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Changes in nanostructure morphology and size may result in very different surface wet-
tability. In this research, the impact of different morphological parameters on the wetting
dynamics of ZnO nanostructured layers is studied. Six different morphologies are chosen to
determine the specific wetting processes of ZnO nanostructures: nanoneedles, small diam-
eter rods, large diameter rods, nanotubes, nanoplates, and plain thin films. Wetting dynam-
ics is investigated using conventional sessile drop technique and a novel approach based on
electrochemical impedance spectroscopy. The results show that the surface of nanostructured
ZnO thin films exhibits both hydrophilic and hydrophobic wetting behaviour, depending on
nanostructure form, size, and orientation. ZnO nanostructure arrays are a promising platform
for electrochemical and optical sensing in aqueous solutions. The full and effective use of the
sensor working surface can be ensured only under the condition of complete wetting of the
nanostructured layer. Therefore, it is important to take into account the peculiarities of the wet-
ting process of a specific morphology of nanostructures.
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1. INTRODUCTION

ZnO nanostructures have attracted con-
siderable attention over the past few years
because of noticeable properties coupled
with efficient flexibility in morphology.
These fascinating properties make them
highly desirable for applications in chemi-
sensors and biosensors, with good sensi-
tivity and low detection limits for different
analytes [1]-[4]. As it is well known, bio-
sensors are instrumental analytical devices,
which convert signals from molecular rec-
ognition elements into electrical or other
types of signals, with the response being
proportional to the target analyte concentra-
tion in the sample. ZnO nanostructures have
large surface-to-volume ratios [5], [6] and,
therefore, can deposit much larger amounts
of bioanalytical materials on the nanostruc-
tures than on planar films, leading to an
increase in signal intensity and sensitivity
of the biosensor. Numerous methods for
obtaining ZnO nanostructures, including
gas phase [7] and solution phase methods
[8], have led to the formation of structures
with wurtzite lattices but different morphol-
ogies, which can be varied in diverse ways:
by seed layers, acidity of growth solutions,
various additives, or adjustment of other
growth parameters [1], [9]. For sensor
application, the optimal morphology is one
that provides the maximum signal-to-noise
ratio when examining the analyte under
otherwise identical conditions. Therefore,
achieving excellent sensitivity, selectiv-
ity, and reproducibility in analyte analysis
is one of the main tasks in developing new
and improved analytical methods.

Furthermore, electrochemical imped-
ance spectroscopy (EIS) is an effective
method for detecting physical, chemi-
cal, and biochemical changes in the envi-
ronment [10]. This method is usable for
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manufacturing immunosensors [11], DNA
sensors [12], glucose sensors [13], etc.
When biomolecules (e.g., DNA, with
an isoelectric point of 4.5) are deposited
on ZnO nanostructures (isoelectric point
of 9.5), interactions of the biomolecule-
nanostructure electronic subsystems occur,
changing the local potential. The process
of biochemical reactions on ZnO nano-
structures also leads to changes in electri-
cal parameters, reflected in the frequency-
dependent impedance of the system. Some
authors argue that the change in resistance
can be detected only at very small (about
20 mm) distances above the electrode sur-
faces, requiring the spacing between the
electrodes to be reduced to a few microns
[14]. However, in other works, a significant
change in impedance is observed on sensors
where the interval between two adjacent
electrodes is about a millimetre [15]. In our
opinion, sensor sensitivity is largely deter-
mined by the morphology of nanostructures
that interact with the analyte, the general
geometry of the device, and the specific
processes that take place on the electrode,
as shown in our previous article [1]. Withal,
changes in morphology can alter wetta-
bilities of pore surfaces. This phenomenon
could be important in electrochemical sen-
sor and biosensor applications.

