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Indium-doped zinc oxide (ZnO:In) thin films were deposited onto cotton (Ct) and polyester (PET) fab-
rics via Successive Ionic Layer Adsorption and Reaction (SILAR) method for the purpose of developing
comfortable to wear, nontoxic, lightweight, and air-permeable textile. Thus, we obtained materials with hi-
erarchical micro- and nanoscale roughness ZnO:In/Ct and ZnO:In/PET, respectively. The obtained ZnO:In
films have a single-phase nanograined polycrystalline wurtzite hexagonal structure. It has been shown
that the inherent cotton hydrophilicity provides wettability of ZnO:In/Ct fabric both before and after vacu-
um annealing. On the contrary, the ZnO:In/PET fabric is hydrophobic, its water contact angle CA equals
140°. It turned out that it is possible to impart superhydrophobic properties to the ZnO:In/PET fabric
without any additional impregnation layer by means of post-growth vacuum annealing at 200 °C for 1 or
2 h. The superhydrophobicity of this fabric was confirmed via both static and dynamic measurements of
CA = 160° and contact angle hysteresis CAH = 10°, respectively. The Cassie-Baxter wetting state for the
annealed ZnO:In/PET fabric is identified through a water-drop evaporation technique. Upon exposure to
ultraviolet (UV) radiation (26 W, wavelengths in the 315-400 nm range) for 60 min, the vacuum annealed
ZnO:In/PET fabrics are transformed from superhydrophobic to hydrophobic, their CAs reduced from 160°
to ~ 130° and returned after 9 days of storage in the dark. Thus, we obtained a superhydrophobic fabric
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that remains non-wettable under operating conditions in sunlight.
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1. INTRODUCTION

In the last few years, the innovation on fiber-based
smart materials has increased substantiality because of
demands for a comfortable and healthy life, which ask
for a superhydrophobic textile, for instance, by mimick-
ing the superhydrophobic lotus leaf in nature, the so-
called “lotus effect” [1, 2]. Thus, the search for materials
with superhydrophobic surfaces has become the center
of attention for many researchers [1-13]. The use of
nanostructured zinc oxide (ZnO) coatings for the func-
tionalization of textile substrates is growing rapidly,
since they can provide unique multifunctional proper-
ties together with superhydrophobicity, such as photo-
catalytic self-cleaning, antimicrobial activity, protecting
against neurotoxicity, activation of body enzymes, at-
tenuation of diabetic complications, protection against
solar ultraviolet, flame retardancy, and thermal insula-
tion [1, 2-5, 7]. Various research groups are studying
not only nanostructured coatings of pure zinc oxide, but
also of ZnO alloyed with different metals, for example,
ZnO0:Al [9], ZnO:Mg [2], etc. Mostly, ZnO nanoparticles
are deposited on a given textile substrate as previously
prepared colloidal solutions. In this way, thin hydro-
phobic layers were obtained via sol-gel method [2-4, 6],
through dip-coating technique [4], or by dry cure pad-
ding [5]. In some works, hydrophobic coatings of pure or
alloyed ZnO nanorods and other nanostructures are
synthesized in situ using hydrothermal deposition [1, 9],
pulsed electrodeposition [14], electroless deposition [8],
etc. A common approach to the creation of all listed su-
perhydrophobic ZnO coatings, except for [8], is a re-
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quired final chemical modification through processing
with a fluoro-containing polymer or silane [7] in order to
generate a low surface energy. According to [3], the “lo-
tus effect” would not be achieved without the applica-
tion of organic or inorganic-organic hybrid surface modi-
fication with alkyl or perfluoroalkyl functional groups.
For example, to provide superhydrophobicity to ZnO
nanorods in [6] and to the covered by SiO: shells ZnO
nanorods in [1], they were modified with octadecyltri-
methoxysilane. In [3], ZnO nanorods were covered by a
self-assembled monolayer of perfluorodecyltriethox-
ysilane. Authors [4] used a self-assembled stearic acid
layer. In [5], the post-deposition modification of ZnO
nanoparticle surfaces has been made with hexa-
decyltrimethoxysilane. However, silane monolayers can
degrade and lose superhydrophobicity upon abrasion
damages. At the same time, the accumulation of fluo-
rine from fluoro-containing layers is dangerous for the
environment due to their potential toxicity. Therefore,
the possibility of rejecting these modifiers, which was
demonstrated in [8] for a superhydrophobic coating of
Zn0O nanoparticles obtained via electroless deposition
onto textile, is encouraging. As for the fabric substrate,
authors [8] have chosen the most used in the textile
industry polyester, namely polyethylene terephthalate
(PET) fabrics. According to [7], PET fabrics themselves
show poor wettability properties and hydrophobicity. As
indicated in [6], an uncoated PET fabric, which con-
tained PET fibers of diameter 9-10 um, demonstrated a
water contact angle (CA) obtained from an image of a
sessile (static) drop on the horizontal surface ~ 123°. Its
water dynamic sliding angle (SA), or the roll-off angle
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(A9), which exceeds the maximum contact angle hyste-
resis (CAH) without moving, is ~15° [6]. At the same
time, according to [3], pristine PET fibers of diameter
20 um give CA = 65°. In any case, the wettability of pol-
yester is less than that of an uncoated cotton (Ct) fabric,
for which CA = 0° [2] due to the abundance of hydroxyl
groups in the cellulose molecules that make up cotton.
The electroless method for the deposition of ZnO nano-
particles on PET woven fabric with water CA of ~ 133°
that was used in [8] to obtain a superhydrophobic sur-
face of the ZnO/PET fabric with CA of 150° consists of
three steps. According to [8], this catalytic/autocatalytic
electroless ZnO deposition involves sensitization in a
solution containing tin ions, activation in a solution
containing palladium ions, and ZnO deposition from an
aqueous solution of zinc nitrate (Zn-(NOs)2) and dime-
thylamineborane ((CHz)2NHBH3s).

