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Abstract

Carbon nanotubes (CNTs) doped with a range of nitrogen contents (0-10 at.%) were prepared via a floating catalyst CVD method
using ferrocene, NH;, and xylene or pyridine. XPS and Raman microscopy were used to assess quantitatively the compositional and
structural properties of the nitrogen-doped carbon nanotubes (N-CNTs). XPS analysis indicates a shift in and broadening of the
C 1s spectra track with increasing disorder induced by selective nitrogen doping. N 1s XPS spectra show three principle types of nitrogen
coordination (pyridinic, pyrolic, and quaternary), with the pyridinic-like fraction selectively increased from 0.0 to 4.5 at.%. First-order
Raman spectra were fit with five peaks that vary in intensity and width with nitrogen content. The ratio of the D and G bands’ integrated
intensities scaled linearly with nitrogen content. Iodimetric titrations were used to gauge the number of reducing sites on as-prepared
N-CNTs, representing the first report of nitrogen doping as a means to deterministically effect the chemical reactivities of carbon nano-
tubes. The reported methodology for the regulated growth and selective nitrogen doping of CNTs presents new ways to study system-
atically the influence of nanocarbon composition and structure on chemical and electrochemical reactivity for a host of applications.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Heteroatom doping (e.g., boron, sulfur, phosphorous,
and nitrogen) of graphitic carbon lattices effects various
physicochemical properties of sp® carbon materials [1,2].
In particular, the substitutional doping of nitrogen has
received focused attention because significant changes in
hardness, electrical conductivity, and chemical reactivity
have been theoretically predicted and experimentally
observed [3-5]. Several methods for preparation of nitro-
gen doped carbon materials have been used including sput-
ter deposition [6], graphitization of nitrogen-containing
polymers [7], and exposure of pre-formed carbons at ele-
vated temperatures to reactive gases (HCN and NH;)
[8,9]. While the former two routes typically produce mate-
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rials useful as inert coatings [6] and adsorbents [9,10],
respectively, the latter route has been particularly promis-
ing for the preparation of activated carbons that demon-
strate enhanced chemical reactivity for electron transfer
processes [8,11-13], including those important to battery
and fuel cell applications [14,15]. Although many studies
have evaluated structure-composition-property relation-
ships of these N-doped carbons, the influence of nitrogen
doping on resultant physicochemical properties has not
been fully delineated [8,14]. For example, carbon surface
areas, surface functionalities, and degree of graphitization
vary strongly with the different carbon materials used
and their pretreament and processing histories. Further,
the nitrogen doping process is a complex function of the
activation conditions employed (e.g., reactant gas concen-
tration, reaction time, temperature). As such, many diverse
and sometimes conflicting conclusions have been made
about N-doped carbons [16].
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An attractive alternative that enables the direct growth
and substitutional nitrogen doping of nanocarbons
involves the use of gas phase precursors rather than the
liquid or solid precursors commonly employed for typical
“classic” carbon production [17-20]. Gas phase nanocar-
bon synthesis via chemical vapor deposition (CVD) tech-
niques offers exceptional promise for regulated control of
physicochemical properties such as heteroatom doping,
crystallinity, and degree of exposed edge plane sites [21—
31]. Previous reports from our laboratory have described
the influence of nitrogen doping on CNT electrodes for
oxygen reduction [28,32], hydrogen peroxide decomposi-
tion [32], and cathechol oxidation reactions [33]. Herein,
we present results that describe the controlled growth and
selective nitrogen doping of carbon nanotubes prepared
through a modified floating catalyst method [34] using pyr-
idine and NHj. Prior reports of selective nitrogen doping of
CNTs through NHj3 and a pure carbon source like ethylene
or xylene have demonstrated only a narrow range of nitro-
gen doping (AN ~ 2 at.%) with a maximum nitrogen con-
tent of ~2.5 at.% [29,35]. Our method reports on the use
of NHj; coupled with a carbon-nitrogen source involving
pyridine to enable the regulated growth of CNTs contain-
ing nitrogen from 4 up to 10 at.%. This provides for a more
direct basis for establishing correlations between the chem-
ical and electrochemical reactivity of carbon and its struc-
ture, texture, and composition. XPS, Raman and
iodometric titrimetry were performed to establish correla-
tions between nitrogen content, nitrogen-binding configu-
ration, CNT composition, structure and chemical
reactivity.

