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Nitrogen-containing carbon nanotubes (CNTs) were synthesized by the CVD method on oxide catalysts of
Al-Fe-Mo-O by adding acetonitrile or ethylenediamine to the carbon source (propylene), or completely replacing it,
as well as impregnating the original CNTs with urea, followed by heat treatment. The structure of nitrogen-containing
CNTs (N-CNT) was characterized by the method of Raman scattering, transmission electron microscopy (TEM),
differential thermal and gravimetric analysis (DTA, DTG) and X-ray photoelectron spectroscopy (XPS). The influence
of the synthesis method on the number and chemical state of nitrogen heteroatoms in the structure of the carbon matrix
is found. According to the TEM, nitrogen-containing CNTs have a characteristic bamboo-like structure, which is less
perfect compared to the structure of the original CNTs: the characteristic Raman bands (G and D) are shifted to higher
frequencies, their half-width and band D intensity increase relative to G. This is also manifested in the lower thermal
stability of nitrogen-containing CNTs. According to the XPS, the direct synthesis of nitrogen-containing CNTs
increases the total content of nitrogen atoms and the proportion of pyrrolic and quaternary nitrogen against the
background of a significant decrease in the amount of pyridinic form. This can be explained by the fact that nitrogen
is evenly distributed throughout the carbon matrix of CNTs, and during nitriding of CNTs with urea, nitrogen is
included mainly in the surface layers and defects, because the pyridine form is characteristic of the edge location of
the nitrogen atom in the graphene plane.The catalytic effect of multilayer nitrogen-containing carbon nanotubes (N-
CNT) on the kinetics of decomposition of hydrogen peroxide in aqueous solutions at different pH values is considered.
1t is concluded that the method of direct synthesis of nitrogen-containing CNTs allows to obtain more catalytically
active carbon nanotubes containing more nitrogen, mainly pyrrolic and quaternary type. It has been found that
regardless of the method of synthesis, the maximum catalytic activity in the decomposition of hydrogen peroxide is
observed at pH 7.
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INTRODUCTION surface of oxidized CNTs. In order to accelerate
the activity and the stability against degradation,
the introducing of nitrogen, sulfur, boron or
phosphorus atoms to the nanotubes structure was
proposed [4, 5]. As a rule, the nitrogen doping is
carried out by using two methods. The first one is
the CNTs doping during their synthesis by arc or
chemical vapor deposition. The second one is the
doping of pre-synthesized CNTs through their
treatment by nitrogen-enriched precursors (urea,
melamine, pyridine, ammonia, etc.) [6-8].
Nitrogen atoms are similar to carbon ones by
size, consequently, such atoms successfully
replace the carbon ones in crystal lattice [6, 9].
The #-electrons of the carbon atoms conjugate
with the unshared electron pair of the of nitrogen
atom [8, 9], which is built-in to the carbon lattice.
In this case, nitrogen exhibits properties of an
electron donor in relation to carbonaceous

Carbonaceous materials have been popular
for the oxygen reduction reaction, in particular in
the developing catalytic systems. Carbon
nanotubes (CNTs) attract more and more
attention due to their outstanding mechanical,
physical and chemical properties. As it is known,
CNTs are found to show catalytic properties.
Additional treatment, namely functionalization
and doping with heteroatoms, modifies the CNTs
electronic system, facilitates the electron transfer
and in this way increases the oxygen electro-
reduction reaction [1-3]. Oxidation is the most
common method of chemical modification of
CNTs. As a result of such treatment, different
oxygen content groups are formed on the surface
of CNTs. Most often carboxyl, hydroxyl,
carbonyl and lactone groups are observed on the
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material [10]. Nitrogen on the surface of carbon
material is represented by a variety of forms
(pyridine, pyrrole etc.) [6—12].

