Downloaded by UNIV FED DE SAO CARLOS at 06:31:25:839 on June 10, 2019

from https://pubs.acs.org/doi/10.1021/acs.jpcc.6b10396.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Adsorption of NH; with Different Coverages on Single-Walled ZnO

Nanotube: DFT and QTAIM Study

Naiara L. Marana,” Silvia M. Casassa,” and Julio R. Sambrano*

TModeling and Molecular Simulations Group, Sdo Paulo State University, UNESP, 17033-360 Bauru, Sdo Paulo, Brazil
*Theoretical Group of Chemistry, Chemistry Department LE.M., Torino University, Torino 10124, Italy

© Supporting Information

ABSTRACT: NH; adsorption with different coverages on
single-walled armchair and zigzag ZnO nanotubes (ZnONT)
has been studied via periodic computational simulations at
the all-electron B3LYP level. In order to fully characterize
the molecules-surface interaction, infrared (IR) spectra were
calculated for the first time. A rigorous analysis of the electron
density in the bonding region, according to the quantum
theory of atoms in molecules, was performed. NH; molecules
physisorb without dissociation via a self-catalyzed process.
Although the nanotubes undergo sensitive lattice deformations
with low coverages, its fundamental electronic properties
were not modified. Owing to these analyses, the ZnONTSs can
be applicable as NH; gas sensor.

B INTRODUCTION

Zinc oxide (ZnO) wurtzite is a well-recognized multifunctional
material with a direct band gap energy (3.37 eV)' and with
several technological applications due to the low cost of
synthesis, chemical stability, and nontoxicity.”’

In recent years, among other uses, ZnO-based structures
applied as gas sensors have been the subject of several research.
Catto et al.* reported a low-temperature method to prepare an
ozone gas sensor based on hexagonal one-dimensional (1D)
ZnO nanorod-like structure via a hydrothermal process. ZnO
nanostructures with sensitivity toward low O; concentrations,
as well as good stability, fast response, and short recovery time,
has been recently reported by Rocha et al.’

An experimental study by Biasotto and co-workers® exploited
the considerable surface-to-volume ratio and porous sensitivity
of ZnO films to design devices for CO gas detection. Wang and
co-workers” studied the response and viability of ZnO nanorod
to detect NO, in the presence of several critical influencing
factors and have found rather good performances in sensitivity
and response speed. ZnO nanorods-based ammonia sensors,
with a cross-linked configuration structures, as reported by
Chen et al,* exhibit effective capability in detecting ammonia at
a concentration of 10 ppm NHj/air.

Due to its high specific area, fine particle size, and quantum
confinement properties, ZnO nanowires are believed to
represent promising candidates for gas sensing applications’
in particular as regards to ammonia detection.'® However, a few
theoretical papers are devoted to study the characteristics
and implications of gas molecules interaction with 1D ZnO
structures. An et al.'' investigated the electronic and struc-
tural properties of a single-walled ZnO nanotube (6, 0) as a
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B3LYP (Structural, Electronic, and Topological Properties)

potential sensor for O,, H,, NHj;, and NO,. Their density
functional theory (DFT) calculations showed that molecules
are mainly chemisorbed and that CO and ammonia behaves
as charge donors enhancing the electron concentration
of ZnO.

Among several gaseous molecules, the present study focus is
on ammonia (NH;) adsorption. This molecule is extensively
applied in many areas, such as food, pharmaceutical, chemical
industries and medical diagnoses, among others. Nevertheless,
ammonia is a toxic gas and a severe irritant to the respiratory
tract. An exposure over 15 min needs to be limited to
25-35 ppm, and the time-weighted-average over an 8 h period
should not exceed 25 ppm. Depending on those conditions and
sensibilities, the critical need of reliable and effective ammonia
monitoring everywhere is urgent,'” which implies the need to
develop more efficient materials for detection.

Many ammonia sensors are already based on pure ZnO bulk
phases and surfaces."*™'° Nonetheless, ZnO nanostructures
could represent an improvement in gas sensor technology due
to their large specific surface area, and as far as we know, there
is no experimental evidence with respect to the experimental
NH; adsorption on ZnO nanotubes. Therefore, computational
simulations can give indications of the adsorption mode and
give subsidies for future experimental works.

