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Abstract

Density functional theory calculations were carried out to analyze the performance of single-walled boron nitride nanotubes
(BNNT) doped with Ni, Pd, and Pt as a sensor of CO; and NH3. Binding energies, equilibrium distances, charge transference,
and molecular orbitals, as well as the density of states, are used to study the adsorption mechanism of the gas species on
the surface of the nanotube. Our results suggest a considerable rise in the adsorption potential of BNNTs when the doping
scheme is employed, as compared with adsorption in pristine nanotubes. Ni-doped nanotubes are observed to be the best
candidates for adsorption of both carbon dioxide and ammonia.
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Introduction

Since the early 2000s, several works dealing with carbon
nanotubes (CNTs) and boron nitride nanotubes (BNNTS) as
gas sensors have been published [1-7]. This interest from
the scientific community is due to the favorable structural
and electronic properties that these nanostructured materials
present. In addition to those properties, interesting opti-
cal, magnetic, and thermodynamical characteristics allow
for the potential use of such materials as energy storage
devices [8—12] and even biosensors [13-15]. Some refer-
ences suggested CNTs to be superior over BNNTs when
it comes to energy storage applications [16, 17]. A par-
ticularly interesting study has achieved such a conclusion
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by investigating molecular hydrogen and methane adsorp-
tion in both kinds of single-wall nanotubes [18-20]. CNT
presented the higher binding energy, thus suggesting that
molecular species, in general, are expected to be more
strongly bound to the nanotube surface. Although of crucial
importance, the binding energy cannot be the sole property
considered far as the adsorption potential of nanostructures
is evaluated. Other electronic structure properties and struc-
tural stability should also be carefully studied since they
impact the device’s chemical and thermodynamic stabili-
ties. Due to the early success CNTs have presented, the
effort in investigating such properties in BNNTSs has been
considerably smaller. This fact presents a major drawback
because BNNTSs are known to be stable species that could
potentially give rise to devices that operate in environments
of extreme temperature and pH, for instance. Moreover, it
is important to thoroughly investigate different properties
of BNNTS using a correct doping scheme [21-23] because
its relative performance disadvantage, when compared with
CNTs, can be more than compensated while using a proper
doping scheme.

The focus of the present work is to study the stability
and electronic structure performance of BNNT nanotubes
doped with Ni (nickel), Pd (palladium), and Pt (platinum)
under the adsorption of CO; and NHj3. We focus our
investigation on these gases due to their broad variety of
applications and their proven harms to human health when
higher concentrations are inhaled [24-28]. Especially CO»,
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Table1 E,q, Homo, Lumo,

Egap, and simulation time Method Functional Egs (eV) Homo (eV) Lumo (eV) Egyp (€V) Time (min)

calculated using all methods

and functionals available on LDA PWC —0.2806 —0.18169 —0.112434 0.069 14.55

materials studio for the case LDA VWN —-0,.810 — 0.181755 —0.112480 0.069 14.91

E;ZZ?‘;ES;)“ Fig. 1b (CO2 GGA PWOI 02211 —0.173381  —0.102375  0.071 18.75
GGA BP — 0.1056 — 0.170089 — 0.098379 0.072 16.76
GGA PBE —0.2150 — 0.172000 — 0.100000 0.071 16.02
GGA BLYP —0.1053 —0.163798 —0.093072 0.071 17.40
GGA BOP —0.0079 — 0.15945 — 0.087731 0.072 18.35
GGA VWN-BP —0.1061 —0.170153 — 0.984230 0.072 18.40
GGA RPBE —0.0818 —0.167564 — 0.095754 0.072 18.71
GGA HCTH —0.0715 —0.171473 — 0.098385 0.073 18.05
GGA PBEsol —0.2145 —0.173265 —0.102795 0.070 18.50

which is a odorless and colorless gas, making it difficult to
detect.

