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arbon nanotubes (CNT)'? have at-

tracted the attention of numerous

research groups because of their
outstanding mechanical and electronic
properties. For example, carbon nanotubes
can potentially be used as reinforcement for
composite fabrication,® as components in
nanoscale integrated circuits,* or as sup-
ports for catalytic particles.® The cylindrical
shape of carbon nanotubes leads to novel
properties that are not present in bulk
graphite, such as the ability to behave as a
metal or as a semiconductor depending on
the tube chirality and diameter.>” The nan-
otube curvature changes the chemically in-
ert graphite surface and makes it easier to
incorporate atoms on the tube surface. In
this context, nitrogen, which is known to
have low doping levels in bulk graphite,®
can be easily incorporated into carbon nan-
otubes by substitution. Inclusion of noncar-
bon atoms into the hexagonal network of
carbon nanotubes modifies the electronic
and chemical properties due to variations in
electronic structure. Nitrogen, for example,
acts as an electron donor in a carbon nano-
tube since it has five valence electrons,
causing a shift in the Fermi level to the va-
lence bands, and hence making all N-doped
tubes metallic, regardless of their geom-
etry.? Nitrogen can also be incorporated
within nanotubes in a pyridine-like fashion.
It is noteworthy that the doped sites within
carbon nanotubes significantly modify
chemical reactivity, thereby broadening
the spectrum of possible applications.’
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ABSTRACT Arrays of multiwalled carbon nanotubes doped with phosphorus (P) and nitrogen (N) are
synthesized using a solution of ferrocene, triphenyl-phosphine, and benzylamine in conjunction with spray

pyrolysis. We demonstrate that iron phosphide (Fe,P) nanoparticles act as catalysts during nanotube growth,

leading to the formation of novel PN-doped multiwalled carbon nanotubes. The samples were examined by high

resolution electron microscopy and microanalysis techniques, and their chemical stability was explored by means

of thermogravimetric analysis in the presence of oxygen. The PN-doped structures reveal important morphology

and chemical changes when compared to N-doped nanotubes. These types of heterodoped nanotubes are

predicted to offer many new opportunities in the fabrication of fast-response chemical sensors.

KEYWORDS: multiwalled carbon nanotubes - chemical vapor

deposition - doping - electronic structure

Although phosphorus atoms are larger
than carbon atoms, it has been shown that
phosphorus can form substitutional defects
in diamond sp? thin films, behaving as an
n-type donor and thereby modifying the
electronic and optical properties.'® Theo-
retical work has also shown that carbon tet-
ragons containing phosphorus are stable
in CP, sp? cage-like structures and that
phosphorus atoms promote large curva-
ture when incorporated into sp>-like
fullerene structures."' Growth of carbon
nanotubes in the presence of phosphorus
has been previously reported.’? In that case,
phosphorus was incorporated in the cata-
lytic particles before synthesis, either by us-
ing an anodic alumina substrate (which
has an inherent phosphorus contamination
due to its production process) or by treating
an alumina substrate with phosphoric acid
and then using it as a support for iron/nickel
particles. It was found that the nanotubes
were sequentially grown (matchstick-like)
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Figure 1. Scanning electron micrographs of PN-doped carbon nanotube (CNT) arrays, syn-
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and that the catalytic particles were
composed of a metal phosphide.'?
An optimum set of experimental
conditions were later identified to
increase the yield of these types of
nanotubes, but whether phospho-
rus was incorporated in the hexago-
nal nanotube lattice was never dis-
cussed.”®

In the present work, we address
the theory of PN-doped carbon nan-
otubes as well as their successful
synthesis by thermolysis of hydro-
carbons and a floating catalyst
method. The growth of these nano-
_ tubes is catalyzed by iron phosphide
s . 2 particles. We show unequivocally
for the first time that P and N are in-

— 500 fnm ' deed chemically incorporated

within the nanotube lattice.

thesized at the optimum temperature and carrier gas flow rate, and different TPP concen- RESULTS AND DISCUSSION

trations: (a) pristine N-doped CNTs (sample A); (b) 2.5 wt % TPP (sample B); (c) 3.3 wt % TPP
(sample C); (d) substrate side of a PN-CNT mat (sample B).

