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A first-principles approach is used to establish that substitutional phosphorus atoms within carbon
nanotubes strongly modify the chemical properties of the surface, thus creating highly localized sites
with specific affinity towards acceptor molecules. Phosphorus—nitrogen co-dopants within the tubes
have a similar effect for acceptor molecules, but the P-N bond can also accept charge, resulting in
affinity towards donor molecules. This molecular selectivity is illustrated in CO and NH; adsorbed on
PN-doped nanotubes, O, on P-doped nanotubes, and NO, and SO, on both P- and PN-doped
nanotubes. The adsorption of different chemical species onto the doped nanotubes modifies the
dopant-induced localized states, which subsequently alter the electronic conductance. Although SO,
and CO adsorptions cause minor shifts in electronic conductance, NH3, NO,, and O, adsorptions
induce the suppression of a conductance dip. Conversely, the adsorption of NO, on PN-doped
nanotubes is accompanied with the appearance of an additional dip in conductance, correlated with
a shift of the existing ones. Overall these changes in electric conductance provide an efficient way to
detect selectively the presence of specific molecules. Additionally, the high oxidation potential of the
P-doped nanotubes makes them good candidates for electrode materials in hydrogen fuel cells.

1. Introduction

It is well known that the intrinsic electronic properties of single-
walled carbon nanotubes (SWCNTSs) can be modified by the
adsorption of molecules on their surface.! The adsorption usually
proceeds in parallel with a significant modification of the nano-
tube electronic structure. For instance, the exposure of SWCNTs
to NO, and NHj; is known to induce two orders of magnitude
changes in the nanotube conductivity, namely a conductivity
increase when exposed to NO, and a conductivity decrease when
exposed to NH;.2 Molecular oxygen can also increase the
conductivity of SWCNTSs,* due to charge transfer and strong
interactions between the nanotube and the substrate.? Chemical
and structural modifications of nanotubes can therefore improve
the nanotube sensitivity and selectivity, as shown for chemical
functionalization,* structural defects,>® and chemical doping.”®
It was recently found that phosphorus can effectively dope
carbon nanotubes, either as a single substitutional dopant® or as
a co-dopant with nitrogen.'® Theoretical investigations showed
that both P and PN defects are characterized by the presence of
a highly localized state close to the Fermi level, a promising
premise for notorious chemical reactivity and sensing
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capabilities.!” In this paper, we analyze in detail how phosphorus
(P) and phosphorus—nitrogen (PN) doped carbon nanotubes can
be used as ultrasensitive molecular sensors, based on the chem-
ical reactivity of the phosphorus atoms and the localized states it
induces in P- and PN-doped carbon nanotubes. Additionally, we
note that these doped nanotubes could hold tremendous poten-
tial for applications for cathode materials in fuel cells, where the
oxygen contamination of the Pt based cathodes currently used is
a major problem." Specifically, doped carbon nanotubes could
therefore catalyze a four-electron oxygen reduction reaction
(ORR) process with a much higher electrocatalytic activity, more
resistance to CO-poisoning, and better long-term operation
stability even than those of commercially available or similar
platinum-based electrodes.’* As demonstrated in this paper,
P-doped nanotubes provide a viable material for fuel cells,
thanks to the presence of a highly localized electronic state that
should allow for even more efficient electrocatalytic activity than
N-doped nanotubes.

