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ARTICLE INFO ABSTRACT

Keywords: Nitrogen-doped multiwalled carbon nanotubes (N-MWCNTs) are known as a perspective material for a variety of
nitrogen-doped multiwalled carbon nanotubes applications in nanoelectronic devices, sensors, catalysts for carbon dioxide reduction, and flexible thermo-
N'MXYCNT electrics. However, up to date most of the reports on the properties of N-MWCNTs are focused on a narrow niche
pyridine

of research, for example, a study of low-temperature magnetoresistance or room-temperature thermoelectrical
properties. In this work, N-MWCNTSs were synthesized using benzene:pyridine precursor in different ratios, and
both magnetoresistance and thermoelectrical properties of the synthesized N-MWCNTs were systematically
investigated in the temperature range 2-300 K and compared with the properties of undoped MWCNTs. Unex-
pected switching of the magnetoresistance of the N-MWCNTs at low temperatures from negative to positive
values was observed, and the processes underlying this effect are discussed. The study of the thermoelectrical
properties revealed n-type conductance in the N-MWCNTs, which was attributed to the impact of nitrogen de-
fects incorporated in the MWCNT structure. Performed for the first-time investigations of the thermal stability of
the Seebeck coefficient of N-MWCNTs in air revealed that the Seebeck coefficient retains its negative values and
even increases after annealing of the N-MWCNTs in air at 500 °C. These findings illustrate the high potential of
the presented in this work N-MWCNTs for applications in different devices in a wide range of temperatures.

Seebeck coefficient
annealing stability
low-temperature magnetoresistance

1. Introduction heterostructures) [4]. However, naturally as-grown MWCNTs exhibit
p-type conductance due to adsorbed from the environment oxygen [8].
Recently, our group showed that highly effective n-type MWCNT-BisSes

heterostructures may be synthesized by physical vapour deposition of

Multiwalled carbon nanotubes (MWCNTSs) represent one of the most
unique materials in the field of nanotechnology due to their great po-

tential in different fields such as, for example, supercapacitors and
batteries, sensors, electronic devices, gas and hydrogen storage, carbon
dioxide reduction, and flexible thermoelectric composites [1]. A
network of carbon nanotubes creates good electrical but not thermally
conductive connections. That makes them favorable for thermoelectric
applications of flexible devices as bare material [2,3] or in combination
with conventional nanostructured inorganic thermoelectric materials
[4-7]. For example, efficient flexible thermoelectric heterostructures
can be prepared by direct physical vapor deposition of bismuth and
antimony  chalcogenides on  MWCNT networks (CNT-TE
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BisSes nanostructures directly on the network prepared from as-grown
undoped p-type MWCNTs [4]. However, due to the competing conduc-
tance mechanisms of as-grown p-type MWCNTs and n-type BisSes, the
Seebeck coefficient of the resulting MWCNT-Bi,Ses heterostructures is
very sensitive to the concentration of MWCNTs and rapidly decreases
with its increase [4]. Thus, the fabrication of CNT-TE heterostructures
having n-type conductivity requires pre-treatment of the as-grown CNTs
to convert their p-type conductance to n-type, which typically can be
achieved by annealing of the as-grown CNTs under high vacuum to
degass the adsorbed oxygen [9,10]. A significant drawback of this

Received 20 July 2023; Received in revised form 3 October 2023; Accepted 3 October 2023

Available online 5 October 2023

2667-0569/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:donats.erts@lu.lv
www.sciencedirect.com/science/journal/26670569
https://www.elsevier.com/locate/cartre
https://doi.org/10.1016/j.cartre.2023.100302
https://doi.org/10.1016/j.cartre.2023.100302
https://doi.org/10.1016/j.cartre.2023.100302
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cartre.2023.100302&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Andzane et al.

approach is that the fabricated heterostructure should be kept and used
in high-purity inert atmosphere because under ambient conditions the
conductivity type of the annealed CNTs transits from n- to p- within days
[10,11], which may result in the degradation of n-type thermoelectric
properties of the heterostructure.

An alternative way of obtaining MWCNT with a stable n-type is
doping with boron or nitrogen during the synthesis [12-14]. MWCNTs
may be synthesized by a variety of methods as classical or
aerosol-assisted chemical vapor deposition (CVD) [15,16] laser ablation
[17], supercritical fluid [18], and others. Among these methods, the
aerosol-assisted CVD or pyrolysis has proven itself to be
easily-reproducible and useful for the introduction of a significant pro-
portion of nitrogen in the MWCNT structure [19]. To form
nitrogen-containing carbon nanotubes under aerosol-assisted CVD con-
ditions, additives of nitrogen-containing compounds such as acetonitrile
[20,21], melamine [10,22], ammonia [12], and pyridine [23-25] can be
used. As it is known, doped nitrogen atoms in the N-MWCNTs mainly
exist in three forms: substitutional (graphite-like, graphitic), where the
nitrogen atom replaces a graphitic carbon atom, pyridinic (pyridine--
like) nitrogen, where the nitrogen atom is two-fold coordinated, and
pyrrolic (pyrrole-like) nitrogen, where substitutional atom sits in
five-fold ring [19]. Pyrrolic nitrogen is sp° coordinated, while pyridinic
and graphitic nitrogen are both sp? coordinated. Pyridinic and
pyrrole-like nitrogen are non-doping, whereas graphitic nitrogen gen-
erates a donor state. While the synthesis temperature is one of the
determining factors for the proportions of these defects due to their
different stability, some of the reports claim that at the same synthesis
temperature, the precursor used may play a significant role in the
resulting types and amounts of defects in the N-MWCNTs [21].

Between these nitrogen sources, the first two — acetonitrile and
melamine — are the most widely used, while there is a very limited
number of reports showing the use of pyridine for the synthesis of N-
MWCNTs, and these reports are limited to the description of structure
and morphology of the produced N-MWCNTs, but do not contain in-
formation on their properties.