Figure 2. EDX elemental mappings for three different types of nano-
tubes: pristine pure carbon nanotubes (CNTs) obtained by thermolaz-
ing toluene (C¢H;—CH,) and ferrocene at 850 °C (see top frame);
N-doped CNTs described in the Materials and Methods section (see
middle frame), and PN-doped CNTs described in the Materials and
Methods section (see bottom frame). Samples were mounted on stan-
dard aluminum pins to have contrast for the carbon map. It can be
clearly observed that the PN-sample contains both phosphorus and ni-
trogen in their structure, thus confirming the successful synthesis of
PN heteroatomic doping. The other samples did not show heteroat-

omic doping.
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The first step in this work was to
find the optimal synthesis condi-
tions at which PN-doped nanotubes are grown. To do
this, two sets of experiments were performed. In the
first, a solution with 2.5 wt% of triphenyl-phosphine
(TPP) and 7.5% of ferrocene dissolved in benzylamine
(see Materials and Methods section for more details)
was pyrolyzed for 20 min inside a furnace operated at
fixed temperature, ranging from 720 to 840 °C in incre-
ments of 40 °C, and the Ar flow varied from 0.8 to 1.6
L/min. It was found that the only conditions capable of
producing nanotube materials occurred at 760 and 800
°C with an Ar flow of 0.8 L/min; and a higher yield of
nanotubes occurred at the lower temperature. In the
second set of experiments, the temperature was set to
760 °C and the concentration of ferrocene dissolved in
benzylamine was set to 7.5 wt %, while the concentra-
tion of the P dopant (TPP) was varied, using 0, 2.5, and
3.3 wt %.

For scanning electron microscopy (SEM) analysis,
we selected samples where the concentration of the
phosphorus dopant was varied. It was observed that
for a given synthesis temperature, and by increasing the
phosphorus content in the solution, a reduction in the
yield of carbon nanotubes occurred. SEM images con-
firmed that samples consisted mainly of highly ordered
arrays of multiwalled carbon nanotubes (MWCNTs),
with very low content of amorphous carbon. The nano-
tube length is also reduced as the P content in the so-
lution is increased: in the absence of phosphorus the
nanotubes are ca. 70 um long (sample A, Figure 1a), but
the nanotube length is reduced to ca. 12 um (sample
B, Figure 1b) when 2.5 wt% of TPP is added to the spray
solution. For experiments with 3.3 wt % of TPP, the
length of the nanotubes observed was ca. 2~3 um
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optimum conditions. We
first noted that samples
synthesized at lower tem-
peratures (e.g.,, 760 °C)
have higher amounts of
metal oxide byproducts
after oxidation because
the mass of material that
did not burn corre-
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Figure 3. (a) Thermogravimetric analysis of N-CNT and PN-CNT. The latter are oxidized at

20[deg ] sponded to ca. 17-20%.
This is because a higher

lower temperature, indicating higher chemical reactivity. The larger amount of byproducts proportion of metal to car-

for lower temperature nanotubes is a consequence of a higher proportion of metal particles
as a result of shorter nanotubes. The inset shows that the oxidation onset for PN-CNT oc-
curs 15 °C below the onset for N-CNT grown under the same conditions. (b) X-ray diffrac-

bon was found since the
nanotubes were much

tion pattern of PN-doped CNTs (sample B). The inset shows enlargement of the region be-  shorter. The inset of Fig-

tween 40 and 55°. The metal particles in the sample are a mixture of Fe,;C, Fe,P, and Fe,P.
The mean particle sizes are 10~12, 13, and 17 nm, respectively.

