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ABSTRACT

A CVD method was used to prepare high-quality nitrogen-doped multiwalled carbon nanotubes (N-MWCNTs) using acetonitrile
as the nitrogen and carbon source and acetylene as a carbon source over an Fe-Co/CaCO, catalyst in the temperature range
700-850 °C. This represents a continuation of earlier work in which Fe-Co on CaCO, was used to make undoped carbon
nanotubes. The effect of synthesis parameters (growth temperature and CH,CN vaporization temperature) on the yield, size,
quality, morphology and thermal stability of the N-MWCNTs was studied. The resulting materials were characterized by TEM,
SEM, TGA, BET, XPS, CN elemental analysis and Raman spectroscopy. TEM analysis revealed that the nanotubes exhibit bam-
boo-like structures with rough surfaces and a relatively uniform diameter. The bamboo compartment distance decreased with in-
crease in synthesis temperature due to the increased nitrogen content in N-MWCNTs. The SEM examination showed that at high
synthesis temperatures carbon spheres (CSs) with chain-like morphology and large sizes were also formed along with the
N-MWCNTs. The XPS and CN elemental analysis revealed that nitrogen atoms were successfully doped into the carbon walls.
The amount of nitrogen incorporated in the N-MWCNTs varied with increasing growth time and CH,CN vaporization tempera-

ture.
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1. Introduction

Since the discovery of polyhedral carbon clusters (fullerenes)
in 1985,' new graphite-like nanostructures such as carbon
nanotubes (CNTs)* and related nanostructures (spheres,’
onions,* fibres,” horns’, etc.) have been reported. CNTs have
attracted the attention of scientists in recent years for their appli-
cation as catalyst supports,”® nanoscale semiconductor devices,”
sensors,”*"" in hydrogen storage,””"* scanning probes,' etc. More
importantly, while single-walled carbon nanotubes (SWCNTs)
can either be metallic or semiconducting, depending on their
chirality and diameter,”™'* multiwalled carbon nanotubes
(MWCNTs) present anisotropic metallic behaviour.” Doping of
CNTs with heteroatoms provides a means of modifying the
conducting and other properties of the CNTs."™" Novel elec-
tronic properties can be expected if N atoms directly substitute C
atoms in the graphitic lattice as the doping results in a produc-
tion of an n-type conductor.® A high nitrogen content in CNTs
leads to anincrease in the CNT conductivity due to the rise of the
Fermi level towards the conduction band.** Low dopant con-
centrations have been incorporated within the CNTs,” and the
electronic conductance was shown to be significantly enhanced
without altering the mechanical properties.** Nitrogen-
containing CNTs have recently been reported by Gong and
co-workers to be an efficient metal-free catalyst for the oxygen
reduction reaction (ORR).” It has been reported that nitrogen-
doped multiwalled CNTs (N-MWCNTs) are thermally less
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stable” and possess larger surface-active group/volume ratios,
better mechanical properties, and better biocompatibility com-
pared to undoped CNTs.**%

Various synthesis methods have been used to make nitrogen-
doped CNTs. These include arc discharge,® laser ablation,”
substitution reactions,” catalytic pyrolysis of organic precursors
including acetonitrile,” pyridine,* triazine,” and various chemical
vapour deposition (CVD) methods.” The CVD method remains
the most promising method for the commercial production of
highly dense and well aligned nitrogen-doped CNTs by catalytic
decomposition of suitable carbon and nitrogen sources. The
growth process usually involves heating a catalyst (typically to
700-1000 °C) in an atmosphere of C and N containing precur-
sors.

To date, N-doped MWCNTs have been synthesized by thermal
CVD of a nitrogen-containing organic compound in the pres-
ence of supported metal nanoparticles, by the pyrolysis of
acetonitrile over an Fe/MgO catalyst,” by using a Co-based
catalyst derived from Co/Al layered double hydroxides using
methane and acetonitrile as C and N sources, respectively,” by
using a mixture of C,H/Ar/NH, and an Fe/Al,O, catalyst,* by
using NH, and CH, over an Fe-Mo/MgO catalyst,” etc. Bamboo-
like CNTs have recently been synthesized by thermal decompo-
sition of pyridine and iron phthalocyanine over an iron catalyst
under an ammonia atmosphere.”* X-ray photoelectron spectros-
copy (XPS) analysis of these N-CNT samples has demonstrated
three types of nitrogen atoms associated with the CNT surface,
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namely pyridine-like, graphite-like, and molecular nitrogen; the
maximum dopant concentration was found to be in the range of
1.18-3.22 at. % over the temperature range 750-875 °C.* Floating
catalyst CVD methods have also been proven to be a popular
method to make N-CNTs. For example, Nxumalo and co-workers
prepared bamboo-shaped MWCNTs by the floating catalyst
CVD method using ferrocene/aniline mixtures at 900 °C.*