In terms of properties, the research of N-MWCNTs is mostly focused
on specific applications of N-MWCNT, for example, resistivity and
magnetoresistance at low temperatures for electronic applications [20,
26]; thermoelectrical properties for application in energy harvesting
[10,14]; catalytic properties for carbon dioxide reduction [27]. How-
ever, to the best of our knowledge, there is no or very limited number of
reports presenting investigation of different properties of the same batch
of N-MWCNTs synthesized by any method. In addition, up to date very
limited attention was paid to the investigation of thermal durability of
N-MWCNTs at elevated temperatures in ambient air, which is crucial for
the applications of N-MWCNT in thermoelectrics. To the best of our
knowledge, the investigation of the durability of N-MWCNTs after
annealing in air up to 300 °C was studied for the nanotubes synthesized
using melamine as a nitrogen source and argon/acetylene as carrier gas
and carbon source, however, this study was focused solely on the
investigation of chemical composition and morphology of the
N-MWCNTs.

In this work, N-MWCNTs were synthesized via spray-assisted CVD
using as precursors benzene:pyridine (BZ:PY) mixture in different ratios,
and a systematic study of electrical, magnetoresistance, and thermo-
electrical properties of the synthesized using such precursors N-
MWCNTs was performed for the first time. The properties of the N-
MWCNTs were analyzed and compared with the properties of undoped
MWCNTs, as well as with the reported properties of N-MWCNTSs syn-
thesized using different precursors.

2. Materials and methods
2.1. Synthesis of undoped MWCNTs and N-MWCNTs

The synthesis of nitrogen-doped multiwalled carbon nanotubes (N-
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MWCNT) was carried out by the spray-assisted chemical vapor deposi-
tion (CVD) method from a gas phase. The reactor vessel was made of a
pyrolysis steel tube 2000 mm long and 100 mm in diameter, located
inside a high-temperature tubular furnace. The quartz tube was placed
inside the reactor vessel and sealed with stainless flanges equipped with
the systems for the reaction mixture delivery and products removal. The
synthesis of N-MWCNTs occurred in inert (argon) gas under atmospheric
pressure at a flow rate of 20 mm-s~!. The source of iron for the formation
of catalytic particles was ferrocene dissolved in a mixture of benzene
(BZ) and pyridine (PY) (1:3 and 1:19 by volume) for the synthesis of N-
MWCNTs and in toluene for the synthesis of undoped MWCNTs. 100 ml
of a mixture of BZ and PY with 2 wt.% of ferrocene was used for one
synthesis cycle. The reaction mixture was delivered into the synthesis
zone in the form of an aerosol by a dispenser. Spraying the mixture in the
reactor was carried out in a zone with a temperature of about 200°C. The
vapors of the reaction mixture were taken up by the carrier gas and
transferred to the growth zone of carbon nanotube arrays. The synthesis
was carried out for 20 min at a temperature of 850 °C for obtaining N-
MWCNTs and for 60 min at a temperature 800 °C for obtaining undoped
MWCNTs. At the end of the delivery of the reaction mixture, the reactor
was purged with an argon flow for 20 min. This procedure is necessary
to remove the residual reaction products. Then, the argon flow was
stopped, and the reactor was shut off and cooled to room temperature.
After cooling down, the reactor was disassembled, and the quartz tube
was removed. The black film formed because of synthesis on the inner
wall of the quartz tube and consisting of N-MWCNTs or undoped
MWCNTs was removed mechanically.

2.2. Preparation of undoped MWCNT and N-MWCNT networks

Networks of undoped MWCNTs and N-MWCNTs were prepared on
10 mm x 5 mm and 10 mm x 10 mm glass substrates by spray-coating
method. For the spray-coating, a 0.1 wt.% MWCNT or N-MWCNT-iso-
propyl alcohol (IPA) suspension was used to obtain carbon nanotube
networks with different surface densities. During the spray-coating, the
glass substrates were heated up to 120 °C to ensure fast evaporation of
IPA thus preventing an unwanted agglomeration of CNTs.

Annealing of the samples was performed in air in a quartz tube
furnace (GCL-1100x; MTI Corp.) for 40 mins at a temperature of 500 °C.

2.3. Structural characterization of the samples

The morphology and chemical composition of the synthesized car-
bon nanotubes were characterized using a Hitachi S-4800 field-emission
scanning electron microscope equipped with the energy-dispersive X-
ray diffraction analyzed (123 eV; Bruker XFlash Quad 5040). High-
resolution images of the synthesized carbon nanotubes were obtained
using transmission electron microscope FEI Technai GF 20. XPS analysis
was performed using a ThermoFisher ESCALAB Xi+ instrument using an
Al Ka monochromatic X-ray source. The instrument’s binding energy
counter was calibrated to give a binding energy of 932.6 eV for the Cu
2ps/2 line of freshly etched copper metal. The charge compensation
system was used for all non-conductive specimens. The surface of each
sample was irradiated with an electron beam to create an almost neutral
surface charge. The spectra were recorded using a 900 x 10 pm X-ray
beam with a transmission energy of 20 eV and a step size of 0.1 eV. The
data for all materials were tied to the main signal of the carbon 1s
spectrum, referred to the region of 285.0 eV. The carbon 1s spectrum
was obtained using high-energy resolution settings. Fourier transform
infrared spectra (FTIR) were measured with Bruker Vertex 70v, equip-
ped with an attenuated total reflection module with diamond crystal.
Spectral range 400-4000 crn’l, resolution +2 cm™!, 20 spectra per
measurement, 4 measurements per sample. The average spectrum was
calculated and presented.

