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Abstract

NH; adsorption with different coverages on single-walled (10,10) armchair ZnO
nanotube (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) spectrum was 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. NH3 molecules physisorb without dissociation via a self-
catalyzed process. Although the nanotube undergoes sensitive lattice deformations with
low coverages, its fundamental electronic properties were not modified. Owing to these

analyses, the armchair nanotubes can be applicable as NH3 gas sensor.



Graphical abstract

B3LYP (Structural, Electronic, and Topological Properties)



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 non-toxicity.>*

In the last 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 sensitivity
towards low O3 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 detected NO: in presence of several critical influencing factors, 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 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.'”

On the other hand, 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 structural properties of a single-walled ZnO
nanotube (6, 0) as a potential sensor for Oz, Ho, NH3, 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 (NH3)
adsorption. This molecule is extensively applied in many areas, such as, food,
pharmaceutical and chemical industries, besides medical diagnosis, and 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.

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 NH3z adsorption on armchair (10, 10) single-walled ZnO nanotube
(nNH3@ZnONT). Adsorption energies as a function of the surface coverage are
calculated and the influence of the NH3 adsorption on structural and electronic
properties of ZnONT 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.



Theoretical Methods

The computational simulations were performed using the CRYSTAL14!7
program which solves the Schrodinger equation for periodic systems in 1, 2 and 3
dimensions in a basis set of localized atomic orbitals. As the majority of the available
studies of our research group'®?° this paper is based on DFT calculations with the
standard B3LYP hybrid functional.?!?® Zinc, oxygen, nitrogen and hydrogen 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 bi-electronic integrals is
controlled by a set of five thresholds whose values have been set to: 1071°, 1071°, 1071,
102, 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 120x96x120 grid of points in the
direct space.?® The vibrational frequencies at the I' point were computed within the

harmonic approximation by diagonalizing the mass-weighted Hessian matrix.?%>°

The following step-by-step strategy has been adopted to simulate NH;
adsorption on ZnONT. First, the wurtzite ZnO bulk structure has been optimized
relaxing both the lattice parameters (¢ 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

17233133 it was obtained the 40 atoms unit cell (10, 10) armchair

monolayer surface
nanotube characterized by a diameter of ~18 A. In a previous works,*? * this structure
was designed as 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 both 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 ZnONT surface: the
axial and equatorial position of Zn (la-1 and la-2) and O atom (la-3 and la-4)
respectively. For each adsorption sites, two different molecular approaches were

performed: via nitrogen atom (la-1 and 1a-2) and via hydrogen atom (1a-3 and 1a-4). It



is important to emphasize that the periodicity along one direction is preserved, so all the
configurations represents the adsorption of an infinite row of NH3 molecules along the
ZnO x-direction (see Figure 2) and this corresponds to one NH3 per unit cell. To model
the single molecule dilution limit a supercell calculation was carried out on a unit

containing 160 surface atoms and only 2 NH3; molecules.

As the equilibrium configuration of a single row of NH3 was identified, it was
considered the possibility of ammonia molecules adsorbed in neighboring positions and
then three possibilities were envisaged: both molecules on equatorial (Figure 1b-5) or
axial sites (Figure 1b-7) or one ammonia in the axial and the other in the equatorial
position (Figure 1b-6). The most stable among these geometries was repeated with NH3

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:

Eqas/n = %[E(10,10)+NH3 - (E(10,10) + N ENH3) + Epssel (1)

where E(10,10)+nn, 18 the total energy of the optimized (10, 10) nanotube with adsorbed
NH3 molecule, E(;0,10) is the total energy of the isolated optimized (10, 10) nanotube, n
is the number of adsorbed NH3 molecules per unit cell and Eyy, is the total energy of

ammonia in gas phase. Eggsy 1S 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, and 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)** but, 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
Epssg = (E(10,10) - E(10,10)+ghost) + (ENH3 - Eghost+NH3) 2)

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.



(b)

Figure 1: NH3 adsorption on various surface sites and with different coverages (a) (1)
Model A — Znax-NHs, (2) Model B — Zngq-NH3, (3) Model C — O-HNH>, (4) Model D —
O-HNH>, and simultaneous adsorption (b) (5) both Zngq, (6) Zngq and Znax, and (7)
both Znax

The distortion energy, Eaisr, due to the structural modifications of the ZnONT
lattice, that occur as one of the main effect of the adsorption process, was evaluated

according to the following equation:
1
Egist/n = (E(];roofg;l - E(10,10)) 3)

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:

where E; is the electronic term, Ey and E7 are the zero-point and temperature dependent
contributions to the vibrational energy, respectively and PV is the pressure per volume

contribution.