It was shown in our previous work [13], that due to
the introduction of indium chloride (InCls) into an aque-
ous solution during deposition by Successive Ionic Layer
Adsorption and Reaction (SILAR) method on glass sub-
strates, it 1s possible to obtain indium-doped zinc oxide
(ZnO:In) coatings in the form of nanorod arrays with
pointed ends. According to [6, 11], such a form contrib-
utes to superhydrophobicity through the Cassie-Baxter
model. In this work, we propose a simple, cheap and
scalable SILAR method for the production of polyester-
based superhydrophobic textile by modifying PET with
a nanocrystalline ZnO:In thin layer by avoiding the use
of noble metals and without any additional impregna-
tion layers. For this, a comparative analysis is carried
out concerning the surface morphology, crystal structure,
chemical composition and optical properties of nano-
structured ZnO:In films, which were made by SILAR
method on the surface of cotton and polyester fibers to
obtain hierarchical structures with micro- and nanoscale
roughness, ZnO:In/Ct and ZnO:In/PET, respectively. In
the study, the surface wettability of the textiles, in par-
ticular ZnO:In/PET fabric, was characterized by meas-
uring not only static CA as in [2, 8, 9]. The wetting
mechanism for ZnO:In/PET fabric is observed through a
water-drop evaporation technique [14]. We also ana-
lyzed the CAH, which is related to the material surface
energy, by means of liquid dispensing and retracting
method [11]. In accordance with [9, 11, 14], the dynamic
tilt angle measurements were used to determine the
ability of the obtained superhydrophobic material to
self-cleaning. Then, we studied the influence of ultravio-
let (UV) radiation on the ZnO:In/PET surface wetting to
ascertain the possibility of using this superhydrophobic
material at the terrestrial sunlight. The novelty of the
current research work is a simple and cheap method for
creating comfortable to wear, nontoxic, lightweight and
air-permeable superhydrophobic ZnO:In/PET fabric
without any surface modifications that remains non-
wettable under operating conditions in sunlight.

2. EXPERIMENTAL DETAILS

2.1 Deposition of ZnO:In Thin Films by SILAR
Method onto Cotton and Polyester Fabrics to
Obtain ZnO:In/Ct and ZnO:In/PET Textiles

Before coating, clean fabric samples were boiled in
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distilled water for 15 min. Next, to ensure adhesion of
ZnO:In with fabric, a seed layer was deposited by a dip-
coating method. A seed solution contained zinc complex
(Zn(NH3)4%%) prepared by dissolving 0.05 M ZnO in 1 M
NH4OH aqueous solution. Then, a Ct or PET sample
was dip-coated in the seed solution for 30 s and dried in
a stream of hot air. This process was repeated 5-10
times to obtain ZnO seed particles, which coated the Ct
or PET fabric surface uniformly. Subsequently, thin
Zn0O:In films were grown on the seeded Ct and PET
fabrics using SILAR method. Deposition of ZnO:In thin
films was carried out using an aqueous cationic precur-
sor containing 120 mM potassium zincate (K2ZnOg),
KOH (120 mM ZnO was diluted in 2.7 M KOH aqueous
solution), and 9 mM InCls similarly to that described in
[13] for ZnO:In thin films on glass substrates. Hot water
(90 °C) was used as an anionic precursor. One SILAR
growth cycle included the following three steps:

(1) immersion of the fabric into a cationic precur-
sor for 2 s;

(2) immersion of this fabric immediately into hot
(90 °C) water for 2 s to form a ZnO:In monolayer;

(8) rinsing of the substrate in a separate H:20
beaker for 5 s to remove loosely bound particles.

By repeating such deposition cycles for 50-400
times, we obtained ZnO:In films on cotton and polyes-
ter fibers, i.e. ZnO:In/Ct and ZnO:In/PET samples, re-
spectively. Then, we used post-growth vacuum anneal-
ing of ZnO:In/Ct and ZnO:In/PET samples at 200 °C for
1 or 2 h. Due to the flame retardancy and thermal insu-
lation properties of ZnO coatings [3], the ZnO:In/Ct and
ZnO:In/PET samples withstand post-growth vacuum
annealing at 200 °C for 2 h.

2.2 Materials Characterization

Morphology of uncoated Ct and PET fabrics as well
as ZnO:In/Ct and ZnO:In/PET samples was observed by
scanning electron microscopy (SEM) in the secondary
electron mode. The SEM instrument “Tescan Vega 3
LMH” (Czech Republic) operated at an accelerating
voltage of 30 kV without the use of additional conduc-
tive coatings, when scanning the conductive ZnO:In
coated textiles. However, for morphology studies by
SEM of the pristine Ct and PET fabrics we used thin Cr
film (~ 10-15 nm thick) as a conductive coating, which
was evaporated in vacuum at 10-4Pa residual gas
pressure immediately before SEM research. Chemical
analysis of the samples was carried out by X-ray fluo-
rescence (XRF) microanalysis using an energy disper-
sive spectrometry (EDS) system “Bruker XFlash 5010”
(Germany). Energy dispersion spectra were taken from
100 x 100 um sample areas. Quantification of the spec-
tra was fulfilled in the self-calibrating detector mode.

Optical properties of the ZnO:In/Ct and ZnO:In/PET
samples were studied in the wavelength (1) range 300-
1100 nm using an UV-Vis-NIR spectrophotometer “SF-
2000” (Russia) equipped with “SFO-2000” specular and
diffuse reflection attachment. Optical reflection meas-
urements were performed at a light incidence angle
9 = 8° relative to the normal to the surface. Optical
band gaps E; for direct allowed transitions in ZnO:In
coatings were determined by using diffuse reflectance
spectra R(1) from the Kubelka-Munk function [8]:
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According to [8], a plot of (F(R) hv)? vs hv yields the
direct band gap value Eg of the film by extrapolating
(F(R) -hv)? linear part on hv.