The main focus of this study is to exam-
ine the influence of ZnO nanostructure mor-
phologies on the wettability and sensitivity
of sensors based on EIS. By the term “sen-
sitivity,” we mean the value of the signal
that is detected by the device resulting from
processes occurring on the working surface.
As a target substance, we choose distillate
water, which does not chemically interact
with ZnO; although, it can form structured
monolayers at the ZnO-water interface [16],



[17]. Thereby, water, wetting the nano-
structured ZnO films, penetrates the gaps
between the nanostructures. Penetration
rate depends on a number of factors, includ-
ing shape, size, and density of nanostruc-
tures and surface conditions of ZnO, such
as exposure to ultraviolet irradiation [18],
[19]. Liquid penetration dynamics in the
nanostructured film can be detected by EIS
as the replacement of air in the voids by lig-
uid must lead to a change in the impedance
of the system. This phenomenon is useful
in biosensors for wastewater monitoring.
Furthermore, water can be used as a solvent
for various biological solutions [20], [21].
In this case, biomolecules settle on the ZnO

2. EXPERIMENTAL

surface and change the wetting conditions
of the nanostructures with water, alter-
ing the penetration dynamics of the liquid
into nanostructure pores and, accordingly,
changing the system impedance. Therefore,
the concentration of biomolecules in the
solution can be determined from the imped-
ance change of the system. In addition, this
method allows the saturation point (moment
in time when the liquid completely fills air
pockets of the nanostructured surface at the
contact site) to be determined. In this paper,
we describe the change in impedance of the
system as a result of water penetration into
depths of nanostructured films with differ-
ent morphologies.

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO,),-6H,0O;
>99.0 % CAS Number: 10196-18-6), zinc
acetate (Zn(CH,COOH),2H,0; >99.0 %,
CAS: 5970-45-6), hexamethylenetetramine
(CH N,; HMTA, >99.0 %, CAS Number:
100-97-0), and urea (NH,CONH, >99.0 %,
CAS Number: 57-13-6) were iourchased

2.2. Synthesis of ZnO Nanostructures

In this research, six different morpholo-
gies of ZnO nanostructures such as nanon-
eedles, small diameter rods (thin rods), large
diameter rods (thick rods), nanotubes, plates
and a plain thin film were selected for the
study of the wetting processes. Standard
microscope slides (76x26 mm) were used
as samples substrates. First, 250 nm of chro-
mium was deposited by DC magnetron sput-
tering through a patterned gate metal shadow
mask onto pre-cleaned glass substrates by the
LABI18 thin film deposition system (Kurt J.
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from Sigma Aldrich Co. All chemicals are
analytical grade and used as received with-
out further purification. Deionized and dou-
ble-distilled water was self-made in the labo-
ratory. Distilled water was purchased from
Delfin Group.

Lesker, USA). As a result, planar concentric
Cr electrodes of 500 um in width and 500
pm in spacing without galvanic contact were
obtained (Fig. 1(6)). Secondly, the seed layer
was prepared by coating Cr electrodes with
zinc acetate solution in ethanol at 25 mmol
concentration through the patterned shadow
mask (made of metallic and rubber liners
(gaskets), then washed with pure ethanol and
dried in a nitrogen stream. The procedure
was repeated three times and then samples
were calcinated at 200 °C for 30 min and



slowly cooled to room temperature.

Following seeding onto metalic elec-
trodes ZnO nanostructures were grown by
a hydrothermal method [22]. Generally for
ZnO nanostructure synthesis zinc nitrate
hexahydrate and hexamethylenetetramine
aqueous solution are commonly used. Here,
Zn(NO,), serves as a source of Zn*" ions,
water — a source for O*ions, and HMTA acts
as a slowly decomposing weak base, which
maintains the weakly alkaline environment
in the solution and provides the desired
amount of OH-ions. A glass vessel with a lid
was used as a chemical bath that was placed
in a programmed Linn High Therm (Ger-
many) oven preheated to 90 °C. The ZnO
seeded substrates were placed at an angle
against the vessel, with the seed layer facing
down. Depending upon the concentration of
the reactants and the temperature of growth,
the formation of ZnO nanostructures with
different morphology was observed.