2. Experimental
2.1. CNT preparation

Ferrocene (99%, Aldrich) was used as received as the
growth catalyst. CNT and N-CNTs made without NHj
were prepared via a floating catalyst CVD process using
the same dual heated zone system and a similar methodol-
ogy as reported earlier [32]. For N-CNTs made with NH3,
freshly distilled and dried pyridine (Aldrich) was used as
the carbon source. An integrated and automated system
consisting of programmable syringe pumps (New Era
Pump Systems NE-1000), electronic gas mass flow control-
lers (MKS Type 1479A), and two single-zone tube furnaces
(Carbolite Model HST 12/35/200/2416CG) interfaced
through a single computer running a customized Lab-
VIEW program was used. Solutions consisting of
20mgml~! of ferrocene in pyridine were loaded into
1.0 ml gas tight glass syringes (Hamilton 81320). The syrin-
ges were interfaced with stainless steel lines that fed into the
center of the front half of an air tight quartz tube (26 mm
OD, 22 mm ID) located in furnace 1. The quartz tube
spanned the two tube furnaces. After a 15 min Ar (Praxair,
99.997%) purge at 200 sccm of the quartz tube, furnace 2
was heated to 800 °C. Following a 5 min thermal equilibra-

tion period, furnace 1 was heated to 130 °C. Concurrently,
NHj; (99.99%, Aldrich) and Ar gas flows were raised to a
total carrier gas flow of 575 sccm. Various ratios of NHj
and Ar gases were used, but a total flow of 575 sccm was
consistent for all trials. 1 ml of the ferrocene solution was
fed into furnace 1 at a rate of 0.1 mls™' for a total of
10 min. Once completed, furnaces 1 and 2 were allowed
to cool under 200 sccm Ar. For all conditions, the floating
catalyst CVD methodology resulted in thick, dark films of
CNTs coating the interior of the quartz tube and the top of
silicon wafers with 100-nm-thick oxide layers located in
furnace 1. Collected materials were stored in individual
air tight vials prior to characterization.

2.2. TEM analysis

Transmission electron microscopic (TEM) analysis of
the CNTs was performed with a JEOL 2010F operating
at 200 kV. Prior to analysis, the CNTs were dispersed in
methanol and then drop cast onto a Cu TEM grid covered
with a thin amorphous carbon film.

2.3. XPS analysis

X-ray photoelectron spectroscopy was conducted with a
PHI 5700 ESCA system possessing a scan step size of
0.1 eV and an Al Ko monochromatic line (1486.6 eV), cal-
ibrated with the signals for Au 4f;/,, Ag 3ds/,, and Cu 2p;,
». The C 1s spectra were collected with a single scan. N 1s
spectra were scan averaged five times. Atomic percentages
were determined from elemental survey scans and are
reported relative to the total signals for carbon, nitrogen,
and iron. Spectra were analyzed using a freeware software
package, FITT 1.2 (Photoelectron Spectroscopy Lab,
Seoul National University) with Shirley background
corrections.

2.4. TGA analysis

Thermal gravimetric analysis (TGA) data were collected
with a TA Instruments Q500. Sample sizes of 1-5 mg of
N-CNTs were loaded into platinum pans and heated to
900 °C in flowing air (Praxair, 99.998%) with a 60 ml min~'
flow rate to the sample and a 40 ml min~' flow rate of N,
(Praxair, 99.998%) to the balance.