This paper reports DFT periodic simulations performed
at the B3LYP hybrid functional/all-electron basis set level to
investigate the structural and electronic properties of NH;
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Figure 1. NH; adsorption on various surface sites and with different coverages on (a) armchair: (1) Model A: Zn,,—NH, (2) Model B: Zny,—NH;,
(3) Model C: O—HNH,, (4) Model D: O—HNH),; (b) simultaneous adsorption: (5) both Zng,, (6) Zng, and Zn,,, (7) both Zn,; and (c) zigzag:
(8) Model E: Zn—NH;, (9) Model F: O—HNH,, and (10) Model G: O—HNH,,

adsorption on armchair (10, 10) and zigzag (20, 0) single-
walled ZnO nanotubes (nNH3@ZnONT). Adsorption
energies as a function of the surface coverage are calculated,
and the influence of the NH; adsorption on structural and
electronic properties of ZnONTs is analyzed. In order to
fully characterize the molecules—surface interaction, infrared
(IR) spectra were calculated, and a rigorous analysis of
the electron density in the bonding region according to
the quantum theory of atoms in molecules (QTAIM)'® was
accomplished.

B THEORETICAL METHODS

The computational simulations were performed using the
CRYSTAL14' program which solves the Schrodinger equation
for periodic systems in one, two, and three dimensions in a
basis set of localized atomic orbitals. Similar to the majority of
the available studies of our research group,lg_20 this paper is
based on DFT calculations with the standard B3LYP hybrid
functional.”' ~** The choice of the B3LYP functional is based
on the comparison of previous results obtained with the HSE06
and B3LYP-D3 functional, which consider dispersive energies.
However, the results obtained with HSE06 and B3LYP-D3 are
close to those obtained with the standard B3LYP functional.
Therefore, it was decided to use the standard B3LYP func-
tional due to the great description of ZnO properties and
the low computational cost. Zinc, oxygen, nitrogen, and hydro-
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gen atoms were described by 86—411d31G,>* 8—411d1,>®
6—21G*,”° and 5—11G** all-electron basis set, respectively.
The accuracy of the truncation criteria for bielectronic integrals
is controlled by a set of five thresholds whose values have been
set to 1071°,1071% 1071°, 1072 and 107*. In the self-consistent
field procedure (SCF), the shrinking factor for both the
Fock matrix diagonalization and the energy calculation was
set to 4, corresponding to 3 independent k-points in the
irreducible part of the Brillouin zone. Basins integration to
estimate atomic Bader charges was performed on a 120 X
96 X 120 grid of points in the direct space.”® The vibrational
frequencies at the I' point were computed within the har-
monic approximation by diagonalizing the mass-weighted Hessian
matrix.””

The following step-by-step strategy has been adopted to
simulate NH; adsorption on ZnONTs. First, the wurtzite ZnO
bulk structure has been optimized relaxing both the lattice
parameters (a and ¢) and internal coordinate, u. Then, the
(0001) monolayer was cut out from the bulk, and a new
optimization of the internal coordinates of the (0001) surface
was performed. Finally, by rolling the (0001) relaxed
monolayer surface,'”*>*'™** we obtained the 40 atoms unit
cell (10, 10) armchair nanotube and the 80 atoms unit cell
(20, 0) zigzag nanotube, both characterized by a diameter of
~20 A, and cylinder axes (ILI) of 3.28 and 5.67 A, respectively.
In a previous works,’>*’ these structures were designed as
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Figure 2. Nanotube deformation after NH; adsorption and optimization. Armchair: (a) 1-row of NH; molecules, (b) 4-rows, and (c) 10-rows;

zigzag: (d) 1-row, (e) 2-row, and (f) 10-rows of NH;.

an ideal model to perform adsorption studies thanks to its
minimum energy formation and strain.

