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Summary Page

The aim of the project was a study of effect of nitrogen doping on the eectronic and e ectrochemical
properties of CNT. During the project redization we modified CVD set-up for precise control of
temperature and gas flows, elaborated a system for injection of liquid mixtures into reactor volume. The
methods for synthesis of powders of random CN, nanotubes and films of aligned CN, nanotubes have
been developed. Acetonitrile contained carbon and nitrogen atoms in a 2:1 ratio was chosen as a
source for CNx nanotubes formation. Bimaleates of Ni, Co, Fe, Zn and their mutual solid solutions
were first time used as a source of catalytic particles for growth of CNT in CVD processes.
Thermolysis of a solid solution of bimaleates was revealed using XRD data analysis to result in
nanoparticles being a solid solution of the metals used. The structure of samples produced over
NixCo1x, NixFerx, and NixZn; .« catalysts was examined by means of SEM, TEM, and XRD
techniques and effect of catalyst on the yield and morphology of CNy nanotubes was
demonstrated.

The nitrogen content in the samples was estimated from the ratio of the areas of XPS N1s- and
Cls-core levels with taking into account the photoionization cross-sections. The highest
concentration of nitrogen in CNT (2.7 at.%) was achieved when catalyst had a NipgZno2
composition. The XPS N1s-core level of the samples contained CNy nanotubes was found to
have two peaks, which by results of ab initio HF calculations on the fragments of nitrogen-doped
graphite and carbon nanotubes were attributed to the electronic state of three-coordinated and
two-coordinated (pyridinic) nitrogen atoms. Relative contribution of these kinds of nitrogen was
detected to depend on the catalyst content. The equal ratio of metals in the catalytic particles
causes largest concentration of pyridinic nitrogen in the tube walls.

The films of aligned MWNT have been grown on silicon supports using o-xylene, acetonitrile,
fullerene Cgo, petroleum, and DPA as a carbon source and ferrocene as a catalyst source. The
samples produced were examined by means of SEM and carbon precursor dependence on the
length and diameter of grown CNT was detected. To evaluate texture parameters of the aligned
MWNT film we developed an approach based on quantum-chemical modeling of the angle-
resolved X-ray spectroscopy data. It was found that use of petroleum and acetonitrile yields the
materials characterized by close width of graphitic layers disordering constituting about 50°. FT
analysis of films determined the angular distribution of CNTs is equal to 51°, 52°, and 62° when
the film was produced from acetonitrile, petroleum, and o-xylene respectively. These values are
close to those derived from XAS experiment that suggests cylindrical arrangement of MWNT.
Electronic structure of CNy nanotubes has been examined by XES and XAS methods. Variation
in the spectra was correlated with kind of nitrogen atoms incorporated into tube walls.



The FE from CNy nanotube samples obtained by acetonitrile decomposition over NiyCo;.x and
NixFe;.x catalysts was examined. The threshold voltage of emission current was found to
decrease with increase of nitrogen concentration in CNy nanotubes. Theoretical calculation of
current-voltage dependences on the applied voltage for carbon (6,6) tube and those doped with
three-coordinated and pyridinic nitrogen revealed improving of the characteristics with
incorporation of three-coordinated nitrogen into tube wall. Significant lowering of the electron
emission threshold with nitrogen doping of CNT was detected from the comparison of the
current-voltage dependences for the aligned MWNT produced from pure carbon sources and
from acetonitrile.

The fabrication technology of working electrode from CNy nanotubes and electrochemical cell
for lithium intercalation has been developed. The measurements on the samples showed good
cycle stability of charge/discharge curves. Increase of nitrogen incorporation in CNT was found
to result in enhancement of specific capacity of CNy-based electrode that however remained
almost unchanged after the nitrogen content reached ~1.2% or more.



Introduction

Chemical doping of CNT is an attractive proposition for a wide range of potential application
[1]. From theoretical point of view, substitution of carbon atoms composing the CNT graphitic
shell for nitrogen atoms causes localization of electronic states in the conductance band and as a
result developing of new electronic, mechanic, and chemical properties of the object relative to
the initial one [2]. Nitrogen atoms can be incorporated into CNT walls by two means: (1) direct
substitution of graphitic-like carbon atoms, (2) replacement of carbon atoms located at the
vacancy edges. Former kind of nitrogen substitute is a three-fold coordinated atom, while the
letter one is a two-fold coordinated atom (pyridinic nitrogen). Ab initio calculation on the band
electronic structure of nitrogen doped CNT had shown the three-coordinated nitrogen is a -
electron donor, the pyridinic nitrogen exhibits an acceptor character [3].

High aspect ratio, mechanical strength and chemical stability of CNTs make them a good
candidate for electron field emitters. Multiwall CNy nanotubes emit electrons at the voltages of
~1.0-1.5 V/um and the density of the electron current is about 2 times higher than the values
detected for pure carbon MWNT [4]. High specific surface, electrical conductivity and hollow
center of CNTs promise their application for ion storage [5]. At present effects of CNT
modification on their capacity and cyclicity in the lithium intercalation/deintercalation processes
are intensively investigated [6]. Specific lithium capacity in nitrogen-containing carbon
nanotubes and nanofibers was found to be 480 mA h/g that is considerably larger than the value
characteristic of commercial carbon materials utilized in lithium batteries (330 mA hg) [7].

It is clear that different applications of CNT require different doping regimes. The most routing
method for CNy nanotubes synthesis is a chemical vapor deposition (CVD) of carbon- and
nitrogen-containing compounds. This method allows widely varying synthetic parameters thus
affecting on CNT sructure and producing a large quantity of material. The catalysts for CNy
nanotubes growth are nanoparticles of the transition metals, such as Ni, Co, and Fe, formed in
the result of organometallic compounds thermolysis [8-10] or film-like [11] and powder-like
[12] metallic coatings. Nitrogen concentration in CNy nanotubes synthesized by CVD method
can reach to ~15%.

The goal of the present work is a systematic study of how the nitrogen doping affects on the
structure of CNTs and their field electron emission and electrochemical properties. For grows of
CNy nanotubes we suggest use of catalytic nanoparticles being a solid solution of the transition
metals that can influence on the total nitrogen content and the relative ratio of different kinds of
nitrogen substitutes in CNT. To characterize the CNx nanotubes produced wide set of
microscopic and spectroscopic methods is invoked. Experimental data on the electronic
properties of CNy nanotubes are explained using quantum-chemical calculations on models.



Technical Description of Work Accomplished

1. Synthetic details
The scheme of experimental set-up for CVD synthesis of CNTs is shown in Fig. 1. The CVD
reactor is a stainless tube of length 800 mm and diameter of 36 mm. Inside of the inner cavity a
quartz tube of lesser diameter is placed. The set-up is supplied with a movable manipulator, gas-
flow system, and injector for inserting of liquid reaction mixture in synthesis zone directly.
Before synthesis, the reactor chamber was pumped its central part was heated by the electrical
oven up to the temperature of synthesis and than filled with argon at the atmospheric pressure.
The random CNy nanotubes were synthesized over catalytic nanoparticles produced in the result
of thermolysis of transition metals bimaleates or their mutual solid solutions. The powder of
bimaleates was put into zone heating up to 850°C using a manipulator. Acetonitrile vapor was
fed into the reactor 10 min after decomposition of bimaleate with formation of metal
nanoparticles. The synthesistime was 1 hour.
The aligned CNTs were synthesized from a mixture of ferrocene and carbon-containing
compound. The silicon support of 10x10 mm? in size was introduced into the synthesis zone by
help of the manipulator. Solid carbon-containing compound (fullerene Cgp and DPA) has been
mixed with ferrocene in a ratio of 1:1 and the mixture was put in a ceramic boat, which was
placed under the silicon support. In the case of liquid compound (acetonitrile, o-xylene) using,
the ferrocene has been dissolved in carbon-containing substance in a ratio of 1:10 and the
reaction mixture was entered into injector. The injector system has been so designed that a

dispersive forcer was deposited in a zone with temperature about 300°C. Gauge pressure,
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Figure 1. Scheme of the CVD set-up for CNTs growth.



creating by the piston moving, the reaction mixture was derived to the forcer and dispersed into
reactor volume. The temperature of aligned CNTs synthesis was 950°C. Due to high temperature
inside the reactor, the inserting solution was vaporized and the saturated steam moved with the
argon flow 150 cm*/min to the reaction zone. The injector system was tuned to inserting of 0.1
cm® of the pristine reaction mixture with a5 minute period. The synthesis time was 1 hour.

2. Structural characterization of random CNy nanotubes

The structure of the samples produced was characterized by means of TEM using a JEOL-100C
microscope and XRD with a DRON-SEIFERT-RM4 diffractometer.

2.1. Ni/Co catalyst

The particles of NixCoix (x=0, 1, 3, 5, 7)
composition were used as a catalytic ones.
TEM analysis of samples produced showed
the content of the carbon nanotubes in the
sample and their structure are substantially
determined by the catalyst type. The material
synthesized using Co bimaleate was the most
contaminated by amorphous carbon particles.
The maximum content of the nanotubes was

observed in the sample obtained using Ni/Co
1:1 catalyst (fig. 2). The diameter and the

Figure 2. TEM image of material produced
over Nig=Cons catavs. thickness of walls of CNTs produced over Co

catalyst varied in the interval 30-40 nm and
12-15 nm, correspondingly. For the CNTs obtained using Ni catalysts these respective diameter
and thickness varied within 20-40 nm and 12-15 nm. The sample obtained using Ni/Co 1:1
catalyst contained tubular structures of diameter 60—90 nm with the wall thickness 20-35 nm
and thinner nanotubes 15-30 nm in diameter and 5-7 nmin the wall thickness.
The XRD profiles of the samples obtained using NixCoi.x catalysts were found to be
characterized by the same set of the reflections. The sharp peaks at the angles 20 = 44.5°, 51°,
77°, 92 °, and 98° correspond to the (111), (200), (220), (311) and (420) reflections of the face-
centered cubic lattice (fcc) of metal particles occurred in sample; intense peaks at 20 = 26.3°
correspond to reflection from the (002) graphite layers of CNTs. The refined values of the lattice
parameter a for bimetallic catalysts is changed additively with the variation of the ratio of metals
in according to Vegard'srule. This fact points out to the formation of the solid solutions from the
mixture of Ni and Co. The crystallinity of CNTs is mainly determined by composition and
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morphology of catalytic particles and in our synthetic conditions the Ni/Co 1:1 solid solution had
more uniform catalytic activity.

2.2. Ni/Fe catalyst

For mixed catalysts preparation the
bimaleates of Ni and Fe were taken in the
proportions 3.7, 1.1, 7:3. TEM
examination showed the material produced

using Fe catalyst contains mainly CNTs
and some portion of carbonized metal
particles. Two types of CNTs were
recognized in the sample: thick tubes with
outer diameter ~ 60 nm and rather thin
tubes having ~20-nm-diameter. Thick
CNTs were characterized by bamboo-like
structure with varied distance between

Figure 3. TEM image of material produced over
NiO.SFa).S Catalyst

compartments. Thin CNTs had more

perfect arrangement of the layers with
regularly distributed compartments. Use of Ni/Fe 1:1 catalyst produced coiled CNTs having the
thin walls (~5-10 nm) and average outer diameter ~40-50 nm (fig. 3). Material synthesized
using Ni/Fe 7:3 catalyst contained the smallest amount of contaminations, namely, amorphous
carbon covering metal nanoparticles and short carbon filaments. The CNTs occurred in the
sample had uniform structure: outer diameter ~45-50 nm, wall thickness ~ 15 nm, and straight
inner channel.
The XRD patterns of the samples produced using Ni/Fe 7:3 and Ni/Fe 1:1 catalysts were found
to similar in appearance exhibiting the peaks corresponding to the fcc lattice of metal particles.
Thermolysis of bimaleates of Ni and Fe taken with a 3:7 ratio was detected to result in formation
of two phases of Ni/Fe solid solution. Atomic volumes of metals in the studied samples were
estimated using position of the diffraction peaks. At low Fe concentration (up to ~60%) in the
catalyst used the atomic volume parameter was found to change linearly with the variation of the
ratio of metals in according to the Vegard's rule. This fact points out to the formation of the solid
solutions from the mixture of Ni and Fe. Two atomic volume values for the Ni/Fe 3:7 catalyst
indicated the phases with NigFe;, and NisFes composition. In the case of Fe catalyst using, atomic
value was deviated from the linear dependence due to considerable divergence between the
Ni/Fe solid solution and FesC lattices.



