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One of the promising applications of nanowires is controlling their hydrophobicity. This can be
achieved by modifying the structure and chemical composition of the nanowire surfaces. One-dimensional
crystalline nanostructures, such as nanowires, are particularly interesting for wettability control, as su-
perhydrophobic surfaces can be created by precisely adjusting the height and spacing between the nan-
owires. Zinc oxide (ZnO) nanowires attract significant attention due to their unique properties for super-
hydrophobic applications. Understanding the interaction between water molecules and ZnO nanowire sur-
faces is key to investigating their wetting properties and potential use in hydrophobic or hydrophilic coat-
ings. In this study, first-principles calculations were employed to investigate the influence of crystallo-
graphic orientation and defects on the wettability of ZnO nanowires, as well as the energy landscapes for
water molecule migration along ZnO nanowire surfaces. The results showed that the polar surfaces of ZnO
nanowires exhibit hydrophobic properties, while the non-polar side surfaces are hydrophilic. The presence
of surface defects in ZnO nanowires, such as oxygen or zinc vacancies, does not qualitatively change the
wettability of the surfaces but increases the energy barriers of these processes. It is worth noting that the
density of nanowires in the array, which was regulated by varying the distance between the wires, is not a
critically important parameter, even when the ZnO nanowire surfaces are modified with defects. The qual-
itative nature of surface wettability remains unchanged when decreasing the distance between the wires,
with only a slight increase in activation energies observed. The critical distances at which water molecules
start interacting with the polar surfaces of ZnO nanowires were determined, providing insight into the
spatial scale of surface-water interactions. The results of the study deepen the understanding of the mech-
anisms of reversible wettability of ZnO nanowires.
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1. INTRODUCTION

One of the promising applications of nanostructures
is the control of their surface hydrophobicity, which can
be achieved by modifying the surface structure and
chemical composition. One-dimensional crystals, or
nanowires, are of particular interest for wettability
control because manipulation of the height and step
between nanowires can achieve a superhydrophobic
structure. ZnO nanowires have unique structural and
functional properties, making them advantageous for
multifunctional superhydrophobic applications. ZnO
nanowires have three different crystallographic
directions of rapid growth, which allows the synthesis
of various nanostructures with controlled growth [1-4].
Polar and nonpolar ZnO surfaces have different
wettabilities. The relationship between ZnO surface
wettability and different crystallographic orientations
was studied by Wei and colleagues [5]. This team
prepared ZnO thin films with -crystallographic
orientations ranging from purely polar surfaces to a
completely nonpolar plane and observed a change in
the water contact angle with the surface. However,
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other studies have reported different values of the
water contact angle with the surface for ZnO nanowires
[6]. Some of the hypotheses of these studies are:
hydrophilic properties can be obtained by changing the
height and density of nanowires; surface defects are
responsible for the transition between hydrophilic and
hydrophobic states of ZnO wires.

Therefore, understanding the mechanisms of
reversible wettability at the atomic level is important for
the development of practical applications of ZnO
nanowires. In this study, the energy profiles of water
molecule migration along different surfaces of ZnO
nanowires without defects and with oxygen or zinc
vacancies on the nanowire surfaces were obtained to do
conclusions about the features of the physicochemical
processes occurring in nanowires without water
molecules and in the presence of water, and whether the
nanowire surfaces are hydrophilic or hydrophobic [7].

2. METHODS AND OBJECTS OF RESEARCH

Zinc oxide (ZnO) in the wurtzite structure type has
the following elementary cell parameters:
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a=b=0.3249 nm, ¢=0.5205 nm. Oxygen atoms (O)
form a double-layer close packing, in which zinc (Zn)
atoms occupy half of the tetrahedral voids of same
orientation. In the ZnO bulk, layers of both types of
atoms alternate along the c-axis and cause crystal
polarity: Zn?* ions form (0001) layers, O% ions form
(000I) layers. Zn — O distances along the c-axis are
0.1992 nm, and in the other three directions, they are
0.1973 nm. In the hexagonal wurtzite structure, each
anion is surrounded by 4 cations located at the vertices
of a tetrahedron (the same for cations). This is a typical
sp3 coordination of covalent bonding, but ZnO crystal
also has a significant ionic character (ionicity degree of
0.675). The electron configurations of O and Zn are,
respectively: 1s22s22p* and 1s22s22p63s23p63d104s2.