Magnetoresistance and thermoelectric measurements. Magnetore-
sistance (MR) is defined as MR=(p(B)-p(0))/(p(0)), where B is the
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magnetic field strength, p(0) and p(B) are the MWCNT film resistivities
in the presence and absence of magnetic field, respectively. For the
magnetoresistance determination, the resistances of the MWCNT net-
works were measured in a classic Hall bar configuration using the
physical property measurement system (PPMS DynaCool-9T, Quantum
Design) at temperature and magnetic field strength in the range of 2 to
300 Kand -9 T to +9 T, respectively. The samples were 10 mm x 10 mm
in size; electrodes (70 nm Gold / 5 nm Titanium) were applied by the
thermal evaporation method (SIDRABE SAF EM sputtering vacuum
system). For the resistivity calculation, the thicknesses of the MWCNT
networks were measured using profilometer Veeco Dektak 150.

The thermoelectric measurements in ambient conditions were per-
formed in a two-point configuration using a laboratory-made device,
consisting of Peltier modules, a programmable control block, and an
HP34401A digital multimeter. The system was calibrated using Stan-
dard Reference Material 3451 for low-temperature Seebeck coefficient
(NIST).

The thermoelectric measurements under high-vacuum conditions in
the temperature range 10-300 K were performed in a 4-point configu-
ration using a thermal transport option (TTO) of a physical property
measurement system (PPMS) DynaCool-9T, Quantum Design. Sample
size was 10 mm x 5 mm. Resistance and magnetoresistance measure-
ments of the samples in the temperature range 2-300 K were performed
using the resistivity option and electrical transport option of the PPMS
(DynaCool-9T, Quantum Design).

3. Results and discussion
3.1. Structure of the N-MWCNTs

SEM images of the as-grown using pyridine as the nitrogen source N-
MWCNTs revealed their arranged growth, forming densely packed ar-
rays (Fig. 1 a), which is in line with the previously reported growth of N-
CNT nanotubes via injection CVD method using ferrocene catalyst and
pyrazine as the nitrogen source [28].

The outer diameters of the synthesized N-MWCNT varied from 30 to
100 nm, while the lengths of the nanotubes were in the range 50-100
pm. Comparison of the EDX spectra of the N-MWCNTs synthesized
using BZ:PY ratio 1:19 with the undoped MWCNTs revealed the pres-
ence of a nitrogen-related peak in the spectrum of the N-MWCNT (Fig. 1
b, red curve), while the similar peak was absent in the EDX spectrum of
undoped MWCNTs (Fig. 1 b, blue curve). The amount of presented in the
N-MWCNTSs nitrogen was 6 + 2 at.%.

In addition, EDX spectra of undoped MWCNTs exhibited a signifi-
cantly more intensive peak related to oxygen in comparison with the N-
MWCNTs (5.5 + 1 vs 2 + 0.2 at.%, Fig. 1 b), which may indicate less
effective adsorption of oxygen on the surfaces of N-MWCNTs due to the
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nitrogen doping, resulting in the change of dominating charge carrier
type in the MWCNTs.

In addition, FTIR spectrum of the N-MWCNTs synthesized using BZ:
PY ratio 1:19 revealed an observed broad absorption peak in the 1300-
1600 cm™! region (Fig. 1 ), which is expected to appear when the N
atoms are bonded into the carbon network [29]. It should be noted that
the distortion region around 1900-2400 cm™! was caused by similar
refraction indices of the analyzing material and the sample [30,31], and
does not indicate show information about the chemical bonds in the
sample.

TEM micrographs of the synthesized using pyridine as the nitrogen
source N-MWCNTs revealed bamboo-like structure of the CNTs (Fig. 2 a-
c), in which the inside of the tube is separated into a series of
compartments.

The observed bamboo-like structure of the nitrogen-doped MWCNTs
indicates the incorporation of pyridinic nitrogen atom defects in the
structure of MWCNTSs [23,25,32]. The outer walls of the N-MWCNTSs are
well-formed and ordered (Fig. 2 c, d).

This observation is in line with the previously reported structure of
N-MWCNTSs synthesized using BZ:PY precursors [24] and contradicts the
reports on the structure of outer walls of N-MWCNTs synthesized using
other nitrogen sources such as acetonitrile [33,34] or melamine [35],
where significant distortion in the structure of outer walls of the
N-MWCNTs was observed. Less pronounced distortion of the outer walls
was observed for the N-MWCNTs synthesized using benzylamine [21].
Presumably, the level of distortion introduced in the walls of
N-MWCNTs may be related to the bonding configurations of nitrogen
source materials. While pyridine is represented by an aromatic ring,
which has no side groups, and thus, may be easily embedded in the
graphitic structure of the MWCNTs, the wall distortion in the
N-MWCNTs synthesized using acetonitrile or melamine as nitrogen
sources may be related to the side groups presented in the molecular
structure of melamine and linear structure of acetonitrile molecules,
complicating embedding in the structure of carbon nanotube walls.

XPS N 1s spectra confirmed the presence of all three — sp>coordi-
nated pyridinic and graphitic, and sp3-coordinated pyrrolic - forms of
nitrogen in the N-MWCNTs synthesized using pyridine as the nitrogen
source (Fig. 2 e, f). Deconvolution of the representative XPS spectra of
the N-MWCNTs synthesized using BZ:PY ratio 1:3 (Fig. 2 e) and 1:19
(Fig. 2 f) revealed the presence of 3 components with N 1s electron
binding energies of ~398.5 eV, ~399.9 eV, and ~401.1 eV.

The 398.5 eV peak (Fig. 2 e, f, yellow curve) can be assigned to ni-
trogen into a ring structure folding only two carbon atoms (edge posi-
tion), i.e., pyridinic form [22]. The peak at 399.9 eV can be attributed to
the pyrrolic nitrogen, i.e., three-fold coordinated nitrogen in a region of
defective non-aromatic lattice [19,21]. Finally, the peak at 401.1 eV can
be attributed to the graphite-like form of nitrogen that appears by
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Figure 1. a) Scanning electron microscope (SEM) image of as-grown N-MWCNTs synthesized using BZ:PY ratio 1:19; b) comparison of the energy-dispersive X-ray
diffraction (EDX) spectra of N-MWCNTs (red curve) and undoped MWCNTs (blue curve); c¢) Fourier transform Infrared (FTIR) spectrum of the N-MWCNTs.