At least three types of nitrogen are found in
CNTs. These are pyridinic nitrogen, pyrrolic
nitrogen and quaternary nitrogen. The pyridinic
N-type is an sp* hybridized nitrogen atom located
at the edges or at defects of the graphene sheets
(Fig. 1 @). These pyridinic nitrogen atoms have a
localized electron lone pair which are active in

base catalyzed reactions. Therefore, the
optimization of the amount of pyridinic nitrogen
is important for catalysis. The pyrrolic N-type is
sp® hybridized and part of a five membered ring
structure (Fig. 1 ). The quaternary N is a carbon
substituted nitrogen atom located in the graphene
sheet (Fig. 1 ¢). A fourth type has been reported
and labeled as N—X species (Fig. 1 d), believed to
be an oxidized type of pyridinic N.

a b
Fig. 1.

Although the different types of nitrogen
present in the CNT’s have been described, mainly
the increase of the amount of nitrogen
incorporated has been the focus in many studies
[6, 12].

The aim of this work is to synthesize
nitrogen-containing CNTs by different methods,
to characterize them, and to study the catalytic
properties of N-CNTs characterized by a high
specific surface area, the main part of which is the
outer surface of the tubes, which significantly
reduces the effect of diffusion on catalytic
reactions and contains nitrogen atoms.

RESULTS AND DISCUSSIONS
Methods and materials. CNTs were
synthesized by catalytic vapor deposition

according to the technique we developed earlier
[13, 14], conformed to the requirements of the
standard TU U 24.1-03291669-009:2009 Carbon
Nanotubes Chuiko Institute of Surface Chemistry,
NAS of Ukraine. N-CNT’s were obtained by a
similar method by precipitating them from the gas
phase using 100 % acetonitrile and mixture of
ethylenediamine (20 %) + propylene at the
temperature of 750 °C (which is 100 °C higher
than in the synthesis of pure carbon CNTs) on an
Al-Fe-Mo-O catalyst. A possible growth scheme
for nitrogen-doped CNTs is shown in Fig. 2 [15].

Figs. 3, 4 present TEM images (transmission
electron microscope JEM-100CXII, accelerating
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Types of nitrogen species found in N-CNTs: a — pyridinic, b — pyrrolic, ¢ — quaternary, d — N-oxide

voltage — 100 kV, resolution reaches 2.04 A) of
product obtained from 100 % acetonitrile and of
product obtained from 100 % ethylenediamine.

As can be seen from the presented images
(Figs. 3, 4), the obtained structures have a
bamboo-like appearance, characteristic of
nitrogen-containing nanotubes [16—18].

One sample of nitrogen-containing CNTs was
synthesized from pure carbon CNTs by oxidation
with nitric acid followed by impregnation with
urea (10 %) and heat treatment at 700 °C
according to the method developed previously for
active carbons [6].

The synthesized N-CNTs contain a certain
amount of amorphous carbon and catalyst
components. Purification of the original samples
was performed by treating them with HCI
solutions and NH4HF, followed by washing the
reagents with distilled water.

In kinetic experiments, aqueous solutions of
hydrogen peroxide with a concentration of
0.1+0.5 % were used to study the catalytic
properties of N-CNTs synthesized from
ethylenediamine and 0.2+1.5 % to determine the
properties of N-CNTs synthesized from
acetonitrile. The experiments were performed at
pH 5.0, 6.0, 7.0, 8.0, which were stabilized with
phosphate buffer and at room temperature. Stable
suspensions of N-CNTs were used for the
reaction. To do this, samples were dissolved in
phosphate buffer (the volume of the solution
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varied as dependent on the concentration of H>O;
in the reaction mixture). Hydrogen peroxide was
then added to the suspension so that the total
volume of the reaction mixture was 50 ml. In the
case of N-CNTs, the process of H;O;
decomposition was investigated using the
microvolumometric method [19]. The
experiments were performed in a sealed
thermostated cell with stirring connected to a
microburette (measurement error 0.01 ml), which
was used to measure the microvolumes of oxygen
released during the reaction. In the study of
catalase activity used a standard method for

CHy N
or
M- CH - CH - NH

CHy-CoN
ar

MH - CH - CH - N
a \ 7/

CHy -0
My i
o M- CH-CH - N

T T Ty T

- N

H, 1

determining the concentration of H)O, —
titrimetry [3, 19]. Evaluation of catalytic activity
was performed by determining the kinetic
characteristics (rate  constants, Michaelis’
constants) of this reaction [3, 19]. To compare the
values of the reaction rate constants for all
objects, the optimal sample and the optimal range
of H,O; concentrations were chosen, at which the
reaction rate linearly depends on the substrate
concentration. To determine the reaction rate
constant, the rate of decomposition of hydrogen
peroxide at different pH was measured.