In DFT simulation, in absence of any dynamic and thermal
effects, the final configuration of an adsorbate is significantly
influenced by its initial position. In order to explore all the
possibilities and to individuate the adsorption sites and the
optimum coverage, several different starting configurations
were investigated. With reference to Figure 1, four adsorption
sites were considered on the armchair ZnONT surface: the axial
and equatorial positions of Zn atom (Figure la, sites 1 and 2)
and of O atom (Figure la, sites 3 and 4), respectively. For
each adsorption site, two different molecular approaches were
performed: via nitrogen atom (Figure 1a, sites 1 and 2) and via
hydrogen atom (Figure la, sites 3 and 4). However, in the
zigzag nanotube case, all adsorption sites are equivalent;
therefore, only NH; approaches were performed (Figure 1c).
It is important to emphasize that the periodicity along one
direction is preserved, so all the configurations represent the
adsorption of an infinite row of NH; molecules along the ZnO
x-direction (see Figure 2). This corresponds to 1 NHj; per unit
cell. To model the single-molecule dilution limit, a supercell
calculation was carried out on a unit containing 160 and
240 atoms for armchair and zigzag, respectively, and only
1 NH; molecule.

As the equilibrium configuration of a single row of NH; was
identified, we considered the possibility of ammonia molecules
adsorbed in neighboring positions. Three possibilities were
envisaged: both molecules on equatorial (Figures 1b, site 5) or
axial sites (Figure 1b, site 7) or one ammonia in the axial
and the other in the equatorial position (Figure 1b, site 6).
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The most stable among these geometries was repeated with
NHj; rows going from 2 up to the saturation limit of 10, as
represented in Figure 2.

The adsorption energy was calculated according to the
expression

1

_[E(NT)+NH3 — (Em) + NENH3) + Epgse

Eads/N = N

(1)

where E(yry,nm, is the total energy of the optimized nanotube

with adsorbed NH; molecule, Eyr) is the total energy of the
isolated optimized nanotube, N is the number of adsorbed
NH; molecules per unit cell, and Eyy, is the total energy

of ammonia in gas phase. Eggg is the correction energy due to
the basis set superposition error (BSSE).** Calculations
performed with localized basis sets are susceptible to this
error, which occurs when atoms belonging to different
interacting moieties approach each other and the overlap
among their basis functions produces a spurious stabilization
that is inversely proportional to the quality of the adopted
basis set. There are two ways to estimate the BSSE, the a
priori chemical Hamiltonian approach (CHA)*® and the a
posteriori counterpoise method (CP);** although conceptually
different, the two approaches tend to give similar results.
In this work, the CP correction was applied to all the energies
as follows:

frozen frozen

frozen frozen
Epsse = (Eqnry, — E(NT)+ghost) + (ENH3 ot )

‘ghost+NH,

)
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Table 1. Zn—0, N—H, and Zn—N Bond Lengths (A), Zn—O—Zn and H-N—H Bond Angles (deg), Distortion Energy (Eg,)
and Adsorption Energy (E,4,) (kJ/mol), and Band Gap (E,,, eV) of itNH3@ZnONT*

nNH; dza-0 ds(Zn—O) Azn—-0~7n Xs7n-0-7n dzn-n dn-n OH-N-H Egigt E.q E4 + Epgse Egap
Armchair
0 1.89 1.89 119.79 119.79 0.00 4.52
1 1.89 193 119.88 116.12 2.32 1.02 107.49 14.02 —-70.17 —-18.66 4.18
l-row 1.91 1.94 119.74 117.88 2.32 1.02 103.02 1025 —40.59 —-22.85 4.36
2-row 1.90 1.94 119.64 117.87 2.30 1.02 107.35 22.55 —60.17 —20.71 4.43
4-row 1.90 1.94 119.87 118.17 2.31 1.02 107.30 15.56 —66.07 —26.90 4.38
5-row 1.90 1.94 119.90 118.28 2.33 1.02 106.40 14.64 —66.27 —27.11 4.37
10-row 1.90 193 119.90 118.93 2.37 1.02 106.33 8.95 —64.68 —26.40 422
Zigzag