Finally, the ZnONT-NH; interactions was 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 NH3



and the ZnONT. A complete search of the bond critical points (BCP) between the
adsorbates and the nanotube 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-

O bonds.



Results and discussion

Previous accurate studies on the structural, electronic and vibrational properties
of ZnO bulk, (0001) monolayer surface and bare armchair nanotube can be found in
References 32 and 33. Ammonia adsorption has then been modeled on the fully

characterized ZnONT surface.

On the basis of preliminary investigation on the four different sites, it was
confirmed that NH3 adsorption takes place via nitrogen on Zn atom in the axial position.
The overall energy cost, which takes into account both the N-Zn bond formation and the
nanotube relaxation, is about 8.0 and 15.0 kcal/mol lower than that on the others sites,

whose optimized geometries are reported in the Supplemental material, Figure S1.

The results are summarized in Table 1, the adsorption occurring via nitrogen on
the Zn axial atoms and characterized by an equilibrium distance of 2.30 A. The
adsorption energy of NH3 calculated with the supercell approach (2 NH3 per 160 atoms)
is -4.46 kcal/mol and represents our model for isolated ammonia interacting with
ZnONT. As far as a single row of NHj3 is considered, the binding energy increases and
the difference between this two values, about 1 kcal/mol, is a good estimate of the
hydrogen-bonds which takes place between nearby adsorbed molecules. For what
concerns the adsorption geometry, NH3 almost preserves its gas phase structure and,
regardless of NH3 concentration, its protons point far from the surface and do not
interact with the underlying oxygen atoms. On the contrary, the 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
NHj3 uptake indicating that the interaction is rather localized although effective. In fact,
the values of FEas are not negligible with a maximum strain suffered by the
2NH3@ZnONT system, which is visibly stretched along the Zn-NHj3 direction and a
minimum for the symmetric /ONH3@ZnONT coverage.

As a general comment, our adsorption energies are sensitively lower than those
evaluated by others authors on similar systems.'!*¢*° Indeed are many reasons to
explain these differences. First, most of the calculated binding energies do not take into
account the BSSE. Our CP correction is in the order of 9.0 kcal/mol, a value that, if
neglected, would yield results in better agreement with literature. Then, as regard the

only other adsorption studied on nanotube,!! zigzag (6,0) is demonstrated to be a rather
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instable structure®® and this can enhance its reactivity. Moreover, in literature it was
modeled the adsorption of a single NH3; on a surface and the effects of different
coverage were not taken into account. Then, as can be seen in Figure 2 and already
commented, the interaction with ammonia induces evident deformations on the soft
nanotube lattice, estimated to be in the order of 3-5 kcal/mol, 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.

Figure 2: Nanotube deformation after NH3 adsorption and optimization (a) 1-row of

NH3 molecules, (b) 2-rows (c¢) 4-rows NH3, (d) 5-rows and (e) 10-rows.
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Table 1: Zn-O, N-H, and Zn-N bond lengths (A), Zn-O-Zn and H-N-H bond angles
(degree) distortion energy (Euis;) and adsorption energy (Eu4s) in kcal/mol and band gap
(Egap, €V) of nINH3@ZnONT. The sub-index s refers to the atoms of the adsorption site.

nNH; dzn-0 dyzn-0) 0Zn-0-Zn OsZn-0-Zn dznN dnn OH-N-H Edist Euas Euwst Egsse Egop
0 1.89 1.89 119.79 119.79 - - B - - - 4.52
1 1.89 1.93 119.88 116.12 2.32 1.02 10749  3.35 -16.77 -4.46 4.18
1-row 1.91 1.94 119.74 117.88 2.32 1.02 103.02 245 -9.70 -5.46 436
2-row 1.90 1.94 119.64 117.87 2.30 1.02 107.35 5.39 -14.38 -4.95 443
4-row 1.90 1.94 119.87 118.17 2.31 1.02 107.30 3.72 -15.79 -6.43 438
5-row 1.90 1.94 119.90 118.28 2.33 1.02 106.40 3.50 -15.84 -6.48 437
10-row 1.90 1.93 119.90 118.93 2.37 1.02 106.33 2.14 -15.46 -6.31 4.22
6 (6, 0)" 1.94 - - - 2.16 - - - -18.86 - 2.25
1(0001)> - - - - 2.04 - - -51.00 - -
1 (1010)%* - - - - 2.06 1.02 107.00 - -35.00 -
1 (1010)* - - - - 2.06 1.01 - - -42.02 -