2.5. Raman analysis

Spectra were obtained with a Renishaw inVia system,
using a 514.5 nm Ar laser at 3mW cm 2 and a 50x aper-
ture (NA = 0.75) resulting in approximately a 2 pm diam-
eter sampling cross section. Spectra were acquired in a
single scan with an acquisition time of 500 s. Raw spectra
were fit with GRAMS/AI 7.02® software by the Leven-
berg-Marquadt method [36] using 5 bands located at
1624, 1583, 1487, 1351, and 1220 cm™!, denoted as D’,
G, D”, D, and I, respectively, according to the convention
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of Cuesta et al. [37]. A linear baseline correction was used
for all spectra to compensate for the photoluminescence
background. All spectral fits had correlation factor (R%)
values greater than 0.998.

2.6. lodimetric analysis

Todimetric analysis was conducted as described by Oli-
veira et al. [38]. Dried K,Cr,O5 (Fisher, 99.98%), Na,S,05
(99.8%, Fisher), and starch indicator (99.6%, MCB
reagents) were dissolved in NANOpure® (18 MQ cm,
Barnstead) water. I, (99.8%, Fisher) was dissolved with
excess Nal to generate I;. The Na,S,05 and I; solutions
were stored in covered containers to avoid light exposure.
0.1 M Na,S,0;3 solutions were standardized with 0.05 M
K,Cr,O5 and Nal (99.7%, Baker) and then used to stan-
dardize the 0.05 M I; solution. 10 ml of I; solution and
20 mg of either non-doped CNTs or N-CNTs were com-
bined in a clean 25 ml round bottom flask with a stir bar.
The flask was then sealed with a septum, mounted onto a
stirrer, covered completely with aluminum foil, purged
with N, (99.999%, Praxair), and vigorously stirred for
24 h. Following, the CNT suspension was filtered into a
clean Erlenmeyer flask through a 60 ml medium porosity
glass frit filter. Approximately 90 ml of NANOpure water
were used to rinse off solution from the CNTs. The excess
I7 filtrate was back titrated with Na,S,O3 until a golden
yellow color was observed. 800 pl of starch indicator were
added, rendering the solution a deep blue hue. Further
Na,S,05 was added until the solution became clear, denot-
ing the endpoint. Measurements were done in triplicate.

3. Results and discussion
3.1. CNT growth observations

As reported previously [32], nitrogen doping by this
preparation route does not drastically change the gross
morphology (length, diameter) of the obtained carbon
nanotubes. Transmission electron microscopy (TEM) anal-
ysis shows that both non-doped and N-doped CNT diam-
eters remained nominally constant (1540 nm) and verified
that carbon nanotubes were the sole product under CVD
growth conditions (Fig. 1). We note that CNT length and
diameter slightly decreases (10-20%) with increasing frac-
tion of NHj in the carrier gas. Nominal lengths are
~10 um. In addition, we demonstrated that the solvent in
the CVD process determines the elemental composition
of CNTs in the absence of NHj; gas, where xylene solvents
yield non-doped CNTs while pyridine solvents result in
nitrogen doping at consistent levels of 4.0 £ 0.5 at.% [32].
The addition of NHj to pyridine-containing CNT synthesis
allows greater control of the nitrogen content, as seen in
Fig. 2. Increasing the NHj fraction in the carrier gas stream
in the presence of pyridine yielded a linear increase
(0.43 £ 0.03 at.% N per % NH3) in the nitrogen doping
of the N-CNTs, with contents up to ~10 at.% when the

Fig. 1. Representative transmission electron micrographs of (A) non-
doped CNTs, (B) N-CNTs (5.1 +£0.5at.%), and (C) N-CNTs
(9.6 0.5 at.%) prepared by floating catalyst CVD. Scale bars: 10 nm.
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Fig. 2. Nitrogen content in the CNTs as a function of NHj carrier gas
fraction as measured by XPS for CNTs prepared from mixtures
containing ferrocene, pyridine, and NHj.