0 1.89 1.89 119.90 119.90 0.00 4.53
1 1.89 1.94 119.80 119.70 2.17 1.02 107.24 89.58 66.13 39.94 4.47
l-row 1.89 1.96 11991 113.20 2.18 1.02 107.40 82.92 —29.43 25.20 4.43
2-row 1.89 1.96 11823 114.39 2.18 1.02 107.40 57.29 —-57.18 -2.50 4.46
4-row 1.89 1.95 119.95 114.55 2.19 1.02 107.41 4470 —68.64 -13.39 4.44
5-row 1.89 1.95 119.98 114.66 2.19 1.02 107.44 42.06 —70.38 —14.90 4.43
10-row 1.89 1.95 119.98 119.96 2.20 1.02 107.45 34.52 —~77.45 -15.74 4.40
6 (6,0)" 1.94 2.16 —7891 225
1 (0001)*” 2.04 —213.00
1 (1070)* 2.06 1.02 107.00 —146.00
1 (1010)* 2.06 1.01 —175.81

“The sub-index s refers to the atoms of the adsorption site.

where all the energies refer to the geometries of the
two separated moieties frozen in the minimum adsorption
configuration, with and without ghost functions, respectively.

The distortion energy, Egq, due to the structural
modifications of the ZnONTs lattice which occur as one of
the main effects of the adsorption process, was evaluated
according to the following equation:

frozen

1
Egq/n = N(E(NT) - E(NT))

©)

In order to estimate the heat of adsorption and its
temperature dependency, the enthalpy of each moiety was
calculated at 0 and 298 K as follows:

H(T) =E_ + E, + PV + E; (4)
where E; is the electronic term, E, and Er are the zero-point
and temperature-dependent contributions to the vibrational
energy, respectively, and PV is the pressure per volume
contribution.

Finally, the ZnONT—NHj interactions were characterized by
exploiting the potentiality of Bader topological analysis of the
electron density, as implemented in the TOPOND program™®
incorporated in the CRYSTAL14 package. Bader charges were
computed to estimate the amount and direction of the charge
transfer between the NH; and the ZnONTSs. A complete search
of the bond critical points (BCP) between the adsorbates and
the nanotubes has been carried out, and their topology has
been fully characterized to shed light on the bonding nature.
Moreover, the sensitiveness of these indicators has allowed
us to follow the effects of the adsorption and coverage on the
Zn—0 bonds.

B RESULTS AND DISCUSSION

Previous accurate studies on the structural, electronic, and
vibrational properties of ZnO bulk, (0001) monolayer sur-
face, and bare armchair and zigzag nanotubes can be found
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Table 2. Adsorption Energies and Enthalpies at 0 and 298 K
(kJ/mol)

nNH; E. 4 + Egsse H,y (0 K) H,, (298 K)
Armchair
1-row —22.85 —13.81 —11.88
4-row —26.90 —-17.99 —17.62
10-row —26.40 —18.03 —-1791
Zigzag
1-row 25.20 30.00 38.53
4-row —13.40 -3.07 —2.47
10-row —15.74 -5.90 —4.53

in refs 32 and33. Ammonia adsorption has then been modeled
on the fully characterized ZnONTs.

On the basis of preliminary investigation on the different
sites, it was confirmed that NH; adsorption takes place via
nitrogen on the Zn atom. In armchair nanotube, the most
stable configuration is the NH; adsorption on Zn axial atom.
The overall energy cost, which takes into account both the
N—Zn bond formation and the nanotube relaxation, is about
33.0 and 62.8 kJ/mol lower than that on the other sites, whose
optimized geometries are reported in Figure SI.

The results are summarized in Table 1, with the adsorption
occurring by an equilibrium distance of 2.30 and 2.17 A, for
armchair and zigzag nanotubes, respectively. The adsorption
energies of NH; calculated with the supercell approach are
—18.66 and 39.94 kJ/mol, for armchair and zigzag nanotubes,
respectively, which represent our model for isolated ammonia
interacting with ZnONTs. As far as a single row of NHj is
considered, the adsorption energies decrease, and the difference
between these values is a good estimate of the interaction which
takes place between nearby adsorbed molecules and the
nanotube surface. For what concerns the adsorption geometry,
NHj; almost preserves its gas-phase structure. On armchair nano-
tube, the H point is far from the nanotube surface and does not
interact with the underlying oxygen atoms. In contrast, on zigzag
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Figure 3. Density of states of (10, 10) nanotube (a) bare and (b) with 10-rows of NH; molecules adsorbed and (20, 0) nanotube (c) bare and

(d) with 10-rows of NH; molecules adsorbed.

nanotube, the ammonia hydrogen interacts with the O of
nanotube surface, as shown in more details in topological
analysis. The nanotube surface atoms involved in the process
show a sensitive elongation of their bond length and shrinkage
of the angles. Oxygen and Zn atoms belonging to the other
hexagons are almost unaffected by NH; uptake, indicating that
the interaction is rather localized although effective. In fact, the
values of Eg, are not negligible with a maximum strain suffered
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by the 2NH;@ZnONT and INH;@ZnONT systems, for
armchair and zigzag nanotubes, respectively, which are visibly
stretched along the Zn—NHj; direction and a minimum for the
symmetric 10NH;@ZnONT coverage.