J. Andzane et al.

Carbon Trends 13 (2023) 100302

e)

5900 1 N 1s
benzene:pyridine 1:3
5800 - . ,/M;
< /(,\ﬁ\, \\\
‘é graphitic }f’ py‘rro“c .\\ pyridinic
3 5700 \ﬂs - :

5600

405 403 401 399 397 395
Binding energy, eV

5400 7 f) N 15
benzene:pyridine 1:19
5300 /\
pyridinic
< 5200
€
3
(e}
© 5100
5000
4900 t ] \
405 403 401 399 397 395
Binding energy, eV

Figure 2. a-d) Transmission electron microscope (TEM) images of N-MWCNT structures: a) low-magnification image; b) higher-magnification image; c, d) close up
views; e, f) X-ray photoelectron spectroscopy N 1s spectra of N-MWCNTs synthesized with benzene:pyridine (BZ:PY) ratio 1:3 (e) and 1:19 (f). The spectra are
decomposed into components corresponding to graphitic, pyrrolic, and pyridinic nitrogen (in descending order of binding energy).

replacing a sp? carbon atom with a nitrogen one [22]. There were no
peaks detected at ~405 eV, indicating that there is the absence or
negligible amount of molecular nitrogen trapped inside the N-MWCNTs
[32,36]. The total content of nitrogen in the N-MWCNTs determined
from the XPS data was found to be ~0.8% and ~1.1% for the nanotubes
synthesized using BZ:PY ratios 1:3 and 1:19 respectively (Table 1),
which is similar to the total content of nitrogen detected by the XPS in
the N-MWCNTs synthesized using acetonitrile with N/C ratios 1/135
(total N content in N-MWCNTs ~0.8%) and 1/9 (total content of N in
N-MWCNTs ~1.2%), and significantly lower than N content detected in
the N-MWCNTs synthesized using melamine as the nitrogen source
(~7.6%, Table 1).

A significant difference between the nitrogen content detected in the
N-MWCNTs by the EDX (~ 5.5 at.%) and by the XPS (~ 1.1 at.%) may be
attributed to the difference in the measurement techniques: while the
XPS technique allows analysis of the top few nanometers of the sample,
the EDX is performed for ~ 1 pm deep volume of the sample, thus, the
data obtained by the EDX may also reflect the nitrogen trapped in the
inner volumes of the MWCNTs or physisorbed on their surfaces.
Consequently, EDX and XPS techniques are complementary and quali-
tatively prove the incorporation of N in the MWCNTs, however, the data
obtained by these techniques cannot be compared quantitatively.
Further, the data obtained using the XPS technique will be analyzed as
they provide additional information about the types of nitrogen defects
in the MWCNTs.

Increasing the concentration of pyridine also changes the ratio be-
tween the different forms of nitrogen. As the concentration of nitrogen in
the nanotubes increases, the amount of graphitic and pyridinic nitrogen
increases from 37% and 33% at BZ:PY ratio 1:3 to 45% and 42% at BZ:
PY ratio 1:19, respectively, while the amount of pyrrolic nitrogen de-
creases from 30% at BZ:PY ratio 1:3 to 13% BZ:PY ratio 1:19 (Fig. 2 f,
Table 1).

Table 1
Proportions of nitrogen-related defects identified in N-MWCNTSs, synthesized
using different nitrogen sources (detected by XPS technique).

Nitrogen
source

Total N Graphitic Pyridinic Pyrrolic Molecular
content, nitrogen, nitrogen, nitrogen, nitrogen,
% % % % %

Pyridine, this 0.8 37 33 30 -
work
BZ:PY ratio
1:3
N/C ratio 1/
7
Pyridine, this 1.1 45 42 13 -
work
BZ:PY ratio
1:19
N/C ratio 1/
5
Acetonitrile 0.8 31 30 39 -
with
toluene, N/
C ratio 1/
135 [21]
Acetonitrile 1.2 51 28
with
toluene, N/
C ratio 1/9
[21]
Benzylamine, 1 65 27 8 -
N/C ratio 1/
7 [21]
Melamine 7.6 42.7 35.1 14.1 1.2
[22]
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The calculated from the peak areas’ proportions of graphitic, pyrrolic
and pyridinic nitrogen were respectively ~37%, ~30% and ~33% for
the N-MWCNTs synthesized using BZ:PY ratio 1:3 (Fig. 2 e, Table 1) and
~45%, ~13% and ~42% for the N-MWCNTs synthesized using BZ:PY
ratio 1:19 (Fig. 2 f, Table 1). In contrast with the sample synthesized
using acetonitrile as the nitrogen source, which showed 39% and 21% of
pyrrolic defects for the samples with N content of 0.8% and 1.2%
respectively (Table 1), the samples synthesized using BZ:PY precursor
showed lower proportion of pyrrolic nitrogen for the samples with the
nitrogen content — 30% and 13% for the samples with N content of 0.8%
and 1.1% respectively (Table 1). N-MWCNTs synthesized using BZ:PY
ratio 1:3 showed also a higher by ~16.5% proportion of graphitic ni-
trogen defects in comparison with the similar sample synthesized using
acetonitrile. Increase of N/C ratio in the BZ:PY precursor resulted in an
increase of graphitic nitrogen in the N-MWCNTSs by ~21% (Table 1),
which is in line with the previously reported data for the N-MWCNTs
synthesized using acetonitrile [21]. However, at the same time,
N-MWCNTs synthesized using BZ:PY with the ratio 1:19 showed by
~50% higher proportion of pyridinic defects in comparison with the
sample with similar nitrogen content, synthesized using acetonitrile
(Table 1). Presumably, a higher proportion of pyridinic defects in
N-MWCNTs synthesized using pyridine as the nitrogen source may be
related to the molecular structure of pyridine, which is represented by
an aromatic ring without side groups, thus allowing easier incorporation
in the structure of MWCNTSs.
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3.2. Electrical conductivity and magnetoresistance of undoped MWCNTs
and N-MWCNTs

The conductivity of N-MWCNTs with BZ:PY ratios 1:3 and 1:19 were
respectively ~2 times and ~4.5 times lower compared to that of
undoped MWCNTs (Fig. 3 a). This contradicts with the previous reports
for the N-MWCNTs synthesized using acetonitrile as the source of ni-
trogen precursor, showing the increase in the conductivity of N-
MWCNTs in comparison with the undoped MWCNTs due to the increase
of the charge carrier number [20,37].