In the CVD processes, when transition metal particles are used
as a catalyst, it is believed that the CNT forms from the metal
catalyst surface that resides at either the base® or the tip of a
growing nanotube.”” N-CNTs are proposed to grow only via a
base growth process. Nitrogen-doping significantly alters the
morphology of CNTs, typically leading to bamboo-like structures
that contain regularly arranged compartments with a hollow
channel.” It was proposed that the bamboo-like structures
might be due to effects related to the catalyst particle shape, the
bulk diffusion of carbon and nitrogen in the catalyst, or the slow
movement of the catalyst compared to the growth rate of
the CNT. It has been shown that the cup separation distance in
the bamboo structure correlated with the concentration of the
nitrogen in the tube.”

The nature of the support used during CNT synthesis plays
an important role in influencing the activity of the catalyst. A
number of factors need to be considered when choosing a
support material, including thermal stability, solubility in acids/
alcohol/water, surface area, etc." High surface area materials
such as SiO, and Al O, provide excellent supports for catalytic
CNT production.” However, they are not easily removed and
therefore purification of CNTs made from these supports
remains a challenge.

Undoped MWCNTs have been produced by decomposing a
hydrocarbon gas (e.g. acetylene) over a metal catalyst supported
on CaCO, such as Ni/CaCO,,* Co/CaCO,,** Fe-Co/CaCO,,"*
and Fe/CaCO,.** At the end of the reaction the CaO can be
easily dissolved in dilute acids such as HNO, and HCI. Further,
studies revealed that Fe-Co catalysts are more effective than
either Fe or Co catalysts when supported on CaCO,.** The
success in using CaCQO, as a support suggested it could also be
used to make N-MWCNTs.

In this study, we report on a systematic synthesis of N-MWCNTs
by the thermal decomposition of acetylene (C,H,) and
acetonitrile (CH,CN) as the carbon and nitrogen sources over
an Fe-Co/CaCO, catalyst, under an N, atmosphere. This study
revealed the key roles played by CH,CN concentration and reac-
tion temperature on the structure and quality of the materials
formed that permit a control of nitrogen content in the
N-MWCNTs. This work represents a continuation of earlier
work in which an Fe-Co on CaCO, was used to make undoped
carbon nanotubes.*

2. Experimental

2.1 Catalyst Preparation

The Fe-Co/CaCO, catalyst was prepared by an impregnation
route using an aqueous mixture of Fe(NO,),9H,0 and
Co(NO,),.6H,0.* The two metal nitrates (purchased from
Sigma-Aldrich) were of analytical reagent grade and were used
without further treatment. Calculated amounts of the metal
nitrates were mixed and dissolved in distilled water to make
a 0.3 M Fe-Co (50:50 w/w) precursor solution. This precursor
solution was added dropwise to the stirred CaCO, and the
mixture was left to stir for 30 minutes. The resulting metal-
support mixture was then filtered and dried in an oven at 120 °C
for 12 hours, cooled to room temperature, ground and sieved

using a 150 um mesh sieve. The catalyst was then calcined at
400 °C for 16 hours in air to decompose the nitrates in the cata-
lyst. The total loading of the Fe-Co catalyst on the CaCO,
was 5 mass %. These catalysts were completely characterized as
reported in our earlier paper.*