NH; feed stream fraction was less than 14%. Fig. 2 also
shows the sensitivity of the total nitrogen content with
varying fractional amount of NHj; at a constant tempera-
ture, highlighting the advantage of in-situ transition
metal-catalyzed graphitization and doping of carbon.
NH; feed stream fractions above 15% showed no addi-
tional influence on increasing nitrogen content; rather,
slightly depressed nitrogen doping levels are seen (inset of
Fig. 2), presumably due to increased gasification of carbon
at high NH; concentration. Similar trends of the influence
of NHj; levels on nitrogen doping have been noted by Jang
et al. [29], Kim et al. [35], and Lee et al. [39]. At elevated
temperatures, decomposition of NHj; in the presence of
carbon-containing materials generates free radical species,
e.g., NH; [11]. At low levels the produced radical species
presumably facilitate nitrogen incorporation into the
CNT graphitic structure, but at high levels these radicals
attack graphitic carbon and hasten its gasification to meth-
ane and cyanogen species.

Fig. 3 demonstrates that increases in the fractional
amount of NHj3 in the carrier gas results in the increase
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Fig. 3. (A) Residual iron (wt.%) in CNTs as a function of NHj carrier gas
fraction as measured by TGA for CNTs prepared from mixtures
containing ferrocene, pyridine, and NHj. (B) Representative TEM image
of residual iron catalysts. Scale bar: 5 nm.

of relative amounts of residual iron in the N-CNTs. As
shown in Fig. 3B, TEM analysis indicated that iron parti-
cles were located within the interior as well as the exterior
of the CNTs and typically encapsulated with layers of
graphene [32]. Assuming that the total number of iron par-
ticles generated from the decomposition of ferrocene is
roughly independent of carrier gas composition, the rela-
tive proportion of residual iron in the CNTs increased with
NHj; fraction because of increased gasification of graphitic
carbon. This is consistent with reports from Lee et al. [26]
that describe an inhibitory effect of high NH; levels on
CNT growth rates for a similar CVD-based methodology.
Hence, high fractions of NHj; in the carrier gas (>15%)
were determined to be detrimental to CNT production
and studies reported herein are limited to N-CNTs pro-
duced using NHj carrier gas composition below this level.

3.2. XPS analysis

Fig. 4 shows representative C 1s spectra for CNTs
doped with increasing amounts of nitrogen. The peak posi-
tion at 284.4 eV for CNTs with 0.0 at.% nitrogen is very
close to the accepted value (284.3 ¢V) for pure sp> C-C
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Fig. 4. (A) Normalized XPS C Is spectra (single scan) of CNTs with
increasing nitrogen content. (B) Full width at half maximum (FWHM) of
the C 1s spectra in (A) as a function of nitrogen content.
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bonding in pristine highly oriented pyrolytic graphite
(HOPG) [40], indicating carbon atoms are almost exclu-
sively sp? hybridized in non-doped CNTs. The peak posi-
tions for all N-CNTs in Fig. 4A are shifted to 284.7 eV.
Any subtle differences in the peak positions of the various
N-CNTs exceeded the resolution of the XPS instrument.
This 0.3 eV shift for N-CNTs is consistent with previously
reported values for nitrogenated thin carbon films [41] and
is in agreement with increased structural disorder, i.e.,
more disruptions in the sp® carbon framework from the
incorporation of nitrogen within the graphene lattice
[32,33]. While a small, broad band centered near 291 eV
is present in all CNT spectra (Fig. 4A) no discernable side
bands commensurate with extensive oxygen-like function-
alities (e.g., quinones, carboxyl groups) are visible in the
286-289 eV shoulder region [42,43]. The band located at
291 eV is assigned to the m—n* interband, a common fea-
ture in graphitic carbon XPS spectra which does not
strongly correlate with structural disorder [44]. However,
the signal at 284 eV does broaden and become slightly
more asymmetric with increasing nitrogen content. The
FWHM values for the peak in Fig. 4A are plotted against
the respective nitrogen doping levels in Fig. 4B. The
FWHM for CNTs with 0.0 at.% nitrogen is very close to
the reported 0.6 eV FWHM value for HOPG [45] and is
also indicative of non-doped sp” carbon, while the FWHM
values for N-CNTs increase with additional nitrogen con-
tent. There are several possible sources for the observed
broadening and asymmetry in the spectra for N-CNTs.
Since core-hole screening in conductive materials unavoid-
ably imparts line asymmetry in XPS spectra [44-46], the
increased asymmetry of the C 1s peak of N-CNTs may
denote a change in the excitation spectrum of the conduc-
tion electrons, i.e., the electronic density of states. Terrones
et al. [47] have demonstrated an increase in the population
of states in the electronic band gap of N-CNTs produces
carbons with more metallic/conductive character. How-
ever, asymmetry and broadening of the peak in C 1s spec-
tra have also been attributed to a sideband at 285.6 eV
arising from lattice disorder, i.e., sp> bonding character
[44]. For a series of semi-coke materials with negligible het-
eroatom content, the intensity and contribution of this
“defect” band was shown to scale with increasing struc-
tural disorder. Further, there are several contradictory
reports of C 1s bands associated with C—N functionalities
in the 285-286 eV region, complicated by strong band
overlap in this range that prevents definitive band assign-
ment(s) [41,48-50]. Although contributions from the afore-
mentioned sources to the peak in the C 1s spectra are hard
to differentiate, the observed changes in Fig. 4 are neverthe-
less indicative of doping-induced changes in the electronic,
structural, and bonding character of the N-CNTs.