To analyze the phase compositions and structural
parameters of ZnO:In coatings in ZnO:In/Ct and
ZnO:In/PET samples we used an X-ray diffractometer
“Shimadzu XRD-6100" (Japan). Scanning was per-
formed with Bragg-Brentano focusing (6 — 26). The ex-
perimental interplanar d-spacing was calculated accord-
ing to the Bragg's law, which describes the condition on
6, at which the constructive interference is maximum:

nix = 2dsin, ()]

where n is a positive integer, A. is the wavelength of
the incident X-ray (CuKa radiation, A« = 1.54060 A).
The crystalline phases were identified by comparing
the experimental diffraction patterns with the refer-
ence ZnO powder XRD data in the JCPDS database by
using PCPDFWIN v.1.30 software. In accordance with
[18, 15, 16], it was supposed that coherent-scattering
domains in ZnO:In coatings estimated by analyzing the
broadening of X-ray diffraction peaks are equal to the
average sizes D of the nanocrystalline ZnO:In grains
calculated using the Scherrer's formula [2, 15, 16]:

D = (0.9-2)/(B-cos0), 3

where 1 is the X-ray wavelength; f=B—b, B is the
observed full width at half maximum (FWHM) and b is
the broadening of the peak due to the instrument in
radians, 6 denotes the Bragg's angle of the X-ray dif-
fraction peak (002).

According to [13], microstrains ¢ in ZnO:In nano-
crystals were calculated as ¢ =Ad/d (where d is the
crystal interplanar spacing according to JCPDS and Ad
is the difference between the corresponding experi-
mental and reference interplanar spacings). Dislocation
density of ZnO:In coatings on Ct and PET fibers in
ZnO:In/Ct and ZnO:In/PET samples was evaluated
through 1/D? as in [2]. The crystal lattice constants a
and ¢ were identified from the positions of the indexed
lines (002) and (004) in the X-ray diffraction patterns
by the Nelson-Reilly (N-R) graphical extrapolation
method, and refined using the least-squares method by
UnitCell (UC) software on the basis of all recorded re-
flections in the X-ray diffraction patterns in accordance
with [17, 18]. The texture quality was estimated by the
Harris method [2, 13, 19]. The pole density Pi;, which
determines an axis of the crystal plane that is oriented
normal to the surface, was calculated according to the
equation [2, 13, 19]:

Pi:(Ii/IOi)/{llNg(Ii/IOi)] 4)
-1
where I; and Io; are the integral intensity of the i-th
diffraction peak in the XRD pattern of the film and the
etalon, respectively; N is the number of lines presented
in the diffraction. The texture axis has the index, which
corresponds to the largest value of P;. The orientation
factor f for the relevant direction was calculated from
the formula [13]:
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2.3 Wettability Tests for ZnO:In/Ct and
ZnO:In/PET Textiles

The standard sessile drop method, the drop evapo-
ration observations, the liquid dispensing and retract-
ing method, and the tilt angle measurements well de-
scribed in [1, 5, 7, 8, 10-12, 14] were used to analyze
the surface hydrophilicity/hydrophobicity of ZnO:In/Ct
and ZnO:In/PET textiles. The water drop image on the
textile surface was recorded using a “Samsung PL55”
digital camera (Korea), whose lens was placed at the
level of the surface using a support. The test was re-
peated for five different positions on each fabric surface
for the determination of the average CA value. The CA
value on the horizontal surface of Ct, ZnO:In/Ct, PET,
and ZnO:In/PET fabrics as well as the values of Ore
and Yadv on the horizontal or inclined PET and
ZnO:In/PET textile surfaces were determined by ana-
lyzing the drop profile in images according to the tech-
nique presented in [10] by the formula:

tan(3/2):h/r, (6)

where & is the droplet height over the textile surface, r
is the droplet base radius on the surface.

In the sessile drop method, static CA values were ob-
tained as follows. A distilled water droplet with a volume
(V) of ~ 1.8 pl was placed using a syringe onto the hori-
zontal surface of Ct, ZnO:In/Ct, PET or ZnO:In/PET tex-
tile sample. Here we determined V values through con-
ventional geometric formulas for calculating the sphere
or its segment volumes depending on its shape.

According to [14], observations of the evaporation of
drops “sitting” on the horizontal surfaces were used to
determine the wetting mechanism for PET and
ZnO:In/PET fabrics by the shape of the dependence of
the CA 9 on the drop volume V. To obtain the function
I(V), we observed water-drop evaporation on the sur-
face of PET or ZnO:In/PET fabric. For this, 2-5 min
series of photographs of the drop were taken with
snapshots occurring every 60 s. According to [11], two
extreme cases can occur at a rough, hydrophobic sur-
face when a water drop is applied. One possibility is
that the drop could maintain contact with the entirety
of the rough surface (the Wenzel state), thus increasing
the interfacial contact area. Alternatively, a drop on a
superhydrophobic surface could skip between the peaks
of the roughness (the Cassie-Baxter state), thus leaving
a patchwork of solid-liquid and liquid-vapor interfaces
below it. When the function 9(V) is shaped as a hori-
zontal straight line, the Cassie-Baxter state takes
place, but if the dependence 9(V) steadily decreases
with decreasing V, we have the Wenzel state [14].

Authors [12] indicate that superhydrophobic surfac-
es refer to surfaces with excellent water repellency with
a water CA exceeding 150°, and also with low CAH less
than 10°. In accordance with [12], CAH is related to the
force of adhesion to a surface, and the method for lower-
ing the surface free energy is a basic control for super-
hydrophobic characteristics. Here we determined the
wetting hysteresis CAH as the difference between ad-
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vancing and receding CAs, CAH = 94dv — Orec, by means
of the liquid dispensing and retracting method, accord-
ing to [11]. For the measurement of 944w and 9rec on a
flat sample, an initial water droplet of 2 ul volume was
dispensed onto the surface with a needle positioned in-
side the droplet. Then, 6 pul of water was progressively
added until the CA reached a constant value, which was
recorded as the advancing CA 9adv. Then, 6 ul of water
was progressively removed until the CA reached anoth-
er constant value, noted as the receding CA 9rec.