polar Zn [0001]
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surface
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Fig. 1 — Atomic structure of the ZnO crystal

The wurtzite crystal is bounded by the following
surfaces: non-polar (1010) surface and (1120) surface,
polar (0001) surface terminated by Zn ions and polar
(000I) surface terminated by O ions (Fig. 1). All four
types of surfaces with atomic arrangements as in the
bulk can be obtained by ion beam deposition followed
by annealing at not very high temperatures.

The algorithm of the code used to obtain all the
results of this numerical study is based on the following:
the local density approximation of the electronic density
functional theory, the Bachelet-Hamann-Schliter
pseudopotential from first principles and the supercell
method [6-16]. The calculations were performed under
the following conditions: the summation over the
Brillouin zone of the artificial supercell was replaced by
a calculation at one I-point. The self-consistent
iterations of the Kohn-Sham equations were stopped if
the results of the current iteration calculation coincided
with the previous one with a predetermined error. The
atomic basis was not optimized.

The laboratory coordinate system wused in the
author's software package is rectangular, and the
calculation algorithm assumes translational symmetry
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in the atomic system under study. Therefore, an
artificial  orthorhombic  supercell was initially
developed, the unit cell of which is a rectangular
parallelepiped. The parameters of the unit cell of this
supercell and the atomic basis were determined as the
objects of the study (Fig. 2).
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Fig. 2 — Fragment of a ZnO nanowire array with a wurtzite
crystal structure grown along the c-axis: layers of
7Zn/0/Zn/0 ions create a sequence in the [0001] direction

Four groups of atomic objects were created: I — two
nanowires per unit cell of the artificial superlattice, II —
two nanowires and two water molecules, III — two
nanowires with one vacancy (Vo or Vzu) on the surface of
each, IV — two nanowires with one vacancy (Vo or Vzn) on
the surface of each and two water molecules. Water
molecules were placed in different positions relative to the
nanowires. The distance between the water molecules and
the nanowire surfaces was not less than the sum of the
radii of the surface atoms of the wires and the nearest
atoms of the water molecules. Translation of the unit cell
with the atomic basis described above along the directions
of the crystallographic axes a, b, ¢ of the artificial
superlattice, which are conjugated for these objects with
the axes X, Y, Z of the Cartesian coordinate system, leads
to the creation of an infinite array of wires (see Fig. 2).

In this case, the translation parameters were
chosen in such a way as to avoid interaction between
the wires in the ¢ direction, and this parameter did not
change during the numerical experiment, while the
translation parameters in the a, b directions, on the
contrary, changed to reveal the effect of the size of the
space between the side surfaces of the wires in the
array on their hydrophobicity.

For each atomic configuration, which corresponded
to different fixed positions of water molecules, the total
energy (formula 1) and electric charge (formula 2) in
the vicinity of the atom a of the wire closest to the wa-
ter molecule were calculated:
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k , p(G) is a coefficient of the valence electron density
expansion, s enumerates the atoms in the unit cell,

Ss(é) is a structural factor, VSL is a local (L —

independent) spherically symmetric pseudopotential, [
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denotes the quantum orbital number, AVZJEIL is a non-

local (L — dependent) contribution to the VSL , Zg is the
charge of the ionic core, yz,..; is the Madelung energy

of point ionic framework.
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The atomic basis of the unit cell of the artificial
lattice for reproducing object I consisted of 108 atoms,
object IT — 114 atoms, object III — 106 atoms, object IV —
112 atoms. For all objects, in addition to changing the
position of water molecules and atomic vacancies (6
variants of location, Fig. 3), the distances between the
nanowires also changed, which was equal or 0.33 nm,
or 0.29 nm, or 0.25 nm.
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Fig. 3 — Positions of the water molecule (circled in red ellipse)
near the surface of the ZnO nanowire (object II), for which the
calculations were performed. Large gray spheres represent
zinc atoms; small red ones - oxygen atoms