2.2 Fabrication and Purification of N-MWCNTs

N-MWCNTs were synthesized using a procedure similar to
that reported by Mhlanga et al. for the synthesis of undoped
MWCNTs.* The syntheses were carried out in a tubular quartz
reactor (51 cm X 1.9 cmi.d.) placed in a horizontal furnace. C,H,
(Afrox) and CH,CN (Sigma-Aldrich) were used as carbon and
carbon/nitrogen sources, respectively. N, (Afrox) was used as a
carrier gas to dilute the C,H, in order to decrease the contact time
between C,H, and the catalyst, and consequently reduce the
formation of amorphous carbon.” For each synthesis, 0.3 g of the
catalyst was uniformly spread onto a quartz boat (120 mm x
15 mm) which was then placed in the centre of the quartz tube.
A series of experiments were performed, using different
acetonitrile vaporization temperatures (room temperature,
50 °C and 80 °C) and different reaction temperatures (700, 750,
800 and 850 °C). The furnace was raised to a desired tempera-
ture at 10 °C min™ under flowing N, gas (40 mL min™) in the
reaction. Once the desired temperature was reached, the N,
(240 mL min™) and C,H, (100 mL min™) were simultaneously
bubbled through CH,CN for 1 hour. After this, the bubbling of
the gases through CH,CN was stopped and the system was left
to cool down to room temperature under N, (40 mL min™'). The
quartz boat was then removed from the reactor and the carbon
deposits that formed along with the catalyst were weighed.
Other forms of carbon materials were made when the reaction
and acetonitrile heating temperatures were set to 900 °C and
80 °C, respectively. The resulting nitrogen-containing materials
were purified using 55 % HNO, under reflux in an oil bath held
at 110 °C for 4 hours to remove the CaO, residual Fe-Co particles
and introduce oxygen surface groups. The acid-treated carbon
materials were then filtered and washed several times with
distilled water (to remove the residual HNO,) until the pH of the
filtrate was neutral. The nitrogen-containing materials were
dried at 120 °C for 12 hours. As-synthesized N-MWCNTs grown
at 700-850 °C using CH,CN are denoted as 700, 750, 800 and 850,
and the purified materials are denoted as 700B 750F 800P and
850P.

2.3 Carbon Yield Calculation

The yield was determined by estimating the amount of carbon
reactants used and the amount of carbon produced. The carbon
was contained in both reactants (C,H,, CH,CN). The yield was
determined from the unpurified reactants produced. The yield
calculated includes carbon formed as both CNTs and carbon
spheres (CSs), (see online supplement for calculations).

2.4. Characterization of N-MWCNTs

The morphology and structural features of the nitrogen-
containing nanotubes were ascertained by transmission electron
microscopy (TEM) using a FEI Technai G* Spirit electron micro-
scope operated at 120 kV, scanning electron microscopy (SEM)
using a FEI QUANTA 400 FEG ESEM at 5 kV, and Raman spec-
troscopy using a Jobin-Yvon T6400 micro-Raman spectrometer
equipped with a liquid nitrogen cooled charge coupled device
detector. The thermal stability of the N-MWCNTs was investi-
gated by thermogravimetric analysis (TGA) using a Perkin Elmer
Pyris 1 TGA. About 10 mg of each sample was heated to 900 °C at
arate of 10 °C min™ under air. The mass of all samples was kept
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Figure 1 TEM images of the purified N-MWCNTs grown using CH,CN (r.t.) and reaction temperatures of (a) 700 °C, (b) 750 °C, (c) 800 °C and

(d) 850 °C.

constant (ca. 10 mg) in order to reduce the effects of variability in
measurements. BET surface areas of the N-MWCNTs (~200 mg
for each measurement) were obtained through N, adsorption
using an ASAP 2000 Micrometrics TriStar Surface Area and
Porosity Analyzer. The nitrogen concentration was determined
by CN elemental analysis using a Carlo Erba NA 1500 Nitrogen
Carbon Sulphur Analyzer at the ARC- Institute for Soil, Climate
and Water in Pretoria. The X-ray photoelectron spectroscopy
(XPS) measurements were performed in a Thermo Scientific
K-Alpha equipped with a monochromatic Al Ka X-ray source
(1486 eV photons and 200 um spot size), at the Department of
Physics and Astronomy, Rutgers University, USA.

3. Results and Discussion

3.1. Structural Analysis of N-MWCNTs

Figures 1-3 show TEM images of the nitrogen-containing
CNTs prepared from acetonitrile at different temperatures. It
was observed that the quality of the N-MWCNTs varied as the
reaction temperature increased. All the N-MWCNTs synthe-
sized at 700-750 °C were light and spongy in texture, while all
the materials prepared at 800-850 °C were coarser in texture. As
mentioned in the experimental section, the as-synthesized
N-MWCNTs were purified with HNO, to remove the CaO and
residual Fe-Co particles. After purification, no significant
changes to the structures and the sizes of the N-MWCNTs were
observed. TEM analysis revealed that at all temperatures, the

CNTs were multiwalled, randomly arranged and were found to
have open ends. These open-ended N-MWCNTs may be suit-
able for field emission studies.”" All the unpurified nanotubes
formed contained no residual catalyst particles in their tips,
suggesting that they were made via a base-growth mode involv-
ing a strong interaction between Co-Fe particles and the CaO.*"*