All the calculations were carried out in the scope of
the density functional theory (DFT). Two main aspects are
of particular importance to this approach. First, we briefly
discuss the effects of the doping itself. Doping with Ni,
Pd, and Pt is carried out either by substituting the boron or
the nitrogen species. A comparison between these doping
schemes is conducted together with that of the pristine
nanotube. Second, and most important, we discuss the
effects of the doped system with the adsorbent species. Our
goal is to describe which is the best dopant in terms of
adsorption energy equilibrium distance of the complex and
charge transfer between the nanotube and either CO, or
NH3. The present work consists of a valuable contribution
to the assessment of whether BNNT can be a realistic
candidate for gas sensing or storage devices.

Methods

The electronic structure properties are calculated through
the use of the DMol® module of the Materials Studio™

software suite [29-31] with BSSE correction by means of
the counterpoise method. All the calculations are accom-
plished by considering the spin unrestricted generalized
gradient approximation (GGA) with the PBE functional and
DNP basis set [32]. The nuclei-valence electron interactions
are represented by the inclusion of semicore DFT pseu-
dopotentials [32]. According the benchmark presented in
Tables 1 and 2, the GGA/PBE approach shows a good accu-
racy/time performance by estimating adsorption energies
similar to the ones reported in the references [33—41], where
this computational methodology was successfully used to
study the gas adsorption mechanism on organic and inor-
ganic nanotubes. The orbital cutting threshold is set to 4.0 A
and the optimization force to 0.01 eV. The K points in the
Brillouin zone are considered in a (1, 1, 2) Monkhorst-Pack
mesh [42]. A tetragonal unit cell of 25, 25,6, 4 is set so
that to avoid artificial interaction with the image of neigh-
boring cells. In this work, we have simulated BNNT(6, 6)
with 72 atoms as the adsorbant surface. Figure 1 presents
the different schemes of gas attack considered in a pristine
nanotube. The metal-doped nanostructures were attacked
similarly by the gas species considering the carbon and
the nitrogen atoms directly above the dopant metal. As the

Table2 E,4, Homo, Lumo,

Egap, and simulation time Method Functional Eags (V) Homo (eV) Lumo (eV) Egap (€V) Time (min)

calculated using all methods

and functionals available on LDA PWC —1.6128 —0.17001 —0.101926 0.068 13.40

materials studio for the case LDA VWN — 1.6136 —0.17007 —0.101971 0.068 13.60

presented in Fig. e (NH3 GGA PW91 — 1.1780 —0.16214  —0.091775  0.070 2125

adsorption)
GGA BP — 1.0470 — 0.15883 — 0.087283 0.071 17.52
GGA PBE — 1.1780 — 0.15900 — 0.090000 0.069 15.90
GGA BLYP — 0.9385 — 0.15251 — 0.068974 0.069 18.33
GGA BOP — 0.8245 — 0.14816 — 0.077558 0.071 18.02
GGA VWN-BP — 1.0480 — 0.15889 — 0.087326 0.071 18.86
GGA RPBE — 0.9345 —0.15663 — 0.085116 0.071 17.40
GGA HCTH —0.8048 —0.16031 — 0.088569 0.072 17.20
GGA PBEsol — 1.37261 —0.16196 —0.091778 0.070 22.01
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Fig.1 Model BNNT/gas complexes studied here. Panels a and b and ¢
and d illustrate, respectively, the considered positions of the CO, and
NH3 molecules concerning the BNNT. Note that these molecules are

atomic radius of the metals is considerably larger than either
boron and nitrogen, it is clear that the doped structure is
deformed when compared with the pristine nanotube, with
the dopant species outreaching outside the nanotube wall,
as can be inferred from Fig. 2. Within this doping scheme,
we intended to study how good is the possibility of captur-
ing CO, or NH3 above a critical distance to form the ligand
complex. Importantly, the formation of ligand complexes
involving these gases was already discussed [43].