CHy N
or
HH-CH CH - NH

o

M~

M- = =
or Rl " b - H

MHy-CHy-CH N

Fig. 2. Scheme of the growth of nitrogen-doped CNT: a — “top” model for the growth of CNT; b — “root” model for

the growth of CNT
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Fig. 4. TEM images of product obtained from 100 % ethylenediamine

Characterization of N-CNTs. The structural
state of CNTs specimens was characterized by the
Raman scattering method. Raman spectra of
CNTs was recorded by a Horiba Jobin-Yvon T-
64000 spectrometer in combination with the
geometry of inverse scattering at room
temperature when excited by an argon laser
(A = 514.5 nm, 1 mV). The measurements are
depicted in Fig. 5. As a standard for calibrating
the wavelength, Raman spectra band of silicon
was used at 520 cm'. The experimental error of
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determining the wavelength of the reflected
radiation associated with the heterogeneity of the
samples was 2 cm .

The Raman spectra of N-CNTs differ
significantly (Fig. 5) from the spectra of the initial
carbon nanotubes. The intensity of the spectra
drops sharply. The main parameters of the
characteristic bands, which are manifested in the
micro-Raman scattering of initial CNTs and
obtained with the participation of acetonitrile and
ethylenediamine, are presented in the Table 1.
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The Raman spectra of CNTs: a — initial CNTs; b — CNTs obtained with using acetonitrile; c — CNTs obtained
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Table 1. The main parameters of the characteristic bands manifested in the micro-Raman scattering of initial CNTs
and CNTs obtained with the participation of acetonitrile and ethylenediamine

Specimen initial CNTs N-CNTs (ethylenediamine) N-CNTs (acetonitrile)
Synthesis Catalyst Al-Fe-Mo-O, synthesis at 7, °C:

conditions 650 750 750

D, cm! 1348 1353 1353

G, cm! 1573 1580 1585

2D, cm™ 2706 2705 -

Drwnm, cm™! 51 80 112

Grwam, cm™! 53 75 108

Ip, a.u. 9.0 5.0 3.1

Ig, a.u. 10.4 4.7 3.0

In/lg 0.86 1.06 1.03

As can be seen from the Raman spectra for significant disorder in the structure of this
CNTs (Table 1), the frequency D (1353 cm™! for product. It can be argued that the synthesis with
both samples) of the band is significantly higher the participation of nitrogen compounds improves
than the original CNTs (1348 cm™'). Similarly, the the fragmentation of CNTs.
frequency G of the band for both samples From the analysis of DTA diagrams
increases compared to output CNTs, and higher (derivatograph Q-1500D, Hungary) (Fig. 6) one
for the sample with the calculated content of can draw a conclusion, that the intensive
N-CNT, acetonitrile. This indicates a strong oxidation of nitrogen-containing structures begins
tension of the CNT lattice, which can be at 100 °C earlier than for the original CNTs.
understood if nitrogen is actually embedded in the However, the heat capacity of this process is
‘body’ of the CNTs. The half-widths of the bands significantly higher than for CNTs.
increase  considerably, which indicates a
TG, %
160 | 100
DTA
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Fig. 6. CNT derivatograms: a — DTA; b — TG; I — initial CNT’s; nanotubes synthesized with the participation of:
2 - acetonitrile; 3 — ethylenediamine

To determine the chemical composition of the leads to the appearance of 0.6 at. % nitrogen in
CNTs obtained by us, the method of X-ray their structure. Despite the fact that the vast
photoelectron spectroscopy (XPS) was applied. majority of nitrogen atoms are on the side surfaces
The state of the surface of the washed from of CNTs, as well as located along the surface.
mineral impurities and dried CNTs were When modifying CNTs by directly
investigated on an XPS spectrometer “SERIES- introducing ethylenediamine and acetonitrile in
800” Kratos Analytical using monochromatic the liquid state into a stream of argon and
MgK,-radiation with energy of 1253.6 eV. hydrogen carrier gas, we observe an increase in

According to the obtained results (Table 2), the number of nitrogen atoms embedded in the
treatment of oxidized CNTs samples with urea structure of nanotubes. When nitrogen atoms are
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included in a carbon nanotube (precursor-
acetonitrile), we observe a 5-fold increase in the
hetero atom and 7 times an increase in case of
precursor - ethylenediamine.