(sample C, Figure 1c), and the disorder within the nan-
otube arrays was significantly increased. After these ob-
servations, sample B was chosen as the work sample
on the basis of its higher nanotube yield. The substrate
side of the nanotube mats (Figure 1d) shows that most
of the nanotubes have either a metal particle in the car-
bon nanotube base or a hole left by a missing particle.
Note that these metal particles are rarely observed on
the opposite side. This is consistent with a base growth
model, as previously reported for
N-doped nanotubes grown using the
same synthesis method.'* It was noticed
that neither sequential nor tip growth
could be observed as a consequence of
phosphorus inclusion during the synthe-
sis, as previously reported by Jourdain et
al'?

Elemental maps from N-doped and
PN-doped carbon nanotubes as well as a
pristine nanotube control sample were
obtained by EDX spectroscopy on the
SEM (Figure 2). The samples were
mounted on aluminum pins, and their

ure 3a shows the deriva-
tive of the normalized
weight versus temperature. When comparing the TGA
data for N-doped samples only, we could attribute the
20 °C shift in the oxidation onset temperature to the
higher amounts of N within the tubes produced at low
temperature, thus making the tubes more reactive.
However, addition of phosphorus makes a further shift
of 15 °C toward lower temperatures. Given the remark-
able absence of amorphous carbon and the cleanliness
of the sample, this shift indicates a higher chemical re-

corresponding map is presented. The in-
strument was able to detect traces of ni-
trogen in the N-doped case. In the case of
PN-doped nanotubes, it is clear that both
phosphorus and nitrogen are present in
the entire sample. Quantification of the
EDX spectra obtained in these nanotubes
is shown in the maps, confirming very low
levels of P doping (0.5 atom %) for the PN-
doped case.

Thermogravimetric analysis (TGA; Fig-
ure 3a) provides information suggesting
that the presence of phosphorus reduces

RN

the temperature for oxidation (i.e., the
tubes appear to be more reactive). In this
case, we compared the oxidation of N-
and PN- doped nanotubes grown at the
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Figure 4. TEM and HRTEM images of PN-doped CNT (sample B). Low-resolution TEM (a,b)
shows the position of metal particles inside CNTs, and their overall morphology. The de-
gree of crystallinity can be observed in nanotube walls (c) and tips (d). High-resolution im-
ages of the metal particle at the tip (e), and its Fourier transform (f), show lattice planes with
a separation of 1.97A corresponding to (141) plane for Fe,P.
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Figure 5. EELS elemental mapping of PN-doped CNTs (sample B). Most of the metal par-
ticles consist of Fe,P, with some exceptions (Fe only, top right of each frame). Phosphorus
content in the nanotube walls is below the EELS detection threshold, and therefore the
phosphorus mapping on the tube walls becomes noisy.

activity for the heteroatomic PN-doped carbon nano-
tubes when compared to the N-doped nanotube
sample produced under the same experimental
conditions.

To understand the role of phosphorus and its rela-
tion to iron during the growth of this type of nano-
tube, X-ray powder diffraction studies were performed
on a sample synthesized with 2.5 wt % of TPP (see Fig-
ure 3b). The bulk diffraction pattern shows a combina-
tion of two phases of iron phosphide (Fe,P and Fe,P) in
addition to iron carbide (Fe,C, bainite). The main peak
in the diffraction pattern is due to the (002) reflection of
graphite, which is characteristic of multiwalled carbon
nanotubes. The peaks located between 40 and 50° (see
inset of Figure 3b) are due to a combination of reflec-
tions arising from Fe,P, Fe;P and Fe,C (indicated in Fig-
ure 3b). The major peak in this region is the sum of the
(111) reflections from Fe;C, (420) from Fe,P, and (201)
from Fe,P. When analyzing nonoverlapping peaks from
the XRD spectra, it was found that the mean particle
size for Fe,P was close to 17 nm [calculated using Scher-
rer's equation with the full width at half-maximum
(fwhm) of peaks (111) and (141)]; note that these val-
ues are in agreement with the Fe;P particle sizes ob-
served by TEM (see Figure 4). For the (301) and (210) re-
flections of Fe,P, the mean particle size was found to

\L/al\\wx> VOL.2 = NO.3 = CRUZ-SILVA ET AL.

be close to 13 nm, and for
the Fe;C (111) and (112)
reflections, the mean size
was estimated as 10~12
nm.