The adsorption energy (E,s) is computed as the
difference between the electronic energy of the complex
structure (Ecomplex) (after the adsorption process took place)
and the sum of the potential energies of the isolated species
(Esnnt and Egys) according to

Eags = Ecomp]ex — Egnnt — Egas- ()

By employing a systematic variation of the distance
between the gas specie and the nanotube, with correspond-
ing single point calculations of the quantities in Eq. 1,
potential energy curves (PECs) could be obtained. Other
quantities such as frontier orbitals, density of states (DOS),
Mulliken population, and intermolecular charge transfer-
ence can be also evaluated. All those quantities, together

Fig. 2 Schematic representation of doped BNNTs. The dopant
substitutes just one B atom in panel a and one N atom in panel b in the
central region of the nanotube. The dopant is represented by green site

positioned on top of the dopant atom to maximize their interaction. In
the color scheme, the atoms N and B are represented by the colors blue
and pink, respectively

with the bandgap energy Eg,,, can be used to better
understand fundamental electronic properties of the studied
nanotubes.

Results

We begin the analysis of the results presenting a summary
table containing the structural and electronic characteristics
of the different candidates to gas sensors (see Table 3).
The idea is to isolate the best candidates in terms of site
substitution, dopants, and adsorption direction (according to
Fig. 1) so that the calculations above could be performed to
the most promising cases.

In Table 3, R, is the equilibrium distance of the complex,
i.e., the point with the most negative energy, according to
Eq. 1. Eyomo corresponds to the energy of the highest
occupied molecular orbital (HOMO) and E ymo to the
energy of the lowest unoccupied molecular orbital (LUMO).
E,qs and Egyp being the adsorption and bandgap energies,
respectively, while Qr stands for the charge transfer
between structures. The notation adopted in the first column
of the table begins with a letter corresponding to Fig. 1,
which represents both the gas species and the direction
of adsorption. A dash after the letter means the system
is pristine, whereas the name of the atom represents the
species substituted by the metal described in the second
column.

In Table 3, we highlighted (in italic) the most promising
systems as far as gas adsorption candidates are concerned.
The goal is to carry out the remaining of the analysis in these
particular systems.

For the adsorption of carbon dioxide, it was obtained
that the attack configuration A was preferable when oxygen
was directly towards the nickel dopant that replaced
nitrogen from the nanotube. As for ammonia adsorption,
it too yielded the most favorable adsorption with nickel
substituting nitrogen, but this time when the gas approached
the doped BNNT according to configuration C. One can
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Table 3 Structural and

electronic characteristics of Pos/dop  Structure Re (A)  Enowmo €V)  Erumo (€V)  Eugs €V)  Egyp (V) Q7 (o)
candidates to gas sensors
A/- BNNT-CO2 2.98 —0.246 —0.092 —0.063 0.153 — 0.004
A/B BNNT@Ni-CO2  3.30 —0.222 —0.152 —0.061 0.070 —0.003
A/B BNNT@Pd-CO2 2.99 —0.213 —0.184 —0.062 0.028 —0.001
A/B BNNT@Pt-CO2  3.30 —0.209 —0.184 — 0.060 0.025 —0.002
A/N BNNT@Ni-CO2  2.20 —0.172 —0.100 —0.215 0.071 —0.003
A/N BNNT@Pd-CO2 2.70 —0.236 —0.141 —0.054 0.095 —0.002
A/N BNNT@Pt-CO2  3.00 —0.245 —0.141 —0.071 0.104 —0.001
B/- BNNT-CO2 3.29 —0.247 —0.093 —0.051 0.153 —0.002
B/B BNNT@Ni-CO2  3.70 —0.224 —0.154 —0.020 0.070 —0.001
B/B BNNT@Pd-CO2 3.70 —0.216 —0.187 —0.018 0.029 —0.003
B/B BNNT@Pt-CO2  3.61 —0.212 —0.187 —0.004 0.024 0.007
B/N BNNT@Ni-CO2  3.50 —-0.177 —0.125 —0.045 0.052 0.003
B/N BNNT@Pd-CO2  3.50 —0.241 —0.145 —0.033 0.096 0.002
B/N BNNT@Pt-CO2  3.51 —0.248 —0.146 —0.024 0.102 —0.003
C/- BNNT-NH3 2.70 —0.237 —0.089 —0.168 0.148 0.003
C/B BNNT@Ni-NH3  2.20 —0.201 —0.143 —0.124 0.058 0.002
C/B BNNT@Pd-NH3  2.50 —0.202 —0.173 —0.132 0.029 0.001
C/B BNNT@Pt-NH3  2.40 —0.196 —0.169 —0.650 0.026 —0.001
C/N BNNT@Ni-NH3  2.10 —0.159 —0.090 —1.178 0.069 0.005
C/N BNNT@Pd-NH3 2.40 —0.226 —0.131 —0.620 0.095 0.003
C/N BNNT@Pt-NH3  2.40 —0.236 —0.126 —0.640 0.110 0.004
D/- BNNT-NH3 2.40 —0.225 —0.093 —0.051 0.131 0.004
D/B BNNT@Ni-NH3  2.80 —0.221 —0.151 —0.131 0.372 — 0.005
D/B BNNT@Pd-NH3 3.30 —0.210 —0.185 —0.128 0.029 — 0.004
D/B BNNT@Pt-NH3  2.60 —0.121 —0.186 —0.127 0.024 —0.001
D/N BNNT@Ni-NH3  2.20 —0.176 —0.121 —0.130 0.055 —0.003
D/N BNNT@Pd-NH3 2.40 —0.239 —0.145 —0.136 0.094 —0.002
D/N BNNT@Pt-NH3  2.60 —0.232 —0.146 —0.135 0.086 —0.001