To determine the wetting hysteresis CAH by using
a tilting plate in accordance with [11, 14], the
ZnO:In/PET fabric surface with a settled water drop
was inclined. The tilt angle (TA) to the horizon was
changed in the 6-32° range in 3-11 degree increments.
Then, the water drop was photographed and its reced-
ing (upper) and advancing (lower) CAs, Orec and adv,
respectively, were measured. Their difference equaled
to CAH at the corresponding TA.

To clarify the possibility of fabric self-cleaning due
to the mobility of water drops on its surface, the SA (or
roll-off angle) that is the angle to which the surface
must be tilted for sliding or roll-off of water drops, was
measured in accordance with [9] via a common tilting
plate method as follows. The tested ZnO:In/PET fabric
sample was fixed by double-sided adhesive tape on the
table, whose TA changed in the 6-32° range in 3-11
degree increments. Distilled water was dropped
(V=2 ul) from a syringe adjusted at 1 cm above the
ZnO:In/PET fabric surface.

Changes in the properties of textile surface wetting
upon exposure to UV radiation were studied as de-
scribed in [14] by exposing the textile surface to a 26 W

(a)

Intensity (arb. units)

Intensity (arb. units)
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UV lamp. The UV wavelengths were in the 315-400 nm
range. UV irradiation of the ZnO:In/PET textiles was
performed for 60 min. During the exposure of the sam-
ple to UV radiation, the drop profile was imaged using
a digital camera. To observe restoration of the CA val-
ues of the ZnO:In/PET surfaces after UV irradiation,
the samples were stored in the dark for 9 days; the
drop profiles were photographed in a few days. For
each analysis, water drops were applied to five differ-
ent points on the ZnO:In/PET textile surface to improve
the measurement accuracy.

3. RESULTS AND DISCUSSION

As is seen from the photographs and SEM images in
Fig. 1, the woven fabrics Ct and PET chosen by us dif-
fer not only in density (a), but also in the smoothness of
the fibers (b). The natural Ct sample in Fig. 1 is woven
from fibers of complex shape with a rough surface,
while the synthetic PET fabric has smooth cylindrical
fibers of ~ 10 um in diameter.

Fig. 1 also contains the corresponding XRF spectra.
Note that Cr in the XRF spectra belongs to the electri-
cally conductive chromium film and is not a part of
cotton or polyester fabrics. Chemical compositions of
these fabrics obtained by EDS microanalysis are pre-
sented in Table 1. Table 1 does not indicate the impuri-
ties Ca, S and P contained in PET in an amount of less
than 1 at. %. If we do not take into account impurities,
the presence of which in PET is probably explained by
the features of the manufacturing technology of this
fabric, both fabrics are almost identical in the amount
and ratio of C and O in the chemical composition.

4 Ct

(b)

3

\S]

—

o

1 23 45 6 78 910
Energy (keV)

=R
Moo »

e 2
H~ 0

1 23 4 56 7 8 9 10
Energy (keV)

Fig. 1 — SEM images of the pristine cotton (Ct) and polyester (PET) fabrics (a) and the corresponding XRF data and photos (b)
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Table 1 — Chemical composition of Ct, ZnO:In/Ct, PET and ZnO:In/PET fabrics and the crystal structure of ZnO:In in ZnO:In/Ct
and ZnO:In/PET samples

Chemical composition

according to EDS, at. % Crystal structure of ZnO:In according to XRD
, at. 7

Lattice constants, A
Textile sample ~ (according to JCPDS #36-1451,
Zn | ¢ | In| O | D onam &19% VD071 3949 A, c=5.206 A)

) ol
arb. unit) lines-m according to N-R | according to UC
a C a C
Ct - |53 | - 47 - - - — — — —
ZnO:In/Ct (200 cycles) | 7 | 23 3 | 36 50 2.7 4.2 3.250 | 5.199| 3.250 | 5.206
PET - |46 | - 53 | — - - — — _ _
ZnO:In/PET (400 cycles)] 32 | 23 | 2 43 70 2.0 2.2 3.245 | 5.206 | 3.246 | 5.200
_ @
240:10/CE (50 cycIEHF E ar ZnO:In/Ct (50 cycles)
b ves » .k
L e Fad k - 5 3 L
u=
&
Z;. 2
R
g | -
E 1 1 lnl ]
0 15 20 25 30
Energy (keV)
26 ZnO:In/PET (200 cycles)
g
a)
| 54
1 N
>
N
§ 5
8
E 1 % I 1 ml ]

0 5 10 15 20 25 30

Energy (keV)
() (d)
ZnO:In/Ct ZnO:In/PET
50 0F &
60F —=In
e . 50 | sy
R30F o= = 40} :
a0l i U !
A
iB 20
I o T 10
B E T 0 A SR
50 100 150 200 200 300 400
number of cycles number of cycles

Fig. 2 - SEM images and XRF data of ZnO:In/Ct textile with ZnO:In coating obtained by 50 SILAR cycles (a) and ZnO:In/PET
textile with ZnO:In coating obtained by 200 SILAR cycles (b). Dependence of the chemical composition on the number of SILAR
cycles for ZnO:In/Ct textile (¢) and ZnO:In/PET textile (d)
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Fig. 2 shows the influence of the material and struc-
ture of the fibers on the intensity of the build-up of an
indium-doped ZnO layer by SILAR method. As seen
from SEM images in Fig. 2a, it is enough to carry out
50 SILAR cycles for completely uniform coating of the
cotton surface with ZnO:In nanorods. The XRF spec-
trum of the textile ZnO:In/Ct (50 cycles) shows fairly
intense peaks related to zinc and indium atoms. First
of all, it is explained by the cellulose molecules, from
which cotton fibers are formed. These molecules con-
tain many polar hydroxyl groups allowing them to in-
teract with polar and ionic components of the solutions
to obtain ZnO seed layers, and then to deposit ZnO:In
nanorods. In addition, a rough surface of cotton fibers
provides a large number of crystallization centers on
which ZnO seed layers and ZnO:In nanorods are
formed. A different picture is observed for smooth poly-
ester fibers in Fig. 2b, including because PET mole-
cules do not contain hydroxyl groups and therefore are
worse wetted by aqueous solutions and interact less
with the components of these solutions. The surface of
the PET fabric looks like uniformly coated with ZnO in
the SEM image of ZnO:In/PET sample (200 cycles) ob-
tained with a small magnification in Fig. 2b. However,
it is seen in the images recorded with larger magnifica-
tions in Fig. 2b that ZnO:In nanorods are very uneven-
ly distributed on the surface of the PET fibers, they are
only in the separate sections.