Temperature dependencies of conductivity of undoped MWCNTs
(Fig. 3 a, grey dots) and N-MWCNTs, synthesized using BZ:PY ratios 1:3
(Fig. 3 a, red dots) and 1:19 (Fig. 2 a, blue dots) followed the logarithmic
law o=alnT+b, which is in line with the conductivity vs temperature
dependencies reported for undoped [38] and nitrogen-doped using
acetonitrile as a nitrogen source for the synthesis of N-MWCNT [20,37].

Logarithmic conductivity vs temperature dependencies are typically
observed for disordered systems and nanocluster-assembled structures,
exhibiting weak localization and/or electron-electron interaction effects
[38,39]. According to the Efetov and Tshersich model [40], the slope of
these curves is related to the average tunnelling conductance between
neighboring clusters in the system as azﬁo/(nzG(ez/h)), where oy is
conductivity at room temperature, G is the average tunnelling conduc-
tance between neighboring clusters, z is the coordination number (a
number of neighbors for a single site on the array), and (é%/h) is the
quantum conductance. In turn, G/ (eZ/ 7) is referred to as a dimensionless
tunnelling conductance g.

Assuming that the coordination number z is the same for all samples,
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o
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Figure 3. a) Conductivity vs temperature of undoped MWCNTs (grey dots) and N-MWCNTs synthesized using benzene:pyridine ratios 1:3 (red dots) and 1:19 (blue
dots); b-d) Magnetoresistance as a function of magnetic field strength at different temperatures for samples of undoped MWCNTs (a), N-MWCNTs synthesized with
the ratio of benzene and pyridine as 1:3 (b), and N-MWCNTs with the ratio of benzene and pyridine as 1:19 (c).
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the relative comparison of gy showed that its value for the N-MWCNT
networks synthesized using BZ:PY precursor is 3.427 and 3.431 for N-
MWCNTs synthesized using BZ:PY concentrations 1:3 and 1:19 respec-
tively, which is by ~1.55 times higher in comparison with gy value of
2.205 determined for undoped MWCNTs. Higher tunnelling conduc-
tance of N-MWCNT in comparison with undoped MWCNTS is in line
with the previous reports, where the promotion of tunnelling current
due to the impact of energy levels formed by N atoms, that deviate from
the energy levels of sp? carbon has been reported. These results indi-
rectly prove the incorporation of nitrogen in the structure of carbon.

Changes in the magnetoresistance of undoped MWCNTs networks
(Fig. 3 b) are always negative in the full temperature range from 2 K up
to 300 K and increases with the decrease of temperature, reaching ~10%
at a maximal applied magnetic field of +9 T and temperature 2 K.

Such magnetoresistance change is typical for undoped MWCNT
networks and generally is explained by the relative changes in con-
ductivity caused by the effects of weak localization, which are propor-
tional to the temperature-dependent phase relaxation time of the wave
function, as well as charge carriers’ interaction, proportional to the
thermal coherence length of the charge carriers respectively [38]. The
charge carrier transport of undoped MWCNT networks fits well to the
Mott variable-range hopping (VRH) model for a disordered system
(Fig. 4 a), following the formula o= 69 exp (-(To/ ) 4), where oy rep-
resents the conductivity of the sample at room temperature, and Ty is the
Mott’s characteristic temperature which is related to the energy needed
for hopping of charge carriers.

In that case, the magnetic field destroys phase coherence between
different conducting paths which leads to negative magnetoresistance.
Since regular hopping length decreases with increasing temperature due
to the phonon scattering, the changes in negative magnetoresistance
decrease too being proportional to magnetic flux through the area
determined by the hopping and localization lengths [41].

In turn, the magnetoresistance of N-MWCNTs (Fig.s 3 b, ¢) demon-
strates temperature-dependent behavior, which differs from the undo-
ped MWCNTs. In the temperature range from 300 K down to 30 K the
magnetoresistance of the N-MWCNTs is negative similar to the behavior
of the undoped MWCNTs (Figs. 3 b and c, red, orange, and yellow
curves). However, the maximal value of negative magnetoresistance
reached at 30 K and magnetic field 9 T was -0.5% and -0.25% for N-
MWCNTs synthesized using BZ:PY ratios 1:3 and 1:19 respectively,
which is by ~11.5 and ~23 times lower in comparison with the
magnetoresistance showed by undoped MWCNTs under the same con-
ditions (30 K, 9 T).

Since the conductivity of the N-MWCNT samples in the temperature
range from 300 K down to 30 K is following the Mott VRH model (Fig. 4
b), and the magnetoresistance of the samples is similar to that shown by
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the undoped MWCNTs: it is negative and decreasing with the increase of
temperature (Fig. 3 b, c), it may be presumed that the mechanism of
conductance in the N-MWCNT samples in the temperature range 30-300
K is similar to the undoped MWCNTs. Lower absolute values of
magnetoresistance of the N-MWCNTs in comparison with the undoped
MWCNTs (0.25 and 0.5% for N-MWCNTs synthesized using BZ:PY ratios
1:19 and 1:3 respectively vs 10% for undoped MWCNTSs) may be related
to the formation of shorter C-N bonds with the incorporated nitrogen
compared to regular C-C bonds, which resulted in decreased electron
hopping and localization lengths. In particular, a 0.02-0.04 A bond
shortening compared to carbon has been reported for graphitic nitrogen
[19], while the formation of C-N bonds with lengths of 1.34 A (vs 1.44 A
reported for C-C bonds in CNTs [42]), with an associated acceptor state
just below Fermi level was reported for pyridinic nitrogen [43].