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. In the entire range of concentration explored, NH3 physisorption occurs as an

exothermic process only slightly affected by an increase of the temperature.

Table 2: Adsorption energies and enthalpy at 0 and 298 K in kcal/mol

nNH; Euist Egsse Hus (OK) Haas (298K)

1-row -5.46 -3.30 -2.84
4-row -6.43 -4.30 -4.21
10-row -6.31 -4.31 408

With regards to the electronic structure, it can be observed that the calculated
energy gaps, Eqqp, decreases with the formation of the coating layer of NH;3 but the

semiconductor character of ZnONT is preserved in all cases.

With the aim of the investigation the electronic structure of these heterogeneous
systems, the bands structure and density of states of /ONH3@ZnONT with bare
nanotube were compared. As can be seen in Figure S3 the physisorption keeps the
bands main features unchanged. On the contrary, 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 orbitals of the Zn atom. In particular, the 3d-,7 and 3d.,
orbitals are shifted higher in energy with respect to the others, see Figure 3. At the

conduct band, ~9.0 eV, the p orbitals of zinc atoms maintain the contribution while the
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2p orbitals of oxygen atoms decrease the contribution after adsorption. With respect to
the NH3 molecules, the contribution of nitrogen is most intense in the valence band,
while the hydrogen contributes more in the conduction band. The orbital 2p.p, of
nitrogen atoms contribute more over the entire range examined, the s and 2p. orbitals

presents almost the same contribution.

(2) (b)
DOS projected fo AO of O atoms DOS projectef tp AO of O atoms !
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Figure 3: Density of states (a) bare (10, 10) nanotube and (b) with 10-rows of NH3

molecules adsorbed.

IR spectra of /ONH3@ZnONT, calculated in the whole energy range, is
subdivided for sake of clarity into two parts, the low (0-900 cm™) and high (900-3600
cm’!) frequencies regions, reported in Figure 4a and 4b, respectively. Signals of the
isolated ZnONT and of the gas phase NH3 molecule are superimposed, for sake of

comparison.

Nanotube vibrates according to modes with frequencies below 700 cm™!. As the
adsorption takes place, peaks between 546-553 cm’', mainly due to oxygen
displacements,** are split in several signals. Then, a low intensity peak rises up at 187-

193 cm! and is assigned to the stretching of the Zn-N bond (Figure 4c).
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IR adsorbance

Above 700 cm™ ZnONT is silent and the signals due to N-H bonds can be

accurately detected. The frequencies calculated for the NH3 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

ZnONT surface, are lowered and split in few clear signals emerging in the region

around 1170 and 1700 cm™!, respectively.

(a) 60 (D)
G0l lONH}@ZnONT e IONHi([l}.ZnONT
| ZnONT - — ZnONT
s004 NH, —— NH,
40 -
400 - g
2
300 - el
o
J -]
<
200 v 20-
.
100 10+ Jk
0 . A./\ - . : . . 0 / L . A ,k
3150

0

N I ' I
100 200

1 I T I I
300 400 500 600 700 800 900

Frequencies (cm™)

T T T
1800 2250 2700

Frequencies (em™)

g (0
—— 10NH,@ZnONT U
1 ZnONT

61— NH,

Zn-N stretching

IR adsorbance

T T T
0 60 120 180

Frequencies (cm’)

T
240

T
300 360

Figure 4: Infrared spectra of NH3 adsorption on ZnONT in the low (a) and high (b)

frequency range. In (c) a zoom of the peaks corresponding to the Zn-N stretching

modes.
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Finally, the topological analysis of the electron density was performed with
particular attention to the atoms involved in the ZnONT-NH3 interaction, represented,
for sake of clarity, in the inset of Figure 5. Results, in terms of bond critical points
(BCP) their topological properties and charge densities are collected in Table 3. 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 (£) interaction,
neither ionic either covalent. In the transit region can also be placed the Zn-N bond: the
driving force in this case seems to be the electrostatic interaction between NH3
permanent dipole moment with the Zn Lewis acid site. The value of the dipole moment
increases as NHj3 approaches the nanotube as demonstrated by the remarkable charge
transfer from the protons to the nitrogen. On the contrary, 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. Finally hydrogen-bonds
between NH3; molecules along the same row are formed, one proton of each molecule
pointing towards the N of the opposite ammonia and these interactions stabilize the

whole structure.