High resolution N 1s XPS spectra were obtained to elu-
cidate more fully the identity of nitrogen coordination in
the N-CNTs. Fig. 5 demonstrates representative N 1s spec-
tra for CNTs doped with varied nitrogen levels. For all
NHj;-derived N-CNTs, the N Is spectra in Fig. SA exhibit
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Fig. 5. (A) Normalized XPS N Is spectra (5 scan averaged) of CNTs with
increasing nitrogen content. (B) Relative abundances of the peaks at 400.9
and 398.6 eV obtained from the spectra in (A).

three strong, distinct peaks at 398.6, 400.9, and 404.2 eV.
Assignment of the latter peak is unclear, as several authors
have reported peaks at 402.9-403.2¢eV for pyridine-N-
oxide functionalities [51,52], at 404.9-405.6 eV for chemi-
sorbed nitrogen oxide [53], at 403.9 eV for physisorbed
N, [54,55], and at 402-404.2 eV for n—n* shake-up satellites
[7,56]. Designation of the 404.2 eV bands as pyridine-N-
oxide or physisorbed nitrogen oxide necessitates an exces-
sively large shift of ~ 1 eV, which is particularly unlikely
given the peak’s sharp and well-defined shape in Fig. SA.
Assignment as either a n—n* shake-up satellite or physi-
sorbed N, more accurately fits the experimental peak posi-
tions. N 1s shake-up satellites have been reported with
moderate intensity [53] but typically when identified they
are very broad [53,56]. Formation of N, during the pyro-
litic formation/doping of the CNTs is plausible and bind-
ing of N, to the CNT surface may comment on the
sorptive nature of the carbon. However, physisorbed N,
is typically not observed on graphite unless pre-cleaned
surfaces are strongly dosed with N, at low temperatures
[55]. Although specific assignment is not made to the peak
at 402.2 eV, it is most likely not due to incorporated nitro-
gen. Regardless, since this is not a predominant peak we
focus our main attention on peaks near 400 ¢V. A large
number of C-N functionalities have been assigned to the
region near 400eV [8,25,51,52]. Typically, for carbon
nitride materials, the N s spectra contains two very broad
peaks that overlap considerably, a consequence of either a
heterogeneous spatial distribution [57] of the functionalities
arising from extensively disordered sp® carbon framework
or to the overlap of several closely spaced bands resulting
from numerous C-N functionalities [50,58,59]. The sharp-
ness of the peaks in Fig. SA imply that the nitrogen atoms
of the N-CNTs are homogeneously dispersed and that the
distribution of possible C-N functionalities is narrow. The
peak at 398.6 eV was fitted with a single Lorentzian band
which correlates well with binding energies reported by
Boehm et al. [8] and Pels et al. [51] for pyridinic function-
alities decorating the surface of NH;-treated activated car-