As a general comment, the adsorption energies are sensi-
tively lower than those evaluated by others authors on similar
systems.'*°~*’ Indeed, there are many reasons to explain these
differences. First, most of the calculated binding energies do not
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Figure 4. Infrared spectra of NH; adsorption on armchair ZnONT in the (a) low- and (b) high-frequency range. (c) Zoom-in view of the peaks

corresponding to the Zn—N stretching modes.

take into account the BSSE. Our BSSE’s are on order of
38.0 and 55.0 kJ/mol, for armchair and zigzag nanotubes,
respectively, values that if neglected would yield results in
better agreement with literature and in the meantime would
lead to incorrect conclusions. This difference between BSSE is
mostly due to interaction between ammonia H and O of zigzag
nanotube, which leads to a higher BSSE and E, 4. Moreover,
in literature the adsorption of a single NH; on a surface was
modeled, and the effects of different coverage were not
taken into account. Then, as can be seen in Figure 2 (and in
Figures S3 and S4) and has been already commented on, the
interaction with ammonia induces evident deformations on the
soft nanotube lattice, estimated to be on the order of 8—14 and
34—89 kJ/mol, for armchair and zigzag nanotubes, respectively,
strains that are totally absent in the case of extended surfaces.
Finally, some surfaces present a complete different topology,
and this is the case of the (1010) layer where both the Zn and
the O atoms are exposed and can easily interact with the
incoming molecule.***

In order to take into account the effect of the nuclear
motion on the surface processes, the heats of adsorption were
calculated at 0 and 298 K and reported in Table 2. On zigzag
nanotube, the adsorption process is promoted by the increase
of NH; molecules adsorbed, which is an endothermic process
in INH;@ZnONT. In all other models, NH; physisorption
occurs as an exothermic process only slightly affected by an
increase of the temperature.
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The adsorption of the NH; molecules leads to a small
reduction of E,,. Qualitatively, it is difficult to distinguish very
close values, especially from an experimental point of view,
although there are experiments related to structural disorders
that lead to small changes in the band gap.*’ Therefore, despite
the difficulties, we highlighted the small differences found
in order to call attention for possible experimental research.
In the armchair case, the 2-row presents the most Egg, which
leads to a higher E,,,. However, on zigzag nanotube, the most
pronounced E,,, also occurs on 2NH;@ZnONT, if it is con-
sidered that the effective adsorption occurs from this model
(since in this model the adsorption energies become negative,
and it consequently shows that there is an adsorption and not
just an interaction, as in one single NH; and 1-row models).
In this sense, the reduction is more pronounced with saturation
of NH;, i.e, IONH;@ZnONT molecules. The nanotube armchair
presents a reduction of 0.30 eV, whereas for the zigzag, it is
0.13 eV. This difference may be due not only to the greater dis-
tortions suffered by the zigzag nanotube but also the presence
of van de Waals interactions.

In order to investigate the electronic structure of these hetero-
geneous systems, the bands structure and density of states of
I0NH;@ZnONT with bare nanotubes were compared. As can
be seen in Figure SS, the physisorption keeps the bands main
features unchanged. However, as already said, some effects can
be perceived on the band gap which undergoes a small but
sensitive reduction due to the upper shift of the occupied 3d
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Figure S. Infrared spectra of NH; adsorption on zigzag ZnONT in the (a) low- and (b) high-frequency range. (c) Zoom-in of the peaks

corresponding to the Zn—N stretching modes.

orbitals of the Zn atom. In particular, the 3d.2_ and 3d,,
orbitals are shifted higher in energy with respect to the others;
see Figure 3. At the conduction band, ~9.0 eV, the p orbitals of
zinc atoms maintain the contribution, while the 2p orbitals
of oxygen atoms decrease the contribution after adsorption.
With respect to the NH; molecules, the contribution of
nitrogen is most intense in the valence band when adsorbed by
armchair nanotube, while in zigzag nanotube, the contribution
is most intense at the inner conduction band. The hydrogen
contributes more in the conduction band. The 2p,p, orbital
of nitrogen atoms contributes more over the entire range
examined, and the s and 2p, orbitals presents almost the same
contribution.

