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ZnO microstructures of different morphology were investigated using the water contact angle (WCA) 
analysis. The as-grown ZnO microstructures were found to exhibit pure hydrophobic behavior, which 
is enhanced with the increase of their surface area. The most hydrophobic structures (WCA = 157°) 
were found to be the complex microoctapods, containing both the macro-and nanoscale features. 
Keywords: zinc oxide, nanostructures, hydrophobicity. 

СУПЕРГИДРОФОБНОЕ/СУПЕРГИДРОФИЛЬНОЕ ПЕРЕКЛЮЧЕНИЯ 
НА ПОВЕРХНОСТИ МИКРОСТРУКТУР ZnO, 

ВЫЗВАННОЕ УЛЬТРАФИОЛЕТОВЫМ ОБЛУЧЕНИЕМ И ТРАВЛЕНИЕМ 
ИОНАМИ АРГОНА

В. Б. Капустяник, Б. И. Турко, Ю. В. Рудык, Р. Я. Серкиз, У. Р. Мостовой
Микроструктуры ZnO различной морфологии были исследованы с помощью анализа угла 
контакта воды (УКВ). Было установлено, что выращенные непосредственно перед измере-
нием микроструктуры ZnO проявляют гидрофобные свойства, которые усиливаются с уве-
личением площади их поверхности. Наилучшими гидрофобными свойствами (УКВ = 157°) 
владели микрооктаподы с микро- и наноразмерными составляющими структуры. 
Ключевые слова: оксид цинка, наноструктуры, гидрофобность. 

СУПЕРГІДРОФОБНЕ/СУПЕРГІДРОФІЛЬНЕ ПЕРЕМИКАННЯ 
НА ПОВЕРХНІ МІКРОСТРУКТУР ZnO, 

ВИКЛИКАНЕ УЛЬТРАФІОЛЕТОВИМ ОПРОМІНЕННЯМ І ТРАВЛЕННЯМ 
ІОНАМИ АРГОНУ

В. Б. Капустяник, Б. I. Турко, Ю. В. Рудик, Р. Я. Серкіз, У. Р. Мостовий 
Мікроструктури ZnO різної морфології були досліджені за допомогою аналізу кута кон-
такту води (ККВ). Було встановлено, що вирощені безпосередньо перед вимірюванням 
мікроструктури ZnO проявляють гідрофобні властивості, які посилюються зі збільшенням 
площі їхньої поверхні. Найкращими гідрофобними властивостями (ККВ = 157°) володіли 
мікрооктаподи з мікро- і нанорозмірними складовими структури.
Ключові слова: оксид цинку, наноструктури, гідрофобність.

INTRODUCTION
The superhydrophobic materials cause signifi-
cant interest among scientists in recent years be-
cause of their significant potential for application 
use. They can be used in the manufacturing of 
the devices and things with self-cleaning prop-
erties (solar panels, textiles, building materials, 
such as glass, tile, etc.), coatings with a low fric-
tion (such as vehicles), anti-corrosion anti-icing 
and anti-sticking coatings, lab-on-chip devices, 
drug delivery etc. [1–5]. The superhydrophobic 

surfaces are inherent for the materials with the 
low surface free energy values, including ZnO 
micro- and nanostructures [3, 6, 7].

It is known, that the effect of switching from 
the hydrophobic to the hydrophilic surface 
condition of the material may be achieved via 
optical, magnetic, mechanical, chemical, ther-
mal or electrical activations [2, 7]. There are 
a large number of publications, which describes 
a reversible light-controlled hydrophobic/hydro-
philic transition for zinc oxide films, micro- and 
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nanostructures [1, 3, 7–13]. Other methods of 
obtaining of the switching effect, in particular 
ion etching, have been paid much less attention 
[14–17].

This paper presents the wettability properties of 
ZnO microstructures with a different surface mor-
phology treated with UV illumination and argon 
ion bombardment for various periods of time.

EXPERIMENTAL
The granular-like ZnO microstructures (Fig. 1) 
were grown on the n-type silicon (100) substrate 
by thermal evaporation of the metallic zinc pow-
der (99.99 % purity) at the temperature 700 °C 
[18, 19]. This temperature was maintained for 
1 h. Afterwards the oven was shut off and cooled 
spontaneously to room temperature. This yield-
ed an uniformly deposited, white layer of zinc 
oxide on the substrates. 

