may be a structure with
incomplete bonds of iridium, that is, carbon.
The image of the electron microscope in Fig. H
shows that the synthesized nanotubes consist of
the configuration of a single layer of graphite, as
well as of the defective areas, which lead to the twist-
ing of the tubular shape. In the process of pyrolysis,
the structure of MWCNT changes the offset of ad-
dition of extra doping atoms, also because of
the tendency of the crystal lattice towards a more
stable state. The above peak may refer to the forma-
tion of a lattice such that the double-bond iridium
atom is connected to the ‘benzene’ rings of carbon.
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The remaining two bonds can also consist of a bond
with carbon with either chlorine or oxygen. At
665°C temperature, ethanol and iridium chloride
are disintegrated into components, after which free
hydrogen, chlorine and oxygen form hydrochloric
acid and water, and also radicals. Quantifying
the finding of atoms other than carbon is quite
a challenge when resorting to measuring only
the Raman spectrum. One of the methods for
the quantitative determination of atoms is the meth-
od of energy-dispersive X-ray spectroscopy.
The EDS spectrum of the sample after 5 h of growth
is presented in Fig. E The spectra indicate the dom-
inant carbon component and the presence of iron,
oxygen and iridium. Taking into account the pos-
sibilities of this method in analyzing samples or,
more precisely, in determining the presence of at-
oms on the surface, it can be determined that after
along 5-hour synthesis process iron appears, which
participates in the formation of nanotubes, and
also iridium and oxygen. The oxygen component
can be easily explained given the fact that carbon
nanotubes, after molding, cooling, annealing and
cleaning, are capable of attaching oxygen under
ambient conditions. In turn, the iridium compo-
nent is several orders of magnitude smaller than
the oxygen one. This value of 0.03 percent mass
fraction of the total measured carbon mass indi-
cates the presence of iridium in the final phase in
the formation of carbon nanotubes. The following
Figs. E, and |11 show information about the syn-
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Fig. 8. EDS spectrum of MWCNT after 5 h synthesis.
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Fig. 9. Raman spectrum of Ir-doped MWCNT.

thesis process, in which the iridium component is
even more visible. Figures E and [1( show the Ra-
man spectrum of other samples synthesized with
a different mixture. RBM, D, G and D' modes of
multi-walled carbon nanotubes are the following:
15 min growing - 101, 305, 428, 658, 1345, 1599,
1615 cm™; 50 min - 101, 664, 1345, 1580, 1612 cm™;
5 h - 101, 1345, 1580, 1615 cm™. Comparing
the spectral measurements of the two synthesis
methods, one can immediately notice the difference
between the spectra of 50-minute synthesis. A peak
appears at 658 cm™', which is close to a peak of
664 cm™. The subtle peaks at 306 and 428 cm™ relate
to iron oxide, which is formed as a by-product dur-
ing the pyrolysis process. In addition, as can be seen
in Fig. 9, the peak at 306 cm™ can be attributed to
IrCl,, which is in the pyrolysis mixture. In the reactor
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Fig. 10. Raman spectrum of Ir-doped MWCNT.
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Fig. 11. SEM image of MWCNT after 5 h synthesis.

after the disintegration of ethanol, free oxygen at-
oms are formed. During the pyrolysis process,
oxygen interacts with hydrogen, carbon, iron and
iridium. After evaluating the X-ray spectrum, it
becomes clear that iridium and iron oxides are
also present in the formed layers of carbon nano-
tubes. There are also several iridium compounds:
Ir-O, Ir-Cl, Ir-C. With a high probability, all
these compounds are present in the carbon layer.
They were even less distinguishable in the spec-
trum indicated in Fig. H As we can see, the mani-
festation of a peak at 664 cm™ occurs in the second
case, although such a peak is not observed in
the 5-hour process. Certainly, the fact that one of
the peaks of iron oxide (Fe,O,) is also located in
this zone complicates the task of determination
[@]. There is also a very small difference in
the RBM mode, which varies between 101+7 cm™.
The values of D, G and D' modes are identical at
1345, 1596 and 1612 cm ™!, respectively. Compared
with the first measurements, a peak at 664 cm™
appeared after 15 and 50 min of synthesis. Mea-
surements of the MWCNT spectrum after a long-
er synthesis process did not reveal this peak. Fig-
ure shows an image of the electron microscope
of the initial stage of nanotube synthesis at the sec-
ond ratio of iridium chloride and ethyl alcohol.
The measurement and analysis of the Raman
spectrum used in the synthesis of iridium chlo-
ride partially confirms the abovementioned re-
sults. Figures [12 and [L3 present the Raman spec-
trum of iridium chloride. Taking into account
the hygroscopicity of iridium chloride and
the standard conditions in which the measure-
ments were made, the Raman spectrum is as ac-
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Fig. 12. Raman spectra of IrCl, in standard condi-
tions, laser excitation 532 nm.