With the aim to see the influence of NH; molecules on
ZnONTs frequencies, the IR spectra of I0NH;@ZnONT of
armchair and zigzag nanotubes (Figure 4 and 5) were
calculated. For sake of clarity, the spectra were subdivided
into two parts, the low (0—900 cm™) and high (900—
3600 cm™') frequencies regions. Signals of the isolated
ZnONTs and of the gas-phase NH; molecule are superimposed
for the sake of comparison.

ZnONTs vibrate according to modes with frequencies below
700 cm ™. As the adsorption takes place, 3peaks at about 550 cm™,
mainly due to oxygen displacements,” are split into several
signals. Then, low-intensity peaks rise up at 190 and 288 cm™,
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for armchair and zigzag nanotubes, respectively, and are assigned
to the stretching of the Zn—N bond (Figures 4c and Sc).

Above 700 cm™!, ZnONTs are silent, and the signals due
to N—H bonds can be accurately detected. The frequencies
calculated for the NH; isolated molecule are 1226, 1720
(bending), 3340, and 3443 cm™' (stretching) and result in
good agreement with both experimental values*' and recently
computed modes.*” After adsorption, the two signals at high
frequency remain almost unchanged, as expected. On the
contrary, the soft bending modes active at lower frequencies,
which yield the molecule closer to the ZnONTs, are lowered
and split into a few clear signals emerging in the region around
1170 and 1700 cm™', respectively.

Finally, the topological analysis of the electron density was
performed with particular attention to the atoms involved in
the ZnONT—NH; interaction, represented for sake of clarity in
the inset of Figure 6. Results in terms of bond critical points
(BCP), their topological properties, and charge densities are
collected in Tables 3 and 4. On the basis of the topological
indicators,* a tentative classification of the various interaction
is proposed. The Zn—O bond, as already studied,®® can be seen
as a transit (t) interaction, ie. neither ionic either covalent.
The Zn—N bond can also be placed in the transit region;
the driving force in this case seems to be the electrostatic
interaction between NH; permanent dipole moment with the
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Figure 6. ZnO nanotube with NH; molecules adsorbed (a) armchair
and (b) zigzag. Yellow denotes atoms that were considered for the
topological analysis in Tables 3 and 4.

Zn Lewis acid site. The value of the dipole moment increases as
NH; approaches the nanotube as demonstrated by the
remarkable charge transfer from the protons to the nitrogen.
On the contrary, a not appreciable charge transfer is calculated
between the two interacting moieties, in particular Zn and O
atoms keep both their volume and charge after the adsorption.
Hydrogen bonds between NH; molecules along the same row
are formed on armchair nanotube adsorption, with one proton
of each molecule pointing toward the N of the opposite
ammonia, and these interactions stabilize the whole structure.
In zigzag nanotube, as mentioned, there is an interaction
between ammonia H and O nanotube site, characterized as a
van der Waals interaction.

In Figures 7 and 8, the total electron density and its
Laplacian are shown in the plane containing the Zn—N bond.
ZnO charge density is not significantly altered by the adsorp-
tion, whereas its geometrical structures is very responsive.
On the contrary, NH; molecules retain almost the same
geometry as in the gas phase but undergo sensitive changes in
their electronic features.

On the basis of our results, it is possible to affirm that in the
presence of a continuous source of NH; the adsorption can
proceed until complete coverage of the Zn atoms. Ammonia
uptake induces in the ZnONTSs structural modifications, which
do not however change the fundamental electronic structure, and
the overall process is self-catalyzed thanks to the formation of
attractive interactions between the adsorbed molecules.