2.3.Ni/Zn catalyst
The particles of NixZmx (x=0, 1, 3, 5, 7)

composition were used as a catalytic ones. TEM
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Figure 4. TEM image of material produced
over Nig7Zng3 catalyst.

MWNTS, tubular structures partially filled with
metal, and fragments of carbon matrix with
metallic inclusions. The MWNTSs are characterized by ~150-250-nm-diameter, ~15-25-nm-thick
of walls, and ~100-nm-distance between segments. The material, produced using Ni/Zn 3:7
catalyst, contained a lot of non-reacted carbonized catalyst, big metallic particles (300 nm and
larger), and small amount of very short (=500 nm) bent CNTs with diameter ~50 nm. The Zn
catalyst produced no CNTs. The sample consisted of the fragments of carbon matrix being the
result of bimaleate decomposition and a portion of amorphous carbon.

The XRD patterns of the samples produced using catalysts with Ni/Zn ratio of 7:3 and 1:1 and
contained CNTs exhibited the same set of reflections. Because parameters of the fcc lattice of Ni
and Zn diverge considerably, inserting of Zn impurities markedly distorted the Ni lattice.
Comparison of the XRD patterns measured for CNTs-contained samples with the reference data
for bulk Ni and Zn indicated the absence of lines corresponding to metallic Zn of its solid
solution with Ni that could be due to Zn evaporation at the temperature of CVD synthesis. Shift
of the (002) reflection from the layers of MWNTSs in the pattern of sample synthesized over
Ni/Zn 1:1 catalyst indicated increase of interlayer distance in CNTs related to those
characteristics of CNTs produced over Ni/Zn 7:3 and Ni catalysts.

3. Structural characterization of aligned CNTs
3.1. SEM characterization
The structure of the samples produced was characterized by means of SEM using a JSM-T200
microscope. Figure 5 compares diameters distribution of CNTs, counted from the magnified
SEM pictures of the samples synthesized using different carbon sources. The most narrow and
uniform distribution of CNTs in diameter (10-35 nm) was obtained when o-xylene used as a

carbon source. Fullerene also produces rather thin tubes with average diameter of ~35 nm. The
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Figure 5. Diameter distribution of nanotubes in the samples synthesized using fullerene Ceo,

DPA, o-xylene, and acetonitrile.

CNy nanotubes grown from acetonitrile have the thickest average diameter of ~70 nm. Since the
samples under consideration have been prepared at close synthetic parameters we concluded the
carbon-containing compound has important effect on CNT diameter.

The CNTSs orientation distribution in the films was determined by using the FT method. A SEM
image of CNT film cross section shows spatial arrangement of nanotubes in the form of
brightness transitions cycling from light to dark and vice versa. Spatial frequencies in a SEM
image are related to the orientation of CNTs, nanotubes themselves are shown in white on a
black background. Thus, if CNTs are predominantly oriented in film in given direction, change
in frequencies in that direction will be low and change in frequencies in the perpendicular
direction will be high. For example, Figure 6 shows the SEM images of the cross-section of CNT
film grown from acetonitrile; the squares show areas for which the FT analysis was made. FT
analysis of the films produced found the angular distribution of CNTs in the films, produced
from acetonitrile, petroleum, and o-xylene, are equal to 51°, 52°, and 62°, respectively. It was
surprise that CNTs grown from acetonitrile and had the largest average tube diameter are

characterized by better tube alignment in the film.

3.2. Quantum-chemical modeling of angle-resolved X-ray spectroscopy data
Another texture parameter of the aligned MWNTSs is a packing of graphitic layers. To determine
the angular deviation of graphitic layers of MWNTSs from the tube axis we developed approach
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Figure 6. SEM image of CNx nanotube film produced from acetonitrile. The squares show

areas for which the FT analysis was made.

based on quantum-chemical modeling of the angle-resolved X-ray emission and X-ray
absorption spectra measured for the aligned CNT films. Carbon K-edge XAS spectra of the
aligned CNT film were measured using Berlin synchrotron radiation facility at the Russian-
German laboratory in BESSY -11. The vertical axis for sample rotation was parallel to the electric
field vector. C Ka XES spectra of CNT films were recorded with a laboratory X-ray
spectrometer using a crystal-analyzer of ammonium biphthalate (NH,AP). The spectra were
taken with different incident angle (XAS method) and take-off (XES method) angles ® . XAS
spectroscopy gives information on partial density of electronic states above the Fermi level of
substance; a complementary method probing the density of occupied states is XES spectroscopy.
Difference in the polarization of n- and c-electrons causes the radiation angular dependence of
X-ray spectra of graphitic materials [13] and misalignment of layers influences on ratio of the
related spectral peaks. The angle dependence of C Ka-spectrum was found to be suprisely slight;
increase of the take-off angle from 15° to 90° decreases the n/c intensity ratio by ~10% only.
Variation of the incident angle from 10° to 90° changes the n*/c* ratio of XAS spectra of the
studied films by ~25%. Analysis of angle-dependent XAS data obtained for different films
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from the XAS data was compared
with the theoretical curves calculated

relative intensity on the width of tubes distribution in a film.
Horizontal lines correspond to the experimental values
derived from the angleresolved XAS spectra of CN, for Gaussian distributions of CNTs
nanotubes and CNTs produced from petroleum, fullerene Cs,,  iN @ film. The approach developed us
o-xylene. for modeling of angular dependence
of X-ray spectra assumes the CNT
film consists of cylindrical tubes with close diameter and length. Based on the ab initio
calculation of partial densities of - and o-states of CNT crystal and the formulas, which were
expressed for angular dependence of - and o-components, we plotted the angular dependence of
relative intensity of m*-maximum obtained for different width of Gaussian function (fig. 7).
Comparison between experimental and theoretical dependences indicated that CNT films
produced from petroleum and acetonitrile are characterized by close width of graphitic layers
disordering that constitutes about 50°. Use of o-xylene as a carbon source results in poorer
alignment of graphitic layersin CNT film; the width of normal distribution of graphitic layersin
the MWNT film is about 70°.
Disordering of the graphitic layers determined from the XAS data could be considered as a sum
of two values:. (1) orientation distribution of CNTs in a film and (2) angular deviation of
graphitic layers of MWNTSs from the tube axis. The former values derived from SEM image of
CNT films produced from petroleum and acetonitrile are close to those determined from angle-
resolved XAS data. Therefore, MWNT constituted these films have the cylindrical arrangement
of shells. Misalignment of graphitic layers of MWNT grown from o-xylene with the tube axisis
estimated to be 10°.
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4. Electronic structure of CNx nanotubes
4.1. Chemical state of nitrogen in CNyx nanotubes
The inserting of nitrogen in the graphite network results to the splitting of the N 1s line that is
observed in the XPS spectra of CNy nanotubes [14, 15]. The interpretation of the splitting is
ambiguous. For revealing the chemical state of nitrogen atoms incorporated into CNy nanotubes
we used quantum-chemical modeling of XPS data.
The synthesized samples were studied with an XPS spectrometer Quantum 2000 Scanning
ESCA Microprobe. The concentration of nitrogen in the samples was estimated from the ratio of
the areas of the N1s- and Cls-core levels with taking into account the photoionization cross-
sections. The dependence of nitrogen content on the catalyst composition is presented in Table 1.
One can see the largest concentration of nitrogen incorporated into CNy nanotubes is achieved
with adding of Zn or Fe to Ni catalytic particles.

Table 1. Nitrogen concentration in the samples synthesized using different catalysts

Catalyst Co Nio,3COo,7 Nio,sCOo,g, Nio,7COo,3 Ni Nio,5zn(),5 Nio,gZﬂo,z Nio,gFGo,z
composition

Nitrogen 0.70 | 0.50 1.20 0.60 1.20 | 1.7 2.7 2.2
content (%)

The general peculiarity of the Nils

20

gpectra of CNy nanotubes is the presence
of two peaks A and B located at 399 and
401.6 eV respectively (see for example,
the spectrum of the aligned CNy
nanotubes in fig. 8). The splitting of the
Nls-line indicates that the nitrogen
aloms are a least in two different

Intensity (arb.units)

chemical states in the synthesized
samples. To interpret the experimental

data we calculated fragments of

T T T T r T T T T
394 396 398 400 402 404

Binding energy (V) nitrogen-doped graphite and CNTs.
Figure 8. XPS N1s-core level of CNy nanotubes

produced from acetonitrile and ferrocene.

Geometry of fragments was relaxed in
the HF self-consistent field using 3-21G
basis set within the guantum chemical package Jaguar [16]. Since the used approach calculates
ground state of a system, the calculated N1s level energy (E) was corrected to take into account
the relaxation for the ionized state. The correction factor was determined from the correlation
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(7,7) (12,0) (10,4)
Figure 9. Optimized geometry of fragments of nitrogen-doped CNT. Nitrogen atoms are

indicated by dark circles, hydrogen atoms (white circles) saturate dangling bonds at the
fragment boundaries.

dependence between the experimental and theoretical values for ten nitrogen-containing
molecules. Ny, CH3CN, CH3NH;, CH3NO,, N(CHs)s, CsHsN, CsHsN, CegHsNH,, CsHsNO,,
CsHsCN. The theoretical binding energies E®F were computed using the derived linear
dependence E°F = 75.69+0.78271.E.

Four fragments of graphite and three fragments of CNT were calculated. We considered
graphitic models where the nitrogen atom substituting for central carbon atom and one, two, or
three nitrogen atoms located at the edges of an atomic vacancy. For revealing effect of graphite
sheet rolling into cylinder on the electronic state of emended nitrogen atoms we calculated
nitrogen-doped CNT being closed in diameter and differed in the configuration (see fig. 9). Two
bonds of carbon hexagons are oriented perpendicularly and along a tube axis in armchair (7,7)
and zigzag (12,0) carbon tube respectively. The (10,4) carbon tube has chiral structure. Two
different nitrogen impurities were introduced in a carbon tube: (1) three-coordinated atom and
(2) three pyridinic atoms located at the edges of one-atomic vacancy. The boundary dangling
bonds of graphitic and CNT fragments were saturated by hydrogen atoms.

The values of Nls-levels energies obtained for the pyridinic and three-coordinated nitrogen
incorporated into the CNT and graphite are listed in Table 2. The 1s-electron energies for the
pyridinic nitrogen atoms have the similar values for all considered carbon structures, while those
for the three-coordinated nitrogen atoms are strongly dependent of a tube arrangement. The
obtained variation in the 1s-energies for the latter kind of nitrogen could be due to a difference in
local distribution of density associated with the unpaired electron. The difference has been found
to be caused by breaking of the left-right mirror symmetry in zigzag carbon nanotube with the
nitrogen impurity inserting [17]. Comparison between XPS data and theoretical resuls showed
the higher (B) and lower (A) binding energy peaks are connected with the three- and two-
coordinated (pyridinic) nitrogen atoms, respectively. The relative intensity of these components
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was found to vary with change of a catalyst and large relative intensity of the peak A is achieved
for the samples synthesized using NigsC0oo s and NigsFey 5 cataysts.