Similar by a tendency but lower by a magnitude effect of decrease of
the absolute values of magnetoresistance upon nitrogen doping was
observed for the N-MWCNTs synthesized using acetonitrile as a nitrogen
source [20], where the absolute values of magnetoresistance of
nitrogen-doped N-MWCNTs decreased by 50% from -4.8% to -2.4% at
1.6 K.

Presumably, such a strongly expressed difference in the magnetore-
sistance between the undoped MWCNTs and N-MWCNTs synthesized
using BZ:PY precursor may be related to the higher concentration of
pyridinic nitrogen defects in these N-MWCNTs (33% and 42% for N-
MWCNTs synthesized using BZ:PY ratios 1:3 and 1:19 respectively,
Table 1) in comparison with the N-MWCNTSs synthesized using aceto-
nitrile as a nitrogen source (28-30%, Table 1).

Further decrease of the temperature resulted in upturn of the
magnetoresistance of N-MWCNTs synthesized using BZ:PY precursor in
the temperature region from 15 K to 5 K (Figs. 3 b and c, green curves)
and further complete switching of the magnetoresistance to positive at
temperatures below 5 K (Figs. 3 b and c, blue curves).

Previous reports on the magnetoresistance of N-MWCNT synthesized
using acetonitrile as the nitrogen source demonstrated negative
magnetoresistance of the N-MWCNTs [20], and to the best of our
knowledge, the effect of the temperature-dependent magnetoresistance
switching from negative to positive values has not been observed pre-
viously for bare N-doped MWCNTs. In our case, the upturn of the
magnetoresistance at higher magnetic fields in the temperature region
from 15 K to 5 K may be related to the increase of sp? cluster size pro-
moted by the formation of graphitic and pyridinic N defects in the
structure of carbon [44-46], which reduces the overlap states of the
electron wave functions, consequently decreasing the electron hopping
probability between two states and resulting in positive magnetoresis-
tance due to the wavefunction shrinkage being proportional to magnetic
field and inversely proportional to temperature.
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Figure 4. Temperature dependencies of conductivity of undoped MWCNTs (grey dots) and N-MWCNTs synthesized with the benzene:pyridine ratios 1:3 (red dots)

and 1:19 (blue dots).
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A similar effect of temperature-dependent switching of the magne-
toresistance was observed previously for the graphene nanocrystallites
embedded carbon film and explained in relation to nanocrystalline
cluster sizes [47]. In the temperature region below 5 K and down to 2 K
the magnetoresistance of N-MWCNTs became fully positive (Figs. 3 b
and c, blue curves). The maximal magnetoresistance value reached by
the N-MWCNTSs synthesized using BZ:PY ratio 1:3 was ~2.5 higher than
the value reached by the N-MWCNTs synthesized using BZ:PY ratio 1:19
(2.8% vs 1.1% respectively).

At temperatures below 5 K Mott’s law is not valid (Fig. 4 b) due to the
presence of Coulomb interaction between the localized electrons. At
these temperatures, Efros-Shklovski (ES) model, which considers
electron-electron interaction, introducing Coulomb gap at the Fermi
level, was used. The ES model is described by a formula ¢ = ¢ exp
(—(TES/T)I/ 2), where Tgg is the Shklovski characteristic temperature.
Good fit of the conductivity of the networks of N-MWCNT synthesized
using BZ:PY precursor to the ES model at temperatures below 5 K (Fig. 4
c) proves the validity of this conduction model and indicates the wave
function shrinkage due to the increased number of defects in the system
as dominating process, resulting in positive magnetoresistance [47]. In
addition, a positive component to the total magnetoresistance of
N-MWCNTs at temperatures below 5 K may be added by the spin effects
in strongly localized systems, when electron spins are aligned by the
external magnetic field, which results in more difficult hopping of the
electrons between the energy states [48]. Lower positive magnetore-
sistance of the N-MWCNTSs containing higher concentration of nitrogen
may be related to the enlarged overlapped wave functions of localized
electronic states [47] due to the higher concentration of sp2-coordinated
graphitic and pyridinic N defects (37% and 33% vs 45% and 42% for
N-MWCNTs synthesized using BZ:PY ratios 1:3 and 1:19 respectively,
Table 1).

3.3. Thermoelectric properties undoped MWCNTs and N-MWCNTs

Seebeck coefficient measurements of the undoped MWCNTs (Fig. 5 a,
grey dots) and N-MWCNTs synthesized using BZ:PY ratios 1:3 and 1:19
(Fig. 5 a, red and blue dots respectively) were performed under high-
vacuum conditions to eliminate the contribution of adsorbed oxygen
to the conductance of the nanotubes.

The measurements revealed linear dependence of the Seebeck coef-
ficient on the temperature for the N-MWCNTs, indicating that electrons
are degenerate to have the Fermi energy larger than the thermal energy
[49]. The Seebeck coefficient of undoped MWCNTs showed negative
values, which confirms that the natural p-type conductance of undoped
MWCNTs is a result of the dominating contribution of oxygen absorbed
on the surfaces of MWCNTs. The Seebeck coefficient of undoped
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MWCNTSs showed a slight increase up to 200 K followed by the satura-
tion (Fig. 5 a, grey dots).