From the N1s spectra (Fig. 7) of the obtained
nitrogen-containing CNTs, one can see how the
state of nitrogen atoms changes depending on the
conditions of their synthesis (Table 3).

Table 2. Chemical composition of the surface of synthesized nanotubes (at. %)

Sample C, at.% 0, at.% N, at.%
CNTs 98.78 1.22 0.00
N-CNTs (urea) 98.27 1.11 0.62
N-CNTs (acetonitrile) 95.13 1.86 322
N-CNTs (ethylenediamine) 93.68 1.65 4.46
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Fig. 7. XPS Nls spectra of nitrogen containing CNTs: a — synthesized with the participation of ethylenediamine; b —

synthesized with the participation of acetonitrile

Table 3. The content and chemical state of nitrogen and oxygen atoms in CNT depending on the nitrogen-containing

compound used for CNT synthesis

Pyrrolic and

No Sample Pyridinic, at. % Quaternary, N-OX(l)de, N, at. %
at. % at. %
1 N-CNTs (urea) 51.6 33.9 14.5 0.62
2 N-CNTs (acetonitrile) 13.5 43.5 43 3.22
3 N-CNTs (ethylenediamine) 18.4 48.3 33.2 4.46

From the above data, it can be seen that in the
direct synthesis of nitrogen-containing CNTs, not
only the total content of nitrogen atoms but also
the proportion of pyrrolic and quaternary nitrogen
increases significantly against the background of
a significant decrease in the amount of the
pyridinic form. This can be explained by the fact
that, in direct synthesis, nitrogen is uniformly
distributed over the entire volume of the carbon
matrix of CNTs, and during nitriding of CNTs

140

with urea, predominantly in the surface layers and
near defects. Since the pyridinic form is
characteristic of the edge arrangement of the
nitrogen atom in the graphene plane, it is obvious
that for samples with a uniform distribution of
nitrogen in the volume, the ratio between
pyridinic and pyrrolic/quaternary will be shifted
towards the latter.

Catalytic properties of N-CNTs. From the
data obtained during the catalytic decomposition

ISSN 2079-1704. X®TI12021. T. 12. Ne 2
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of hydrogen peroxide on initial and nitrogen-
modified CNTs, the reaction rate constants and
affinity coefficients were calculated at different
pH solutions. Based on these data, the
corresponding dependences were built (Fig. 8).
The given dependences (Fig. 8) show that for
all pH values nitrogen-containing CNTs show
greater activity in catalysis of hydrogen peroxide
decomposition than unmodified tubes. The
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catalytic activity rapidly increases with an
increase in the content of nitrogen heteroatoms,
which fully corresponds to theoretical models of
the effect of heteroatoms on the electron-donating
properties of the carbon matrix. It should also be
noted that nitrogen-containing CNTs reach their
maximum catalytic activity at pH values close to
7, which is important for the use of such materials
for catalysis in biological media.
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Fig. 8. The velocity constant (a) and the Aus constant (b) vs. pH for different CNTs

CONCLUSION

From the data obtained, it can be concluded
that the method of direct synthesis of nitrogen-
containing CNTs makes it possible to obtain more
catalytically active carbon nanotubes containing a

larger amount of nitrogen, predominantly of the
pyrrole and quaternary type. It was found that,
regardless of the synthesis method, the maximum
catalytic activity in the decomposition of
hydrogen peroxide is observed at pH 7.