Nitrogen incorporation is evidenced by the presence of
bamboo-like structures in which the inside of the tube is sepa-
rated into a series of compartments (Figs 1-3). Doping leads to
the introduction of defects and a higher degree of disorder in the
graphite tubes.” Evaluation of the TEM image compartment size
indicates that the degree of doping increased at higher reaction
and CH,CN temperatures. However, the observed increase in
nitrogen incorporation with increase in growth temperatures
above 750 °C contradicts other findings in the literature. The
findings in the literature suggest that as the growth temperature
increases, the nitrogen content decreases.” The contradiction
can be related to the difference in synthesis methods, catalysts,
experimental parameters, and C and N precursors used in this
study. The images also reveal that with the increase of tempera-
ture from 700-750 °C (Figs 1a, 1b, 2a, 2b, 3a and 3b) roughening of
the outer N-MWCNTs surfaces is more prominent but roughen-
ing decreases as temperature increases from 800-850 °C (Figs 1c,
1d, 2¢, 2d, 3c and 3d).

At 700 °C the tubes appear to have thin walls and very few
compartments. The percentage of nitrogen in these tubes is
~2.2 % (seelater). The N-MWCNTs grown at 750 °C at all CH,CN
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Figure 2 TEM images of the purified N-MWCNTs grown using CH,CN (50 °C) and reaction temperatures of (a) 700 °C, (b) 750 °C, (c) 800 °C and

(d) 850 °C.

heating temperatures (room temperature to 80 °C; Figs 1b, 2b
and 3b), have very rough surfaces and gave compartments that
were separated by narrow shells, formed randomly and fre-
quently. At 800 °C (Figs 1c, 2c and 3c), as the CH,CN vaporiza-
tion temperature increased from room temperature to 80 °C,
the compartment layers occurred at regular distances and
became more visible and appeared to be thick and curved. At
850 °C, as the CH,CN heating temperature increased from room
temperature to 80 °C, the well-curved, thick compartment layers
had shorter separation distances (Figs 1d, 2d and 3d). The
N-MWCNTs at 850 °C had a wide range of outer diameters that
decreases with CH,CN heating temperature. At 850 °C carbon
spheres (CSs) were observed, also with a wide range of diameters
(see Table 1).

Quantification of the above TEM observation was achieved by
analysis of the nitrogen-containing carbon nanotubes from the
TEM images (supplementary Figures Sla—c and Table 1). The
data reveal that at all CH,CN heating temperatures, as the
synthesis temperature increased, the outer diameters of
the N-MWCNTs also increased. On the other hand, the inner
diameter measurements revealed no systematic trend with
respect to synthesis and CH,CN temperatures. It is noted that at
all CH,CN temperatures, the average outer diameters of the
N-MWCNTs synthesized at 700, 750, 800 and 850 °C, are rela-
tively uniform in size (5 nm of the average value).

Figure 4 and supplementary Fig. S2 show representative SEM
micrographs of the purified nitrogen-containing materials

synthesized at 850 °C (using CH,CN at r.t. and 50 °C) and
800-850 °C (using CH,CN at 80 °C), respectively. The SEM im-
ages show that CSs were formed along with N-MWCNTs. The
CSs were linked together in a necklace-like fashion, typical
of CSs synthesized in the presence of hydrocarbons by CVD; in
the absence of a catalyst.”

Quantitative observation of TEM and SEM images of carbon
produced at 850 °C indicates that the N-MWCNT/CS ratio varied
with CH,CN heating temperature. At room temperature the
N-MWCNT/CS ratio was 70/30, at 50 °C it was 65/35 and at 80 °C
it was 50/50. (At a reaction temperature of 800 °C, using CH,CN
at 80 °C, the ratio was 60/40). The SEM images and Table 1 show
that (i) increasing CH,CN vaporization temperature gives CSs
with a larger yield and diameters, (ii) increasing growth temper-
ature gives CSs with a larger yield and larger diameters. This
is consistent with previous reports that higher temperatures
favour growth of carbon spheres.*” In independent studies,
nitrogen-doped carbon spheres (N-CSs) have been synthesized
in our laboratory using C,H, and CH,CN without the use of a
catalyst. This confirms that the CSs formed here have been
produced via non-catalytic synthesis procedures and contain
nitrogen.

3.2. Yield of N-MWCNTs

In this study the yields have been determined from the
amount of carbon deposited relative to the amount of carbon
passed over the catalyts, e.g. a yield of 16 % was obtained at
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Figure 3 TEM images of the purified N-MWCNTs grown using CH,CN (80 °C) and reaction temperatures of (a) 700 °C, (b) 750 °C, (c) 800 °C and

(d) 850 °C.