Table 2. Energy of N1s-level, calculated for pyridinic (Eyyr) and three-coordinated (Es) nitrogen
incorporated into fragments of carbon tubes and graphite, and difference between these values
(AE)

Fragment | Egyr (V) | En(eV) | AE (eV)
graphite 399.1 401.7 2.6
(7,7)tube | 399.2 | 4019 2.7
(12,0)tube | 3995 | 4032 3.7
(10,4) tube | 398.9 403.3 4.4

4.2. XES and XAS study of the electronic structure of CNy nanotubes

XES CKa-spectra and XAS NK-edge spectra were measured for the samples synthesized over
Ni, Co, NigsCops, and Nig7Cops catalysts. X-ray emission arises as a result of electron
transitions from occupied valence states to a previously created core hole. Owing to the dipole
selection rules and localization of the core orbitals, XES measures a local partial density of
occupied states, which are C2p-states in the case of a carbon compound. Comparison of the
gpectra showed they are similar in appearance exhibiting three main features, which relative
intensity and energy position are akin to those in the CKa-spectra of graphite and arc-produced
multiwall carbon nanotubes [18]. The main difference between the CKa-spectrais an intensity of
high-energy maximum A corresponding to m-electrons, which is enhanced for the samples
synthesized over NipsCoos and Nig7Cop3 catalysts. Interestingly these samples involve larger
portion of the pyridinic nitrogen, namely, 70% and 50% of the tota nitrogen content
respectively. However, the low amount of nitrogen atoms embedded into tube walls should have
anegligible effect on the C2p-electrons distribution.

The XAS NK-edge spectra of the samples exhibit two main resonances and located around 400.5
and 406. 7 eV and corresponded to n#- and o*-states respectively. The spectra of the samples
produced over Ni and Co catalysts have the similar structure, characterized by reasonably narrow
resonances. Since considered samples contain the largest portion of the three-coordinated
nitrogen (70-75%), intensity of the low-energy resonance can be assigned to unoccupied -
electrons of nitrogen, which are involved into m*-system of graphitic network. The spectra near
the NK-absorption edges for the samples synthesized over mixed Ni/Co catalysts exhibit

broadening and splitting of this resonance that can be attributed to the 1s—m* transition within
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the pyridinic nitrogen atom. The X AS spectra were shown to be in good agreement with the XPS
data for these set of samples and the results of quantum-chemical calculations on the models of

nitrogen-doped carbon tubes.

5. Field electron emission properties of CNx hanotubes

Field emission measurements were carried out in a vacuum chamber at ~5-10“ Pa and room
temperature. The powdered samples were pressed into a 1mm?-cavity of a nickel cathode;
cathode-anode distance was ~500 um. The current-voltage (1-V) characteristics were obtained by
applying a dc voltage of up to 1500 V. A sawtooth voltage regulated the electric field with
certain frequency of 0.025 Hz. The data recorded with increase and decrease of applied voltage
showed a periodic signal which reproducibility is indicative of long-time stability of field
emission characteristics of the samples. The I-V dependencies presented in the work were

averaged over 40 scans.

5.1. FE characteristics of random CNy nanotubes
. The 1-V curves of field emission

from the CNy samples synthesized
using Ni, Co, NigsCops, and
Nip7C0oo3 catalysts are compared in
Fig. 10. The applied field is given as
the macroscopic electric  field
defined by a ratio of the applied
voltage to the interelectrode distance.
The sample produced over NigsCops
e o8 10 ’2 - ' 1’6 s 20 20 o catalyst has the best field emission

Macroscopic field (V/um) characteristics (lowest field threshold

high t ity). Th
Figure 10. Field emission |-V curves of CNy samples and highest current density) e

. . . _ samples are characterized by a
prepared using Ni, Co, NigsCops, and Nip7C0o3

. - . distinction in current dependences
catalysts. Macroscopic electric field was defined as a ®

measured with rising (the pointed
ratio of the applied voltage (V) to anode-to-cathode with rising (the pointed up

arrows) and falling (the pointed
distance, emission current density (J) was calculated per ws) g ( pol

down arrows) voltage of the applied
field. Hysteresis-like behavior of the

a sample area. The arrows directed up/down correspond

to increase/decrease of the applied voltage.
|-V dependences is often observed

for the carbon nanomaterials and attributed to the sorption/desorption processes [19].
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5.2. FE characteristics of aligned MWNTs
020 The 1-V curves of field emission from

o1e3 | | G e ] the aligned MWNT samples synthesized
0164 ]
o] CHLCN DPA " using different carbon source are
o] ; compared in Fig. 11. The samples
:Z produced from acetonitrile and DPA
o Y, have correspondently the lowest (~0.7
- / 1 Vium) and the highest (~2.2 V/um)
. I;IS : 1:0 . 115 ‘ 2l0 i 2:5 i 3:0 . 3

5 threshold field for electron emission.

Current density (uwA/mm’)

il Furthermore, these samples are

Figure 11. FE 1-V curves of the aligned CNTs  characterized by a distinction in current

prepared  from  different  carbon-containing  dependences measured with rising (the

compounds. The arrows directed up/down pointed up arrows) and falling (the

correspond to increase/decrease of the applied pointed down arrows) voltage of the
voltage. applied field. The large hysteresis of the
|-V dependences of the samples produced from acetonitrile and DPA indicates enhanced
sorption ability of CNTs due to large portion of various defects. Although CNy nanotubes
synthesized from acetonitrile have the biggest average diameter among the CNTs studied they
begin to emit electrons at the lowest value of the applied voltage. We attributed this result with
incorporation of nitrogen into tube walls. The other samples exhibit clear CNT diameter
dependence of FE characteristics.

5.3 Calculation of quantum conductivity of nitrogen-doped CNTs
Theoretical investigation of the influence of nitrogen incorporation in graphitic network on CNT
conductivity was carried out for armchair (6,6) nanotubes. The considered structures are
presented in Figure 12, left part. The tubes are closed by hemispherical caps with hexagons at
tube tops and 18 hexagons in length. Nitrogen atoms substitute central carbon atoms. Structure 11
contains 6 three-coordinated nitrogen atoms, separated along tube and around tube
circumference. The structure Il contains 6 two-coordinated (pyridinic) nitrogen atoms located at
the boundaries of single-atomic vacancies. Geometry of tubes was relaxed with the help of AM1
semiempirical method [20] included into GAMESS package [21] to the gradient value of 10°
Bohr/A.

CNT conductivity was calculated using transfer matrix approach described in details in [22].

The calculation of tunneling current was performed using the following expression:
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Figure 12. Left - Carbon (6,6) tube closed with semispheres (structure 1), carbon (6,6) tube
incorporated 6 three-coordinated nitrogen atoms (structure 11), carbon (6,6) tube with 6 two-
coordinated nitrogen atoms located at the boundary of atomic vacancies. Right - Tunneling

current dependences on the applied voltage calculated for the structures [-I111.

| = 27eh j f(E)- f(E—eV) ZZGL“ ()G (E)J;” 3,47 dE,

EF—eV ii'aa'jj' B’

where

G (B) =X cchnd(E~E,), A= LR

Current matrix elements have no-vanishing contribution only when atoms i and j are the nearest
neighbors. The simplified expression for current matrix elements has the form:

Jaﬂ _EV S|Tﬂ1

where S,;"ﬂ are the overlap matrix elements, and V; =(V_(r)-Vg(r)); is a single electron

potential approximated by linear dependence according to [22]. For simplicity the value of
overlapping integrals has been put equal to 1 for the nearest neighbors and equal to zero others.
Current-voltage characteristics for the structures I-111 (fig. 12, left part) calculated for postive
values of the applied voltage are compared in Fig. 12, right part. Incorporation of two-
coordinated (pyridinic) nitrogen atoms into carbon (6,6) tube wall has a little effect on the
current-voltage dependence. The three-coordinated nitrogen embedded into graphitic shell of the
tube improves its characteristics, namely, increases tunneling current and lowers threshold
voltage. Step-like current-voltage characteristics indicate that all considered structures behave

themselves like quantum conductors.

18



6. Lithium intercalation of CNy nanotubes
The properties of electrodes depend not only on the substance used as well on the technology of
working electrode fabrication. The developed technology involves the next steps.

1) Powder, contained CNy nanotubes, (about 10 mg) was mixed with ethanol. To join the
nanotubes in a robust skeleton structure keeping electric conductivity, the 60% water
suspension of polyethylene tetra fluoride was used as a binder. All components were
intimately mixed until production of homogeneous paste-like substance.

2) The paste was deposited on a nickel mesh (3 cm?) and pressed. The area of coating
substance is about 1 cn?.

3) The electrode was dried at 150°C during 30 min to remove the residual ethanol and
water. For current removal, thin stainless steel stripes were welded to the mesh.

A three-electrode system was assembled in a dry box under argon atmosphere. Lithium sheets
were used as reference and counter electrodes. A polymeric cloth was placed between working
electrode and counter one. The electrochemical cell was made from Teflon. The electrolytic
solution was made of 1 M LiClO, dissolved in propylene carbonate and 1,2-dimethoxyethane
taken in volume ratio (1:1). The chosen electrolyte is an analog to those used in the modern
accumulators. The cell was charged and discharged using galvanostatic mode at 1 mA-g™ current
between O and 3 V. The process was conducted as long as the potential has been sharply
changed. Figure 13 demonstrates charge and discharge curves (six cycles) obtained for the CNy

nanotubes grown using Ni/Co 1.1 catalyst.
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Figure 13. Charge (left side) and discharge (right side) curves of Li intercalation of CNy
nanotubes produced over Ni/Co 1:1 catalyst.
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Resultsand Conclusions

The substitution of nitrogen atoms for carbon in graphite layers of CNT results in the change of
the electronic structure of the nanotubes and thus in their physical properties. Nitrogen can be
incorporated into CNT walls in two different forms: three-coordinated atoms and pyridinic-like
ones. XPS study on the samples contained nitrogen-doped CNTSs revealed that ratio of these
forms can be controlled with a change of a catalyst. In this connection it was interesting to
examine bimetallic catalysts because mixing of different metals in a single particle can
significantly influence on the kinetics of CNT growth and therefore on the content and type of
the incorporated nitrogen. For preparing of the bimetallic particles with controlled composition
we suggested to use the solid solutions of bimaleates of the transition metals. The bimaleates are
decomposed at 450°C with formation of 5-nm metallic nanoparticles embedded into organic
polymer, which could prevent agglomeration of the individual nanoparticles. The set of NixCo;.x,
NixFe1x, and NixZn .« particles was probed as catalysts for CNTs growth. Acetonitrile contained
ca. 34 wt.% nitrogen was chosen as a source of carbon and nitrogen for CN, nanotube formation.