In Figure 6 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
adsorption, whereas its geometrical structures is very responsive, on the contrary, NH3
molecules retain almost the same geometry as in the gas phase but undergoes to

sensitive changes in their electronic features.

15



Figure 5: ZnO nanotube with NH3; molecules adsorbed. In yellow, the atoms that were

considered for the topological analysis in Table 3
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Table 3: Topological properties at the bond critical points (electron charge density (p()),

Laplacian (v?p), |V|/G ratio, bond degree H/p(r), ellipticity ¢) plus Bader charges and

atomic volumes (all in atomic units) are computed for the atoms involved in the

physisorption (labels of atoms as in Figure 5). Subindex frefers to the isolated nanotube

and NHj3; ¢, cov and H-bond refers to the transit, covalent and hydrogen bond type

Bond Critical Points

Atomic Properties

dpcpzun  dpcp-om p(r) Vip VIIG Hip(r) € bond Q \4
Zny 1.27 79.80
Oin 0.919 0.970 0.098 0.571 1.06 -0.09 0.028 t -1.12 112.67
Oour 0.920 0.971 0.090 0.508 1.05 -0.08 0.028 t -1.20 111.58
Ny -0.84 94.36
Hy 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
(0J} 0.922 0.975 0.098 0.573 1.06 -0.09 0.026 t -1.11 111.82
0: 0.972 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 1.05 -0.08 0.011 t -1.04 108.96
N; 1.104 1.197 0.043 0.121 1.23 -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 NH3;
Zny 1.29 80.58
(0J} 0.928 0.984 0.094 0.547 1.06 -0.09 0.021 t -1.12 112.94
0: 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
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
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Figure 06: (a) Electron density and (b) Laplacian of the electron density in the plane

containing the N-Zn-O atoms evaluated at the B3LYP level. 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.

On the basis of our results, it is possible to affirm that, in presence of a
continuous source of NHs3, the adsorption can proceed until complete coverage of the Zn
atoms. Ammonia uptake induces in the ZnONT structural modifications which,
however, do not change the fundamental electronic structure and the overall process is
self-catalyzed thanks to the formation of attractive interactions between the adsorbed

molecules.
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Conclusions

Periodic DFT calculations with B3LYP and all-electron Gaussian basis set were
performed to simulate the structural, electronic, vibrational and topological properties of
armchair ZnONT as ammonia gas sensor through the NH3 adsorption at nanotube
external surface. The analysis of total energy of the system showed that the NH3 is
adsorbed on Zn at axial position, and the interaction between the polar molecule and the

basic site plays a leading role in determining the adsorption energy of the system.

As expected in physisorption, the band structure of the host ZnONT system is
practically unchanged and only few differences in the Zn atoms 3d orbitals contributing
to the valence bands were appreciated. NH3-ZnONT interaction produces its traces in
the IR spectrum where Zn-N vibrational modes appear around 187 cm™ 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 were also confirmed by the

topological analysis of the electron density.

With an increase of molecules adsorbed, the deformation at nanotube structure
decreases, weak attractive interactions between physisorbed molecules are evaluated
and then it can be concluded that, in a real system, the molecules trend to saturated the
surface and not change significantly the nanotube structure or the semiconductor

character, as the energy band gap is preserved.

Owing to these analyses, the armchair nanotube can be used as ammonia gas

sensor without any modification on its structure or properties.
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Supporting Information

Models of adsorption site, single molecule adsorption, and band structure of bare

nanotube and saturated nanotube.
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Figure Captions

Figure 1: NH;3 adsorption on various surface sites and with different coverages (a) (1)
Model A — Znax-NHs, (2) Model B — Zngq-NH3, (3) Model C — O-HNH, (4) Model D —
O-HNH», and simultaneous adsorption (b) (5) both Zngq, (6) Zngq and Znax, and (7)
both Znax

Figure 2: Nanotube deformation after NH3 adsorption and optimization (a) 1-row of

NH3 molecules, (b) 2-rows (c) 4-rows NH3, (d) 5-rows and (e) 10-rows.