2. Computational details

Ab initio calculations were performed using the density func-
tional theory''* implementation of the SIESTA code'® within
the local spin density approximation (LSDA). Norm-conserving
pseudopotentials are used to represent the core electrons,'” and
the wave functions are expanded in terms of a numeric pseudo-
atomic double-{ basis set with polarization orbitals, as described
by Junquera et al.,'® using an energy shift of 25 meV to confine
the basis functions, and a cutoff radii in the 5-8 a.u. range. A real
space mesh equivalent to an energy cutoff of 200 Ry was used for
the electrostatic potential integrals. In order to simulate the
doping of the nanotube, a single P or PN doping site was created
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on a8 x 1 x 1 supercell of a (6,6) carbon nanotube; which
comprised a vacuum region of at least 15 A between nanotubes in
neighboring supercells, and a separation of 19.8 A between
doping sites. Given the system size, y point calculations to
sample the Brillouin zone were found accurate and numerically
converged. To simulate adsorption, the molecules of interest are
initially positioned about 2.5 A from the doped site, and the
structure is then relaxed by conjugate gradient (CG) geometry
optimization until residual forces are lower than 0.04 eV Al
The thermal stability of the adsorption process is verified by
molecular dynamics (MD) using a time step of 1 fs for the inte-
gration of the equations of motion, for a minimum of 1000 steps.
The temperature of 300 K is controlled with the Nosé thermo-
stat, using a Nosé mass of 10.0 Ry-fs.>**

Charge transfer and adsorption energies were corrected using
the basis set superposition error (BSSE) numerical technique.
Charge redistribution after adsorption is calculated by sub-
tracting the sum of the charge densities of the individual systems
from the final charge density. Finally, chemical sensing proper-
ties are studied by computing the electronic transport using
equilibrium Green functions?*?? for adsorbed species displaying
the strongest interactions. Local variations in the electrostatic
potential could result in screening of the impurity potential and
in turn to a reduced efficiency of the P- or PN-doped nanotube
system as a molecular sensor. The use of non-equilibrium
Green’s function methodology could be used in order to take
these variations into account. However, the use of equilibrium
conditions is justified by considering that for a real system, most
of the potential drop occurs at the contacts, which together with
the difference in the length scale between an experimental device
(on the order of micrometres) and our model (ca. 2 nm) results in
a very soft potential variation over the radius of action of the
dopant at the nanometre scale.

The bonding environment of doping atoms in the nanotubes
was studied using a Natural Bond Orbital (NBO) analysis using
the NBO 5.0 program.** This analysis uses the one-electron
density matrix to derive molecular bonding information from the
electronic density between the atoms. For this analysis, the
density matrix was calculated for a finite segment of a pristine
and doped nanotubes, using the NWChem?® suite of programs,
with a 6-31G* basis set and the B3LYP exchange-correlation
functional.?

3. Results and discussion

The molecules of interest for chemically specific detection studied
in this paper include CO, NH3, NO,, SO,, and O,. The results of
the adsorption energy are summarized in Table 1. We find that
CO and NH; have a marked preference toward PN-doped sites,
while no adsorption is seen for P-doped nanotubes. After
relaxation, CO adsorbs on PN-doped CNTs (binding energy of
0.203 eV), while a minimal adsorption energy is observed for P-
doped CNTs (0.088 eV). The equilibrium distance between the
adsorbate and the nanotube was 2.38 A for PN doping and 3.01
A for P doping, while the charge transfer was very low in both
cases. For NHj, it has a higher adsorption energy on the PN-
doped nanotube (0.444 eV) than on P-doped system, which is
negligible (0.06 eV). In the PN case, NH; was found to loose
0.16 electrons while the equilibrium distance was 2.41 A. For the

Table 1 Equilibrium distance, binding energy and charge transfer for
molecules absorbed on phosphorus and phosphorus—nitrogen doped
carbon nanotubes

P doped CNT PN doped CNT
Molecule qu EBind Aqmol qu EBind Aqmol
CO 3.01 0.088 0.02 2.38 0.203 —0.04
NH; 3.53 0.064 0.00 2.41 0.444 —0.16
NO, 1.93 1.545 0.07 2.65 0.232 0.15
(0)3 1.7 0.756 0.27 3.07 0.061 0.03
SO, 2.62 0.435 0.27 2.73 0.335 0.25

P-doped systems, the equilibrium distance of 3.53 A, accompa-
nied with a negligible charge transfer and low binding energy
makes clear that the molecule was not adsorbed.