800 °C. The yields are typical of N-CNT yields found in these
types of reactions. Yields are often quoted as the amount of
product formed relative to the amount of catalyst used (a type of
turn over number) and then the “yield’ can be >1000 %.%

In catalytic CVD procedures, higher temperatures are used to
produce a higher carbon yield.” However, at higher tempera-
tures non-catalytic competing pathways can occur and in
this study CSs formed together with the desired materials.
The total yield of the as-synthesized nitrogen-containing materi-
als increased as the synthesis temperature increased from
700-850 °C (Fig. 5). At low reaction temperatures (700-750 °C),
only small amounts of N-MWCNTs were formed. At higher tem-

peratures (800-850 °C), the decomposition rate of C,H, and
CH,CN is faster and large amounts of N-MWCNTs and N-CSs
were formed. An increased CH,CN content is seen to reduce the
carbon yield (Fig. 5).

3.3. BET Surface Area and Pore Volume Analysis of
N-MWCNTs

The specific surface areas and pore volume of the purified
N-MWCNTs are shown in Table 2. The surface areas and pore
volume of the purified N-MWCNTs decreased as (i) reaction
temperature and (ii) CH,CN temperature increased from
700-850 °C and r.t. to 80 °C, respectively. The observed surface

Table 1 Effects of temperature on the outer diameter of purified N-MWCNTs.

CH,CN temperature
rt. 50 °C 80 °C
Sample Size Average diam.  Type of Size Average diam.  Type of Size Average diam.  Type of
distribution /nm material distribution /nm material distribution /nm material
/nm /nm /nm
700 22-98 30 CNTs 22-118 30 CNTs 22-158 30 CNTs
750 22-98 50 CNTs 22-138 50 CNTs 22-178 50 CNTs
800 17-143 70 CNTs 22-158 70 CNTs 40-170 70 CNTs
75-350 100 CSs
850 22-220 90 CNTs 5-195 90 CNTs 42-220 90 CNTs
100450 150 CSs 80450 130 CSs 200-450 250 CSs
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Figure 4 SEM images of the purified N-MWCNTs grown at 850 °C using CH,CN at (a) r.t. and (b) 50 °C.

areas and pore volume of the N-MWCNTs are related to (i) the 20-
formation of oxidized functional groups on the surface of 18] | TR CHsCN=rt -
N-MWCNTs,**® (ii) the larger average diameters of the —@— CH;CN =50°C /.
N-MWCNTs, which exhibit a lower external surface area at ~ 169 _, Caro
. . ) e —A— CH,;CN = 80°C -
higher synthesis temperatures, (iii) the harder texture and (iv) < 14
the presence of low surface area N-CSs. %
S, 124
3.4. Thermogravimetric Analysis of N-MWCNTs 2 10 /
The thermal stabilities of the as-synthesized and purified 2 o
N-MWCNTs were evaluated using TGA under an air flow rate of g 8-
30 mL min™ and a constant heating rate of 10 °C min™. TGA &
was also used to study the overall purity of the N-MWCNTs. ' 6 /
Figures 6a—c show typical TGA profiles and the corresponding Z 4] "
derivative curves of the as-synthesized N-MWCNTs made at o
700-850 °Cusing CH,CN atr.t., 50 °Cand 80 °C. The TGA profiles 24 A
of the purified N-MWCNTs (denoted 700P-850P) are shown in 0-

supplementary Figs S3-55. The maxima in the first order deriva-
tive plots of the TGA curves were used to estimate decomposi-
tion temperatures of the N-MWCNTs (Table 3).”!

According to the literature, amorphous carbon typically
oxidizes in air at temperatures below 400 °C,*** whereas CNTs
oxidize at higher temperatures, up to 800 °C.* The TGA data
showed that there was no mass loss below 400 °C, confirming
(from TEM studies) that amorphous carbon was not observed in
the as-synthesized N-MWCNTs. Al N-MWCNTs synthesized at
700 °C (Figs 6a—c) showed weight gains at 455-553 °C due to the
formation of metal oxide from incompletely oxidized catalysts.®

Two weight loss derivative curves occur in the high tempera-
ture region for all the as-synthesized N-MWCNTs and the peak
positions vary with temperature. As seen from Table 3, the first
peak of the derivative plot occurs at 587-700 °C for all the

Table 2 BET surface areas and pore volume of the purified N-MWCNTs.

700 720 740 760 780 800 820 840 860
Temperature (°C)

Figure 5 Graph showing the amounts of N-MWCNTs grown at 700-
850 °C using CH,CN at r.t., 50 °C and 80 °C.

as-synthesized N-MWCNTs and can be attributed to the degra-
dation of N-MWCNTs while the second peak at 737-768 °C can
be attributed to other carbon crystalline materials such as gra-
phitic soot,*and possibly undoped MWCNTs.

