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Wettability properties vary with different
morphologies of ZnO nanoparticles deposited on
glass and modified by stearic acid

T. Rezayia and M. H. Entezari*ab

Surface wettability can be affected by surface energy and/or morphology variations. A simple immersion

method in conjunction with different zinc sources, hexamethylenetetramine (HMT) and ethylene diamine

(EDA) as starting materials were employed for the deposition of zinc oxide (ZnO) nanoparticles on

a glass surface. The effects of various parameters, including EDA concentration, stearic acid (STA)

concentration, immersion time in STA solution and especially the various zinc sources, on the

morphology and density of deposited particles were investigated. The differences in topography led to

different wettability states. The highest water contact angle (WCA) and the lowest sliding angle (SA) were

achieved on the glass substrate when the concentration of EDA was 45 mM. Moreover, a 14 mM STA

solution and an immersion time in this solution of 30 min were the optimized conditions under which a

superhydrophobic (SH) state was reached. For the zinc source effect, it was observed that three types of

zinc sources (Zn(NO3)2, ZnCl2 and ZnSO4) resulted in more condensed nanoparticle deposition and

consequently, yielded a SH state after STA modification. In addition, Zn(NO3)2 as the zinc source led to a

SH state with the highest WCA on the glass substrate. Moreover, Zn(AC)2 as the zinc source created an

irregular and non-condensed distribution of nanoparticles, which did not possess dominant SH characteristics.

Finally, different identification methods were used to demonstrate the resulting morphologies and confirm

ZnO and STA grafting on the glass substrate.

1. Introduction

Surface energy and/or morphology alteration are practical routes
for the control of surface wettability.1–6 Several techniques, such as
surface etching, nanoparticle deposition, lithography, sol–gel and
layer-by layer methods, can lead to different morphologies.4,7–14

Moreover, modification using low-surface energy materials alters
the surface energy of the surfaces.15,16 For biological and
microfluidic systems, wettability is extremely important. In
these systems, the role of the surface is crucial for protein
adsorption, mediation of solute and cell linkage. The surfaces
having SH characteristics are essential for these systems.17

In general, surfaces with high water contact angles (WCA)
(4150) and low sliding angles (SA) (o10) are known as SH
surfaces with self-cleaning properties.18 SH characteristics can
be obtained by a two-step route. In the first step, the micro/
nano structures are fabricated on the desired surface. In the

second step, the surface energy decreases using low-surface
energy materials. Therefore, the appropriate roughness asso-
ciated with materials with low surface energy is crucial for
achieving high WCA, as well as SH creation.18 Two SH states
known as Wenzel’s state and Cassie’s state can be seen on
rough surfaces. In Wenzel’s state, a high SA is observed because
water droplets attach to the surface and a wetting situation is
created (highly adhesive-SH state). In contrast, in Cassie’s state
the SA is low and water droplets can roll easily on the tilted surface
(low adhesive-SH state).19 In addition, for this wetting model the
trapped air between the solid and liquid is greater and causes
higher water repellence as well as lower SA.20 Therefore, if control-
ling morphology results in more air being trapped between the
rough surface’s grooves, Cassie’s wetting model will be created.
There are several papers related to the effects of morphology on
wettability. For instance, Thushara et al.21 deposited two different
scale lengths of silica nanoparticles in double-layer form on glass
substrate. When larger nanoparticles were deposited on smaller
ones, a rougher surface, as well as higher WCA was obtained. In
other work, Ailan et al.22 introduced different sizes of silica nano-
particles onto glass and created different morphologies and wett-
ability this way. It was also discovered that for SH surfaces, a large
amount of trapped air is required and not high roughness factors.
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In addition to silica nanoparticle deposition, ZnO nano-
particles with different shapes and sizes have been deposited
on various substrates. For example, ZnO nanorods were intro-
duced onto different types of sapphire, and the wettability and
optical properties of the resulting surfaces were studied.23

Furthermore, a hydrothermal method was employed for ZnO
deposition with controlled morphologies on Si substrate, and
temperature had a dramatic influence on obtaining different
ZnO morphologies. Finally, the wettability of the resulting
surfaces was investigated after modification with heptadeca-
fluorodecyltrimethoxy silane.24

In spite of numerous attempts to investigate the effect of
morphology on wettability, there is no other report on using
different zinc salts for the deposition of distinguishable
morphologies of ZnO nanoparticles on glass substrate, or
getting different WCA on the resulting surfaces. In the current
work, a simple and cost-effective immersion method is used for
ZnO deposition on glass substrate. Four types of zinc salts
including zinc nitrate, zinc sulfate, zinc chloride, and zinc
acetate are used as zinc sources to achieve different morpho-
logies of ZnO nanoparticles on glass substrate. Moreover, the
WCA of the resulting surfaces were assessed after STA mod-
ification. It must be noted that the effect of different para-
meters such as EDA concentration, STA concentration,
immersion time in STA, and especially the zinc source effect,
have been examined with respect to the WCA of resulting
surfaces. The simplicity of the method and using eco-friendly
material as the STA modifier are the advantages of our work.
Furthermore, altering the zinc sources to produce various
morphologies and surface wettability is a superior method in
comparison to other works that employ complicated techniques17

or hazardous modifiers.24

2. Experimental section
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3)2�6H2O, 98%), Zinc acetate
dihydrate (Zn(AC)2�2H2O, 98%), ethylene diamine (EDA, 98%)
and ethanol (96%) were supplied by Riedel Company, Germany.
Zinc chloride (ZnCl2, 98%), Zinc sulfate heptahydrate (ZnSO4�
7H2O, 99%) and acetone (99.8%) were purchased from Merck
Company. Hexamethylenetetramine (HMT, 99%) was made
available by Samchun Company, Korea. Stearic acid (STA, 99%)
and sodium citrate (99%) were purchased from BDH and HW
Companies, respectively.