The positions of the water molecule near the ZnO
nanowire surface, labeled "1", "2", and "3", are the closest
to the surface oxygen (O) atoms of the nanowire.
Locations "1" and "2" are located on the (000I) O polar
surface, and location "3" is located on the (0100) non-
polar surface. Positions "4", "5", and "6" are the closest to
the surface zinc (Zn) atoms of the nanowire, with
locations "5" and "6" on the (0001) polar surface Zn and
location "4" on the (0100) non-polar surface. If the water
molecule is removed in Fig. 3, an image of object I is
obtained. If the water molecule and a specific surface
atom of the nanowire are removed in Fig. 3, an image of
object III is obtained. If the atom closest to the water
molecule is absent in Fig. 3, i.e., a surface vacancy is
created, then an image of object IV is obtained.

Fig. 4 shows all the positions of the atoms on the
wire surface to which the water molecules were brought,
i.e., the trajectory of the water molecule is indicated.

Fig. 4 — Positions of atoms (marked with large green spheres) on
the surface of the wire to which the water molecules were brought
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3. RESULTS OF CALCULATION AND THEIR
DISCUSSION
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Fig. 5 — Energy profiles of the water molecule motion along
the trajectory consisting of locations "1" — "6" on the surface of
ZnO nanowires at a distance of 0.33 nm between the wires for
objects IT and IV. The energy is given in eV

Fig. 5 through 7 present the energy profiles of the
water molecule motion along a trajectory consisting of
locations "1" through "6" on the surface of ZnO
nanowires with inter-wire distances of 0.33 nm,
0.29 nm, or 0.25 nm for objects II and IV containing
water molecules. The total energy values calculated
using formula (1) were normalized to the volume of the
unit cell and the number of atoms in the atomic basis
and were referenced to the energies of atomic objects I
and III that did not contain water.
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Fig. 6 — Energy profiles of the water molecule motion along a
trajectory consisting of locations "1" — "6" on the surface of
Zn0O nanowires at a distance of 0.29 nm between them for
objects IT and IV. The energy is given in eV
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Fig. 7 — Energy profiles of the water molecule motion along a
trajectory consisting of locations "1" — "6" on the surface of
Zn0O nanowires at a distance of 0.25 nm between them for
objects IT and IV. Energy is given in eV

Guided by the analysis of the energy profiles of
water molecule motion along the trajectory defined
above by the criterion, which stated that the
hydrophobic reaction (repulsion of water molecules) of
the nanowire surface is characterized by an increase in
the total energy of the atomic system (nanowires +
water molecules), while the hydrophilic reaction
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(attraction of water molecules) is characterized by a
decrease in the total energy, it was determined that
different crystallographic orientations of the ZnO
nanowire surface have different wettability.

In particular, the polar surfaces of the nanowires
(locations "1", "2", "5" and "6") repelled water molecules,
while the lateral surfaces (locations "38" and "4")
exhibited hydrophilicity. Surface defects associated with
both oxygen and zinc did not change the qualitative
nature of the wettability of ZnO nanowire surfaces, but
increased the energy of these processes.

The amount of space between nanowires, i.e. the
density of nanowires in the array, which was varied in
this numerical experiment by changing the distance
between the wires, did not turn out to be a critically
important parameter. Even if the surfaces of ZnO
nanowires were additionally modified with defects, then
in this case the qualitative nature of the wettability of
ZnO nanowire surfaces did not change when the
distance between the wires was reduced, but only the
activation energies of these processes slightly increased.