To develop a better un-
derstanding of the compo-
sition and growth process,
we analyzed the nano-
tubes and the catalytic
metal particles by high
resolution electron micros-
copy (HRTEM). It is note-
worthy that PN-doped
nanotubes are less stable
under the electron beam
than their N-doped coun-
terparts, visibly degenerat-
ing after shorter exposure
times. Low-resolution TEM
images (Figure 4a,b) con-
firm that most of the cata-
lytic particles are located
on one side of the nano-
tube mat, and that these
are composed mainly of
bamboo-shaped nano-
tubes. Good crystallinity
can be observed in some
nanotube walls (see Figure
4c), but they are less or-
dered in the regions close to the metal particles (Fig-
ure 4d), and in the bamboo compartments (as indicated
by an arrow on Figure 4c). Most of the catalytic metal
nanoparticles appear to be single crystal, and high-
resolution images show interplanar distances that
match those of Fe;P. The particle diameter observed
by TEM was ca. 20 nm, close to the mean value of 17
nm obtained from X-ray powder diffraction data. The
lattice planes of a metal particle are clearly visible in Fig-
ure 4e. The clear spot in the Fourier transform of this im-
age (see arrow on Figure 4f) indicates the strong peri-
odicity of these planes, with a separation of 1.97 A,
which corresponds closely to the (141) interplanar spac-
ing of Fe;P. Other crystallographic planes were not eas-
ily found aligned perpendicular to the electron beam
direction.

From energy filtered imaging, we find that most of
the catalytic particles are primarily composed of Fe
and P (see Figure 5). Some particles exhibit small
amounts of oxygen at the ends of the nanotube tips
due to oxidation (images not shown here). It was ob-
served that some metallic particles (usually covered by
amorphous-like carbon) do not contain phosphorus
(see top right of each frame in Figure 5); these are prob-
ably iron or iron carbide (note that Fe;C is present in
the X-ray powder diffraction pattern, see Figure 3b). The
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Figure 6. EELS spectrum of an individual PN-doped nanotube (see
marked region in the HAADF image inset). The carbon edge is very in-
tense, while small concentrations of both phosphorus and nitrogen
can be seen in the spectrum; these peaks are masked by the plural
scattering background (for P) and by the intense carbon edge (for N).

Figure 7. STEM elemental line-scans of individual PN-doped CNTs (sample B) using EDX (a) and EELS (b, c). Quantification of
the EDX spectrum in metal nanoparticles confirms that their composition is Fe,P. EEL spectra provide evidence of phospho-

phosphorus content within the nanotube
walls is below the EELS detection threshold,
and thus it could not be clearly observed by el-
emental mapping. However, an EEL spectrum
of PN-doped nanotubes (Figure 6) shows an
intense carbon edge at 285 eV, as well as small
peaks that correspond to phosphorus (ioniza-
tion edge at ca. 130 eV) and nitrogen (ioniza-
tion edge at ca. 400 eV). The inset of Figure 6
shows the high angular annular dark field im-
age (HAADF) of the nanotube used to obtain
this spectrum. It is important to note that the
phosphorus signal was strongly masked by the
plural scattering background, whereas the ni-
trogen signal was masked by the tail of the
carbon edge. This masking effect results in
noisy EELS maps for N and P. However, Figure
2 clearly shows an EDX map that demonstrates
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rus doping in the nanotube walls, as well as the presence of gaseous N inside bamboo chambers and small amounts of N

in the walls.
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Figure 8. (a) Molecular model of a (6,6) PN-doped carbon nanotube with the hexagonal carbon network drawn as wires; (b)
detail of the defect with information of the bond lengths and angles; (c) band structure for PN-doped (10,0) and (6,6) nano-
tubes compared with pristine (pure carbon) nanotubes; the effects of the doping are indicated by arrows; (d) charge den-

sity plots of the top valence band in the I'-point for a (6,6) nanotube and comparison with the HOMO of triphenylphosphine.