bons. The peak at 400.9 eV was also fitted with two
Lorentzian bands at 400.4 and 401.4 eV, suggestive of pyr-
rolic-like and quaternary-like nitrogen coordination,
respectively [51]. The relative intensities of the two bands
at 399 and 400 eV in the N 1s spectra change with increas-
ing levels of incorporated nitrogen. Fig. 5B displays the rel-
ative abundances of these two peaks as a function of total
nitrogen content in the N-CNTs. While both peaks
increase in abundance with higher total nitrogen doping,
the pyridinic peak (398.6 eV) shows a twofold greater rise
in abundance (0.24 + 0.01 at.% per % NHj3) than the pyr-
rolic/quaternary (400.9 eV) peak (0.11 4 0.01 at.% per %
NH3;). This twofold increase in relative abundance suggests
that doping via NHj results in a selective bias for nitrogen
coordination as pyridinic-like functionalities.

3.3. Raman analysis

Fig. 6 shows representative first-order Raman spectra
for CNTs containing 0.0 and 9.7 at.% nitrogen. Two max-
ima are apparent in both spectra, occurring near 1355 and
1585cm™'. A dramatic broadening of the two peaks for
N-CNTs is visible in Fig. 6B relative to Fig. 6A, as reported
previously [32,33] and elsewhere [60]. In addition, two
other spectral features become more pronounced with
nitrogen doping. First, overlap between the two signals at
1355 and 1585 cm™! in Fig. 6B becomes so great that the
direct measurement of distinct FWHM values is not possi-
ble. Second, asymmetric tailing of the peak at 1355 cm™!
results in a shoulder with measurable intensity extended
out to ~1000 cm ™' for N-CNTs containing 9.7 at.% nitro-
gen nearly 300 cm ™! farther than the corresponding tailing
for non-doped CNTs. Simple line broadening does not
account for these phenomena, as both spectra in Fig. 6 can-
not be deconvoluted into just two Lorentzian or Gaussian
shapes. Cuesta et al. [37], Angoni [57], and Darmstadt et al.
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Fig. 6. Comparison of peak intensities and widths used in the fitting of the
first-order Raman spectra for CNTs containing (A) 0.0 at.% and (B)
9.7 at.% N.
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[61] similarly noted that several bands were necessary to fit
the Raman spectra of polycrystalline graphitic materials.
Accordingly, five bands at 1624, 1583, 1487, 1355, and
1220 cm ™! referred to as D', G, D”, D, and I, respectively,
following the convention of Cuesta et al. [37] and Bonho-
mme et al. [62], were used for fitting. For both Fig. 6A
and B, the G and D bands are the most intense spectral fea-
tures. The G band arises from a E,, vibrational mode in the
Dgh symmetry group of graphite crystal planes and is seen
for all sp” carbon Raman spectra [63]. There is less consen-
sus for the origin of the D band, but it is generally accepted
as a Raman inactive mode (e.g., A|p) that becomes active
from a reduction in symmetry at or near crystalline edges
[64] and is subsequently used as an indicator of edge plane
density. The D’ and D” bands differ in relative intensity
between Fig. 6A and B. For CNTs with 0.0 at.% nitrogen
in Fig. 6A, the two bands are visible, but are minor constit-
uents in the overall shape of the spectrum. In contrast, for
N-CNTs (Fig. 6B), the D’ and D” bands are very intense
and significantly contribute to the shape of the curve.
Although the sources of the D’ and D” bands are unclear
[37], the D’ band has been attributed to irregular dyy, spac-
ing [1] while the D” band has also tentatively been desig-
nated as an indicator of defects in graphene layer
stacking [65]. Interestingly, both the D’ and D” bands
occur at Raman shifts near or at peaks in the phonon den-
sity of states for graphite [63] that are predicted to be
Raman inactive but, like the D band, may become active
due to relaxations in local symmetry arising from lattice
distortions [64]. The increases in D’ and D” band generally
suggest a larger turbostratic character in graphene plane
stacking, i.c., loss of coherent dj,, in nitrogen doped car-
bons as predicted by Sjostrom et al. [6], and is in agreement
with a previous TEM observation [32]. The occurrence of
the I band is the most striking difference between Fig. 6A
and B, as the I band is not at all apparent in the spectrum
for CNTs, but is strong enough to give the broad shoulder
in the N-CNTs Raman spectra. The I band has been
observed in moderately to heavily disordered graphitic car-
bons [37,57]. Angoni [57] has ascribed the I band to impu-
rities in the graphite lattice, but it was not observed in the
first-order Raman spectra of boron-doped graphite [64]. As
with the D’ an D” bands, a relaxation in symmetry from a
sp” lattice distortion may allow a Raman inactive peak in
the predicted density of phonon states ~1220 cm™' [64]
to be Raman active. However, since the I band is not visi-
ble in Raman spectra for non-doped CNTs, the specific
type of lattice distortion causing the relaxation of symme-
try may be distinct from the structural distortions respon-
sible for the D, D’, and D” bands, i.e., not specifically
edge plane density or turbostratic character. Hence, while
the I band may not be a direct consequence of nitrogen
doping, the corresponding symmetry breaks may be
directly a result of the incorporation of nitrogen and so
the I band in this case reports on its presence. As shown
in Fig. 6B, the correlation of the I band to nitrogen doping
is further supported by the entirely Gaussian nature of the
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Fig. 7. (A) Normalized and baseline corrected first-order Raman spectra
of CNTs with increasing nitrogen content. (B) Ratio of the integrated
intensities for D and G bands (as in Fig. 5) as a function of nitrogen
content.