CuHTe3 | KaTATITHYHI BJAaCTUBOCTI a30TOBMiICHMX BYIJIEIIeBUX HAHOTPYOOK

IO.I. Cemennos, O.A. Yepniok, C.B. Kypascskuii, Wang Bo, K.B. Boiitko,
O.M. bakaaincska, M.T. Kaprens

Ningbo University of Technology
No 55-155 Cui Bai Road, Ningbo, 315016, China
Tucmumym ximii nogepxui in. O.0. Yyixa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, ysementsov@ukr.net

AszomoemicHi eyeneyesi nanompyoxku (BHT) cunmesysaru CVD-memoOom Ha OKCUOHUX KAMAi3amopax
Al-Fe-Mo-O, oooarouu 6 Odxcepeno 8yzieyto (nponinen) ayemoHimpun adbo emuneHOiaMin, abo NOGHICMIO 1020
3amiyyiouy, a maxkoxc Npocouyiouu cewoguroro euxioni BHT 3 nodanvuioro mepmoobpookor. Cmpykmypa
asomoemicnux BHT xapaxmepusyeanace memodom rombinayiinoeo posciauna ceimaa (KPC), mpaucmiciinol
mikpockonii (TEM), ougpepenyianvnoco mepmiunozo i epasimempuunoeo auanizy (ATA, ATI) i penmeeniscokoi
gdomoenexkmponnoi cnexkmpockonii (POEC). Bcmarnosneno éniue memooy cunmesy Ha KilbKiCmb ma XIMIYHUL CMAaH
2emepoamomie azomy 6 cmpykmypi eyeneyesoi mampuyi. 3a pesynomamamu TEM, aszomoemicni BHT maromu
xapakmepny 0amMOYKOnoOiOHy CmMpyKmypy, Wo € MeHul 0OCKOHAI0N 6 NOPIGHAHHI 3 cmpykmypor euxionux BHT:
xapaxkmepui cmyeu (G i D) KPC 3miweni 6 obnacme euwux uacmom, 30i16ULyEMbCA IXHA HARNIGWUPUHA MA
inmencugnicmo cmyeu D ioHocno G. Le maxodc npossnaemovcs 6 meHwilh mepmiuniv cmitikocmi azomoemichux BHT.
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3a oanumu PDEC, npu 6esnocepeonvomy cunmesi azomoemiciux BHT 36inbuyemoca 3a2anvHutl émicm amomis
asomy U 4acmka NipoabHO20 MaA YemeepmuUHHO20 HA i 3HAYHO20 3MEeHUEeHHs KilbKocmi nipuourogoi gopmu. Lle
MOJHCHA NOSACHUMU MUM, WO A30M PIBHOMIDHO PO3NOOLIAEMbCA N0 8Cbomy 00 ' emy yeneyesoi mampuyi BHT, a nio
yac azomyeanns BHT ceuoeunoro azom 6Kmo4acmbCs NepesadcHo 6 NOBEPXHEsi wapu ma Ha 0egheKmax, oCKiibKu
nIpuOUHO8a hopma Xxapaxmepra Oisi Kparioso2o po3mauty8ants amoma azomy 6 niowjuni epageny. Pozenadacmocs
Kamanimuunuil eniue bazamowaposux azomoemicnux BHT na xinemuxy po3kiadanHs nepekucy 80OHIO Y 800HUX
po3uUHax npu pisnux snavenusx pH. 3pobreno sucnosok, ujo memoo npsamozo cunmesy azomoemicuux BHT 0ozsonsie
ompumamu OLIb KAMarimuiHo aKmueHi yeiieyei HAaHOMmpYOKu, Wo MICMAMb OLIbULY KITbKICHb A30MY, NEPeBa’CHO
nIPOILHO2O MaA YemeepmuHHo20 muny. TaKodc 8CMAHOBNEHO, WO HE3ANEHCHO BI0 MemMOOy CUHME3Y MAKCUMATbHA
Kamanimu4na akmueHicms Npu po3KIA0anHi nepeKkucy 600HI0 cnocmepieacmvcs npu pH 7.

Kniwouosi cnosa: asomosmichi gyeneyesi HaHompyoKu, Kamanis, nepexuc 60010
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