the presence of P, N, and C within the nanotubes. EDX
line profiles reveal a homogeneous composition within
the metal particle (Figure 7a), and quantitative analysis
indicates a stoichiometry close to 3:1 for Fe to P, in
agreement with the HRTEM image analysis correspond-
ing to Fe5P. All catalytic particles analyzed by EDX spec-
troscopy were this phase of iron phosphide. It is note-
worthy that Fe;C and Fe,P particles were not observed
in the carbon nanotube tips. Note that Fe,P particles
were not found in the nanotube tips because Fe,P does
not dissolve C at this temperature. Therefore, Fe,P is
not responsible for the nanotube growth. EELS line
scans in the nanotube region close to the catalytic par-
ticle indicate that the carbon nanotube has a homoge-
neous distribution of phosphorus, which has a weak sig-
nal that follows the profile of carbon (see Figure 7b).
To rule out possible noise effects originating from the

ﬁ\r{(j VOL.2 = NO.3 = CRUZ-SILVA ET AL.

overlapping of the inelastic scattering peak with the
phosphorus signal, the silicon signal (ca. 30 eV lower
than phosphorus) was also integrated. It can be seen
that while the integrated Si signal has a value close to
zero, the integrated P signal increases and decreases to-
gether with the C signal. This indicates low but homo-
geneous doping of phosphorus within the carbon nan-
otube. Although the TEM images show bamboo-
shaped nanotubes, which is a characteristic of N-doped
nanotubes,®'*'> EELS was only able to detect N traces
within the nanotube walls due to the dominating signal
of the C edge that masks the N edge. However, N was
clearly detected in the gaseous phase within the bam-
boo compartments; a feature observed only in N-doped
tubes (see Figure 7c)."*

From extensive simulations of the stability and elec-
tronic structure of PN-doped carbon nanotubes using

www.acsnano.org



first principles calculations, we found that PN-doped nan-
otubes, having P and N as first neighbors, exhibited lower
binding energy than PN-doped nanotubes with noncon-
tiguous dopants. A model representation of these nano-
tubes is shown in Figure 8a. Further details regarding the
electronic structure of the various nanotubes are beyond
the scope of the present paper, and will be published
elsewhere."® Here, we limit our discussion only to the PN-
doped case. As can be observed in Figures 8a and 8b,
the P atom is pushed outward upon structural relaxation,
extending P—C and P—N bonds from 1.44 to 1.79 A for
P—C bonds and 1.84 A for P—N bonds, and the tube di-
ameter increases from 8.3 to 9.3 A at the P site. The bond
angles consequently change from 119° to 96.54° for
C—P—Nand 96.71° for C—P—C, which correspond to a
tetragonal bonding typical of sp® P, very close to the 98°
value of TPP. The additional electrons of P and N thus cre-
ate localized states around the defect (blue arrows), as
well as hybridization of the top valence band close to the
y-point in the (6,6) case (red arrow), as indicated in Fig-
ure 8c. The charge density associated with this state in
a(6,6) nanotube is plotted in Figure 8d, and compared
with the highest occupied molecular orbital (HOMO) of
TPP. Note that the presence of a band gap in the PN-
doped (6,6) nanotube is an artifact of the supercell
method. It can be observed that the spatial distribution
of this nanotube orbital is very similar to that of the
HOMO of triphenylphosphine, suggesting that it could
have similar chemical behavior, enabling carbon nano-
tubes to bind to atoms such as oxygen, sulfur, or chlorine.