TEM analysis on the samples synthesized using a CVD method showed strong effect of catalyst
composition on the yield and morphology of CNTs. The most perspective catalyst providing the
largest yield of MWNTs with cylindrical arrangement of shells was found to have the NipsCogs
or NipsFeys composition. Nitrogen content in CNy nanotubes was estimated from XPS data. The
equal ratio of metals in the bimetallic particles was found to provide larger contribution of
pyridinic nitrogen in CNy nanotubes relative to three-coordinated nitrogen. The greatest
proportion of pyridinic nitrogen (~70%) was found in nanotubes synthesized using NipsC0o5
catalyst. Probably, this catalyst composition provides high rate of nanotube growth producing

large number of vacancies in the tube walls with nitrogen atoms on the edges. Imperfection in
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graphitic network was found from the CK a-spectra to cause enhancement of density of total and
C2p-state in the valence band of CNTs. Quantum-chemical calculations on models showed the
n-electrons of three-coordinated and pyridinic nitrogen produce additional levels located just
below and above the Fermi level of carbon nanotube. Acceptor character of pyridinic nitrogen
was also revealed from the XAS spectra of CNy nanotubes recorded near the K-edge of nitrogen.
The measurement of field electron emission characteristics of the investigated samples detected
the increase of nitrogen concentration lowers the voltage threshold and enhances the current
density. Calculation of tunneling current dependence on the applied voltage made for carbon
(6,6) tube and that incorporated ~1.5% of three-coordinated or pyridinic nitrogen found the
three-coordinated nitrogen has more pronounce effect on the current-voltage characteristics of
tubes. From the analysis of the experimental data, this form of nitrogen improves the field
emission properties of carbon nanotubes if concentration of the doped atoms is less than 1%.
Investigation of electrochemical ability of CNy nanotubes showed the increase of nitrogen
content in CNy nanotubes results in enhancement of lithium capacity of electrode, which reaches
alimit value when the nitrogen concentration is about 1.2% or higher.

Effect of CNT alignment on FE characteristics of material was examined for the films grown on
the silicon supports. In CVD process the ferrocene was used as catalyst, a set of carbon-
containing compounds was tried as a carbon source. The carbon-containing compound was
found to have important effect on CNT diameter and perfection. The thinnest CNTs were
obtained from fullerene Cgo, Which consists of carbon atoms only, the thickest CNTs were
produced from acetonitrile. Since definition of ordering and alignment of CNTs is important for
material characterization and further optimization of synthetic process, we developed approach
used the angle-resolved X-ray spectroscopy data for evaluation of texture parameters of the
aligned CNT film. The expressions for angular dependence of the X-ray spectra intensity were
derived for a system of cylindrical tubes deflected of the vertical. Density of states of CNT
crystal calculated ab initio was used as a standard for modeling of the angular dependence of X-
ray spectra. Comparison between the theoretical dependencies and the experimental data showed
the CNT films produced from petroleum and acetonitrile are characterized by the smallest width
of the graphitic layers disordering. The aligned CN, nanotubes showed the lowest value of the
threshold voltage (~0.7 V/um) compared to the aligned CNTs characterized by narrower tube

diameter and the random CNy nanotubes contained larger portion of three-coordinated nitrogen.
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Future Work Recommended

We demonstrated the nitrogen doping markedly improve the FE characteristics of CNT and the
additional lowering of the threshold voltage can be achieved in the result of CNT alignment. The
next step in the production of effective field cathodes should be developing of CVD techniques
for synthesis of arrays of the aligned CNyx nanotubes with thin diameters up to double- and
single-wall CNTs. Furthermore we suggest developing of Fe/Zn catalyst for synthesis of CN
nanotubes because our investigation showed the adding of relatively small portion of Zn in
metallic catalyst increases the total concentration of nitrogen in tube walls.

The results of the project realization demongtrate the electronic structure of CNTs is strongly
changed with nitrogen doping. Thus the CN, nanotubes should be checked for supercapacitor
application, where the surface chemistry plays the important role. Location of pyridinic nitrogen
atoms at the edges of vacancies in CNT walls should promote intercalation of lithium ions. To
increase the concentration of the pyridinic nitrogen atoms in CNy nanotubes the solid solutions

of bimaleates of Fe and Zn are recommended to be probed as catalyst sources.
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Abstract, CN, nanotubes have been prepared by acetonitrile decomposition over Ni, Co and Ni/Co cata-
lysts. X-ray photoelectron spectroscopy study on the samples revealed a change of nitrogen concentration
and shape of N 1s line with variation of the catalyst used. Quantum-chemical caleulations on tube fragments

showed the ene:

of N 15 level depends on the atomic structure of carbon tube and kind of incorporated

nitrogen. The largest binding energies were found to be charaeteristic of three-coordinated nitrogen atoms

doping the zigzag and chiral carbon nanotubes.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles. nanotubes, and nanocrystals
79.60.-i Photoemission and photoelectron spectra

Theories and models; localized states

1 Introduction

Electronic properties of carbon nanotubes are strongly
sensitive to the atomic arrangement of tube, namely,
diameter. chirality, defects and impurities [1]. Nitrogen
atom, having a size close to that of carbon atom, is an
ideal substitution impurity, which can be easy incorpo-
rated into the tube walls through various synthetic tech-
niques [2|. Nitrogen doping was demonstrated to improve
eleetric conductivity, field electron emission properties of
carbon nanotubes and their chemical activity towards the
gaseous molecules [3]. Electron energy loss spectroscopy
(EELS) and X-ray photoelectron spectroscopy (XPS) have
revealed two types of bonding of the nitrogen and carbon
within the hexagonal network [4]. The higher binding en-
erey in the N 1s spectra corresponds to three-coordinated
nitrogen atoms replacing carbon ones, the lower bind-
ing energy is attributed to pyridinic nitrogen incorpo-
rated into tube walls with a vacancy defect formation.
The holes in the ON, nanotube network have been ob-
served using scanning tunneling microscopy (STM) [4].
Density netional theory (DFT) caleulations on metallic
armchair carbou nanotubes doped with different kinds of
nitrogen showed that three-coordinated atom produces a
donor energy level, while pyridinic atom acts as an ac-
ceptor impurity [3]. This suggests a way to tune the elec-
tronic property of carbon nanotubes by adjusting methods
for incorporation of certain form of nitrogen. Moreover,
the electronic state of three-coordinated substitutional ni-
trogen was found using DFT computat ions to depend on

* pomail: bul@che.nsk.su

71.23.An

the atomic structure of pristine tube [6]. The mpurity
state is totally delocalized in the case of the armchair tube
and spatially localized in the semiconducting zigzag tube.
Electron localization makes the impurity site chemically
and electronically active.

Recently we have demonstrated thal composition of
the catalyst. used in chemical vapor deposition (CVD)
process, can influence on the proportion of different kinds
of nitrogen in multiwall CN; nanotubes [7]. The greatest
proportion of the pyridine-like nitrogen was found for the
sample obtained with the Ni/Co L:1 catalyst. The equal
quantity of Ni and Co in the catalyst is likely to provide
the higher soluhility of nitrogen in metal particle and more
high kinetics of growth of the CN, nanotube that result in
formation of many vacancies with nitrogen atoms on the
boundaries. The purpose of the present work is to study
a change of binding energy of N ls clectrons for doped
tubes differed by the atomic structure. We invoke ab initio
calenlations on armehair, zigzag. and chiral carbon tubes
doped with three-coordinated and pyridinic nitrogen for
interpretation of XPS measured for CN, nanotubes syn-
thesized using different catalysts.

2 Experimental

CN, nanotubes were obtained nsing a CVI) method de-
scribed in details elsewhere [8]. The catalysts were synthe-
sized by the thermal decomposition of bimaleates of Ni
and Co and their mutual solid solutions with the ratios
aof Ni/Co equal to 1:1. CN, nanotubes grew via pyrolysis
of acetonitrile in an argon How (3 1/min) at 850 °C and
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Fig. 2. N Is specira measured for the samples produced using Ni. Ni/Co. and Co catalyst. The spectra were fitted by

three Ganssian components.

atmospheric pressure. The synthesized samples were stud-
ied with a transmission electron microscope JEQL-100C
and an XPS spectrometer Quantum 2000 Scanning
ESCA Microprobe. The concentration of nitrogen in the
samples was estimated from the ratio of the areas of the
N Is and C Is lines with taking into account the pho-
toionization cross-sections. The samples obtained over Ni
and Ni/Co catalysts involve ~1.2% of nitrogen, using of
the Co catalyst reduces the nitrogen concentration up to
~0.7%.

3 Calculations

Geometry of fragments of nitrogen-doped carbon tnbes
was relaxed in Hartree-Fock sell-consistent field using
3-21G basis set within the guantumn chemical package
Jaguar [9]. This approach caleulates ground state of a
systend while the XPS lines arise in the result of sample
ionization. Thus, for the XPS speetra interpretation, the
caleulated N 1s level energy (£ should be corrected to
take into account the relaxation for the ionized state. The
correction factor was determined from the correlation de-
pendence between the experimental and theoretical values
for ten nitrogen-containing molecules [7]. The theoretical
binding energies £ were eamputed using the derived
linear dependence E7F = 75.69 + 0.78271 F.

4 Results and discussion

Transmission electron microscopy (TEM) images of the
samples obtained are presented in Figure 1. The synthe-
sized materials contain multiwall carbon nanotubes. cata-
lyst particles capsulated into graphite shells, and amor-
phous carbon. The maximal amount of nanotubes was
found in the sample obtained over Ni/Co catalyst. Using
of Ni and Co catalysts vields carbon nanotubes with diam-
eter varying within 20-40 nm. The sample obtained over
Ni/Co catalyst contains tubular structures of diameter
60 90 nm and thinner nanotubes 15 30 nm in diameter.

The XPS of N 1s line measured for the samples pro-
duced are compared in Figure 2. The spectra exhibit
two peaks located around 399.0 and 401.4 eV. The relative
intensity of the peaks is changed with catalyst variation.
The spectra were fitted by three Gaussian components of
the width 2.1 eV. The binding energy corresponding to
the components and their energy separation are collected
in Table 1.

To interpret the experimental data we calenlated
three tubes, which are close in diameter and drastically
differed in the atomic arrangement (Fig. 3). Two bonds of
carbon hexagons are oriented perpendicularly and along
a tube axis in armchair (7.7) and zigzag (12.0) carbon
tube respectively. The (10.4) carbon tube has chiral stre-
ture. Two different nitrogen impurities were introduced in
a carbon tube: (1) a three-coordinated atom and (2) three
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Table 1. Parameters of the N 1s spectra of samples synthesized using different catalysts.

Catalyst composition

Binding energy for feature (eV)

Separation of features (eV)

A B C A and B B and C
Ni 399.1 401.5 402.7 24 3.6
Ni/Co 399.1 401.3 402.7 2.2 3.6
Co 308.8 401.3 A02.7 2.5 3.9

(7.7)

(12,0)

(10.4)

Fig. 3. Optimized geometry of fragments of nitrogen-doped carbon nanotubes. Nitrogen atoms are indicated hy dark circles,
hydrogen atoms (white circles) saturate dangling bonds at the fragment boundaries.

Table 2. Energy of N 1s level, ealeulated for pyridinie (F,,,)
and three-coordinated (Fyy,) nitrogen incorporated into frag-
ments of carbon tubes and graphite, and difference between
these values ( AF).

Fragment Epr(eV) L (eV) AL (V)
graphite 399.1 A01.7 2.6
(7,7) tube 399.2 401.9 voar
(12.0) tube 399.5 403.2 3.7
(10,4) tube 3989 403.3 4.4

pyridinic atoms located at the edges of one-atomic va-
cancy. The boundary dangling bonds of fragments were
saturated by hydrogen atoms and the nitrogen impurities
were maximally spaced from fragiment boundary and from
each other. The energy of N 1s levels was correeted in ae-
cordance with the correlation dependence, described in the
Calculations part, and the work function of the spectrome-
ter (6 eV). The values obtained for the pyridinic and three-
coordinated nitrogen incorporated into the carbon tubes
are listed in Table 2 together with those for nitrogen atoms
embedded into the graphite fragments [7]. The 1s clectron
energies for the pyridinic nitrogen atoms have the similar
values for all considered carbon structures, while those
for the three-coordinated nitrogen atoms are strongly de-
pendent of a tube arrangement. The obtained variation in
the 1s energies for the latter kind of nitrogen could be due
ta a difference in local distribution of density associated
with the unpaired electron. The difference has been found
to be caused by breaking of the left-right mirror symme-
try in zigzag carbon nanotube with the nitrogen impurity
inserting [6].