Thick rods: ZnO nanorod arrays were
synthesized in 0.1M equimolar aqueous
solution of zinc nitrate hexahydrate and
HMTA at 90 °C for 3h.

Thin rods: For obtaining thin rods
0.05M Zn (NO,), + 0.2M HMTA solution
were used. The growth process was carried
out at 90 °C for 3h.

Tubes: ZnO nanotubes were obtained
by using a self-selective etching method
with lowering temperatures of growth dur-
ing the hydrothermal process. This method
is based on pH level change after a decrease
in growth temperature [23]-{27]. For the
experiment 0.2M equimolar Zn(NO,), and
HMTA concentration were used. At the first
stage, in relatively short time (3h) at 90 °C
temperature the growth process of ZnO
nanorods intensively occurs in both lateral

2.3. Characterization

The surface morphology and structural
properties were studied using a scanning
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and axial directions. At the second stage at
50 °C in a significantly longer time period,
compared to the first stage (18 h), the aging
process occurs: ZnO metastable planes are
etched with residual chemicals of growth
solution.

Needles: As indicated above, the main
role of HMTA is to provide OH- ions; there-
fore, it was hypothesized that increasing the
HMTA concentration in growth solution
would cause the pH increase without the use
of an additional chemical, like ammonia or
hydroxides. ZnO nanoneedles arrays were
synthesized in 0.05M Zn (NO,), + 0.2M
HMTA solution at 90 °C for 3h.

Plates: This morphology was obtained
by replacing HMTA with urea, which pro-
moted lateral growth and inhibited growth in
the axial (c-axis) direction during the hydro-
thermal synthesis process. As a result, the
total surface area of (0002) planes increased,
but the lateral surface area decreased. 2D
plate-like ZnO nanostructures were grown in
aqueous solution of 30 mM zinc nitrate and
0.5M urea at 90 °C for 3h. After hydrother-
mal growth samples were annealed at 250°C
for 2h, in order to calcine the obtained zinc
carbonate to ZnO.

After hydrothermal growth, all obtained
samples were thoroughly washed with dis-
tilled water in order to remove traces of the
growth solution from the surface of nano-
structures. Then, the samples were dried in
oven for one hour at a temperature of 90°C in
order to get rid of residual water accumulated
on their surface and in the space between the
nanostructures.

The unstructured 150 nm thick ZnO
film was obtained by magnetron sputtering
(MS) mode in Kurt J. Lesker LAB 18 sput-
tering system.

electron microscopy (SEM, TESCAN-
VEGA LMU II operated at 30kV).



Surface wettability of obtained ZnO
thin films was identified by measuring the
water contact angle (WCA) at ambient tem-
perature using the sessile drop method by
an optical microscope (Motic BA50-X). A
3 uL droplet of distilled water was placed
on the sample surface, and digital images
of the droplet silhouette were captured with
the implemented camera every minute for
10 minutes. The WCA was determined
using the Motic Images Plus image pro-
cessing software. An average of five mea-
surements, performed at different spots on
the same sample, was adopted as the WCA.
Surface roughness and surface coverage of
nanostructures were analysed with Imagel
Analysis software.

Additional experiments were carried
out to determine the impact of surface mor-

phology on the wetting dynamics by EIS.
Electrochemical measurements were per-
formed at room temperature with a Ver-
saSTAT 3 (Princeton Applied Research)
potentiostat/galvanostat. Structures of the
electrical measurement cell and electrodes
are shown in Fig. 1. ZnO-coated Cr elec-
trodes were used as the counter and work-
ing electrodes. A drop of the target liquid
(250 ul) was pelleted on the cell with the
electrodes, and the dependence of the phase
shift on frequency was measured immedi-
ately and repeated every minute for 10 min-
utes. An average of eight independent mea-
surements, performed at different spots on
the same sample, was adopted to establish
dependency between wetting dynamics and
surface structure of all ZnO nanostructure
morphologies.