Measured under vacuum conditions room-temperature Seebeck co-
efficient values of N-MWCNTs synthesized using BZ:PY ratios 1:3 and
1:19 were -12 pV-K! and -9 pV-K 1. These values correspond to the
values of the Seebeck coefficient measured under vacuum conditions for
the N-MWCNTs synthesized using toluene/pyrazine as precursor and
melamine as a nitrogen source (~ -10-12 pV-K’1 [10D]).

A slightly lower Seebeck coefficient of the N-MWCNTSs synthesized
using BZ:PY ratio 1:19, measured in vacuum, in comparison with the
Seebeck coefficient of N-MWCNTs synthesized using BZ:PY ratio 1:3
may be related to the higher number of pyridinic nitrogen defects (42%
vs 33% for N-MWCNT synthesized using BZ:PY ratio 1:3, Table 1) with
acceptor states impacting charge carrier concentration.

Calculated using the power factor (PF) of the N-MWCNTSs synthe-
sized using BZ:PY precursor showed quadratic dependencies on tem-
perature, reaching 10 nW-m 'K 2 and 60 nW-m 'K 2 at room
temperature for the samples synthesized using BZ:PY ratios 1:19 and 1:3
respectively (Fig. 3 b, blue and red dots), which is ~16.5 and 100 times
higher than the PF shown by undoped MWCNTSs measured under high-
vacuum conditions (Fig. 5 b, grey dots). In addition, the undoped
MWCNTs showed an increase of the PF up to 200 K, followed by satu-
ration (Fig. 3 b, inset).

Presumably, in the case of the N-MWCNTs the main contribution to
the n-type conductance is provided by graphitic N defects, generating
donor states [19,50], while in the case of undoped MWCNTs the n-type
conductance is the result of the competing contribution of negative and
positive charge carriers. The lower total conductivity of the N-MWCNTs
synthesized using BZ:PY ratio 1:19 in comparison with that of
N-MWCNTs synthesized using BZ:PY ratio 1:3 (Fig. 3 a) may be
explained by the higher concentration of pyridinic defects having
acceptor states relative to the graphitic defects (0.93 vs 0.89 respec-
tively, Table 1).

The absolute values of the Seebeck coefficient measured in ambient
air showed a decrease of its values by ~2.4 and ~1.3 times for N-
MWCNTs synthesized using BZ:PY ratios 1:3 and 1:19 respectively,
resulting in Seebeck coefficient values of ~ -5 and -7 pV-K’1 (Table 2).In
turn, undoped MWCNTs showed positive values of the Seebeck coeffi-
cient of ~ 9 pV-K ! (Table 2).

The decrease of the absolute values of the Seebeck coefficient of N-
MWCNTs and the change of the sign of the Seebeck coefficient of
undoped MWCNTs from negative to positive may be explained by the
impact of adsorbed from the environment oxygen [10,11].

These values are comparable with the Seebeck coefficient values
reported for N-MWCNT powders synthesized using acetonitrile (~ -7.3
to -12.7 pV~K‘1 [12,51]) as the nitrogen source. It should be noted that
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Figure 5. Seebeck coefficient (a) and power factor (b) vs temperature of undoped MWCNTs (grey dots) and N-MWCNT synthesized using BZ:PY ratios 1:3 (red dots)

and 1:19 (blue dots) measured under vacuum conditions.
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Table 2

Carbon Trends 13 (2023) 100302

Room-temperature Seebeck coefficient of N-MWCNTs measured in vacuum and in ambient air before and after annealing at 500°C in air for 40 mins.

Sample BZ:PY ratio S measured in vacuum, pV-K~! S before annealing, pV-K* S after annealing, pV-K~! S a month after annealing, pV-K !
N-MWCNTs 1:3 ~12+2 ~5+1 -55+1 ~5.6 £ 0.7
1:19 -9 +1 -7+3 -9+15 -
Undoped MWCNTs - —0.85 +0.05 +9+2 - -
to the best of our knowledge, the stability of the Seebeck coefficient of
N-MWCNTs upon annealing in air has not been previously investigated Table 3 - . . . .
. . .. . .. Seebeck coefficient, resistance, and relative comparison of PF of MWCNT-Bi,Ses
despite the importance of this issue for thermoelectrical applications. ..
. . . heterostructured networks containing ~ 3 wt.% of undoped or N-doped
In our work, annealing of the N-MWCNTs synthesized using BZ:PY MWCNTSs
precursor in air at 500 °C for 40 minutes showed that the values of the — —
Seebeck coefficient of N-MWCNTs still remained negative and even Sample Seebeck coefficient, pV-K
showed an increase by 10 and 30% for the N-MWCNTs synthesized using N-MWCNT (3.3 wt.%)-BizSes, this work -110 £ 10
BZ:PY ratios 1:3 and 1:19 respectively (Table 2). Undoped MWCNT (3.1 wt.%)-BizSes, this work —-35+5
Undoped MWCNT (3 wt.%) (Bayer)-BisSes [4] —45+5

The stability of the Seebeck coefficient during and after annealing in
air indicates that the electronic changes induced by nitrogen doping
overwhelm the corresponding changes caused by the absorbed on the
surfaces of the N-MWCNT nanotubes oxygen.

The Seebeck coefficient values of the N-MWCNTSs, measured a month
after annealing for the N-MWCNTs synthesized using BZ:PY ratio 1:3 did
not show a decrease in comparison with the values of the Seebeck co-
efficient obtained immediately after the annealing (Table 2), proving the
stability of the electronic changes introduced by nitrogen doping.

Presumably, the main contributor to the n-type conductance in the
N-MWCNTSs is graphitic nitrogen, which in contrast to nondoping in sp>
state pyridinic nitrogen creates a donor state at ~0.18 eV [50] and is
incorporated mostly in the shells of MWCNTs, which are closer to the
nanotube core and are less impacted by the adsorbed on the surface of
the MWCNT nitrogen. Similar incorporation of the nitrogen in the
graphitic form in the inner shells of the nanotubes was previously re-
ported for the N-MWCNTs, synthesized using a mixture of benzene and
acetonitrile [21]. Consequently, the higher concentration of graphitic N
defects (45% vs 37% for N-MWCNTs synthesized using BZ:PY ratios 1:19
and 1:3 respectively) resulted in slightly higher absolute values of See-
beck coefficients measured in air (7-9 pV-K! vs 5-5.5 pV-K~! for
N-MWCNTs synthesized using BZ:PY ratios 1:19 and 1:3 respectively).