B CONCLUSIONS

Periodic DFT calculations with B3LYP and all-electron
Gaussian basis set were performed to simulate the structural,
electronic, vibrational, and topological properties NH; adsorp-
tion on armchair and zigzag ZnONTs. The analysis of total
energy of the system showed that the NH; is adsorbed on

Table 3. Topological Properties of Armchair (10, 10) at the Bond Critical Points Plus Bader Charges and Atomic Volumes
(All in Atomic Units) Computed for the Atoms Involved in the Physisorption”

bond critical points

atomic properties

dpcp—zn/N dycr—o/m p(r) Vip /G H/p(r) € bond Q 14
Zng 1.27 79.80
O 0919 0.970 0.098 0.571 1.06 —0.09 0.028 t -1.12 112.67
Ogue 0.920 0.971 0.090 0.508 1.05 —0.08 0.028 t —-1.20 111.58
N¢ —0.84 94.36
H¢ 0.747 0.279 0.320 —1.359 8.36 —1.23 0.037 cov 0.28 38.83
1-row NH;
Zny, 1.29 78.93
0O, 0.922 0.975 0.098 0.573 1.06 —0.09 0.026 t —1.11 111.82
O, 0972 0.983 0.095 0.551 1.06 —0.09 0.025 t -1.19 111.38
O; 0.941 1.004 0.088 0.489 1.0 —0.08 0.011 t —-1.04 108.96
N, 1.104 1.197 0.043 0.121 123 —-0.21 0.034 t —1.08 111.84
N, —1.08 112.83
H, 0.748 0.279 0.323 —1.413 9.01 —-1.25 0.028 cov 0.34 32.40
H, 0.756 0.267 0.323 —1.454 9.73 —-1.27 0.027 cov 0.38 29.90
H,; 0.760 0.263 0.323 —1.472 9.97 —1.28 0.025 cov 0.40 23.11
H, 1.479 0.880 0.013 0.045 091 0.07 0.193 H-bond 0.38 37.71
10-row NH;
Zny, 1.29 80.58
O, 0.928 0.984 0.094 0.547 1.06 —0.09 0.021 t —-1.12 112.94
0O, 0.923 0.976 0.097 0.569 1.06 -0,09 0,023 t —1.20 111.38
O; 0.936 0.997 0.090 0.509 1.05 —0.08 0.013 t —-1.04 108.98
N, 1.146 1.236 0.036 0.095 1.25 —-0.22 0.041 t —1.08 114.03
N, —1.08 114.03
8116 DOI: 10.1021/acs.jpcc.6b10396
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Table 3. continued

bond critical points

atomic properties

dpcp—zn/N dycr-o/m p(r) Vip /G H/p(r) € bond Q 14
10-row NH;
H, 0.746 0.276 0.323 1.391 8.71 —1.24 0.030 cov 0.33 33.44
H, 0.762 0.264 0.321 1.457 9.94 —1.28 0.026 cov 0.40 23.36
H, 0.755 0.268 0.323 1.440 9.52 —-1.26 0.028 cov 0.37 30.51
H, 1.495 0.892 0.013 0.043 091 0.07 0.156 H-bond 0.36 38.26

“Bond critical points (electron charge density (p(r)), Laplacian (V?p), IVl/G ratio, bond degree H/p(r), and ellipticity ¢). Labels of atoms are those
in Figure 6. Subindex f refers to the isolated nanotube and NHj; t, cov, and H-bond refer to transit, covalent, and hydrogen bonds.

Table 4. Topological Properties of Zigzag (20, 0) at the Bond Critical Points Plus Bader Charges and Atomic Volumes (All in
Atomic Units) Computed for the Atoms Involved in the Physisorption”

bond critical points

atomic properties

P)