In support of this, the XRF spectrum of ZnO:In/PET

7Y
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fabric sample (200 cycles) in Fig. 2b contains very few
zinc and indium atoms. Note, that Al in the all XRF
spectra is not a part of fabrics, it is generated by alu-
minium table and holder for the samples of the vacuum
chamber, in which the X-ray fluorescence microanaly-
sis was carried out.

The graphs in Fig. 2¢, d are plotted using EDS data.
They show that the surfaces of both fabrics become
increasingly covered with ZnO:In as the number of SI-
LAR cycles increases, which is evidenced by the growth
in the atomic percentage of Zn and In and the decline
in the percentage of C as one of the main components of
Ct and PET fabrics. A comparison of the plots in Fig. 2¢
and Fig. 2d also shows that the layer of ZnO:In nano-
rods on cotton made using 200 SILAR cycles is about
the same thickness as the ZnO:In nanorod layer ob-
tained for 400 SILAR cycles on polyester. Therefore, we
will further research these samples, namely ZnO:In/Ct
(200 cycles) and ZnO:In/PET (400 cycles).

As seen from Fig. 3, sharp ZnO:In nanorods with a
length of about 1.5 um and 300-400 nm in diameter very
similar to each other grew on the entire surface of fibers
of the Ct and PET fabrics with an average cross-section
of 10-20 um. Thus, together they formed coral-like hier-
archical structures ZnO:In/Ct and ZnO:In/PET, respec-
tively, which look like superhydrophobic surfaces pre-
sented in [20]. XRF spectra of ZnO:In/Ct (200 cycles)
and ZnO:In/PET (400 cycles) fabrics are presented in
Fig. 3. Table 1 contains the corresponding EDS data.

=
(@)
—

21r Zn0:In/Ct
5 81
56
2 4
Ep Zi
E 0 1 1 1 1rnl ]
5 10 15 20 25 30
Energy (keV)
ZnO:In/PET
Zn
L 1 1 Inl 1
10 15 20 25 30
Energy (keV)

Fig. 3 — SEM images and XRF data of ZnO:In/Ct textile with ZnO:In layers obtained via 200 SILAR cycles (a and ¢, respectively)
and ZnO:In/PET textile with ZnO:In layers obtained via 400 SILAR cycles (b and d, respectively)
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Fig. 4 — XRD patterns of ZnO:In/Ct (200 cycles) (a) and ZnO:In/PET (400 cycles) (b) fabrics. The dashes on the scale indicate the
d-spacing of ZnO according to the reference X-ray powder diffraction JCPDS #36-1451

Fig. 4 shows experimental XRD patterns for these
fabrics. Each has ten X-ray diffraction maxima. Accord-
ing to JCPDS #36-1451, all these peaks belong to the
hexagonal wurtzite ZnO structure. Since no extraneous
peaks were detected in the XRD patterns of indium-
doped ZnO films, it is possible to argue the formation of
single-phase polycrystalline ZnO:In solid solutions.
Calculations of crystallite sizes by the Scherrer’s for-
mula (3) using a broadening of X-ray diffraction peaks
showed D~=~50nm in ZnO:In/Ct (200 cycles) and
D=70 nm in ZnO:In/PET (400 cycles). The latter con-
firms the nanocrystalline structure of ZnO:In nanorods
on the surface of both fabrics. Analysis of the XRD data
given in Table 1 presents weak microstrains & and
small dislocation densities in the ZnO:In crystal lattice
caused by the presence of point defects, in particular,
indium in the interstitial and substitutional sites, i.e.
Ini and Inzn, respectively. The crystal lattice constants
of these ZnO:In nanorods are approximately the same
as the reference ZnO according to JCPDS #36-1451
(Table 1). As seen from the SEM images in Fig. 3,
7ZnO:In nanorods are oriented perpendicular to the en-
tire surface of the fibers, which especially in PET have
a cylindrical shape. Therefore, our calculations by
equations (4) and (5) naturally showed the absence of
axial texture in any direction (P; = 1, f= 0.1).

The diffuse reflectance spectra in Fig. 5a confirm
the significant optical diffuse reflectance in the entire
visible range for all investigated fabrics: Ct, ZnO:In/Ct,
PET, and ZnO:In/PET. The band gap Eg for direct opti-
cal transitions in ZnO:In obtained from the Kubelka-
Munk function (Fig. 5b) equals 3.18 €V for ZnO:In/Ct
(200 cycles) and 3.15 eV for ZnO:In/PET (400 cycles),
which is close to Eg = 3.37 eV for bulk ZnO [2].

Wettability studies have shown that the type of fi-
ber has a significant effect on the hydrophilicity/hydro-
phobicity of the textile. Thus, because of many hydroxyl
groups in cellulose molecules, from which cotton fibers
are formed, the samples of pristine Ct and ZnO:In/Ct
textiles have low static CA values both before and after
vacuum annealing, CA = 0-56°, that is, their surface is
hydrophilic. As it is seen from Fig. 6a and the graph in

Fig. 6, as-prepared ZnO:In/PET (400 cycles) sample is
hydrophobic.