Comparison between the experimental data and calceu-
lation results (Tabs. 1 and 2) shows the feature A of the
N 1s spectra of CN, nanotubes corresponds to the pyri-
dinic nitrogen. The features B and C can be attributed
to the three-coordinated nitrogen atoms incorporated re-
spectively into armchair tubes and zigzag or chiral tubes.
The N 1s spectrum of the CN,. nanotubes synthesized over
Co catalyst exhibits the greatest relative intensity of the
feature C and the lowest energy of the feature A. Both
these facts suggest that Co particles promote growth of
chiral nanotubes. The Ni and Ni/Co catalysts produce the
carbon nanotubes with similar arrangerment, being arm-
chair or zigzag type mainly. However, the Ni/Co solid so-
lution provides large inserting of pyridinic nitrogen into
tube walls. The N 1s spectrum of CN, nanotubes synthe-
sized using Ni/Co catalyst shows the smallest separation
of the features A and B. The calculation of N 1s elec-
tron energies for doped graphite fragments [7] has shown
the decrease of A and B features distance can be expected
when nitrogen atoms occupy one or two sites at the bound-
aries of one-atomic vacaney.

In summary, the N s spectra of CN, nanotubes were
shown to be decomposed on three components which rela-
tive intensity and separation depend on the catalyst. used
in the CVD process. The ab initio Hartree-Fock calen-
lations on the fragments of nitrogen-doped carbon nan-
otubes indicated the low-energy spectral component cor-
responds to the pyridinic nitrogen. The electronic state of
three-coordinated nitrogen atoms was found to be largely
sensitive to the atomic arrangement of carbon nanotube
that leads to appearance of two high-energy components
in N ls spectrum of CN, nanotubes. The relative intensity
of these components varies with change of a catalyst and
could be a mark for indication of chiral tubes formation.
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Abstract: Nitrogen-doped carbon nanotubes have been synthesized by thermal
decomposition of acetonitrile vapor over Ni/Co catalysts with varied ratio of metals.
X-ray photoelectron spectroscopy revealed that nitrogen atoms are embedded into
wbe walls in two different forms at least: (1) three-coordinated nitrogen and (2)
pyridinic-like nitrogen. The ratio between these forms depends on the catalyst compo-
sition. Electronic structure of nitrogen-doped carbon nanotubes was examined by
means of photoemission, X-ray photoelectron, X-ray emission and X-ray absorption
spectroscopy. Field electron emission characteristics of samples produced were corre-
lated with nitrogen content. The experimental data was interpreted using results of
quantum-chemical semiempirical AMI calculations on models of nitrogen-containing
carbon tubes. Incorporation of three-coordinated nitrogen was found from calculation
of the models using the transfer matrix approximation to improve the current-voltage
characteristics of carbon nanotubes.
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INTRODUCTION

Substitutional doping of carbon nanotubes with nitrogen enhances the number
of electronic states at the Fermi level that considerably change the electronic
structure of tube compared to its undoped counterpart (1). As the result,
nitrogen-doped carbon nanotubes are characterized by improved electric
transport and field emission properties (2—4). Nitrogen-doped carbon
nanotubes have been produced using methods of arc-discharge graphite evap-
oration (5) and magnetron sputtering of graphite in a nitrogen atmosphere (6).
The most effective method for synthesis of nitrogen-doped carbon nanotubes
is thermal decomposition of chemical vapors (CVD) over catalytic particles.
This method allows controlling the nitrogen content in product with change
of N/C ratio in the injected precursor. Melamine (7), phthalocyanines
(8. 9), pyridine (10), and acetonitrile (11) have been successfully probed for
CVD synthesis of nitrogen-doped carbon nanotubes. The nitrogen concen-
tration in the samples was ~1 — 5%. Another important factor influencing
on the content of nitrogen-doped carbon nanotubes is a catalyst. The change
in concentration and chemical state of nitrogen, incorporated into carbon
nanotubes, with variation of Ni/Co particles composition has been detected
using X-ray photoelectron spectroscopy (12).

The aim of the present work is revealing the effect of concentration
and electronic state of nitrogen on the electronic structure and field
emission properties of nanotube samples. For probing the electronic
structure of materials, photoemission, X-ray photoelectron, X-ray emission,
and X-ray absorption spectroscopy was used. Photoemission spectroscopy
measures the energy and total density of occupied states of a substance,
while X-ray emission and X-ray absorption spectroscopy provide information
on the partial density of states in the valence and conduction band
respectively.

SYNTHESIS

Nitrogen-doped carbon nanotubes were obtained using a CVD method
described in details elsewhere (13). The catalysts were synthesized by the
thermal decomposition of bimaleates of Ni and Co and their mutual solid
solutions. Nitrogen-doped carbon nanotubes grew via pyrolysis of acetonitrile
in an argon flow (2 |/min) at 850°C and atmospheric pressure. The synthesis
time was 1 hour. A grey-black substance was obtained with volume exceeding
that of the primary particles of salt crystals by 3—5 times. The granules of the
obtained substance were disintegrated by weak mechanical action. Figure la
shows transmission electron microscopy (TEM) image of a sample, produced
over Ni/Co 1:1 catalyst, which was taken with a microscope JEOL - 100C.
The sample contains nanotubes characterizing by broad diameter distribution
(15=70nm) and thick walls (5—30nm). Nitrogen doping of carbon nanotubes
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Figure 1. (a) TEM image of material obtained using as Ni/Co 1:1 catalyst. (b) The
magnified image of nanotube demonstrates the defectiveness structure of layers.

results in high defectiveness of tubes, irregularity and splitting of their walls
(Figure 1Ib).

X-RAY PHOTOELECTRON SPECTROSCOPY DATA

X-ray photoelectron spectra (XPS) of the samples produced were measured
using a spectrometer Quantum 2000 Scanning ESCA Microprobe. The con-
centration of nitrogen in the samples was estimated from the ratio of the
areas of the N1s- and Cls-lines with taking into account the photoionization
cross-sections of electrons. The dependence of nitrogen content on the
catalyst composition is presented in Table 1. The samples obtained over Ni
and Ni/Co 1:1 catalysts involve the maximum of nitrogen (~1.2%). The
N s-spectra of samples are compared in Figure 2. The spectra exhibit peaks
A and B located around 399.0 and 401.6eV respectively indicating (wo
different chemical state of nitrogen in the samples. Comparison of the

Table 1. Catalyst dependence on the total nitrogen content
(N,o), pyridinic nitrogen portion (Npye). three-coordinated

nitrogen portion (N, and ratio between pyridinic and three-

coordinated nitrogen  (Npyr/Nu) in the carbon nanctubes

samples

Catalyst N (%) Npyr (%) Ny (%) Npye/Ninr
Ni/Co 1:1 1.2 0.7 0.5 1.4
Ni 1.2 0.3 0.9 0.3
Co 0.7 0.2 (.5 0.4
Ni/Co T3 0.6 0.3 0.3 1.0
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Figure 2. X-ray photoelectron Nls-spectra of the samples obtained using Co, Ni/Co
1:1, Ni/Co 7:3, and Ni catalyst.

experimental data with ab initio quantum-chemical calculations on nitrogen-
doped graphite fragments revealed the peak A can be attributed to pyridinic-
like nitrogen, the peak B corresponds to three-coordinated nitrogen (12).
Moreover, it was found the binding energy of three-coordinated nitrogen
depends on tube geometry (14) and the Nls-spectra intensity in the interval
of ~402.5-403.0eV (Figure 2) could be attributed to three-coordinated
nitrogen incorporated into the walls of zigzag or chiral carbon nanotubes.
Table 1 presents the change of the relative intensity of the peaks A/B in the
samples under study. The highest relative intensity of the peak A is achieved for
the sample synthesized using Ni/Co 1:1 catalyst. Different concentration of
nitrogen and different relation between its pyridinic and three-coordinated
forms in the synthesized nanotubes is likely to be determined by nitrogen solu-
bility and diffusion in metal particle. Indeed, examination of binary Ni-Co
alloys showed the greatest nitrogen solubility in an alloy with equal ratio of
metals (15). Solubility of carbon and nitrogen in metal particles should
influence on kinetic of nitrogen-doped carbon nanotube growth. The large
number of vacancies in the nanotube walls with nitrogen atoms located on
the vacancy boundaries could be produced when the rate of tube growth is high.
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CKa-SPECTRA

X-ray emission CKa-spectra of the samples were recorded with laboratory
X-ray spectrometer using a crystal-analyzer of ammonium biphthalate
(NH,AP). How this crystal is used to obtain the CKa-spectrum is described
elsewhere (16). The samples were deposited on copper supports and cooled
down to liquid nitrogen temperature in the vacuum chamber of the X-ray
tube operating with copper anode (U = 6kV, I = 0.5 A). The nonlinear reflec-
tion efficiency of NH4AP crystal-analyzer allows the reliable measurement of
the Ka emission of carbon in the energy region of 285-279 eV. Determination
of the X-ray band energy was accurate to +0.15 eV with spectral resolution of
~().5eV. The spectra were normalized on the maximal intensity.
CKa-spectra of the samples synthesized over Ni, Co, Ni/Co 1:1, and Ni/
Co 7:3 catalysts are shown in Figure. 3. The spectra are similar in appearance
exhibiting three main features, which relative intensity and energy position are

18
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Ni/Co 1:1
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Figure 3. CKa-spectra of the samples obtained using Ni/Co 1:1, Ni/Co 7:3, Co, and
Ni catalyst.
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akin to those in the CK a-spectra of graphite and arc-produced multiwall carbon
nanotubes (17). The maxima A and C correspond to 7r- and o-system respect-
ively, both types of electrons participate in the feature B formation. The main
difference between the CKa-spectra of the samples produced is intensity
of high-energy maximum A, which is enhanced for the samples involved
larger portion of the pyridinic nitrogen. However, the low amount of nitro-
gen atoms embedded into tube walls should have a negligible effect on the
C2p-electrons distribution. The enhancement of intensity of high-energy
maximum in CKa-spectrum of graphitic-like material can be due to the rehy-
bridization or vacancy defects (18, 19). So, the high rate of nanotube growth
with Ni/Co 1:1 and Ni/Co 7:3 catalysts using causes both pyridinic nitrogen
incorporation and structural defect formation in the graphitic tube shells.