In contrast to CO and NH;, NO, and SO, are adsorbed in
both doping cases. NO, has a very strong interaction with a P-
doped site, with a binding energy of 1.55 eV, very low charge
increase (0.07 electrons), and an equilibrium distance of 1.93 A,
which denotes a chemical bond rather than physisorption.
Conversely, the binding energy to a PN-doped site was 0.23 eV,
with a charge transfer of 0.27 electrons, and a longer equilibrium
distance of 2.65 A. SO, had similar interactions with both P- and
PN-doping sites. The equilibrium distances for P and PN doping
sites were 2.62 A and 2.73 A, respectively and the binding ener-
gies were 0.44 and 0.34 eV, while the charge increase was also
very similar (0.27 and 0.25 electrons).

Finally, O, has affinity only for the P-doped site, with an
equilibrium distance of 1.7 A, a binding energy of 0.76 ¢V, and
a charge increase of 0.27 electrons. For the PN-doped case the
interaction was very low, with an equilibrium distance of 3.07 A,
a binding energy of 0.06 eV and a very low charge transfer.

The results described above are summarized in Table 1. From
these data, it is evident that phosphorus doping creates an
affinity to acceptor molecules (i.e. NO,) in the doped carbon
nanotube, around the localized state previously described in ref.
9, and 11. In Fig. 1, the equilibrium geometries are shown for the
molecules that have a non-negligible binding energy with the
P-doped nanotubes (NO,, O,, and SO,). The charge density
redistribution is also depicted in Fig. 1 with an isosurface at
40.02 ¢~ A~ for the aforementioned molecules. In all cases, an
increase in the electron density is observed between the adsorbed
molecule and the phosphorus atom, as well as an electron density
reduction in the vicinity of the phosphorus atom. This result is

(a) NOz

(b) O2_

(c) SO2
¢

o

Fig. 1 Equilibrium geometries and charge density variations for
(a) NO,; (b) O, and (c) SO, molecules adsorbed on phosphorus doped
carbon nanotubes. The white (grey) clouds represent an increase
(decrease) in charge density, with isosurfaces plotted at +0.02 e~ A,
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consistent with the presence of a localized state around the
phosphorus atom as being an active part of the adsorption
process.

Following NO, adsorption, the increase in electronic density
observed between the nitrogen and phosphorus atoms
(see Fig. 1a), along with a short equilibrium distance, the reduced
charge transfer, and the high binding energy, all indicate the
formation of a covalent bond. Additionally, a bond length
reduction of 4% is observed in the P-C bond in the nanotube,
confirming a change in the chemical environment for the phos-
phorus atom. A similar effect is observed for oxygen adsorption
(Fig. 1b), which shows a density increase coupled with a high
binding energy. The P—C bond length is also reduced by about
4%, but in this case, significant charge transfer takes place.
Fig. 1c shows the final geometry for the adsorption of SO,, which
has both a lower binding energy and also smaller reductions in
bond lengths in the nanotube.

Fig. 2 shows the equilibrium geometries for molecules adsor-
bed on a PN-doped nanotube. The charge density increases
between the absorbed CO and the P atom (Fig. 2a), without
disturbing the bond lengths and with a small binding energy. For
NH; (Fig. 2b), the electronic density increases significantly in the
P-N bond. This indicates a charge transfer from the adsorbed
molecule, resulting in an increase of ca. 4% in the length of this
bond, while the P-C bonds remain unchanged.

Fig. 2c shows the final geometry for NO, absorbed on
a PN-doped nanotube, which differs from the P-doped case in

(a) CO

(b) NHs

(c) NO2

Fig.2 Equilibrium geometries and charge density variations for (a) CO,
(b) NHj, (c) NO; and (d) SO, molecules adsorbed on phosphorus
nitrogen doped carbon nanotubes. The white (grey) clouds represent
an increase (decrease) in charge density, with isosurfaces plotted at
+£0.02 ¢ A,

that there is an effective charge transfer of 0.15 electrons, while
the binding energy is of 0.23 eV. This suggests a physical
adsorption process, instead of the chemical adsorption seen for
P-doped nanotubes. Fig. 2d shows the adsorption geometry for
SO,, which has similar behavior to the adsorption on P-doped
nanotubes.