For all purified N-MWCNTs synthesized using CH,CN at r.t.
and 50 °C, the carbon decomposition temperature generally
increased as the reaction temperature increased from 700-800 °C
and decreased at 850 °C. Moreover, when the CH,CN heating

CH,CN temperature
rt. 50 °C 80 °C

Sample BET surface area Pore volume BET surface area Pore volume BET surface area Pore volume

/mZ g—l /Cm3 g—l /mZ g—l /Cm3 g—l /mZ g—l /Cm3 g—l
700P 138.4 0.55 142.6 0.48 97.3 0.32
750P 64.8 0.24 60.6 0.16 56.3 0.26
8oor 29.6 0.076 18.1 0.060 16.5 0.056
850P 10.9 0.039 16.3 0.042 9.2 0.026
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Figure 6 TGA and corresponding derivative profiles of the as-synthesized N-MWCNTs using CH,CN at (a) r.t., (b) 50 °C and (c) 80 °C.

temperature was kept at 80 °C, the decomposition temperature
was more variable. Our TGA results generally agree with those
reported in the literature. A number of reports suggested that an
increase in nitrogen content gave rise to less thermally stable
N-CNTs, due to more structural defects and disorder achieved
by the introduction of reactive sites in the N-CNTs.”*

The general drop in decomposition temperature at 850 °C is
associated with the presence of a mixture of N-MWCNTs and
CSsin the products (see Table 3). Usually small diameter CNTs or
small bundles of the CNTs have lower combustion tempera-
tures.” It is evident from our results that lower diameter
N-MWCNTs, formed at a low growth temperature, decompose
at a lower temperature than the large diameter N-MWCNTs
prepared at a high growth temperature.” The results in Table 3
indicate a significant effect of CH,CN vaporization temperature
on the decomposition temperature of the as-synthesized

N-MWCNTs. As can be seen, the as-synthesized N-MWCNTs at
700 °C show ~50 % impurities (mainly Fe-Co/CaCO,) but the
yield of the impurities decreased as the synthesis temperature
increased to 850 °C (~6 % impurities). A large amount of the
residual metal catalyst particles (Fe,O, and Co,0,) was observed
at lower synthesis temperatures at all CH,CN heating tempera-
tures.

The weight loss derivative curves of the purified N-MWCNTs
(supplementary Figs S3-S5) showed no weight gains due to
metal oxide formation, indicating that HNO, was effective in
removing Co and Fe from the N-MWCNTs. It was also observed
that after acid-treatment of all N-MWCNTs, the amount of residual
catalyst decreased as the synthesis temperature increased,
suggesting that the residual Fe,O, and Co,O, catalyst particles
were mostly removed. As shown in Table 3 and supplementary
Figs S3-S5, the acid-treated N-MWCNTs oxidized earlier than
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Table 3 Decomposition temperatures and residual masses (determined by TGA) of the as-synthesized and purified N-MWCNTs.

CH,CN temperature
r.t. 50 °C 80 °C
Sample Decomposition Residual mass Decomposition Residual mass Decomposition Residual mass
temperature /% temperature /% temperature /%
/°C /°C /°C

700 587 56 611 49 623 48
700P 582 3.1 591 1.4 601 59
750 684 24 674 28 671 34
750P 662 0.38 626 3.4 636 2.0
800 697 8.9 703 13 668 18
800r 633 0 687 5.2 598 9.0
850 652 6.0 645 5.6 660 12
850P 626 0.38 668 2.0 658 1.5

Table 4 CN elemental analysis of the purified N-MWCNTs.

CH,CN temperature
rt. 50 °C 80 °C
Atomic % Atomic % Atomic %

Sample C N C N C N

700P 78.24 2.23 86.58 2.16 84.78 2.14

750P 88.89 1.44 86.91 1.76 89.82 1.68

800P 91.11 1.98 87.85 2.22 82.90 2.81

850P 88.39 3.46 94.55 3.64 87.18 4.18

the as-synthesized N-MWCNTs. This can be attributed to the
presence of -OH and —-COOH functional groups on the tubes,
which assist the decomposition of the CNTs.

3.5. Elemental (C and N) Analysis of N-MWCNTs

The purified nitrogen-containing carbon nanomaterials were
also characterized by C and N elemental analysis. CN analysis
confirmed the presence of nitrogen in the N-MWCNTs (Table 4).
It is clear from the data that as the synthesis temperature
increased (700 to 800 °C), the percentage of N inserted into the
N-MWCNTs decreased and then increased. This arises from two
effects: as the temperature increases the N doping of the CNTs
decreases.””