NK-EDGE ABSORPTION SPECTRA

X-ray absorption spectra near the nitrogen K-edge of the samples were
measured at the Berliner Elektronenspeicherring fiir Synchrotronstrahlung
(BESSY) using radiation from Russian-German beamline. The spectra were
acquired in the total yield of electrons mode and normalized to the primary
photon current from a gold-covered «grid recorded simultaneously. The
energy resolution of incident radiation was about 0.07eV. Figure 4 shows
the spectra of the samples produced using Ni, Co, Ni/Co 1:1, and Ni/Co
7:3 catalysts. The NK-edge spectra of the samples exhibit two main reson-
ances A and C located around 400.5 and 406.7 eV and corresponded to 7*-
and o*-states, respectively. The spectra of the samples produced over Ni
and Co catalysts have the similar structure, characterized by reasonably
narrow resonances. Since considered samples contain the largest portion of
the three-coordinated nitrogen (70-75%), intensity A can be assigned to unoc-
cupied m-electrons of nitrogen, which are involved into 7*-system of graphitic
network. The spectra near the NK-absorption edges for the samples syn-
thesized over mixed Ni/Co catalysts exhibit broadening and splitting of the
resonance A and appearance of additional features around the resonance C.
The spectrum of the sample obtained using Ni/Co 1:1 catalyst and
contained maximal concentration of the pyridinic nitrogen is characterized
by the finest structure of the m*-resonance. The resonance A’, which
relative intensity is changed in the considered series of samples, could be
attributed to 1s — 7* transition within the pyridinic nitrogen atom.

The insert in Figure 4 presents density of unoccupied N2p-states plotted
by the results of quantum-chemical calculations on models of nitrogen-doped
carbon tubes (Figure 5). Six nitrogen atoms were embedded in the central part
of armchair (6, 6) carbon tube (model 1), which has length of ~46.7 A and
closed by hemispheres caps. Three three-coordinated nitrogen atoms were
separated by ~5 A along tube axis and another three doping atoms were sym-
metrically placed on the opposite tube side (model 11). The model 111 contains

SRR ]



Synthesis of Nitrogen-Doped Carbon Nanotubes 157

{
),

Intensity (arb. units)

o e ] I, T.EE. IO R
388 400 402 404 406 408 410 412 414
Photon energy (eV)

L]

Figure 4. NK-edge absorption spectra measured for the samples obtained using Ni,
Ni/Co 7:3, Ni/Co 1:1, and Co catalyst. The insert presents density of unoccupied
N2p states calculated for the model 11 and model IT1, shown in Figure 5.

pyridinic-like nitrogen atoms located at the edges of atomic vacancies, which
are maximally spaced along tube circumference. Nitrogen concentration in the
models I1, 11T is about 1.5%. Geometry of tubes was relaxed using quantum-
chemical semiempirical method AM1 (20) included into GAMESS package
(21) up to the gradient value of 10~ Hartree/Bohr. Comparison between
theoretical and experimental results supports suggestion that the peaks A’
and A in the X-ray absorption spectra of the samples correspond density of
states of mainly pyridinic and three-coordinated nitrogen atoms respectively.
The localized states just above the Fermi level of the model TIT indicates an
acceptor behavior of the pyridinic-like nitrogen atoms embedded into
carbon tubes.

PHOTOEMISSION SPECTRA

The valence band photoemission spectra of carbon nanotubes and nitrogen-
doped carbon nanotubes samples were measured at the BESSY. The

35



158 A. V. Okotrub et al.

1l

Figure 5. The optimized structures of carbon (6. 6) tube closed with hemispheres
(model I) and that incorporated 6 three-coordinated nitrogen atoms (model II) and 6
pyridinic-like nitrogen atoms located at the boundary of atomic vacancies (model
I11). The nitrogen atoms are dark lighted.

samples have been synthesized by thermal decomposition of xylene and aceto-
nitrile over iron catalytic particles. The spectra were excited using 100eV
photons with 0.03eV monochromation; the energy resolution was 0.08eV.
The photoemission spectra of carbon nanotubes and nitrogen-doped ones
are very similar from each other (Figure 6a). Incorporation of about 1%
nitrogen in carbon nanotubes results in the marked enhancement of
occupied density of states near the Fermi level (the region enclosed in a
circle in Figure 6). Additional intensity could be caused by nitrogen density
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Figure 6. (a) Valence band photoemission spectra measured for carbon nanotubes (1)
and nitrogen-doped carbon nanotubes (2) samples. (b) Total density of occupied states
plotted by the result of AMI calculation on the models I-TII, shown in Figure 5.
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of states and high-energy electrons of carbon atoms constituted defects in tube
walls. To reveal an effect of nitrogen atoms on the valence band of nanotubes,
we compared the total density of states calculated for the models 1-III
(Figure 6b). One can see both nitrogen-containing structures are characterized
by enhanced density of states at the Fermi level compared to the undoped
counterpart. Nevertheless, contribution from the three-coordinated nitrogen
is more pronounced that indicates its donor character and suggests more
influence on the photoemission spectrum.

FIELD ELECTRON EMISSION

The electron emission properties of the samples produced over Ni/Co
catalysts were studied in a diode regime. The measurements were performed
at room temperature in a vacuum of 5 x 10”* Pa. The powdered sample
was pressed into a 0.5 mm deep, I-mm-diameter cavity on the surface of a
stainless steel cathode. The sample surface was fitted to the cathode surface.
A distance from the cathode to a flat molybdenum anode was
d =200 + 5pm, The value of the tunneling current as a function of the
electric field strength was measured on applying a sawtooth voltage with an
amplitude of up to U= 1500V and a frequency of 0.025Hz. The response
had the form of a periodic signal whose constant amplitude value was
evidence of stable emission characteristics.

Figures 7a and 7b show the current-voltage (/-V) dependences of the
samples with rising and falling voltage of the applied field. The applied
field is given as the macroscopic electric field defined by a ratio of the
applied voltage to the interelectrode distance. The samples of nitrogen-
doped carbon nanotubes are characterized by distinction in the I-V depen-
dences and the value of field threshold at which density of emission current
achieves 1 pA/mm’. Due to a relatively large area of sample (about
1 mm?), hundreds of individual nanotubes contribute to the emission
current, and the measured values represent averaged characteristics of the
whole sample. The samples, produced over Ni/Co 1:1 and Ni catalysts and
involved the most of nitrogen, have the best field emission characteristics,
namely the lowest field threshold. The [-V curves are characterized
by difference in rising and falling branches. Similar hysteresis is
often observed for the carbon nanomaterials and attributed to the sorption/
desorption processes (22). Adsorption of molecules on tube surface results
in increase of the work function and thus in reduction of threshold for
emission current appearance. Tube heating due to the current passing causes
desorption of molecules. The cleaned nitrogen-doped carbon nanotubes
shows worse field electron emission characteristics than the pristine ones.
Figure 7c presents dependences of the field value for 1 wA/mm” emission
current on the nitrogen content in the samples. The field threshold is
decreased with increase of total nitrogen concentration in nanotube sample.
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Figure 7. Field emission | — V curves of the samples prepared using Ni, Co, Ni/Co
1:1, and Ni/Co 7:3 catalysts measured with rising (a) and falling (b) voltage of the
applied field. Macroscopic electric field was defined as a ratio of the applied voltage
(V) to anode-to-cathode distance, emission current density (J) was calculated per a
sample area. Dependence of field threshold, at which emission current achieves
1A /mrnz, on total Ny, pyridinic Npyr, and three-coordinated Ny, nitrogen content
in the nanotubes sample (c).

The threshold dependence on content of three-coordinated and pyridinic
pitrogen atoms is unclear. At low nitrogen concentration, the presence of
three-coordinated nitrogen improves the field-emission properties of carbon
nanotubes.

CALCULATION OF QUANTUM CONDUCTIVITY OF
NITROGEN-DOPED CARBON NANOTUBES

Quantum conductivity was computed for the models 1-IIT (Figure 5)
using transfer matrix approach described elsewhere (23). Following tight-
binding (TB) approximation the one-electron wave functions (1) is
expressed as a superposition of atomic orbitals Yu(r — R;) of type a = 2s,
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2Py 2Py, 2ps, located at equivalent lattice site specified by the position of
vectors R;:

o)=Y chadr—R) A=LR

where the indices L and R refer to the left and right leads, respectively, and
¢, are coefficients determined from the iterative procedure of electron
energy minimization of a system.

The calculation of tunneling current was performed using the following
expression:

Eg
E;\'—(J.lr'"
b G (B)GE (EVI P13 P dE
il et Jj BB

where

2 (E) =Y cihclan®E — En), A=LR
n

and E- is the Fermi level of unperturbed system, V is the applied voltage. The
¢; and E, values were taken from the results of AM1 calculations on the
models I-1II and the Ep value was equal to the energy of the highest
occupied molecular orbital of model. Current matrix elements have no-
vanishing contribution only when atoms i and j are the nearest neighbors.
The simplified expression for current matrix elements has the form:

1
f::'g = ?!- VUSE'G

where S}}fﬁ are the overlap matrix elements, and V;; = (Vi (r) — Vr(r)); is a
single electron potential approximated by linear dependence according to
(23). The difference between the method described above and method we
used is that, following the TB approximation, it was suggested the value of
overlapping integrals is distinet from zero only for the nearest neighbors.
For simplicity the value of overlapping integrals has been put equal to 1 for
the nearest neighbors and equal to zero for others.

Current-voltage characteristics for the models I-1II (Figure 6) calculated
for positive values of the applied voltage are compared in Figure 8. Incorpor-
ation of pyridinic-like nitrogen atoms into carbon (6, 6) tube wall has a little
effect on the current-voltage dependence. The three-coordinated nitrogen
embedded into graphitic shell of the tube improves its characteristics,
namely, increases tunneling current and lowers threshold voltage. Step-like
current-voltage characteristics indicate that all considered tube structures
behave themselves like quantum conductors.
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Figure 8 Tunneling current dependences on _the applied voltage calculated for
carbon (6, 6) tube (model 1), tubes incorporated 6 three-coordinated and pyridinic-
like nitrogen atoms (model II and model III shown in Figure 5).

CONCLUSION

Nitrogen can be incorporated into carbon nanotube walls in two different
forms: three-coordinated atoms and pyridinic-like ones. XPS study on the
samples contained nitrogen-doped carbon nanotubes revealed that ratio of
these forms can be controlled with a change of catalyst composition. The
greatest proportion of pyridinic nitrogen (~70%) was found in nanotubes
synthesized using Ni/Co 1:1 catalyst. Probably, this catalyst composition
provides high rate of nanotube growth producing large number of vacancies
in the tube walls with nitrogen atoms on the edges. Imperfection in
graphitic network was found from the photoemission and CKa-spectra to
cause enhancement of density of total and C2p state in the valence band of
carbon nanotubes. Quantum-chemical calculations on models showed the
melectrons of three-coordinated and pyridinic nitrogen produce additional
levels located just below and above the Fermi level of carbon nanotube.
Acceptor character of pyridinic nitrogen was also revealed from the X-ray
absorption spectra of nitrogen-doped carbon nanotubes recorded near the
K-edge of nitrogen. The measurement of field electron emission character-
istics of the investigated samples detected the increase of nitrogen concen-
tration lowers the voltage threshold and enhances the current density.