Thermal stability was evaluated for the adsorbed molecules.
After thermalization at 300 K, both CO and NH; molecules
unbind from the doping site on PN-doped nanotubes, although
the adsorption energies are 0.2 and 0.44 eV. This confirms that
for these molecules, the adsorption site is not thermally stable.
For NO, and SO,, only small changes in their position were
observed during thermalization, and the molecules remained
bound to the phosphorus atoms in the doped nanotubes. For the
0O,, a similar behavior was observed, in which the O, molecule in
P-doped nanotubes remains strongly bonded, whereas the non-
adsorbed O, molecule in PN-doped nanotubes remains at
a distance above 2.8 A.

It may seem surprising that P- and PN-doped nanotubes
behave in such different ways. A P-doped nanotube presents
affinity only towards acceptor molecules, and creates strong
covalent bonds, while a PN-doped nanotube displays adsorption
properties varying broadly with the type of adsorbate and forms
mainly electrostatic interactions. In order to better understand
the origins of these differences, we complemented the total
energy calculations presented above with a natural bond orbital
(NBO) analysis. The results are summarized in Fig. 3 and
Table 2.

We found that the P-doping is associated with the presence of
a lone electron pair located at the phosphorus atom with mixed s
and p characters, as well as a p-like radical located at one of the
neighboring carbon atoms, as seen in Fig. 3a. This result is
compatible with previous observations made for the phospho-
fullerene.?” As seen in Table 2, the hybridizations of & and B spins
in P-doped nanotubes have slight variations due to the different
number of electrons in the o and B spin populations.

Turning to PN-doped SWCNTs, we find that the bonding
environment is very different to the P-doped counterpart
(Fig. 3b). There is a considerable charge transfer from phos-
phorus to nitrogen, as their natural charges derived from
NBO theory are +1.12 |e| and —0.58 |e|, respectively. Other
atomic population theories, such as Bader analysis of the
charge density, confirm that the phosphorus atom has

Fig. 3 Schematic representation of the bonding environment of the P
and PN doped carbon nanotubes. The phosphorus doped case is similar
to the doped fullerene shown in ref. 27. The PN doped case is charac-
terized by the charge transfer from P to N and the highly polarized PN
bond.
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Table 2 Hybridization and bonding environment for phosphorus and
nitrogen atoms in P and PN doped nanotubes

o B
P-doped X C X C
})_Ca Sp4.81d0.06 sp2.43 SpS.OldD.Oﬁ sp2,48
P_Cb Sp5.62d0.07 Sp2.57 Sp5.09d0.05 Sp2.76
P (LP) spt).% . spn.w o
PN-doped X C
N-C sp'*° sp>* Degenerate
P7C Sp4.6d0.06 Sp2.45
N (LP1) sp™’ —
N (LPZ) spl7.13 .
P (LP) Spoos o

a partial positive charge whereas the nitrogen atom has
a partial negative charge, although the actual values are
different. This charge transfer contributes to the formation of
a highly polar bond between phosphorus and nitrogen, which
is out of the detection threshold of the NBO but is evidenced
by the presence of a short interatomic distance of the PN
dimer and its thermal stability. Both N and P remain with
a lone pair of electrons that, along with their bonds to carbon
atoms, completes the full Lewis octet for both species. The
partial positive charge of the phosphorus atom in PN-doped
nanotubes accounts for the lower affinity from the P localized
state towards acceptor molecules, and a higher affinity
towards the donor ones. The partial negative charge of the
lone pairs from the nitrogen atom, which have a strong p
character, is likely to be screened by the carbon network. It
follows that the N site is likely to be less chemically active
than the P site.