Figure 3: Density of states (a) bare (10, 10) nanotube and (b) with 10-rows of NH3

molecules adsorbed.

Figure 4: Infrared spectra of NH3 adsorption on ZnONT in the low (a) and high (b)
frequency range. In (c) a zoom of the peaks corresponding to the Zn-N stretching

modes.

Figure 5: ZnO nanotube with NH3 molecules adsorbed. In yellow, the atoms that were

considered for the topological analysis in Table 3

Figure 06: (a) Electron density and (b) Laplacian of the electron density in the plane
containing the N-Zn-O atoms evaluated at the B3LYP level. 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 3
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Figure 5




Figure 6

30



Table Captions

Table 1: Zn-O, N-H, and Zn-N bond lengths (A), Zn-O-Zn and H-N-H bond angles
(degree) distortion energy (Euis;) and adsorption energy (Eu4s) in keal/mol and band gap
(Egap, €V) of tNH3@ZnONT. The sub-index s refers to the atoms of the adsorption site.

Table 2: Adsorption energies and enthalpy at 0 and 298 K in kcal/mol

Table 3: Topological properties at the bond critical points (electron charge density
(p(r)), Laplacian (V?p), |V|/G ratio, bond degree H/p(r), ellipticity ) plus Bader charges
and atomic volumes (all in atomic units) are computed for the atoms involved in the
physisorption (labels of atoms as in Figure 5). Subindex frefers to the isolated nanotube

and NHz3; ¢, cov and H-bond refers to the transit, covalent and hydrogen bond type
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Table 1

nNH; dzio  dszno)  Oznozn  Oznozn  dzan  dnnm OH-N-H Edise Eaas Ewist Epsse Egap

0 1.89 1.89 119.79 119.79 - - . - - - 4.52

1 1.89 1.93 119.88 116.12 232 1.02 10749 335  -16.77 -4.46 4.18

1-row 1.91 1.94 119.74 117.88 232 1.02 103.02 245 -9.70 -5.46 4.36

2-row 1.90 1.94 119.64 117.87 2.30 1.02 10735 539  -1438 -4.95 443

4-row 1.90 1.94 119.87 118.17 2.31 1.02 10730  3.72  -15.79 -6.43 4.38

5-row 1.90 1.94 119.90 118.28 2.33 1.02 10640  3.50  -15.84 -6.48 437

10-row 1.90 1.93 119.90 118.93 2.37 1.02 10633  2.14  -15.46 -6.31 422

6! (6,0) 1.94 - - - 2.16 - - - -18.86 - 225
1¥(0001) - - - - 2.04 - - - -51.00 - -
1% (1010) - - - - 2.06 1.02 107.00 - -35.00 - -
1¥ (1010) - - - - 2.06 1.01 - - -42.02 - -
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Table 2

nNH; Euust+ Epsse Hauis (0K) Huis (298K)
1-row -5.46 -3.30 -2.84
4-row -6.43 -4.30 -4.21
10-row -6.31 -4.31 -4.28
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Table 3

Bond Critical Points

Atomic Properties

dpcpzwn  dpcp-om p(r) Vip IVIIG Hipr) € bond Q \%
Zyy 1.27 79.80
Oin 0.919 0.970 0.098 0.571 1.06 -0.09 0.028 t -1.12 112.67
Oour 0.920 0.971 0.090 0.508 1.05 -0.08 0.028 t -1.20 111.58
Ny -0.84 94.36
Hy 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
(0J} 0.922 0.975 0.098 0.573 1.06 -0.09 0.026 t -1.11 111.82
0: 0.972 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 1.05 -0.08 0.011 t -1.04 108.96
N; 1.104 1.197 0.043 0.121 1.23 -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 NH3;
Zn; 1.29 80.58
O, 0.928 0.984 0.094 0.547 1.06 -0.09 0.021 t -1.12 112.94
0: 0.923 0.976 0.097 0.569 1.06 -0,09 0,023 t -1.20 111.38
03 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
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
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