Synthesis of Nitrogen-Doped Carbon Nanotubes 163

Calculation of tunneling current dependence on the applied voltage made for
carbon (6, 6) tube and that incorporated ~1.5% of three-coordinated or
pyridinic nitrogen found the three-coordinated nitrogen has more pronounce
effect on the current-voltage characteristics of tubes. From the analysis of
the experimental data, this form of nitrogen improves the field emission
properties of carbon nanotubes if concentration of the doped atoms is less
than 1%.
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Abstract—A film of oriented nitrogen-doped multiwall carbon nanotubes was grown on a silicon substrate as
a result of the thermolysis of an acetonitrile + ferrocene mixture. The Auorination of the film by BrF; vapor at
room temperature removed the substrate; however. the vertical orientation of the nanotubes was not destroyed.
Analysis of micrographs of a fluorinated sample obtained with a high-resolution transmission electron micro-
scope showed that only the surface walls of the nanotubes were fluorinated. The fluorine concentration of the
product as determined from X-ray photoelectron spectroscopy was about 16%. A comparison of the N1 s spectra
of the starting and fluorinated samples showed that the nitrogen atoms of CN, nanotubes changed their elec-
tronic state as a result of luorination. Matching of the X-ray photoelectron spectroscopic data with the results
of quantum-chemical calculations for fragments of fluorinated nitrogen-doped nanotubes showed that fluorine

atoms preferred to attach to pyridine-like nitrogen atoms or to carbon atoms in the orihio or mefa positions rel-

ative to a nitrogen atom.
DOI: 10.1134/S0036023606040176

Nitrogen doping is a way o maodify the electronic
and mechanical properties of carbon nanotubes [1].
CN, nanotubes have metallic conduction, high auto-
emission properties [2], reactivity to polar molecules [3].
and high lithium capacity [4]. X-ray photoelectron
(XPE) spectroscopy and electron energy loss spectros-
copy showed at least two types of nilrogen atoms in
CN, nanotubes [5-7]. From malching of the N1s spec-
tra with the results of quantum-chemical calculations
for nitrogen-doped graphite fragments. the following
routes for nitrogen atoms lo enter the nanotube were
assumed: directly substituting a carbon atom to form a
three-coordinated nitrogen atom and incorporating
around vacancies to form a pyridine-like nitrogen atom
[8]. Ab initio band structure calculations for nitrogen-
doped carbon nanotubes showed that a three-coordi-
nated nitrogen atom is an electron donor, while a pyri-
dine-like nitrogen atom is an acceptor [9]. The elec-
tronic state of a three-coordinated nitrogen atom is
affected by the geomelry of the carbon nanotube. In the
case where two sides of a carbon hexagon are oriented
normal to the axis of the nanotube (an armchair nano-
tube), the unpaired electron of the nitrogen atom is
almost fully delocalized along the cylindrical surface;
when the hexagons are arranged along the axis of the
nanotube (a zigzag nanotube), the electron density is
localized in the vicinity of the nitrogen defect [10]. The
localized states are chemically reactive, which can gen-

erate covalent bonding between the walls of nitrogen-
doped carbon nanotubes.

Here, we investigate the reactivity of CN, nanotubes
toward fluorine. Fluorination is one of the most effi-
cient methods for chemically modifying carbon nano-
tubes; it provides the attachment of a great many fluo-
rine atoms o the walls of the nanotubes [11]. We
employed XPE speciroscopy (o determine the effect of
fluorination on the electronic state of nitrogen and car-
bon atoms in CN, nanotubes. Ab initioc guantum-chem-
ical calculations for fragments of nitrogen-doped car-
bon nanotubes were used to interpret the experimental
data.

EXPERIMENTAL

Films of oriented CN, nanotubes were grown on sil-
icon substrates as a result of acetonitrile thermolysis
with ferrocene as the catalyst source. The film growth
was accomplished in a horizontal tubular furnace 1 m
long and 36 mm in diameter in flowing argon
(~500 cm?/min) under atmospheric pressure. A silicon
substrate 12 x 12 mm was positioned in the synthesis
zone of the reactor and annealed at 950°C for 30 min in
order for a thin oxide layer to form on the substrate sur-
face. Next, the reactor was pumped out and argon was
admitted. A solution of ferrocene in acetonitrile (1 : 109
was injected into the synthesis zone in 1-cm? portions
every 5 min. The synthesis lasted 1 h. A thick black film
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Fig. 1. (a) SEM and (b) TEM micrographs of CN, nanotubes oriented vertically relalive to the substrale.

about 30 pum thick appeared on the silicon surface and
on the walls of the reactor as a result of the decomposi-
tion of ferrocene and acetonitrile vapors.

CN, nanotubes were fluorinated using the procedure
developed to synthesize graphite fluoride C,F, which
involved fluorination with BrF, and Br, vapors at room
temperature [12]. The use of BrF; as the fluorinating
agent provided the fluorination of the nanotubes and the
removal of the substrate in the form of gaseous SiF,.
After fuorination was over, the sample was exposed in
a dry N, flow until Br, vapor evolution stopped (for
about 48 h). The removal of the silicon substrate did not
destroy the film structure of the sample.

The investigative tools used were scanning electron
microscopy (SEM) and transmission electron micros-
copy (TEM). The starting samples were examined with
a4 JSM 6340F and JEOL-100C microscopes; the fluori-
nated samples were examined with LEO 1430 and
JEM-2010 microscopes. XPE spectra were measured
onaVG ESCALAB HP spectrometer. The Clsand N1s
spectra of the fluorinated product were referenced to
the position of the C 15 line of the starting carbon mate-
rial, which corresponded to 284.5 eV. The concentra-
tions of the elements in the samples were derived from
the integrated intensities of the Cls, N1s, and Fl1s lines
with the photoelectron ionization cross section laken
into account.

CALCULATIONS

The geometry of fragments of Auorinated nitrogen-
doped carbon nanotubes was optimized in the Harlree—
Fock approximation using the 3-21G basis sel in the
frame of the Jaguar quantum-chemical program pack-
age [13]. The energies of the N1s levels ( £F), obtained

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 51

as a result of the calculation of the ground state of a
nanotube fragment, were corrected in order to include
electron relaxation attendant to ionization. The correc-
tion factor was determined from the match of experi-
mental and theoretical values corresponding to the
core-level electron energies of nitrogen atoms in ten
nitrogen-containing molecules [8]. The theoretical
binding energies of the N 1 electrons ( E%F) were calcu-
lated using the linear relationship EBF = 7560 +
0.78271EYY, The resulting values were decreased by
5.4 eV (the work function in the XPE spectrometer) to
match the experimental values.

STRUCTURAL INVESTIGATIONS

The SEM micrograph of the film is shown in Fig. la.
The film consists of nanotubes with lengths of about
30 pm, most of which are oriented vertically relative to
the substrate surface. The TEM micrograph shows that
the nanotubes have a bamboo structure and their outer
diameter is 10-20 nm (Fig. 1b). The distance between
compartments in the tube cavity was shown (o decrease
as the nitrogen concenlration increases [ 14].

The SEM micrograph of the fluorinated film demon-
strates that carbon nanotubes conserve their dominant
vertical orientation (Fig. 2a). The distance between the
nanotubes increases as a result of fluorination; their
bent is more pronounced than in the starting structures.
The uneven surface of the Auorinated film originates
from the substrate; probably, the strength of the layer
that formed at the first synthesis stage ensures the con-
servation of the film structure after silicon dissolution.
An examination of the TEM micrographs of the fluori-
nated material does not show a change in the interlayer
spacings in carbon nanotubes. Earlier investigations of
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Fig. 2. {a) SEM and (b) TEM micrographs of oriented CN, nanotubes peeled from the silicon substrate.

multiwall carbon nanotubes, synthesized as a result of
graphite evaporation in an arc discharge and fluorinated
using the same procedure, demonstrated that the dis-
tance between the surface walls of some nanotubes
increased to 5.21 A [15, 16]. The penetration of the flu-
orinating agent into a CN, nanotube can be hindered by
the presence of catalyst particles at the ends of carbon
nanotubes, The surface of fluorinated CN, nanotubes is
coated by domal structures about 10 A in size (Fig. 2b);
these structures were not observed by TEM in the start-
ing nanotubes. We think that these structures are graph-
ite lakes peeled out of the surface of the nanotube upon
fluorination. The walls of CN, nanotubes lie at an angle
to the axis of the nanotube, generating plenty of edge
defects for fluorine to penetrate.

X-RAY PHOTOELECTRON SPECTROSCOPIC
INVESTIGATIONS

XPE data show about 1.2 wt % N and about 16 wt %
F in the Auvorinated product. The Cly spectra from the
starting and fluorinated samples are compared in Fig. 3.
Fluorination broadens the fundamental maximum and
gives rise to additional intensity at about 288.1 eV. The
spectrum of the fluorinated sample is fitted by a combi-
nation of three Gaussians. Line A with an energy of
284.5 eV is due to unfluorinated carbon structures.
Lines B and C reflect the electronic state of carbon in
fluorinated CN, walls. High-energy band  is due (0
fluorine-bonded carbon atoms. Line B. lying at
285.4 eV, is due to carbon atoms positioned near CF
groups. The distance between components € and £ is
about 2.7 eV, in correlation with XPE data obtained
from graphite Auoride intercalation compounds (C,F)
[17]. The composition of the fluorinated walls of the
nanotubes, as determined from the area ratio of compo-
nents B and C, is CF,3;. The integrated intensity of

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 51

component A is about 52% of the overall intensity of
the Cls spectrum. The photoelectron escape depth is
about 15 A, or about four walls of the nanotube. There-
fore, we suggest that the fluorination depth of CN, nan-
otubes is two surface walls at most.

The N1s spectra of the starting and fluorinated sam-
ples are shown in Fig. 4. The spectrum of CN, nano-
tubes displays two maxima at 398.7 and 401.1 eV. The
quantum-chemical calculations of the energy of the
N1y levels for fragments of nitrogen-doped carbon nan-
otubes showed that the high-energy maximum is due to
three-coordinated nitrogen atoms: the lower energy

I, relative units

1.4

[i]= 1 T T 1
282 284 286 288 290 292
Binding energy. eV

Fig. 3. Cls spectra from CN, nanotubes (1) before and
(2y after fuorination. The spectrum from the Auorinated
sample is fitked by Gaussians,
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I, relative units
2.0

L8

Binding energy. eV

Fig. 4. Nls spectra from CN, nanotubes (7) before and
(2} alter Ruorination. Spectrum () is the difference spec-
Lrum.

maximum is associated with the pyridine-like nitrogen
atoms surrounding an atomic vacancy [18]. Fluorina-
lion affects the electronic state of nitrogen atoms signif-
icantly; the N1s spectrum shows one broad maximum
at 400.0 eV. A similar evolution of the N 1y spectra was
observed previously during the study of intact and flu-
orinated samples of CN, nanotubes prepared by aceto-
nitrile thermolysis in the presence of Ni/Co nanoparti-
cles [19]. The spectrum of the sample carries informa-
tion about nitrogen atoms in fluorinated CN, walls and
in unfluorinated walls. We subtract the spectrum of the
starting substance from the N1s spectrum of the prod-
uct in order to elucidate the electronic state of the nitro-
gen atoms in the fluorinated walls. The intensity of the

subtracted line is chosen to avoid the appearance of

negative values in the resulting curve; it is about 46%.
This value, close to the relative intensity of the Cls line
from an unfluorinated carbon atom in the sample, con-
firms that two surface walls of CN, nanotubes are fluor-
inated, as inferred previously. The difference spectrum

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY
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is shown by a symmetric line in the energy range of
398.9401.2 eV (Fig. 4).

QUANTUM-CHEMICAL STUDY OF THE EFFECT
OF FLUORINATION
ON THE ELECTRONIC STATE OF NITROGEN
IN A CARBON NANOTUBE

The most probable positions for fluorine atoms o
attach to the surface of nitrogen-doped carbon nano-
tubes were determined from matching of XPE data and
the results of guantum-chemical calculations. An arm-
chair (7.7) carbon nanotube and a zigzag (12,0) carbon
nanotube were chosen to be the starting structures; their
diameters are similar: 9 and 9.1 A, respectively. Nano-
tube indexing is determined by rolling a graphite sheet
into a cylinder [20]. To avoeid the appearance of an odd
number of electrons in the system, we calculated mod-
els that contain a three-coordinated nitrogen atom and
three pyridine-like nitrogen atoms around an atomic
vacancy (Fig. 5). The nitrogen defects are positioned on
the opposite sides of the tube in order to minimize their
reciprocal influence. The terminal carbon atoms of the
fragments are honded to hydrogen atoms. The theoreti-
cal 1s electron binding energies for a pyridine-like
nitrogen atom, incorporated into (7,7) or (12,0) carbon
nanotubes are 398.6 and 398.9 eV, in correlation with
the position of the low-energy maximum in the N1«
spectrum of CN, nanotubes {Fig. 4). The core level
energy of a three-coordinated nitrogen atom is
401.3 eV for the armchair nanotube and 402.6 eV for
the zigzag nanotube. The former corresponds to the
energy of the fundamental maximum of the N1s spec-
trum; the latter can be assigned to the shoulder appear-
ing at the high-energy side of the spectrum.