curate as possible, since the substance was isolated
from air before the measurements. The value of an
indistinguishable peak at 607 cm™ may indicate
that iridium chloride is present during the forma-
tion of carbon nanotubes and is deposited on
the surface. However, the difference between these
two peaks at 607 and 664 cm™* indicates a different
connection. In Figures E and E, during the synthe-
sis at 15 and 50 min, the same line is clearly visible
at 664+7 cm™, describing a different atomic bond.
According to Huang et al., materials such as iridi-
um oxide have four active Raman modes. For irid-
ium oxide, they appear at 145, 561, 752 and
728 cm'. In addition, the peaks appearing at 366
and 456 cm™! are usually described by the stretch-
ing mode Ir = O in the amorphous phase and
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Fig. 13. Raman spectra of IrCl, in standard conditions,
laser excitation 532 nm.
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the stretching mode Ir-O, respectively [@, @].
The measured spectrum of IrCl, shows peaks at
81, 177, 306, 333, 607 and 2177 cm™'. The most
important are the peaks at 81 and 607 cm™* since
one of them, namely, the peak at 81 cm™!, inter-
sects with the peak of carbon nanotubes at
101 cm™. Such a slight difference in the iridium
peak and the RBM modes of carbon nanotubes on
the Raman spectrum is almost impossible to dis-
tinguish. However, bearing in mind that the pro-
cess of growing carbon nanotubes takes place at
the temperature close to that at which iridium
chloride is disintegrating into its constituent ele-
ments, it can be assumed that the change in
the RBM mode of MWCNT results in the addi-
tion of iridium to the carbon structure. The D, G
and D' modes of carbon nanostructures in the sec-
ond synthesis variant are defined as 1345, 1596
and 1612 cm™ within 7 units, compared to
the MWCNT modes related to the samples of
the first synthesis — 1351, 1590 and 1615 cm™.
Figure |14 shows the X-ray spectrum of the second
sample after 5 h of the synthesis. During the chem-
ical pyrolysis of the second samples, a solution of
ethanol was used with an increased amount of
iridium chloride, which is traced in the figure.
The iridium component is very small compared to
the dominant carbon, also with iron and oxygen.
However, the previous results suggest that a car-
bon-iridium compound may occur in the struc-
ture of MWCNT.
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Fig. 14. EDS spectra of MWCNT after 5 h synthesis.

4. Conclusions

This paper presents the studies of structural chan-
ges in the multi-walled carbon nanotubes synthe-
sized from ethanol using chemical vapour depo-
sition. We investigated the formation of carbon
nanotubes under certain conditions, adding irid-
ium chloride to the carbon source, and established
the differences of the formation between the pro-
cesses of short and long syntheses from the result-
ing mixture. Using the Raman and X-ray spectrum,
a clear difference was found between the synthe-
sis without and with adding iridium impurities.
In turn, the Raman measurements of grown na-
notubes revealed the changes in the spectra, that
allowed us to answer some questions related to
the formation of nanostructures. The revealed
peaks at 664 and 658 cm™' suggest a new formation
that has not previously been observed. The forma-
tion of n-type carbon nanotubes makes it possi-
ble to enhance the donor properties, that lead to
changes in their electrical and optoelectrical prop-
erties, which can be applied in organic structures
starting from transistors, solar cells and detectors,
as well as in biological nano-systems of a molecu-
lar level and superconductors. The synthesis of car-
bon nanotubes and doping remains a studied field
of science. Undoubtedly, the results obtained using
the energy-dispersive X-ray spectrometry method
provide only a partial determination of the exist-
ence of multi-walled carbon nanotubes doped with
iridium. The use of energy-dispersed spectrum
analysis is one of the methods for determining
the presence of carbon and iridium compounds in
the MWNT obtained by the process of chemical
vapour deposition.
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DAUGIASIENIU ANGLIES NANOVAMZDELIY SU IRIDZIO PRIEMAISOMIS
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Santrauka

Daugiasieniai anglies nanovamzdeliai buvo gauti
etilo alkoholio cheminio gary nusodinimo (pirolizés)
budu 665 °C temperatiiroje. Prie nanostruktiros pride-
dant kity atomy, masy atveju - iridzio komponents, su-
sidaro defektai, kurie lemia elektriniy ir optoelektriniy

savybiy poky¢ius. Daugiasieniy nanovamzdeliy susida-
rymas ir strukttriniai pokyc¢iai buvo tiriami naudojant
elektroninj mikroskopg, Ramano ir energijos dispersijos
spektrometrijas. Ramano ir rentgeno spinduliy spektrai
parodé iridZio priemaiSos jnasg j sintezés procesa.
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