peak shape (<1% Lorentzian character). Heterogeneous
distributions of spectroscopically active elements produce
Gaussian line shapes in the corresponding spectroscopic
signatures [57]. The Gaussian shape of the I band agrees
qualitatively with the observance of a heterogeneous distri-
bution of nitrogen atoms, consistent with the multiple
nitrogen functionalities indicated by XPS.

The first-order Raman spectra for N-CNTs with increas-
ing nitrogen content are presented in Fig. 7. The spectra in
Fig. 7A are all normalized to the intensity of the latter peak,
but a decrease in the absolute magnitude of the Raman sig-
nal with increasing nitrogen doping was observed, evi-
denced by the decrease in signal-to-noise of the spectra
for N-CNTs with higher nitrogen contents for identical
acquisition conditions. Applying the assignments of Fig. 6
to all the spectra of Fig. 7A, the ratios of the integrated
intensities of the D and G bands were obtained. The ratio
of the integrated intensities of the D and G bands has been
used to estimate the in-plane graphite crystalline length (L,)
[66] and is commonplace in the analysis of Raman spectra
for graphitic carbons [37]. Cuesta et al. [67] have demon-
strated the limitations in the direct application using D
and G bands ratios to estimate for L, since relative errors
~100% have been seen with heavily disordered carbons.
Nevertheless, the ratio is still a useful diagnostic tool for fol-
lowing the increase in disorder in N-CNTs with increasing
nitrogen content as shown in Fig. 7B. A linear increase in
the ratio of integrated intensities with nitrogen doping sug-
gests that the edge plane density increases, i.e., shorter L,, in
more heavily doped N-CNTs. For N-CNTs with 9.7 at.%
nitrogen content, L, is about five times smaller than for
non-doped CNTs.

3.4. Iodimetric titration

Pyridinic surface functionalities on carbons can act as
Bronsted—Lowry bases and consequently exist as positively
charged moities when protonated [51]. The estimation of
surface pK values for polar surfaces is commonly referred
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to as the pH,, [68]. For traditional graphitic materials,
pH,. values are typically near or below 7, dictated by
acidic oxygen functionalities imparted from exposure to
ambient conditions and/or from oxidative preparation
steps. We demonstrated previously that N-CNTs doped
with 4.0 at.% nitrogen possess a much more alkaline pHp,
value of 9.3 +£0.3 due to the prevalence of positively
charged nitrogen functionalities [33]. We determined that
the positive surface charge of N-CNTs at neutral pH from
the more basic Bronsted—-Lowry character imbued distinct
electrochemical behavior. For example, the observed oxi-
dation rate constant of dihydroxyphenylacetic acid
(DOPAC), an anionic catecholamine, is two orders of mag-
nitude greater at N-CNT film electrodes than at non-doped
varieties because of a favorable ionic attraction [33].