We modeled the fluorination of carbon nanotubes
through the attachment of fluorine atoms (o nitrogen
atoms and to carbon atoms in the autho, meta, and para
positions relative to a nitrogen defectin (7,7) and (12.0)
carbon nanotubes. We calculated structures in which
two fluorine atoms are attached on the opposite sides of
the nanotube, i.e., in the vicinity of a three-coordinated
nitrogen atom and a pyridine-like nitrogen atom. Any
nitrogen atom incorporated into the graphite net has a
negative charge; a three-coordinated atom has a greater
charge. The quantum-chemical calculations of fluori-
nated graphite fragments with nitrogen defects showed
the absence of energy opportunities for fluorine attach-
ment to a three-coordinated nitrogen atom [21]. The
formation of an N-F bond with a pyridine-like nitrogen
atom is accompanied by the other two terminal nitrogen
atoms approaching each other to close the five-mem-
bered ring. Rolling of the graphite net into a cylinder
changes the reactivity of the nitrogen atom: the three-
coordinated nitrogen atom becomes capable of bonding
with a fluorine atom as a result. However, the distance
between the atoms is long: 1.58 A for a (7.7) nanotube
and 1.53 A for a (12.0) nanotube. For the formation of
an N-F bond with a pyridine-like nitrogen atom, the
Val. 51
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{a)

Fig. 5. Fragments of (a) an armehair ( 7.7) nanotube and (b) a zigeag (12.0) nanotube that bear ( £) three pyridine-like nitrogen aloms
and (2) a three-coordinated nitrogen atoms (shown by solid circles). The nitrogen defects are arranged on the opposite sides of the

tube., Hydrogen atoms are attached to the terminal carbon atoms,

respective values are 1.40 and 1.45 A. The C—F bond
length is independent of the geometry of the nanotube;
it ranges from 1.41 to 1.44 A depending on the nitrogen
defect and the position of the CF group relative to the
nitrogen atom.

Theoretical values of the binding energy of Nls
electrons for fluorinated nitrogen-doped carbon nano-
tubes are listed in the table. The calculations show the
following: the experimentally determined range
(398.9401.2 eV) corresponds to the binding energies
of the 1 electrons of a nitrogen atom, incorporated into
the walls of a zigzag nanotube, in cases where the fluo-
rine atom is attached to a pyridine-like nitrogen atom,
in the mefa position to a pyridine-like nitrogen atom,
and in the artho position to a three-coordinated nitro-
gen atom. Carbon atoms of the armchair nanotube in

the meta positions to pyridine-like nitrogen atoms can
likewise be fluorinated. The energy preference of fluo-
rine attachment to the carbon nanotube with three pyri-
dine-like nitrogen atoms was determined from the cal-
culation of the total energy of (12.0} nanotube frag-
ments. The fragment with the fluorine atom attached in
the meta position to the nitrogen atom has the least
energy. The fluorinated fragments are arranged in the
following order of their increasing energies as depen-
dent on the position at which the fluorine atom is
attached: to a nitrogen atom, in the ortho position to a
nitrogen atom, and in the para position to a nitrogen
atom. The active attachment of a Auorine atom to the
carbon atom in the meia position to a pyridine-like
nitrogen atom results in a small distortion of the C-N
bonds.

I5 electron binding energies (eV') for pyridine-like (N,) and three-coordinated (N,) nitrogen atoms calculated for fluerinated
fragments of carbon nanotubes

Nanotube F-N, CF-orthi-Ny | CF-mefa-Ny | CF-para-N; F-N, CF—orihi-N, | CE=mefa-N,
(7.7 401.5 396.9 399.1 398.0 403.7 401.6 402.4
(12.0) 400.5 3987 3996 I8 404.4 401.1 402.5
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol 51 Neo 4 2006
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The lirst experiments on regisiration ol 10n current accompanying the lield electron emission lrom carbon
nanotubes have been carned out. Emitted eathode has been made from multiwall CN, nanotubes synthe-
sized by thermolysis of a ferrocene and acetonitnle mixture. Since the ton current peaked at the electron
emussion threshold, 1ts origin was atiributed to autoionization ol the residual gas molecules adsorbed on
the nanotube caps. Complex voltage dependence of the 1on current could be related to the change in the
autoronization potential ol the adsorbed molecules with vanation of nanotube diameter.

2 2006 WILEY -WCH Vedag GmbH & Co. KGas, Weinheim

1 Introduction

Field electron emission from carbon nanotubes is a complex phenomenon, which understanding requires
considering of intrinsic structural and chemical characteristics of nanotubes, their density and orientation
on the film, vacuum value in the recording system, etc. [1]. The main parameters of filed enussion, par-
ticularly the current density, threshold field, current—voltage dependence, are mostly determined by
structural peculiarities of individual carbon nanotubes. For cathodes consisted of carbon nanotube arrays
effects of mutual tube screening and difference in diameters should be taking into account too. The ap-
plied electric field causes emission of electrons from the tube tip and molecules adsorbed at the cap can
considerably influence the threshold of electron emission appearance and hysteresis of current—voltage
dependences. The electron emission current dependence on the applied voltage is described by the
Fowler—Nordheim (FN) equation modified with the inclusion of the amplification factor characteristics
of carbon nanotubes [2, 3]. Deviation of current—voltage curve from the FN behaviour is associated with
heating of nanotubes during the emission process and current fluctuations are related to the spontaneous
molecule detachment from the tube surface. Desorbing molecules can be autoionized in the electric field
or ionized by the emitting electrons beam that will result in an appearance of positively charged ions in
the interelectrode space.

The purpose of the present work is detection of ion current from carbon nanotube cathode during the
electron emission process.

2 Experimental

Nitrogen-doped carbon (CN,) nanotubes have been synthesized using a chemical vapor deposition
(CVD) technique. The horizontal CVD apparatus consisted of a stainless steel gas flow reactor of
800 mm length and 36 mm diameter and a tubular furnace with a heating length of 30 cm. Ferrocene has
been dissolved in acetonitrile in a ratio of 1:10 and the reaction mixture was dispersed into reactor
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Fig. 1 Left part — transmission electron microscopy image of CN, nanotubes. Right part — scheme of set-up used
forregistration of electrons and positively charged tons {rom carbon nanotube cathode.

volume using an injector. The pyrolysis was performed at 950 °C and atmospheric pressure in an argon
flow (3 I/min). CN, nanotube film was grown on quartz substrate located in the reaction zone. Transmis-
sion electron microscopy (a JEOL 100 C instrument) indicated wide diameter distribution of CN, nano-
tubes in the sample produced (Fig. 1, left part).

Current of positively charged ions was recorded on the modified vacuum set-up utilized for investiga-
tion of filed electron emission properties of carbon nanomaterials. A measurement scheme is shown in
Fig. 1, right part. A copper 100-mesh coated with a small portion of CN, nanotube powder was used as a
cathode. Preserving of holes in the mesh provided moving of the emitted electrons and positively
charged ions in opposite directions. A positive voltage varied from 0 to 1200V was applied to a flat
molybdenum anode. The separation between anode and nanotube coated mesh was ~500 pm. Channel
secondary-electron multiplier VEU-6 was positioned at the opposite side of the mesh. A negative voltage
applied to the electron multiplier window accelerated the positively charged ions up to 3500 eV. Electron
and ion currents were registered simultaneously with the control of applied sawtooth voltage alternating
with frequency of ~0.5 Hz.

3 Results and discussion

Figure 2 presents a time dependence of electron and ion current for three periodical measurements made
on CN, nanotube cathode. Triangular line shows scans of the applied sawtooth voltage, sharp peaks cor-
respond to the electron current and low-intense signals are due to the ion current. One can see the ion
current increases just before the electron emission threshold as well as with reduction of the electron
current at the decreasing branch of the voltage. Repeating of ion current behavior for different measure-
ments indicates its origin is most likely to result from sorption/desorption processes. The voltage de-
pendencies of the electron and ion current, averaged over ten scans, are shown in Fig. 3. The current—
voltage curve for the electron emission has a characteristic form with clearly defined hysteresis. Since
the branch attributed to voltage increase exhibits larger values of current we suggest a part of molecules
had desorbed from the nanotube surface during the emission process that resulted in the deterioration of
field electron emission characteristics of CN, nanotubes. The current—voltage curves for the ion emis-
sion show a several features arising both with increase and decrease of the applied voltage. The largest
ion current was recorded at the threshold field for the electron emission and, therefore, its appearance
could be associated with autoionization of the adsorbates located at the tube caps. It has been previously
demonstrated the most effective adsorbates to the carbon nanotube surface are molecules with a signifi-
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Fig. 2 Time dependence of the recorded electron current (black line) and wn current (gray line) from the CN,
nanotube cathode, Triangular line shows scans of sawtooth voltage applied.

cant dipole moment (most probably water) [4]. At the operating vacuum of ~10* Pa the H,O" or H' ions
have best chance to be registered. The value of the ion current is lower at the decreasing branch of the
voltage than that at the increasing one. This fact suggests limited heat conduction of nanotubes causing
the higher temperatures for molecule sorption when the voltage decreases.

The nanotubes having different diameters begin emitting the electrons at the different values of the
threshold field. At the same time adsorbates are ionized and drift to the electron multiplier. In our ex-
periments, the lowest value of the field required for ions production was equal to ~ 1.4 V/um that could
be associated with the narrowest nanotubes (~10 nm in diameter) occurred in the investigated sample.

1.0 T T T T T T T T T 5.0

T
urrent (wA)

lon currentintensity (arb. units)
T
FE ¢

U (v
Fig. 3 Current—voltage curves for the emutled electrons (the right scale) and positively charged 1ons (the
lefl scale). Macroscopic electric lield (V) was defined as a ratio of the applied voltage to anode-to-cathode
distance. The arrows directed up/dovwn correspond to inerease/decrease of the appled voltage.

£ 2006 WILEY-YV CH Verlag GmbH & Co, KGaA, Weinheim www,pss-h.com

51



Original

Paper

phys. stat. sol. (b) 243, No. 13 (2006) 3513

The presence of several maxima for the current—voltage dependence of the registered ions 1s likely to
correlate with the diameter distribution of CN, nanotubes and could be used for evaluation of uniformity
location of autoionized centers in the cathode.

4 Conclusion

We have carried out experiments for simultaneous registration of the electron and ion currents from
carbon nanotube cathode. The current of positive charged ions was found to have the largest value just
before the threshold for electron emission appearance. Since electrons are more likely to be emitted from
the carbon nanotube tip, this process could results in autoionization and detachment of molecules ad-
sorbed at the tube caps. The threshold for ions emission should be dependent of tube diameter that,
probably, is a reason of occurrence of few features in the registered current—voltage dependences. Actu-
ally, the sample used as cathode has been shown by transmission electron microscopy to contain multi-
wall nanotubes with outer diameters ranged from 10 to 100 nm. The suggested measurements could be
used for express evaluation of diameter distribution in the carbon nanotube sample.
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