Quantum transport calculations indicate that molecule
adsorption perturbs the conductance of doped nanotubes, either
by shifting the energy of the localized states or by creating new
states. Fig. 4 displays the calculated conductance for P-doped
nanotubes. We observe that NO, and O, adsorption have very
similar behaviors: they induce a shift of the bound state at the
Fermi level on the phosphorus atom located at lower energies
(ca. —1.2 eV), while in the SO, case, this energy level is only
slightly shifted by —0.3 eV. The first two cases correspond to
chemisorptions whereas the latter corresponds to physisorption,
as explained above.

NO, - P doped CNT

-
L™

O, - P doped CNT

Fig. 5 shows the conductance for PN-doped nanotubes. CO
has little effect on the conductance, only resulting in minor shifts.
NH; adsorption causes the suppression of a conductance dip
located ca. 1 eV, and the shift of ca. 0.2 eV of the conductance dip
located at —0.8 eV. These two dips are originally due to the
presence of localized states around the P-N doping site, which
are affected by the presence of NHj.

For the NO, adsorption on PN-doped nanotubes, the
conductance dip located at ca —0.86 eV is split in two different
dips, suggesting that this state was split in two nearby states (or
that there is a shift plus a new state), located at —1.2 eV and
—0.45 eV. SO; has similar effects as in P-doped nanotubes, only
causing a small downshift in the energy of the localized states and
their corresponding dips.

For these doped nanotubes to be of practical use as selective
molecular sensors, adsorbed molecules need to be identified. As
discussed in ref. 6, changes of about 10% of the conductance at
Egr can be detected experimentally; and modifications of the
conductance slope near Er can be an alternative for experimental
measurements. Fig. 6 shows the conductance for the adsorbed
molecules for P- and PN-doped nanotubes. It is observed that
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Fig.5 Conductance of a PN doped nanotube with an adsorbed molecule
at the doping site. From top left, clockwise: CO, NH3, SO, and NO,. CO
has very mild effects due to its small interaction with the doped nanotube.
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Fig. 4 Conductance for a P-doped carbon nanotube with an adsorbed molecule. From left to right: NO,, O,, and SO,. The dashed lines are the base
conductance of a nanotube, the green lines are the conductance of P-doped nanotubes, and the red lines are the conductance after the molecule has been

adsorbed.
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Fig. 6 Comparison of the conductance near the Fermi energy for
different adsorbed molecules on a doped site, for (a) a P-doped carbon
nanotube; and (b) a PN-doped carbon nanotube.

Table 3 Percentage of change in the conductance at the Fermi energy,
and on the linear response current at +0.5 V, for phosphorus and
phosphorus—nitrogen doped carbon nanotubes for different adsorbed
molecules

P-doped AG AI(-0.5V) AI(0.5V)
NO, 57% 60% 21%

0, 57% 59% 22%

SO, 41% 11% 15%
PN-doped

CO 0% 2% 0%

NH; —10% —21% —-3%
NO, —1% —10% 0%

SO, 4% 12% 2%

P-doped nanotubes exhibit the most significant changes in the
conductance near the Fermi energy when a molecule is adsorbed.
In Table 3, we show the calculated conductance changes and the
difference in the linear response currents at —0.5 V for the
molecules shown in Fig. 4 and 5. As can be seen in Fig. 6, both
NO, and O, have a very similar effect in the conductance of
a P-doped nanotube, with changes in both AG and AT that are
not easily distinguished from each other. SO, has a milder effect,
with AG = 41% at Er and Al in the 10-15% range.

For PN-doped nanotubes, it is confirmed that CO has a very
weak interaction, as the conductance and current changes are
below detection thresholds. NHj can be identified by a AG of
—10% at Fermi energy, while A7 (—0.5 V) is —21%. NO, and SO,
have weak effects at Eg, but Al (—0.5 V) values of —10% and
12%, respectively, could help in identification of the adsorbed
molecules.