CONCLUSIONS
In summary, we have successfully synthesized P-
and N-doped carbon nanotubes by a CVD method, us-

MATERIALS AND METHODS

Synthesis. For the synthesis process, a solution composed of
benzylamine C4H;—CH,—NH, (Sigma 99%) as carbon and nitro-
gen sources, ferrocene Fe(CsHs), (Sigma, 98%) as catalyst and
triphenyl-phosphine P(CgHs); (TPP) (Sigma, 99%) as the phos-
phorus source was atomized using an aerosol generator and car-
ried by an inert gas flow (argon) inside a quartz tube with an in-
ner diameter of ca. 24 mm, which was placed inside a two-
stage furnace system. This spray pyrolysis technique is similar
to that described by Pinault et al.'® and Kamalakaran et al.?° The
nanotubes were collected from the soot deposited on the sur-
face of the quartz tube in the region located inside the furnace.

Characterization. The samples as synthesized were character-
ized by X-ray powder diffraction (Brucker Advance D8), thermo-
gravimetric analysis (Thermo Corp. Cahn Versatherm HS, 1.5
g/0.1 ng), and scanning electron microscopy (FEI XL30-FEG 30
kV). For high resolution transmission electron microscopy (JEOL
4000EX HRTEM, operated at 400 kV) and scanning transmission
electron microscopy (Philips CM200, Tecnai F20 with GIF, JEOL
2010), the samples were mounted on a copper grid with holey
carbon coating after dispersion in isopropanol.

Electronic Structure Calculations. To complement the experimen-
tal evidence and to understand the relationship between phos-
phorus and nitrogen as dopants, we performed total energy
electronic structure calculations for pristine, N-doped, P-doped,
and PN-doped metallic (6,6) and semiconducting (10,0) nano-

www.acsnano.org

ing benzylamine and triphenylphosphine as nitrogen
and phosphorus sources, respectively. Results obtained
from TGA show that these tubes have lower oxidation
temperature when compared to N-doped nanotubes. A
dramatic reduction in the yield of carbon nanotubes is
observed as the TPP concentration is increased. This is a
consequence of the reduction of nanotube length,
which suggests reduced catalytic activity for iron phos-
phide when compared to pure iron. The heteroatomic
doped nanotubes obtained by this method are highly
ordered, and grew from their root (substrate). EDX and
EELS elemental maps and profiles confirmed that phos-
phorus and nitrogen are homogenously incorporated
into the nanotubes. Some iron particles are visible in
the elemental mapping, and X-ray diffraction measure-
ments show that there is iron carbide present in the
sample. However, EDX and EELS spectroscopy indicate
that most of the catalytic particles are composed of iron
phosphide. Using ab initio electronic structure calcula-
tions, it is shown that P and N can coexist as dopants in
carbon nanotubes and that a PN defect is the most
stable of the studied configurations. The ternary phase
diagram of carbon—iron—phosphorus'” shows a meta-
stable boundary between Fe;C and Fe;P at 700 °C,
with an eutectic point close to 966 °C for 12.8 atom %
of carbon in Fe;P. However, there is no stable or meta-
stable boundary reported for Fe,P and Fe,C at the syn-
thesis temperature range used in this study. If carbon
nanotubes grow from supersaturated Fe;C, as shown
recently,'® it is possible to form this compound at the
surface of Fe;P while it is dissolving carbon, but not in
Fe,P. This would explain why the yield of carbon nano-
tubes is reduced with increased phosphorus content
in the feedstock solution.

tubes, consisting of 192 and 200 atoms, respectively. The elec-
tronic structure calculations were performed using density func-
tional theory?'?? within the local spin density approximation
(DFT-LSDA) using the Ceperley—Alder parametrization®* as
implemented in the code SIESTA.>* The wave functions were rep-
resented by a linear combination of pseudoatomic valence orbit-
als using a double-{ polarized basis (DZP),?* while core-elec-
trons were represented by norm-conserving Troullier—Martins
pseudopotentials in the Kleynman—Bylander nonlocal form.?¢-%”
The real-space grid used for charge and potential integration is
equivalent to a planewave cutoff energy of 150 Ry. Periodic
boundary conditions were used and the intertube distance was
kept to a minimum of 10 A to avoid lateral interactions. Given the
system size, sampling of the 1D Brillouin zone with eight k-points
was enough to converge the wave functions. The total energy
was calculated when the forces were converged to less than 0.02
eV/A.
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