Fig. 1. Structure of the electrical measurement cell (left) and electrodes (right). The measurement cell consists
of the following parts: a corps (1), an interlayer (2) with push-in contacts (3), a sealing rubber mask (4) with
replaceable plastic cylinders (5). Sample (6) consists of four electrodes, which allow four independent analyte
measurements to be performed consistently [1].

3. RESULTS AND DISCUSSION

3.1. Wettability versus Surface Morphology

Surface morphologies of the prepared
samples were characterised using SEM.
Figure 2 demonstrates six different types of

ZnO nanostructures: nanoneedles (Fig. 2a),
small diameter rods (Fig. 2b), large diame-
ter rods (Fig. 2¢), nanotubes (Fig. 2d), plates



(Fig. 2e), and a thin 150 nm MS layer (Fig.
2f). As seen in Fig. 2, the nanoneedle array
was not aligned. The average diameter of the
base stems and their heads were around 350
and 60 nm, respectively. The average length
of the ZnO nanoneedle stems was around 1
pm. ZnO nanorod arrays and nanotubes with
hexagonal structures were preferentially
oriented towards the c-axis perpendicular
to the glass substrate. The smaller nanorods

had an average diameter of ~100 nm, while
larger nanorods and nanotubes were around
1 um. The ZnO nanoplates were very dense,
with thicknesses of approximately 300 nm.
The nanoscale roughness on the film sur-
faces reduced the contact area between the
solid and droplet; thereby, a large amount
of air was entrapped into the space below
the droplet, effecting the wettability of the
surface.

Fig. 2. Morphology of ZnO thin films: (a) nanoneedles, (b) thin rods, (c) thick rods, (d) nanotubes, (e)
nanoplates, and (f) the MS thin film.

Myo Tay Zar Myint et al. point out
that for homogeneous, unstructured, and
untreated ZnO thin films, consisting of
many chaotically oriented nanocrystallites,
the intrinsic WCA is 26+3°[28]-[31]. Some
other articles refer to different WCA val-
ues, which are, in general, smaller than 50°,
indicating the hydrophilic nature of the ZnO
surface [32]. However, in the case of nano-
structured ZnO thin films, the surface can
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exhibit both hydrophobic and hydrophilic
behaviour depending on the nanostructure
parameters, and the transition from hydro-
philic to hydrophobic conditions can be
realised by micro- and nanostructuring of
the surface [33]-[38].

In our opinion, there are two main fac-
tors that determine the wettability of an
individual sample: the surface coverage of
the nanostructures (percentage ratio of the



solid phase and voids) and the nanostruc-
ture morphologies, which determine the
number of active sites capable of binding
hydroxyl groups. The first hypothesis has
also been proven in previous work [28],
which indicates the possibility of changing
the wettability of the ZnO surface by micro/
nanostructuring [39]. As mentioned in the
article, surfaces with nanostructure cover-

a

age areas less than 39 % show hydrophobic
character, and the classical Cassie—Bax-
ter criteria can be applied to the so-called
“Fakir” surface (Fig. 3a) [28], [40]. How-
ever, for high solid area fractions (>40 %),
the surface was completely wet, and water
penetrated into the pores. In such a case,
Wenzel gave a wettability description of the
films (Fig. 3b).

b

Fig. 3. Schematic illustration of (a) Cassie-Baxter and (b) Wenzel regimes.