The first column begins with a letter representing the gas species and the direction of adsorption according
to Fig. 1. A dash after the first letter means the system is pristine, whereas the name of the atom represents
the species substituted by the metal described in the second column. The remaining columns correspond to
the parameters discussed in the “Results” section of the main text

note that, in general, the pristine BNNTSs tend to present
considerably higher adsorption energies than their doped
counterparts. This fact is especially true for the nickel
species which, indeed, is expected to be the most reactive of
the studied metals.

Our conclusions are obtained mainly from the evaluation
of adsorption energy. Overall, they can be summarized and
presented as follows. Firstly, we obtained that nickel is
the best dopant and its performance is especially favorable
when substituting a nitrogen atom from the nanotube.
Secondly, the adsorption process is facilitated when the
most electronegative atom of the gas species is nearer the
metal, a result that directly follows from the fact that metals
are electron rich species.

Having these results in mind, we can now turn to the
analysis of the PECs of the adsorption processes of both

@ Springer

CO; and NH3. Figure 3 a presents the PECs related to the
adsorption process of the former according to configuration
A of Fig. 1. Here, nitrogen is the substituted species on
the nanotube whenever doping is carried out. The figure
contains PECs of pristine (black), Pt-doped (blue), Pd-
doped (red), and Ni-doped (green) BNNTSs. One can see the
difference between the depths of the wells, which can be as
high as over an order of magnitude, reaching over 0.2 eV.
The figure is a irrefutable proof of the importance of doping
on the adsorption process in BNNTs. By doping BNNTs
with nickel using substituting the lattice’s nitrogen, a well
deep enough that several vibrational levels would be borne.
This fact could have a significant impact on the lifetime of
the complex and, as a consequence, on its stability. Figure 3
b presents the comparison between the PECs of the NHj
adsorption process by the different BNNTs. Once again,
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Fig.3 Binding energy for 0.4
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one can see the increase of the adsorption energy when the
doping scheme is considered. In this case, the adsorption
energy of the Ni-doped BNNT reaches 1.17 eV, the largest
described in the present study.

Figure 4 compares the density of states between
the pristine and Ni-doped BNNTSs in their respective
equilibrium distances. The differences of the pattern are
remarkable thus suggesting that, indeed, the doping scheme
profoundly affect the electronic structure of the system for
both, NH3 and CO». In particular, it is observed the lowering
in the energy gap, manifested by the presence of states near
24 eV.

Figure 5 presents the frontier orbitals HOMO and
LUMO. One can see that the presence of the dopant
induces an even greater degree of localization of these
orbitals around the adsorption site. Such properties can have
influences over the electric features of a device such as
the gas sensor. For instance, a diminishing of the energy
gap contributes to a greater conductance of the system,
thus allowing free charge carriers to move more efficiently
through the lattice. This property can be used as a route to
the detection mechanism of the gas species.