®©
<

80 r b
= 60 P pr &~
é . Z 40
& ——ZnO:In/Ct (200 cycles) E F
40 - ——7ZnO:In/PET (400 cycles) = 20
L 1 i ] 0 1 1
400 600 800 2 3
A (nm) hv (eV)

Fig. 5 — Optical properties of Ct, ZnO:In/Ct, PET, ZnO:In/PET
textiles: (a) diffuse reflectance spectra; (b) graphs for finding
E; by means of the Kubelka-Munk function F(R) for ZnO:In/Ct
(200 cycles) and ZnO:In/PET (400 cycles)

From the observations of the evaporation of the “sit-
ting” water drops, it can be seen that as the size of a
drop on its surface decreases from 1.8 to 0.6 ul, the CA
decreases from 140° to 90°, which is characteristic of the
Wenzel state, when water contacts the entire surface of
the base [3]. As seen in Fig. 6b, ¢, if ZnO:In/PET (400
cycles) fabrics were subjected to the post-growth vacuum
annealing at 200 °C for 1 or 2 h, the CA values, which
correspond to superhydrophobicity (CA = 160°) [2, 21],
were ensured. The functions CA(V) for the vacuum an-
nealed ZnO:In/PET (400 cycles) fabrics in the graph in
Fig. 6 are straight horizontal lines, which is characteris-
tic of the Cassie-Baxter state [3, 17]. According to [22,
23], the surface hydroxylation through water adsorption
and dissociation in the as-deposited via SILAR ZnO:In
layers is the cause of insufficient hydrophobicity. Vacu-
um annealing ensures the desorption of water, hence
the de-hydroxylation of the ZnO surface in ZnO:In/PET
fabric. For comparison, in Fig. 6 (d and graph) it is
shown that pristine PET fabric is hydrophobic (initial
CA = 1100), its wettability obeys the Wenzel state.

Fig. 7 and Fig. 8 demonstrate rather small wetting
hysteresis CAH = 10° for water drops settled on ZnO:In/
PET (400 cycles) fabrics, which were subjected to the
post-growth vacuum annealing at 200 °C for 1 and 2 h,
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CA=110° PET
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Fig. 6 — Photos of water drops on the horizontal surface of ZnO:In/PET (400 cycles) fabrics before (a) and after vacuum annealing
at 200 °C for 1 h (b) and 2 h (c) and the corresponding dependence of the contact angle CA on the volume V of a drop during its

evaporation. (d) The same data for the pristine PET fabric

respectively. So, these surfaces have a relatively low
surface free energy without any additional impregna-
tion layer, as ZnO:In nanostructured films themselves
provide superhydrophobicity.

Fig. 9 shows the process of determining the hyste-
resis of wetting for vacuum annealed ZnO:In/PET (400
cycles) fabrics by using a tilting plate in accordance
with [11, 14]. The differences between receding (upper)
and advancing (lower) CAs, Orec and 9aqv, respectively,
equaled to CAH at the corresponding TA. As can be
seen from the graphs in Fig. 9, the TAs reflect, but are
not equal to the CAHs, which is typical for superhydro-
phobic textiles [11] due to the typically rough surface of
the fabric and because of the visible in Fig. 9 deflected
fibers, which prevent the drop from sliding down.

ZnO:In/PET (400 cycles)
vac. ann. 7()() 'C,1h

CAxov = 1400
Zn().ln/PLT (400 cycles)
vac. ann. 200 °C, 1 h

advancing contact angle

receding contact angle

hm 165 +2 L] = 155 i oo 1300 |
iy -

Fig. 7— Photos of water drops settled on the horizontal sur-
face of ZnO:In/PET (400 cycles) fabric subjected to the post-
growth vacuum annealing at 200 °C for 1 h, which were used
to determine the wetting hysteresis CAH as the difference
between advancing and receding CAs, CAH = Yadv — Irec =
140°-130° via the liquid dispensing and retracting method

advancing contact angle

ZnO:In/PET (400 cycles)
ac.ann. 200°C, 2 h

receding contact angle

& 1S
V-7l —

CA=140-°

“*ZnO:In/PET (400 cycles)

V~2ul BN vac. ann. 200 °C, 2 h

Fig. 8 — Photos of water drops settled on the horizontal sur-
face of ZnO:In/PET (400 cycles) fabric subjected to the post-
growth vacuum annealing at 200 °C for 2 h, which were used
to determine the wetting hysteresis CAH as the difference
between advancing and receding CAs, CAH = 9adv — ORec =
150°-140° via the liquid dispensing and retracting method

To clarify the possibility of ZnO:In/PET fabric to be
self-cleaned due to the mobility of water drops on its
surface via the tilting plate method [9], we conducted a
study, the results of which are presented in Fig. 10.
Fig. 10 shows that in the case of ZnO:In/PET (400 cy-
cles) fabric annealed for 1 h the SA to roll-off of water
drop is rather large, A9 = 43°. It is also seen in Fig. 10
that the water drop does not roll-off or slide off the
ZnO:In/PET (400 cycles) textile surface annealed for 2 h
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at all, it may even hang below the surface. Since, ac-
cording to the low CAH values, these fabrics coated with
nanostructured indium-doped ZnO layers have small
adhesion to water, the visible cause of the observed
phenomenon of the lack of the “lotus effect” is knocked-
out PET fibers, which keep the drop from moving.
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Fig. 9 — Photos of water drops settled on the tilted surface of
ZnO:In/PET (400 cycles) fabrics subjected to the post-growth
vacuum annealing at 200 °C for 1 and 2 h, and the correspond-
ing dependences of CAH = 9adv — Orec vs. TA

ZnO:In/PET (400 cycles)
vac. ann. 200 °C, 1 h
V~2ul

TA=123
\

Fig. 10 — Photos of 2 ul water drops settled on the tilted at TA
surface of ZnO:In/PET (400 cycles) fabrics subjected to the
post-growth vacuum annealing at 200 °C for 1 and 2 h in the
experiments to determine the sliding or roll-off angles

It is important for the superhydrophobic coating to
preserve its properties under the influence of solar
light, which contains UV radiation. In other words,
this coating must maintain CA value as large as possi-
ble under the influence of UV illumination. However,
it is known [1, 14, 24, 25] that the surface wettability
of ZnO films usually changes from hydrophobicity to
hydrophilicity via UV light irradiation. In [24], CA of
ZnO films prepared by a sol-gel process decreases from
97° to 60° for 14 min of UV exposure. According to
[24, 25], UV-induced hydroxylation of ZnO surface is