These hypotheses have also been con-
firmed in our experiment, where samples are
represented by several rod-type nanostruc-
tures that differ in size and, respectively, in
the degree of surface coverage (Figs. 2a—d).
Figure 4 shows the dependence of the wet-
ting angle on the time for each morphol-
ogy. The highest WCA value was observed
for ZnO nanoneedle (Fig. 2a) arrays: 127°
at the beginning of the measurement and
70° after 10 minutes (Fig. 4, red curve).
The surface structure of this sample can be
characterised by the lowest degree of sur-
face coverage (23 %). The hydrophobic
effect was also enhanced by the existence
of the ‘fakir’ or ‘lotus’ surfaces, when the
interaction between the droplets and solid
surface was reduced to the point contact
because of the needle-like nanostructure
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shapes. In the case of thin rod shaped nano-
structures (Fig. 2b), an increase in surface
coverage to 38 % was observed, promot-
ing a decrease in a wetting angle and total
omission of the graph for angle-time depen-
dence indicating a decrease in hydrophobic
properties compared to nanoneedles. The
value of the wetting angle changed from
86° to 57° within 10 minutes (Fig. 4, blue
curve). The decrease in the initial WCA
value compared to nanoneedles may be
explained by the increase in contact surface
due to the flat top of the nanorods, leading
to a stronger interaction between the water
and solid surface. In the case of thick rods
(Fig. 2c¢), the surface coverage increased up
to 87 %. Therefore, in contrast with previ-
ous rod-shaped morphologies, hydrophilic
surface behaviour was observable; the wet-



ting angle did not exceed 19° at the starting
point or 7.5° after 10 minutes (Fig. 4, green
curve). In the case of the MS thin film (Fig.
21), the WCA was 44° at the starting point

and remained almost constant over time
(Fig. 4, black line). Minor changes may
have been caused by slight spreading of the
droplet on the surface.

—e— Thin Film

Time (min)

Fig. 4. WCA changes over time for different ZnO nanostructure morphologies.

Comparing large diameter nanorod and
MS thin film wetting angle values, a dif-
ference of 30° was observed for the start-
ing point of the wetting angle with only
a very small surface coverage difference
between the two samples (=10 %). This
difference indicates a stronger interaction
between the liquid and solid surface for
the nanostructured sample. Importantly,
the surface coverage is influential but is
not the only factor that determines surface
wetting; nanostructure morphology also
accounts for significant contributions. As
it is known, ZnO nanostructures have the
form of a hexagonal prism, in which the
two most significant plane groups can be
distinguished. The first group includes non-
polar side {1010} planes, containing both
zinc ions and oxygen and being electrically
neutral and chemically stable. The second
group includes metastable polar {0001}
planes, consisting of either oxygen ions or
zinc ions (Zn-terminated or O-terminated
planes), which have an electric charge and
are chemically more active. The structure of
the MS thin film can be described as a set of
randomly oriented crystallites. Meanwhile,
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the nanorod array (nanostructured sample)
is compositionally arranged and, in a hori-
zontal plane, is represented by a metastable
plane [0002], containing a large number
of active adsorption bonds on its surface.
An important role of this plane was also
confirmed by WCA measurements of ZnO
nanoplate arrays, for which, considering
the preferential growth direction, this plane
was dominant. This morphology showed
the hydrophilic behaviour and even smaller
contact angle values than in the previous
case: 12° at the beginning of the experi-
ment and 3° after 10 minutes (Fig. 4, yel-
low curve). This indicates that both cover-
age and nanostructure morphology play an
important role.

In particular, the ZnO nanotube mor-
phology (Fig. 2d) deserves special atten-
tion. Despite the low percentage of surface
coverage by these nanostructures (40 %), as
well as a decreased total area of the [0002]
plane, this morphology revealed strongly
hydrophilic behaviour: 40° at the beginning
of process and 17° after 10 minutes (Fig.
4, pink curve). This phenomenon could be
explained by the presence of a large num-



ber of active adsorption centres that are
related to structure defects formed on the
inner walls of nanotubes during the etching
process. Such centres have higher adsorp-

tion energy values compared to non-polar
centres and provide stronger interaction
between water and solid.