However, at the higher temperatures, CSs form that also
contain nitrogen. Inindependent studies,” it was shown that the
N content of CSsincreased slightly with increasing temperature.
Thus, the two effects operate in opposite directions to give the
results seen.

The data also showed that at 700 °C and 750 °C, as CH,CN
vaporization temperature increased (r.t. to 80 °C) the N concen-

tration showed little variation, suggesting that the C,H,/CH,CN
ratio had little effect on the N-MWCNT growth.

3.6. Raman Spectroscopy Analysis of N-MWCNTs

Raman spectroscopy is an effective tool to analyse the
crystallinity and the defects in carbon structures.” Raman spec-
troscopy was used to provide information on the degree of
structural defects in N-MWCNTs (supplementary Figs 56-S8).
The Raman spectra (also, see Table 5) show two main bands at
approximately 1350-1360 cm™ (D-band) and approximately
1590-1600 cm™ (G-band), which are characteristic of MWCNTs.
The D-band is associated with defects and impurities in the
CNTs. The G-band corresponds to the stretching mode of the
C-C bond in the graphite plane. The area ratio of the D- to
G-bands (I/I;) allows for a comparison of defects in the
N-MWCNTs. A high I/I; ratio indicates more defects present
inside the carbon layers of CNTs. The results indicate that as the
reaction temperature increases the degree of disorder increases,
correlating with the higher nitrogen content (Table 4).

Table 5 D-, G-bands and I,/I; ratios of the as-synthesized and purified N-MWCNTs.

CH,CN temperature
r.t. 50 °C 80 °C
Sample D-band/cm™  G-band/cm™ I/l ratio  D-band/cm™ G-band/cm™ I/l ratio D-band/cm™ G-band/cm™ I/l ratio
700 1352 1598 1.43 1352 1601 1.31 1354 1600 1.05
700P 1355 1595 1.44 1353 1595 1.48 1355 1597 1.52
750 1355 1600 1.41 1354 1597 1.48 1357 1601 1.47
750P 1354 1595 1.52 1352 1593 1.65 1363 1602 1.52
800 1361 1600 2.20 1360 1598 1.75 1361 1597 2.53
800P 1362 1599 1.72 1361 1594 1.87 1368 1604 1.92
850 1359 1592 2.15 1351 1614 1.68 1358 1591 1.55
850P 1359 1596 2.14 1355 1614 2.02 1360 1596 2.04
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Figure 7 Types of nitrogen-based species that can be incorporated into graphitic carbon: (A) oxidized pyridinic, (B) pyridinic, (C) pyrrolic, (D) quater-

nary.”

3.7. XPS Analysis of Purified N-MWCNTs Grown at 800 °C
Using CH,CN at r.t.

XPS was used to determine the nitrogen-doping level and the
types of N-moieties in the N-MWCNTs grown at 800 °C using
CH,CN at rt. According to van Dommele and co-workers,”
nitrogen can be incorporated into the CNT lattice in different
bonding configurations (Fig. 7); namely, (A) pyridinic oxides:
which are attributed to oxidized nitrogen on the graphite layers,
(B) pyridine-like N: where the N atom is sp* hybridized, bonding
to two C atoms, (C) pyrrole-like N: where the N is sp® hybridized
in a five-membered ring, and (D) quaternary/graphitic/sub-
stitutional N: where a graphitic carbon atom is substituted by a
N atom in the graphitic sheet.

XPS spectra of the purified N-MWCNTs grown at 800 °C using
CH.CN at r.t. are displayed in supplementary Fig. S9 and the
results of the peak analysis are summarized in Table 6. Figure 8
shows the high-resolution N 1s XPS spectrum, which indicates
the presence of nitrogen-based species on the N-MWCNTs. The
N 1s peak can be deconvoluted into three peaks, representing
molecular nitrogen intercalated within the walls or within the
inner cavity of the CNTs (molecular N, at 405 eV)™, quaternary
nitrogen (N, at 401 eV) and pyridinic nitrogen (N, at 398 eV).”
The analysis of the N 1s spectra reveals that N atoms in the outer
layer mainly exist as molecular N, (0.76 %). The N 1s peak
also showed quaternary N (0.35 %) with a small portion of
pyridinicN (0.21 %). This resultis in line with other observations
reported in the literature.”””*”® For example, van Dommele and
co-workers,” when using CH,CN and pyridine as N sources

Table 6 XPS analysis of purified N-MWCNTs grown at 800 °C using
CH,CN at r.t.