dycp—zn/H dpcp-o/N p(r) Vp /G H/p(r) € bond Q 14
Zng 127 82.89
(O 0.919 0.970 0.099 0.589 1.06 —0.09 0.028 t -1.15 113.90
Out 0.919 0.971 0.099 0.587 1.06 —0.09 0.028 t -1.27 115.46
N¢ —0.84 94.36
H; 0.747 0.279 0.320 —1.359 8.36 -1.23 0.037 cov 0.28 38.83
1-row NH;
Zny, 129 78.90
0O, 0.913 0.962 0.103 0.616 1.06 —0.11 0.027 t -1.07 108.11
0, 0.920 0.973 0.098 0.583 1.06 —0.09 0.028 t -1.09 109.23
O, 0921 0.973 0.098 0.581 1.06 —0.09 0.028 t -1.11 110.89
N, 1.041 1.143 0.0571 0.183 1.18 -0.17 0.024 t -1.07 109.10
N, -1.07 109.10
H, 0.272 0.750 0.324 —1.439 9.49 —1.26 0.026 cov 0.350 30.43
H, 0.270 0.751 0.325 —1.448 9.59 -1.26 0.026 cov 0.355 31.10
H; 0.263 0.768 0.316 —1.42 10.18 -1.26 0.024 cov 0.419 22.55
H; 0419 22.55
0O, 0.845 1.443 0.014 0.049 0.89 0.09 0.042 VDW -1.11 80.50
10-row NH;
Zny, 129 79.72
(O 0.911 0.959 0.104 0.628 1.06 —0.11 0.028 t -1.09 109.69
0, 0.920 0.973 0.098 0.587 1.06 —0.09 0.029 t —1.10 109.80
(0N 0.917 0.967 0.101 0.598 1.06 —0.10 0.027 t -1.13 111.07
N, 1.051 1.153 0.054 0.170 111 —0.18 0.028 t —1.07 110.87
N, -1.07 110.87
H, 0.273 0.748 0.324 —1.43 9.34 —-1.2§ 0.027 cov 0.348 31.56
H, 0.274 0.749 0.324 —1.44 9.35 -1.26 0.027 cov 0.353 31.55
H; 0.262 0.773 0311 -1.39 10.02 -1.26 0.024 cov 0.417 22.78
H; 0417 22.78
0O, 0.777 1.357 0.019 0.069 0.93 0.05 0.044 VDW —1.09 79.72

“Bond critical points (electron charge density (p(r)), Laplacian (V?p), IVI/G ratio, bond degree H/p(r), and ellipticity €). Labels of atoms are as in
Figure 6. Subindex f refers to the isolated nanotube and NHj; t, cov, H-bond, and VDW refer to transit, covalent, hydrogen, and van der Waals bond

typea.

Zn and that the interaction between the polar molecule and the
basic site plays a leading role in determining the adsorption
energy of the system.

The band structure of the host ZnONT' s system is practically
unchanged, and only few differences in the Zn atoms 3d
orbitals contributing to the valence bands were appreciated.
NH;—ZnONTs interaction produces its traces in the IR
spectrum where Zn—N vibrational modes appear around 190
and 288 cm™!, for armchair and zigzag nanotubes, respectively,
and the frequencies of the isolated systems are perturbed by the
adsorption. The onset of a Zn—N interaction and the formation
of N---H hydrogen bond and van der Waals interaction were also
confirmed by the topological analysis of the electron density.
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With an increase of molecules adsorbed, the deformation at
nanotube structure decreases, and weak attractive interactions
between adsorbed molecules are evaluated. Then, it can be
concluded that in a real system the molecules trend to saturated
the surface and not significantly change the nanotube structure or
the semiconductor character as the energy band gap is preserved.

The results confirm that the ammonia is adsorbed on
ZnO nanotubes via Zn atoms, characterized as a physisorption
and not a chemisorption, as there are no changes on the
nanotube charges and electronic structure. In gas sensors, the
physisorption is important due to the ease of desorption under
appropriate conditions, in order to regenerate the substrate
(in this case, the nanotube). On the basis of the results obtained
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Figure 7. 10NH;@ZnONT (10, 10). (a) Electron density and (b) Laplacian of the electron density in the plane containing the N—Zn—O atoms.
A logarithmic scale is adopted between —0.1 and 0.1 au. Continuous red and dotted blue lines indicate positive and negative contour levels,

respectively.
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Figure 8. IONH;@ZnONT (20, 0). (a) Electron density and (b) Laplacian of the electron density in the plane containing the N—Zn—O atoms.
A logarithmic scale is adopted between —0.1 and 0.1 au. Continuous red and dotted blue lines indicate positive and negative contour levels,

respectively.

for Zn—N bond length, adsorption energy, topological analysis,
and infrared spectra, the ZnONTSs can be a potential gas sensor.
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