Recent developments in transport theory have allowed the
calculation of quantum electronic transport properties along
modular systems that could reach lengths in the order of
micrometres,”?® and have been successfully implemented using
ab initio calculations.?® Under this approach, it has been found
that as the nanotubes become longer, different transport regimes
are developed depending on the energy of the carriers. While
carriers with energies closer to those of the impurity bound states
become strongly localized and have an exponential decay in
conductance as a function of the nanotube length, those with
energies far from these states have weak localization and their
conductance decays linearly with the nanotube length.?®* It
follows that we can only infer that for a nanotube with lengths in
the mesoscopic scale and with chemical disorder, the molecular

species with strong chemical binding to the doped nanotubes
would be easier to identify, since these interactions cause shifts in
the energy of the localized states around the impurities. Molec-
ular species that show only minor shifts in the conductance dips
will likely be harder to identify since these changes will probably
be screened by an exponentially decaying conductance.

4. Conclusions

In conclusion, substitutional P atoms modify the chemical
properties of the surface of carbon nanotubes, thus creating sites
with affinity towards acceptor molecules due to the presence of
highly localized states around them. We found that P-N
co-dopants have a reduced affinity for acceptor molecules, but
the P-N bond can also take up charge, resulting in affinity
towards donor molecules due to a partial positive charge at the
phosphorus atom. Among the molecules studied here, CO and
NH; were found to adsorb only on PN-doped nanotubes, O, was
adsorbed only on P-doped nanotubes, while NO, and SO, were
adsorbed on both P- and PN-doped nanotubes. Molecular
dynamics studies revealed that CO and NH3; molecules unbind at
room temperature, while the adsorption of the other molecules
seem to be thermally stable. A NBO analysis showed that the P
atom has a very different chemical environment in P- and
PN-doped nanotubes, as a result of variations in charge and local
bonding conditions.

Chemical changes at the localized electronic states affect its
energy, resulting in different positions for the conductance dips
that are associated with them. SO, and CO cause only minor
shifts in the conductance, while NH; causes the suppression of
a conductance dip, and NO, and O, had similar effects in the
conductance of P-doped carbon nanotubes. Finally, the
adsorption of NO, in PN doped nanotubes caused the appear-
ance of a new dip in conductance, and at the same time the shift
of the existing ones. Since changes in the conductance at Fermi
energy of about 10% can be detected experimentally, and in
particular since modifications of the conductance slope near Eg
can be an alternative for experimental measurements, the results
of this study demonstrate the potential for a molecular sensor
with identifiable selectivity that is based on P- and PN-doped
carbon nanotubes. Diverse variations in realistic experimental
setups could produce even different results that are out of the
scope of the present report. While a complete assessment of the
transport properties of the P and PN doped nanotubes and their
potential as molecular sensors cannot be achieved only by
theoretical methods, our results provide valuable information
that, in conjunction with experimental data, could be further
used to design realistic molecular sensors.

While the oxidation of P-doped nanotubes implies the
poisoning of the adsorption sites and would limit their applica-
tions to anaerobic environments, the absence of interaction
between oxygen and the PN-doped site allows the use of these
sensors in ambient conditions. The fact that P-doped and
PN-doped SWCNTs can be efficiently synthesized®'® and
provide a localized electronic state with a high oxidation
potential should also be particularly attractive for applications in
electrochemical redox applications. Currently, platinum
nanoparticles are widely used as the cathode material in hydro-
gen/oxygen fuel cells (like polymer electrolyte fuel cells) due to
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their efficiency in catalyzing the oxygen reduction reaction
(ORR). However platinum does not exhibit good stability and
the catalytic performance begins degrading as soon as it is
introduced into a fuel cell and continues until it is no longer
active.'? This, combined with the high cost of platinum, consti-
tute significant disadvantages to producing large-scale quantities
of fuel cells for commercial applications. The use of N-doped
CNTs has recently shown tremendous promise for providing
a solution to this important problem.'* Here we note that the low
affinity of PN-doped nanotubes to being poisoned by oxidation
or carbon monoxide contamination indicates that these new
materials should be even better for this purpose.
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