Fig. 8 through 10 show the electric charges in the
vicinity of a spherical volume with a radius of 0.1 nm
around the surface atoms of a ZnO nanowire or their
vacancies located along the trajectory of the water
molecule motion in locations "1" through "6" for inter-
wire distances of 0.33 nm, 0.29 nm, or 0.25nm for
objects I (without water), II (with water), III (without
water), and IV (with water).
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Fig. 8 — Electric charges in the vicinity of the same volume of
surface atoms of ZnO nanowire or their vacancies located along
the trajectory of the water molecule motion in locations "1" —
"6", at a distance between the wires of 0.33 nm, for objects I
(without water), II (with water), III (without water), IV (with
water). The charges are given in units of electron charge
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Fig. 9 — Electric charges in the vicinity of the same volume of
surface atoms of ZnO nanowire or their vacancies located along
the trajectory of the water molecule motion in locations "1" —
"6", at a distance between the wires of 0.29 nm, for objects I
(without water), II (with water), III (without water), IV (with
water). The charges are given in units of electron charge

Analysis of the sign and absolute value of the electric
charge that entered the selected volume of the vicinity of
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the studied locations "1"-"6" allows us to conclude that
the presence of water molecules near the locations leads
to the accumulation of electronic charge, as evidenced by
the "-" sign of the total charge, while in the absence of
water molecules, these areas are characterized by the
departure of valence electrons from them, as evidenced
by the "+" sign of the total charge.
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Fig. 10 — Electric charges in the vicinity of the same volume of
surface atoms of ZnO nanowire or their vacancies located along
the trajectory of the water molecule motion in locations "1" —
"6", at a distance between the wires of 0.25 nm, for objects I
(without water), II (with water), III (without water), IV (with
water). The charges are given in units of electron charge

The limiting distances between the water molecule
and the polar surfaces of the nanowires (Zn or O) at which
water begins to interact with the corresponding surfaces
of the nanowires were also estimated: for the Zn2* surface
this distance is 0.28 nm, for the O% surface — 0.29 nm. The
spatial distributions of the valence electron density within
one nanowire in the such state of its surfaces, namely,
with water, without defects (object II) shown in Fig. 11.
They demonstrate their different configurations at
distances when the interaction of the water molecule with
the polar surfaces of the nanowire is observed or not. In
Fig. 11a, one can see a common electron cloud of the water
molecule and the surface of the nanowire, in Fig. 11b
there is no common electron cloud.

Fig. 11 — Spatial distributions of the valence electron density
for isovalues (0.2-0.1 from maximum) within a single defect-
free ZnO nanowire with a water molecule, object II, water
molecule location "6". The distance between the nanowire and
the water molecule is 0.27 nm (a) and 0.29 nm (b)

4. CONCLUSIONS

Using the methods of the electron density functional
and pseudopotential, the energy profiles of the water
molecule migration along various surfaces of the defect-
free ZnO nanowires and with surface oxygen or zinc
vacancies were obtained from first principles.

It has been determined that the polar surfaces of
nanowires repel water molecules, while the lateral
nonpolar surfaces exhibit the property of hydrophilicity.
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Surface defects associated with both oxygen and zinc
does not change the qualitative nature of the wettability
of the ZnO nanowire surfaces, but they increase the
energy of these processes.

It was found that the density of nanowires in the
array, which was controlled in this numerical
experiment by changing the distance between the wires,
did not turn out to be a critical parameter, even if the
surfaces of the ZnO nanowires were additionally
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KepyBanusa 3a momomoromw nedekxTiB nepeMuKaHH IIOBePXHi macuBy HaHoaporie ZnO 3 rig-
podo6HOI HaA rigpodiabHy: pO3paxXyHKH i3 HepIIuX IPUHIIUIIIB

O.M. Crenanmwok, P.M. Bana6ait

Kpusopisvruti 0epocasruil nedazo2iuruli yHigepcumem, np. Yrisepcumemcvruli, 54, 50086 Kpuesuii Pie, Vkpaina