Annealing in the air may result in partial transformation of pyridinic
and pyrrolic defects in their structure to additional graphitic defects [21,
22,52], which will result in a slight increase of the Seebeck coefficient
due to the increase of charge carrier concentration provided by the
donor states of the additional graphitic N.

Despite the relatively low Seebeck coefficient and consequently, PF
of the bare n-type N-MWCNT networks, the stability of their n-type
conductivity makes them perspective for the applications in highly-
efficient flexible n-type thermoelectric heterostructured networks,
where inorganic n-type thermoelectric nanostructures (BizTes, BizSes)
are directly deposited on the CNT network [4,53]. Previously, it has
been reported that MWCNT-BiSes networks with 1.5-2 wt.% of undo-
ped p-type MWCNTSs were able to achieve Seebeck coefficient ~ -85
pV-K’l, however, the resistance of these networks was in order of 10*Q
[4]. Increase of the content of undoped MWCNTSs up to ~3-4 wt.%
resulted in the decrease in the resistance of MWCNT-BisSez hetero-
structured networks by an order of magnitude, however, competing
conductance mechanisms of undoped MWCNTs and BisSes led also to
the decrease of the Seebeck coefficient of the MWCNT-BisSes hetero-
structured networks by approx. factor of 2 [4]. Application of n-type
N-MWCNTs may effectively solve the issue with the decrease of the
Seebeck coefficient of the MWCNT-BisSe3 heterostructured networks
due to the same conduction type of the network components. Compar-
ison of the preliminary results on the Seebeck coefficient of the
MWCNT-BisSe; heterostructured networks prepared using ~ 3 wt.%
N-doped MWCNTs with similar heterostructure prepared using undoped
MWCNTs, as well as with the bulk BiySes and rigid BizSes nano-
structured film showed that replacement of undoped MWCNTs with

Bulk BiySes3 [55] —-59
BiySes nanostructured film on a glass substrate [4] —-110
Bi,Se; nanoparticles [54] -115

N-MWCNTs in the heterostructures resulted in the increase of its See-
beck coefficient by factor 2.5-3 (Table 3).

Reached by the N-MWCNT-Bi,Ses heterostructures Seebeck coeffi-
cient (~-110 pV~K’1) exceeded the Seebeck coefficient of bulk Bi>Ses by
factor of 2 (-110 |1V~K’1 vs -59 pV-K’l) and was similar to the Seebeck
coefficient values of BiySes nanostructured films (~ -110 pV~K’1 [4D)
and sintered Bi;Se3 nanoparticles (~ -115 pV~K’1 [54D).

4. Conclusions

Nitrogen-doped MWCNTs were synthesized via spray-assisted
chemical vapor deposition process using BZ:PY precursor in ratios 1:3
and 1:19. Incorporation of N in the MWCNTs in total concentration of ~
5 at.% was proved by complementary EDX and FTIR analyses. Analysis
of the morphology of the synthesized N-MWCNTSs showed a typical for
nitrogen-doped MWCNTs bamboo-like structure, indicating the incor-
poration of nitrogen in the structure of MWCNTs. The XPS study of the
N-MWCNTs revealed the presence of 3 common types of nitrogen de-
fects: graphitic, pyridinic, and pyrrolic in ratios 1.2: 1.1: 1 and 3.5: 3.2: 1
for N-MWCNTs synthesized with BZ:PY ratios 1:3 and 1:19 respectively.
These results showed that the increase of the amount of nitrogen source
led to the increase of concentration of sp2-coordinated graphitic and
pyridinic nitrogen defects in the nanotube, while the number of sp>-
coordinated pyrrolic defects was significantly reduced.

Measurements of temperature dependence of the magnetoresistance
of the N-MWCNTs in the temperature range 2 - 300 K revealed that in
contrast with undoped MWCNTs, the magnetoresistance of N-MWCNT
exhibited upturn from negative to positive with the decrease of tem-
perature below 30 K, and further full switch of the magnetoresistance to
positive at temperatures below 5 K. This effect was observed for the N-
MWCNTSs for the first time and was attributed to the impact of sp>-co-
ordinated graphitic and pyridinic nitrogen defects, resulting in an in-
crease of sp? clusters. This led to the reduction of overlapping of electron
wave functions, and consequently, in wave function shrinkage and spin
effects in strongly localized systems under high magnetic fields and low
temperatures.

Pronounced temperature-dependent changes in the magnetoresis-
tance of the N-MWCNTs and positive magnetoresistance at low tem-
peratures make this type of N-MWCNT perspective for the application in
low-temperature electronics and sensors. Study of the thermoelectrical
properties of the N-MWCNTSs revealed n-type conductance and Seebeck
coefficient with absolute values reaching ~12 pV-K™! under high vac-
uum conditions and ~7 pV-K~! in air. The first-time investigation of the
stability of the Seebeck coefficient of N-MWCNTSs upon annealing in air
at a temperature of 500 °C revealed that the Seebeck coefficient remains
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negative and even shows a slight increase. Such remarkable environ-
mental stability of the n-type N-MWCNTs synthesized using BZ:PY
precursor makes this material attractive for flexible thermoelectric ap-
plications, for example, for the use as the substrate for the deposition of
n-type nanostructured inorganic thermoelectric materials to obtain
flexible n-type N-MWCNT-TE heterostructures with Seebeck coefficient,
comparable or exceeding the Seebeck coefficient values of rigid inor-
ganic counterparts as bulk material or nanostructured films deposited on
solid substrates.
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