The reductive character of graphitic carbons, may also
be influenced by nitrogen doping. Strelko et al. [69] and
Boehm et al. [8] have reported that nitrogenated graphitic
carbons exhibit increased electron donating demonstrated
by the reductive gas phase adsorption of molecular oxygen.
More recently, Nevidomskyy et al. [4] predicted that nitro-
gen doping in carbon nanotubes will result in chemically
active, localized areas of higher electron density. We also
have observed that oxygen adsorption at N-CNTs is facile
and promotes the electrocatalysis of oxygen in aqueous
solutions [32]. We believe that the increased electron den-
sity of N-doped CNTs has a strong influence on catalytic
activity observed [8]. To assess this, an iodimetric analysis
was employed as described by Oliveira et al. [38]. Oliveira
et al. estimated the relative number of reducing sites of
thermally activated carbons (AC) by measuring the con-
sumed equivalents of iodine in a suspension of AC and
I . Interaction of I with reducing surface sites on AC cat-
alyzed the reduction of I to I". Fig. 8 shows preliminary
results of iodimetric analysis on various N-CNTs contain-
ing increasing amounts of nitrogen. A direct correlation
between nitrogen content and the number of reducing sites
is apparent, with triple the number of active sites observed
for N-CNTs containing 7.5 at.% nitrogen over non-doped
CNTs. The increase in reductive character of more heavily
doped N-CNTs moderately follows the rise in the amount
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Fig. 8. Plot of number of reducing sites (meq g~ ') versus (A) total nitrogen
content and (B) pyridinic nitrogen in N-CNTs.

of nitrogen coordinated as pyridinic-like functionalities as
discussed above and illustrated in Fig. 8B. Attempts to cor-
relate enhancements in chemical reactivity with nitrogen
doping have been reported previously. For instance,
Szymanski et al. [70] noted an increase in the basicity of
NH;-treated activated carbons tracks with the increase in
the amount of pyridinic-type nitrogen. Boehm et al. [§]
hypothesized that the increased activity for oxidative reac-
tions of activated carbon tracked with the increase in pyrid-
inic nitrogen functionalities, but they were not able to
directly correlate its influence. At this juncture is not possi-
ble to discern the specific role of nitrogen on the enhance-
ment of the electron donating character of nitrogenated
carbons. However, the plausibility of pyridinic nitrogen’s
importance is supported by the availability of the extra
lone pair of electrons on the nitrogen atom, which increases
electron density on graphitic edge planes. It is reasonable
to expect that edge planes, which are commonly known
to be reactive sites, will show increased reactivity due to
electron density garnered from incorporation of nitrogen
in pyridinic-like coordination.

4. Conclusions

A method for the selective doping of CNTs containing
0-10 at.% nitrogen based on a modified floating catalyst
CVD methodology utilizing NH; was described. The frac-
tion of NHj in the carrier gas feed stream used during CNT
growth is seen to be directly proportional to the incorpo-
rated nitrogen levels. The structural and compositional fea-
tures of N-CNTs containing various amounts of nitrogen
were reported. Changes in XPS and Raman signatures
are used to estimate the degree of structural disorder and
nitrogen content. lodimetry results showed that larger
equivalents of were neutralized with N-CNTs suggesting
that the reductive character increases with the increase in
nitrogen content. The reported methodology for the regu-
lated growth and selective nitrogen doping of CNTs opens
up new ways to systematically study the influence of nano-
carbon composition and structure on chemical and electro-
chemical reactivity in a host of applications.
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