Binding energy (eV) (and atomic concentration (%))
C N (0]

284.70 (71.01 %)
288.56 (4.64 %)
287.19 (2.26 %)
286.12 (9.84 %)

398.68 (0.21 %)
401.45 (0.35 %)
404.98 (0.76 %)

531.81 (5.67 %)
533.61 (2.5 %)
532,91 (2.76 %)

over Fe, Co or Ni supported on Al,O, or SiO,, established that
quaternary nitrogen was found when nitrogen-doped CNTs
were grown at high temperatures (750 and 850 °C), while
pyridinic nitrogen was predominantly present at a lower tem-
perature (550 °C). In addition, Yadav and co-workers™ also
established the presence of quaternary N when they synthe-
sized bamboo-shaped CNTs using spray pyrolysis of ferrocene/
acetonitrile solution at 850-950 °C. The total concentration of N
from XPS analysis was 1.32 % (Table 6), consistent with the
results of our CN elemental analysis (1.98 %, Table 4). Generally,
an XPS spectrum mainly reflects the information of the outer
layer of the measured sample. The combination of XPS and
CN analysis results here suggests that nitrogen atoms appear
uniformly doped from the interior to the surface of the
N-MWCNT structure.

Carbon and oxygen were also identified by XPS analysis
(Table 6, peaks at about 285-289 eV and 531-533 eV, respectively).

Figure 8 Deconvoluted N 1s XPS spectra of the purified N-MWCNTs synthesized at 800 °C using CH,CN at r.t.
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The strong C 1s peak at 284.7 eV can be assigned to sp” hybrid-
ized carbon (C-C bond) which is the major component in the
N-MWCNTs. This value is similar to the previously reported for
the N-CNTs by Ayala and co-workers.” The peaks at about
287 and 289 eV can be assigned to C-N bonding species” and
O=C-O bond, respectively, due to the functionalization of
N-MWCNTs by HNO,. The O 1s peak at about 532 eV can be
assigned to C-O and O-Hbonds, also due to functionalization of
N-MWCNTs by HNO,. The oxygen peak is associated with C-O
functionalities due to the oxygen absorbed on the surface of the
CNTs,” the substrate on which the nanotubes were grown” and
exposure of the sample to atmospheric air.”

4. Conclusions

Our results describe a simple method to make good yields of
nitrogen-containing multiwalled carbon nanotubes with known
nitrogen content. We have successfully synthesized nitrogen-
doped carbon nanotubes by the catalytic pyrolysis of acetonitrile
over a CaCO, supported Fe-Co catalyst. The CNTs formed were
mostly multiwalled and bamboo-shaped. At higher tempera-
tures (800-850 °C) a mixture of N-MWCNTs and CSs was
observed. It is obvious that an increase in CH,CN vaporization
temperature plays a role in the formation of the nitrogen-
containing materials. The study shows that the best conditions
for the synthesis of high-quality N-MWCNTs in good yields are
800 °C and a r.t. CH,CN vaporization temperature, as the condi-
tions give pure N-MWCNTs in good yield. The presence of
nitrogen in all N-MWCNTs was confirmed by CN elemental
analysis. The results showed that N-doping increased with an
increase in CH,CN vaporization temperature.

XPS results revealed that the nitrogen atoms were successfully
doped inside the carbon walls and are trigonally bonded to
graphitic carbon atoms. CN analysis and XPS data suggested
that nitrogen atoms were uniformly doped throughout the
N-MWCNT structure. At high synthesis temperatures, nitrogen
incorporation into carbon is higher than for samples synthesized
atlow temperatures. This can be related to the higher number of
defects in their structure, as confirmed by Raman spectroscopy.
It has been shown that the properties of N-MWCNTs, i.e. the
level and the type of nitrogen-doping, surface area, diameter,
quality and thermal stability, can be tuned by changing the
growth and CH,CN temperatures. The high surface area and
thermal stability properties of the N-MWCNTs provide advan-
tages for the N-MWCNTs to be used in several applications in
catalysis. The N-MWCNTs synthesized are suitable for use as
catalyst supports for the synthesis of chemicals, in water purifi-
cation, as well as in fuel cell and solar cell applications. The
method used here is environmentally friendly and suitable for
large scale production of N-MWCNTs.

This work has shown that N-doped MWCNTs can be synthe-
sized over an Fe-Co/CaCO, catalyst, suggesting that this method
could be used to make other doped CNTs. The study shows that
operating conditions need to be clearly established. Nitrogen-
doping of the CNTs are limited to ~2 % using this procedure.
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