OHUM 3 TTePCIIeKTUBHUX HATPAMKIB 3aCTOCYBAHHS HAHOIPOTIB € KOHTPOJIb IXHBOI Tiapodobmocti. [Ixo-
T0 MOKHA JIOCSAITH IIJITXOM MOZU(IKAIi CTPYKTYPH Ta XIMIYHOIO CKJIALY IT0BepxHi HaHOApoTiB. OqHOBUMI-
PHI KPUCTAJIIYHI HAHOCTPYKTYPH, TAKl K HAHOIPOTH, € OCOOJIMBO I[IKABUMHU JIJIS KOHTPOJII0 3MOYYBAHOCTI,
OCKIJIbKY 3a JOIIOMOIOI0 TOYHOIO HAJIAINTYBAHHS BHCOTH Ta BIACTAHI MIK HAHOJPOTAMH MOKHA CTBOPHUTHU
imeanbHi cymeprigpodotHi moBepxui. Harogporu okcnay mmaKy ZnO MpuBEepTAlOTh 3HAYHY YBATy 3aBIAKH
CBOIM YHIKAJBHUM BJIACTHUBOCTAM IS CYIIePriapodo0HUX 3aCTOCYyBaHb. PO3yMIHHS B3aeMOMIIl Mixk MOJIEKY-
JIaM# BOJY TA THOBEPXHAMU HAHOAPOTIB ZnO € KIIOUOBUM JIsl JOCIIPKEHHS IXHIX 3MOUYBAJIbHUX BJIACTHBO-
CTel Ta IOTEHIIIMHOI0 BUKOPUCTAHHSA Y TiaApodo0HUX a00 TiapodibHAX MOKPUTTAX. Y IIHOMY JOCITIIMKEHH]
3a JOIIOMOI0I0 PO3PAXyHKIB 13 IMepIIUX IPUHIINIIIB BUBUEHO BILIMB KpHUCTAJIOrpadiunol opieHTaliii Ta mede-
KTiB HA 3MOYyBaHICTh HAHOOPOTIB Zn0, eHepreTUdHi pesbedu MIirpairii MoJIeKyJI BOOU 10 MOBEPXHAX HAHO-
nporiB ZnO. PesynbraTu mokasay, 10 MOJISPHI MOBEepXHI HAHOAPOTIB ZnO mposaBsgioTh TiapodobHl Biaac-
THBOCTI, TOJI SIK HEIoJIsIpHI O0KO0B1 moBepxHi e rigpodinpaumu. HasBHicTs moBepxHEBUX Aed)eKTIB HAHOIPO-
TiB ZnO, Takux SIK BakaHCli KUCHIO a00 ITUHKY, He 3MIHIOE SKICHO 3MOYYBAHICTH IIOBEPXOHb, ajie IIIBUIILYE
eHepreTUYHI 6ap'epu IUX mMporieciB. Bapro BimgHaynTH, M0 MIJIHHICTS HAHOAPOTIB Y MACHBI, IKA PEryJiioBa-
JIacsl UIISIXOM 3MIHU BIJICTaHI MK JpOTaMy, He € KPUTHYHO BAKJIMBUAM IIapaMeTpPoOM, HaBITh 38 YMOBH MO-
nudirarii moBepxoHb HaHOAPOTIB ZnO nedexramu. fAxricHuUil xapaxkTep 3MOYYBAHOCTI ITI0OBEPXOHD 3aJIHIIA-
€ThCA He3MIHHHMM IIPY 3MEHIIIEHH] BIJICTAHI MK JPOTAMM, CIIOCTEPIraeThCs JIUITe He3HAYHEe 3POCTAHHS aK-
THUBAININHUX eHepriii. BusHaueHo rpaHWYHI BiJICTAHI, HA SKUX MOJIEKYJIM BOJU MOYHUHAKTHL B3AEMOIIATH 3
HOJIAPHUMU MOBepXHAMU HAHOIPoTiB ZnO. PesymbraTi HoCITisReHHSA TOTJIMOIIIO0TD POSYMIHHSA MeXaHI3MIB

peBepcUBHOI 3Mo4YyBaHOCTI HaHOAPOTIB ZnO.

Knrouori ciosa: Hanonporu ZnO, Tigpodobricts, apodinsaicts, [ToBepxuesi mederrtnu, Eneprermuni
penbedu, I[Honapui Ta HemoapHi moBepxHi, BakaHcil kucHO Ta MHKY, PospaxyHKN i3 mepIInx MpUHIIAIIB,

Enexrpuunuit saps.
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