J. NANO- ELECTRON. PHYS. 13, 02036 (2021)

explained by the generation of electron-hole pairs in
the ZnO lattice. The electrons and holes generated by
Zn0O under band-gap illumination move to the
nanostructured ZnO surface, and electrons react with
the lattice metal ions Zn2* to form Zn* defective sites,
which are favorable for hydroxyl adsorption. As indi-
cated in [3], under UV influence in the presence of wa-
ter and oxygen, at least two photochemical reactions
occur simultaneously at the ZnO surface. The first is
oxidation, in which photo-induced positive holes are
involved, and the second is reduction, in which photo-
induced negative electrons are involved. In these reac-
tions, OH- and Oz~ are formed.

As a result, the water CA of ZnO films, which were
obtained in [25] via a hydrothermal method on a bam-
boo surface and chemically treated with octadecyltri-
chlorosilane, was changed from 153° to approximately
0°. When, in [25], a ZnO nanostructured film was
placed in the dark, oxygen atoms originating from the
recovery of its initial state could gradually replace the
oxygen vacancies, that is the wettability reconverted
from superhydrophilicity to superhydrophobicity.

Authors [1], to maintain superhydrophobicity of the
hydrothermally grown ZnO nanorods, coated them by
S102 shells, and then the obtained core-shell ZnO@Si02
nanorods were treated with octadecyltrimethoxysilane.
In our work, we do not use any coatings for the modify-
ing ZnO:In. As described above, the de-hydroxylation of
the ZnO:In/PET fabric surface is ensured only by post-
growth vacuum annealing. Fig. 11 and Fig. 12 show
that it is vacuum annealing at 200 °C for 1 and 2 h,
respectively, that keeps the shape of water droplets on
the surface of ZnO:In/PET (400 cycles) fabric almost
unchanged upon exposure to UV radiation. Fig. 11 also
shows that water is absorbed into unannealed
ZnO:In/PET (400 cycles) fabric after 10 min of UV light
illumination. Note, that the hydrophobicity of this fab-
ric is restored after UV irradiation, when unannealed
ZnO:In/PET (400 cycles) sample was stored in the dark
for 9 days (Fig. 11).

UV exposure

dark-storage after UV exposure
10...60 min 3-rd.d

UV exposure

& e

L il Pt
I —— —
m 50 min 60 min
—S PN PN

dark-storage after UV exposure

ZnO:In/PET (400 cycles) vac. ann. 200°C, 1 h

Fig. 11 — Photos of water drops settled on the surface of
ZnO:In/PET (400 cycles) fabrics both unannealed and subject-
ed to the post-growth vacuum annealing at 200 °C for 1 h in
the experiments to determine changes in the CAs upon expo-
sure to UV radiation (26 W, wavelengths in the 315-400 nm
range) for 60 min and to observe restoration of the superhy-
drophobicity in the dark for 9 days
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The results of the CA measuring shown in Fig. 13
confirm that vacuum-annealed ZnO:In/PET (400 cycles)
fabrics under UV exposure are transformed from super-
hydrophobic to hydrophobic (CA reduced from 160° to
~130°), and that their superhydrophobic properties are
returned after 9 days of storage in the dark.

UV exposure

I

E

R s | IR

dark-storage after UV exposure

ZnO:In/PET (400 cycles) vac. ann. 200 °C, 2 h

Fig. 12 — Photos of water drops settled on the surface of
ZnO:In/PET (400 cycles) fabrics subjected to the post-growth
vacuum annealing at 200 °C for 2 h in the experiments to
determine changes in the CAs upon exposure to UV radiation
(26 W, wavelengths in the 315-400 nm range) for 60 min and
to observe restoration of the superhydrophobicity in the dark
for 9 days
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Fig. 13 — (a) Changes in the CAs upon exposure to UV radia-
tion (26 W, wavelengths in the 315-400 nm range) during O-
60 min for as-prepared ZnO:In/PET (400 cycles) fabrics and
for the same fabrics subjected to the post-growth vacuum an-
nealing at 200 °C for 1 and 2 h. (b) Restoration of the CAs in
the dark for as-prepared ZnO:In/PET (400 cycles) fabrics and
the same fabrics subjected to the post-growth vacuum anneal-
ing at 200 °C for 1 and 2 h

We also evaluated the rubbing and washing fast-
ness of ZnO:In/Ct and ZnO:In/PET samples by means
of their ultrasonic treatment during 0.5 h in distilled
water at 30 °C by using an ultrasonic cleaner “Jeken
PS-20” (China) with ultrasonic power 120 W and fre-
quency 40 kHz. The results showed no signs of remov-
ing ZnO:In film from the Ct surface. The explanation
may be that in SILAR method, the growth of ZnO:In
films occurs ion by ion both on the surface and inside
the cotton fibers, which contributes to strong adhesion
of the coating to the substrate in ZnO:In/Ct samples.
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Similarly, ZnO:In/PET samples withstand to post-growth
vacuum annealing at 200 °C for 2 h and demonstrate
rubbing and washing fastness, as they additionally
demonstrate retention of superhydrophobicity after
ultrasonic cleaning. High adhesion of ZnO:In coating to
PET fibers is explained by the peculiarity of the ion by
ion deposition by SILAR method over the entire PET
surface where aqueous solutions can penetrate. This
confirms the suitability of ZnO:In/Ct and ZnO:In/PET
fabrics for use as wearable textiles.