3.2. Analysis of the Wetting Process by EIS

The aim of this study is to describe the
usage of EIS as an alternative method for
analysing the wetting processes of nano-
structured surfaces. This technique makes
it possible to describe, with great accu-
racy, the wetting processes, not only on
the surface, but also in the volume of the
nanostructured layer due to changes in the
sample resistance in the process of filling
the pores with liquid. Furthermore, this
method allows us to track dynamics of the
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wetting process for each morphology, as
well as determine the saturation time, i.e.,
the moment in time where complete wetting
of all structures occurs. Also, this method
allows us to describe the dynamics of inter-
mediate processes that occur during wetting
and the transition from the Cassie-Baxter
model at the beginning of the process to the
Wenzel model at the end, when all nano-
structure voids are completely filled with
water.
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Fig. 5. EIS spectra for the wetting process for different ZnO nanostructure morphologies.

Figure 5 shows the phase dependence
curves over time for two hydrophobic
(upper row) and two hydrophilic (bottom
row) ZnO nanostructure morphologies. As
can be seen, the wetting process is uneven
and non-linear. In the first few minutes,
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there is a large difference between the
phases of adjacent curves. However, over
time, this step decreases until the phase dif-
ference becomes minimal, and the curves
coincide. This moment can be defined as
the moment of saturation, which character-



ises complete wetting of the nanostructured
sample. As expected, in the case of hydro-
phobic surfaces, the dynamics of phase
change is more readily expressed, and the
saturation state is characterised by a longer
time interval (7-9 minutes). In the case of
hydrophilic surfaces, the saturation occurs
much faster (2—4 minutes), and the phase
value changes are smaller.

To better understand the degree of
hydrophobicity of the structures, the graph
of the relative change in impedance ver-
sus time is very descriptive (Fig. 6). This
curve characterises the change in imped-
ance of the full system relative to the zero
point, which corresponds to the beginning
of the measurements and characterises the
amount of liquid absorbed by the entire vol-
ume of the nanostructured sample. In the
case of the plain film, the relative changes
in impedance are minimal and occur only
due to absorption of liquid by small irreg-
ularities arising from the polycrystalline
structure of the sample. For large diameter
rods, the relative changes in impedance
are caused by the penetration of water into
the voids between nanostructures. How-
ever, as the oriented nanorods are dense
and the voids are narrow, the dynamics
is poorly expressed. In the case of nano-
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plates, there is a slight increase in relative
impedance changes over time. The relative
changes in impedance do not exceed 12 %
and the rapid wetting is caused by both a
decrease of surface coverage (increase in
porosity) and an increase in the total area
of the metastable [002] plane. At the begin-
ning of the measurement, voids are almost
completely filled with water, so in case of
hydrophilic nanostructures further imped-
ance values practically do not change over
time. For nanotubes, the wetting process
is significantly slower than for nanoplates
and thick rods and is mainly provided by
cavities in the nanostructures reducing the
degree of surface filling compared with
the same diameter nanorods. However, the
morphology still shows hydrophilic proper-
ties due to the presence of a large number of
structural defects formed on the inner walls
during etching process which prevent the
manifestation of completely hydrophobic
properties. This fact shows good confor-
mity with theory and WCA measurements
described in Section 3.1. For small diam-
eter nanorods and nanoneedles, the rela-
tive increase in impedance is caused by a
decrease in the surface coverage, correlat-
ing well with WCA measurements (Fig. 4).

Time (min)

Fig. 6. Relative change (in %) of the impendance module |Z| versus time for different ZnO nanostructure
morphologies (as indicated in the legend) at 280 kHz.
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4. CONCLUSION

The surface of nanostructured ZnO thin
films exhibits both hydrophilic and hydro-
phobic wetting behaviour, depending on
nanostructure form, size, and orientation.
ZnO nanoneedles with WCAs of 127° at the
beginning of the experiment, as well as thin
nanorods with WCAs of 86°, are hydropho-
bic. In contrast, ZnO thin film (44°), thick
nanorods (19°), nanoplates (12°), and nano-
tubes (40°) exhibit hydrophilic behaviour.

We have demonstrated the possibility of
investigate wetting processes by EIS. With
great accuracy, this technique describes both
surface wetting and processes occurring
at the volume of the nanostructured layer.
Thus, this method allows us to describe
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