ZnO microneedles (Fig. 2) and microocta-
pods (Fig. 3) were grown on the n-type silicon 
(100) substrates by the method of gas-trans-
port reactions [11]. The mixture of the pow-
dered high purity zinc oxide and graphite in 
the proportion of 1:2 was taken as an initial 
material for vaporization. This material and 
silicon substrates were placed into a quartz 
tube. The mixture of the powders was placed 
in a sealed end of the tube whereas the sub-
strates ‑ near the open end. The quartz tube 
was placed into a horizontal oven. The powder 
mixture was heated to the temperature of about 
1050°C and the substrates were located into 
the zones with the temperatures of 850–900 °C  
(for the microrods) and 950–1000 °C (for the 
microoctapods). These temperature distributions 

were maintained for 4 h. Afterwards the oven 
was shut off and cooled spontaneously to room 
temperature. 

The morphology of the samples was 
examined using REMMA-102-02 Scanning 
Electron Microscope-Analyzer (JCS SELMI, 
Ukraine). 

A surface wettability of the ZnO experimental 
samples was evaluated by the water contact 
angle measurements performed by a sessile 
drop method. A 1 μL de-ionized water droplet 
was gently positioned on a surface of the 
samples using a variable volume single channel 
pipette (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). A CCD camera-lens 
optical system (3.0 mPix, Ningbo Shengheng 
Optics & Electronics Co, LTD, Zhejiang, 
China) was used to capture the digital images 
of a droplet profile from a location parallel 
to a substrate. The images of the drops were 
analyzed with the TSview Version 6.2.4.5 
software (Tucsen Imaging Technology Co., Ltd., 

Fig. 1. SEM images of granular-like ZnO microstructures

 Fig. 2. SEM images of ZnO microneedles

 Fig. 3. SEM images of ZnO microoctapods
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Fuzhou, China) to compute the contact angles. 
A mean value was calculated from at least five 
individual measurements.

The direct current (DC) ion etching of the 
sample surfaces was performed using a standard 
special equipment, which is a part of the vacuum 
universal station VUP-5M (SELMI, Sumy, 
Ukraine). The etching was performed under the 
argon (the working gas) pressure of 0.1 Pa. The 
energy of argon ions was approximately equal 
1keV.

UV light irradiation was realized in air 
ambient via exposure of the samples at certain 
time intervals by a low-pressure mercury lamp 
«DeLux» of 30 W power with a maxima at the 
wavelength λ = 253.7 nm (Shenzhen EUdelux 
Industrial Co. Ltd., Xixiang, China). The 
reverse transition from the hydrophilic to the 
hydrophobic state was performed via the storage 
in the dark conditions at room temperature over 
24 hours.

RESULTS AND DISCUSSION
Figure 1 shows a SEM-image of the granular-like 
ZnO microstructures. The granules were found 
to possess the size of 1.5–2 μm. The morphology 
of ZnO microneedles and microoctapods are 
shown in Fig. 2 and Fig. 3, respectively. ZnO 
microneedles with an chaotic orientation were 
found to possess a length of 50 μm and diameter 
of about 4 μm near the base. The microoctapods 
possess the size in the range of 15 to 40 μm. 
The ZnO microoctapods consist of the eight 
arms branching from a single center, and the 
angles between the arms are the same. Each arm 
consists of a few hexagonal rods with a diameter 
of 0.5 to 3 μm and a length of 5 to 20 μm.

As it was expected, the as-grown structures 
represent a superhydrophobic surface: all the 
samples demonstrated the superhydrophobic 
behavior with a contact angle ranging from 
154° to 157°. As it was predicted in [21, 22], 
due to the combination of the micro- and 
nanoscale structural parameters, the sample 
with ZnO microoctapods manifest the best 
superhydrophobic properties.

In order to change the wettability character of 
ZnO, the two methods were used. In the first case 
the experimental samples were irradiated by the 
ultraviolet light. The irradiation time was varied 
from 2.5 to 70 minutes. After a certain time of 

UV irradiation the wetting transition from the 
superhydrophobic to the superhydrophilic state 
occurs for all the samples (Fig. 4).