4. CONCLUSIONS

In summary, it was shown in this work, that due to
the inherent hydrophilicity of cotton, the rate of growth
of nanostructured ZnO:In films on its surface by the
hydrochemical SILAR method is much higher than that
on the surface of hydrophobic synthetic polyester fibers
(for PET fabric CA =110°). For the same reason, the
surface of ZnO:In/Ct fabric is hydrophilic as uncoated
cotton. Via SILAR method we obtained arrays of very
similar to each other nanocrystalline single-phase
ZnO:In nanorods of 1.5 pm in length and 300-400 nm in
diameter with weak microstrains and small dislocation
densities, which grew up on the entire surface of fibers
of Ct and PET fabrics with an average cross-section of
10-20 um. Thus, together they formed coral-like hierar-
chical  structures ZnO:In/Ct (200 cycles) and
ZnO:In/PET (400 cycles), respectively. The optical band
gaps of ZnO:In films in both materials are in the 3.15-
3.18 range. As-prepared ZnO:In/PET (400 cycles) fabric
is hydrophobic (CA = 140°). It became superhydropho-
bic (CA = 160°, wetting hysteresis CAH = 10°, Cassie-
Baxter wetting state) and had a relatively low surface
free energy without any additional impregnation layer,
when was subjected to the post-growth vacuum anneal-
ing at 200 °C for 1 or 2 h. Upon exposure to UV radia-
tion (26 W, wavelengths in the 315-400 nm range) for
60 min, vacuum annealed ZnO:In/PET (400 cycles) fab-
rics are transformed from superhydrophobic to hydro-
phobic, their CAs reduced from 160° to ~130° and re-
turned after 9 days of storage in the dark. Thus, we
presented here a simple and cheap method for creating
superhydrophobic fabric that remains non-wettable
under operating conditions in sunlight. The rubbing
and washing fastness of ZnO:In/Ct textile and water-
repellent ZnO:In/PET fabric was confirmed by their
ultrasonic treatment in distilled water at an ultrasonic
power of 120 W and a frequency of 40 kHz.
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3MouyBaHiCTh 0ABOBHAHMX i MOJIi€eCTEPOBUX TKAHUH, IOKPUTUX HAHOCTPYKTY POBAHUMU
mapaMu OKCUIY IIUHKY, JIETOBAHOIO iHaieMm

H.II. Knouxo?, I.B. Xpunysnosal, K.C. Knemxosal, B.P. Komau?, J1.0. #agau!, C.I. Ilerpymrenxo?,
C.B. Iyxapos2?, B.M. JIro6os!, M.B. Kipiuenxo!, A.JI. Xpuiryaosa!l

1 Hauytonanvruii mexniunuil yHigepcumem «XapKi8coKul nosimexnivnul ikcmumymn, ayn. Kupnuuwosa, 2,
61002 Xapxis, Vrpaina
2 Xapkiscoruii HaulonanbHutl yHisepcumem imerni B.H. Kapasina, 4, niowa Ceoboou, 61022 Xapkis, Yrkpaina

TonKi ILUTIBKM JIeroBaHoTo iHmieM okcnuay IuHKY (Zn0:In) ocamxyBamnucsa Ha tTrkannau 6aBoBHU (Ct) 1 1m0-
miecrepy (PET) metomom mocmimoBHOI amcopOirii Ta peakirii iounoro mapy (SILAR) 3 Metomo crBopeHHA 3py-
YHOTO B HOCIHHI, HETOKCUYHOTI'0, JIETKOI'0, 1 IIOBITPOIIPOHUKHOTO TEKCTUIIIO. TakuM YMHOM, MU OTPUMAJIA Ma-
Tepiaayu 3 iepapXivHO0 MIKpo- Ta HaHoMaciuTadHowo mopcerkictio ZnO:In/Ct 1 ZnO:In/PET, sigmosimwo.
Orpumani mwriBku ZnO:In maoTh omHO(GA3HY HAHO3EPHUCTY IOJIKPHCTAJNIYHY T€KCATOHAJIBHY CTPYKTYPY
Tuny Boopumr. llokasaso, mo BiracTmBa 0aBOBHI TiApodIBHICTE 3a0e3leduye 3MOYyBAaHICTH TKAHUHN
ZnO:In/Ct six 110, Tak 1 micsst Bakyymuoro Biamasny. Hasmakwu, tkanuua ZnO:In/PET rigpodobua, ii kyT KoH-
Ttakry 3 Bozoo CA mopisue 140°. Bussuiocs, mo MoskHA Hamaty cyneprigpodo0Hi BIACTHBOCTI TKAHWHL
ZnO:In/PET 6e3 Gyab-sIK0r0 J10IaTKOBOTO IIPOCOYYBAJIBHOIO IIapy 3a JOITOMOT0I0 BAKYYMHOIO BIMIIAJIY IIPH
200 °C mporsirom 1 a6o 2 rog. CymeprigpodoOHICTh ITi€l TRAaHWHY OyJia MiATBEep/sKeHa K CTATUYHUMHA, TAK 1
muuaamivaumu Bumipamu CA = 160° Ta ricrepeancom KoHTakTHOro kyra CAH = 10°, Bigmosiguo. Ctad 3mo-
uyBanHs Kacci-Bakcrepa mma sigmasenol Tkanuun ZnO:In/PET BusHauaerbest 3a TOIIOMOIO0 TEXHIKKM BH-
HapoByBaHHA Kparmesb Bomu. [lim BrumBoM yibrpadiosneroBoro (V@) BumnpomiuoBanaa (26 Br, mosxnaN
XBHWJIb B miamaadoni 315-400 am) mporsrom 60 xB BigmaseHi y Bakyymi teaauau ZnO:In/PET nepersopioors-
ca i3 cymeprigpodobuux y rigpododHi, ix CA sMmenmyiorbes 3 160° mo ~ 130° 1 moBepTawThes depes 9 AHIB
30epiranHa B TeMpsBi. TakuM YMHOM, MM OTPHMAJIN CYIIepPriapodo0Hy TKRAHUHY, KA 3aJIAIIAETHCA HE3MO-

YyBAHOIO B yMOBaX €KCILIyaTallli Ha COHSIYHOMY CBITJIL.

Kmouori ciiosa: Jleropauwmii inmiem okcuy imuKy, Cymneprinpodobricts, BaBosua, Ilosiecrep.
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