Other cases that have shown to be less prominent for
CO; and NHj3 sensors, and which justify the choice made
concerning the N-doped nanotubes with Ni used here,
are presented in the supplementary material. For the sake
of comparison, Table 3 presents several quantities for all
complexes studied here (including the cases in which the
potential energy curves and frontier orbitals are presented
only in the supplemental material). Importantly, the results
concerning pristine BNNTSs show that they interact with the
gases very weakly, corresponding to physical adsorption.
When it comes to doped BNNTSs, one can note that the
geometrical deformations imposed by the atom substitution
mechanism lead to changes in the electronic properties
for the nanotubes. As depicted in Fig. 4, the calculated
DOS shows how atomic substitution affects the electronic
distribution of BNNTs. Adding a dopant atom to the BNNTs
induces the appearance of some impurity states near the
Fermi level, thus resulting in a gap decrease facilitating
the charge transference among the levels. These new states
also produce a change in the frontier orbital localization
(as shown in Fig. 5) that enables the chemical adsorption
between the BNNT region in the presence of a dopant

Fig.4 Density of states for 60 60
nanotubes BNNT (black lines) (a) (b)
: : : BNNT-COy =—e— BNNT-NH3 —e—
and BNNT@Ni (red lines) in the so L BNNT-Ni-COp —e— | 0 | BNNT-Ni-NH; —e—
presence of a CO, and b NH3
40 40 H E
n n
o 30 QS 30 F E
A A
20 20 | E
10 | 10 |
0 1 1 0 1 1 I
-5.0 2.5 0.0 2.5 5.0 -5.0 2.5 0.0 2.5 5.0

Energy [eV]

Energy [eV]
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Fig. 5 HOMO-LUMO for CO; molecule in nanotube a BNNT and
b BNNT@Ni, and the molecule of NH3 in nanotube ¢ BNNT and d
BNNT@Ni

and the adsorbed gases. It is worthwhile to mention that
chemical adsorption occurs for binding energies higher than
leV.

Conclusions

We have conducted a comprehensive study concerning the
adsorption mechanism of carbon dioxide and ammonia
in transition metal-doped BNNTs. We observed that the
substitutional doping increases when the metal substitutes
nitrogen on the adsorbant surface. Nickel was shown to be
the dopant that increased the adsorption energy of either
CO; or NH3 the most. The present study shows that the
viability of conceiving energy storage and gas sensing
devices based on BNNTSs requires specific doping schemes
concerning both the nature of the site to be extracted from
the system as well as the one to be included. Importantly, the
Ni-doped CNTs were also employed to theoretically study
the adsorption of CO; and NH3 on nanostructures [44, 45].
These studies report that adsorption energies are — 1.93 for
CNT@Ni-CO2 [44] and — 1.37 eV for CNT@Ni-NH3 [45].
Table 1 shows that the adsorption energies obtained here for
CO; and NH3 when it comes to nickel-doped BNNTs are
—0.21eV and — 1.18 eV, respectively. In both cases, we can

@ Springer

conclude that Ni-doped CNTs are more reactive structures
than BNNTs analogs for the adsorption of CO, and NH3. A
possible reason for that is the shortest distance between the
dopant and the CNT wall regarding the BNNT. This short
distance allows the gas to interact with the atoms in the
nanotube wall more strongly in the former case. Moreover,
other studies have investigated the adsorption of CO; on
pristine and doped BNTTs [37, 46, 47]. The calculated
adsorption energies are about — 1.02 eV for doped BNNTs
and — 0.16 eV for pristine structures. When it comes to NHj3
case, some works in the literature report the chemisorption
mechanism, in pristine and doped structures, with energies
varying from 0.45 to 2.5 eV [48, 49]. The values obtained
here for the NH3 absorbed on BNNT@Ni structure, see
Table 1, are similar to the ones reported in these studies.
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