According to [3, 7, 9] the change of the wet-
tability under irradiation with UV light with 
the photon energy, not lower than the band 
gap of ZnO can be described by the following 
expressions:

ZnO + 2hν → 2h+ + 2e, � (1)

Zn2+ + e → Zns
+ (surface trapped electron),� (2)

Zns
+ + O2 → Zns

2+ + O2
–,� (3)

O2 ‑ + h+ → O1
– (surface trapped hole),� (4)

O1
– + h+ → 1/2O2 + VO,� (5)

where h+, e, and VO represent a hole, an electron, 
and the oxygen vacancy.

According to [3, 7, 9] the water molecules 
may be dissociatively adsorbed at the VO site. 
These defect sites are kinetically more favor-
able for the hydroxyl group (OH–) adsorption 
than oxygen adsorption, and hence promote an 
increased water adsorption at the UV light irra-
diated areas. However, the adsorption of OH ‑ on 
the defect sites is followed by distortion of the 
electronic structure of the surface and makes its 
state energetically unfavorable. Therefore, after 
termination of the UV illumination the surface 
tries to recover to its original hydrophobic state 
by replacing of the adsorbed OH ‑ with the atmo-
spheric oxygen. During this process, OH ‑ and 
atmospheric oxygen tend to be dissociatively 
adsorbed on the defect sites [9]. 
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Fig. 4. Change of the water contact angle with time upon 
UV irradiation for ZnO of diverse morphology
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At the same time, it would be convenient to 
consider the photocatalytic properties of zinc 
oxide [23–25]. Since ZnO microstructures are 
exposed to air, their surface adsorbs water from 
the environment. Therefore, when a ZnO surface 
is irradiated with UV light, an electron-hole pair 
is generated in the valence and conduction bands 
of ZnO, which could react with absorbed H2O 
and O2 molecules on the ZnO surface [24–27]:

H2O+ h+ → HO• + H+,� (6)

O2 + e → •O2
–,� (7)

•O2
– + H+ → HO2,� (8)

HO2 + H+ + e → H2O2,� (9)

2HO• → H2O2 + O2,� (10)

H2O2 + e → OH– + HO•,� (11)

where HO• — is the hydroxyl radicals, •O2
– — 

the superoxide anions. 
Under such circumstances due to the ul-

traviolet illumination the number of the  
hydroxyl groups on a ZnO surface will in-
crease. Such an increase was observed using 
X-ray photoelectron spectroscopy [28]. The hy-
droxyl groups are adsorbed on the zinc ions and  
become the centers for further water adsorption 
[29]. 

In the second case the ion etching of ZnO 
samples’ surface was used in order to change 
their wettability. Fig.  5 shows the mea-
sured water contact angle as a function of the 
time of the argon ion bombardment of ZnO 
microstructures.

During the bombardment of the micro
structures by the low energy Ar+ ions in 
a vacuum there occurs a cleaning of a surface 
from contaminants and a sputtering of ZnO due 
to the destruction of the chemical bonds between 
zinc and oxygen in the crystal lattice. The atomic 
mass of argon (39.948 u) is larger than the atom-
ic mass of oxygen (15.999 u) and smaller than 
the atomic mass of zinc (65.409 u). Therefore, 
the momentum transfer from an argon atom to 
an oxygen atom is much larger than that from an 
argon atom to a zinc atom. Therefore, the oxy-
gen atoms are removed more easily. The number 
of oxygen vacancies on the ZnO surface will 
increase as a result of ion bombardment [30–33]. 
Since water vapor is always present even at high 
level of vacuum, the hydroxyl groups are imme-
diately adsorbed on these surface defects intro-
duced by Ar ion bombardment [34, 35].

Reducing of the WCA is slower in the case of 
UV irradiation than under the plasma treatment, 
probably due to differences in the energy level deliv-
ered during treatment and the subsequent surface al-
teration. The differences between the three samples 
in times of transition from the superhydrophobic 
to the superhydrophilic state (fig. 4, fig. 5) would 
be associated with different surface area of ZnO 
structures (roughness or surface-to-volume ratio).

CONCLUSION
The effect of a surface morphology on the argon 
ion bombardment or UV light-controlled wetta-
bility of ZnO microstructures was investigated. 
The samples with a larger surface roughness and 
surface-to-volume ratio were found to possess 
a considerably higher water contact angle and 
a time of transition from the superhydrophobic 
to the superhydrophilic state. The highest degree 
of hydrophobicity is exhibited by the complex 
ZnO structures, containing both micro- and na-
noscaled surface features.

The obtained results would be useful for 
designing of the surfaces with a controlled 
wettability.
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