2.2 Deposition of Zno nanoparticles on glass

The procedure for ZnO nanoparticle deposition was carried out
according to the literature.25 Briefly, the glass substrates with
dimensions of 1.5 cm � 2 cm � 0.1 cm were first cleaned
individually in ethanol, acetone, and distilled water using an
ultrasonic bath for 5 min, respectively, and then dried at 80 1C.
Afterwards, the primary growth step was carried out with the
immersion of cleaned glass in 75 mL aqueous solution of
20 mM Zn(NO3)2, 20 mM HMT and 0.004 mg sodium citrate

at 60 1C under stirring for 15 min. After drying at ambient
temperature, the ZnO-seed glass substrate was exposed to a
second growth stage. In this step, the immersion was done in
an aqueous solution of 20 mM Zn(NO3)2, 20 mM HMT and
variable concentrations of EDA. The temperature was fixed at
60 1C and the stirring was continued for 1 h. Subsequently, the
resulting substrates were dried in air at room temperature. For
investigation of the zinc source effect on ZnO morphologies, the
cited method was repeated precisely with other zinc sources.

2.3 Surface energy reduction

Surface energy reduction of the acquired surfaces was carried
out via immersion in ethanol STA solutions with wide-ranging
concentrations and for various time intervals. After STA mod-
ification, the modified glass substrates were dried at 80 1C
for 10 min.

2.4 Sample characterization

WCA and SA measurement. The WCA was calculated using a
homemade contact angle device. Water droplets of 10 mL were
cautiously dropped with a micro syringe onto the desired
surfaces. The droplet images were captured using a camera
(Canon, SX200, Japan) and processed with MATLAB software for
WCA measurement. In SA measurement, a movable plane was
used. The plane was tilted until the water droplets began to move.

XRD assessment. X-ray diffraction (XRD, XPERT-PRO MPD)
was used for crystallite investigation of the deposited ZnO
nanoparticles.

FTIR and FTIR-ATR analysis. The chemical composition of
the glass surface was identified by Fourier transform infrared
analysis in conjunction with attenuated total reflection (FTIR-ATR,
Shimadzu-IR-460 spectrometer), which is a valuable technique.
For powder samples, a Fourier transform infrared spectrophoto-
meter (FTIR, Thermo Nicolet 370) was used.

Morphology investigation. Atomic force microscopy (AFM) is
a versatile technique for morphology investigation. The images
were taken under room temperature conditions in non-contact
mode using a nanoprobe cantilever. In this work, an AFM
device with model number 0101/A, Iran was utilized for this
purpose. Another technique for morphology assessment is
scanning electron microscopy (SEM). The SEM apparatus with
model LEO 1450 VP, Germany was employed. Since our sub-
strate was nonconductive, it was necessary to cover it with
conductive material before SEM examination. A sputter coater
(Au-Pd, SC 7620, England) was used to cover the glass substrate
with gold. Elemental analysis of resulting surfaces was carried
out using energy dispersive X-ray (EDX, INCA 7353, England).

3. Results and discussion
3.1 Effect of EDA concentration

EDA concentration has a dramatic effect on ZnO nanoparticle
deposition as well as on the WCA values. In low EDA concen-
tration there are no branches on the primary ZnO seed. In high
EDA concentration, because of the dissolution of primary ZnO
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nanoparticles, the glass substrate is empty of any ZnO deposi-
tion. These observations are in agreement with the literature.25

Lower ZnO deposition leads to a lack of appropriate roughness,
which is required for SH characteristics. In appropriate con-
centrations of EDA, most deposited particles cover the glass
surface and a desired roughness will result. This suitable
situation can lead to a SH surface after STA modification. In
this experiment, the concentration of EDA was varied, the STA
concentration and immersion time were 14 mM and 1 h,
respectively, and the zinc source was Zn(NO3)2. The results
are demonstrated in Fig. 1. As was expected, a superhydrophilic
state can be achieved only in a limited concentration range of
EDA after ZnO deposition. This state is created because more
unevenness is fabricated through more ZnO deposition. This
roughness causes fast penetration of water droplets and sub-
sequently, results in a superhydrophilic state. After STA mod-
ification, these states convert to low adhesive-SH ones. In other
words, a transition between Wenzel and Cassie wetting models

can occur. The highest WCA (161.431 � 2.611) and lowest SA
(3.661� 1.701) were observed at an EDA concentration of 45 mM,
which was selected as the optimal concentration. The detailed
assessment of the role of EDA concentration on wettability is
discussed in Section 4.

For theoretical measurement, the fraction of the solid–liquid
contact area, f, was calculated for a range of EDA concentrations
after modification with STA, based on the Cassie–Baxter equation:26

f ¼ cos yCB þ 1

cos yþ 1
(1)

In eqn (1), yCB are apparent WCA on ZnO deposited glass
and intrinsic WCA on smooth glass, respectively, after modifica-
tion with STA ethanol solution. Based on this equation, the
values of f are summarized in Table 1. The dissimilar popula-
tions of deposited ZnO in various concentrations of EDA lead to
surface topography changes and subsequently, the interaction
between solid and liquid will be different. When the concen-
tration of EDA is 45 mM, the value of f is at the minimum level,
which means that at this concentration, the contact area
between solid and liquid is the lowest. Therefore, under these
conditions, the interaction involving solid and liquid can be very
small and can lead to the highest WCA and lowest SA values.

3.2 Effects of STA concentration and time of immersion

Apart from surface roughness, another main factor that affects
wettability is surface energy reduction with an appropriate
reagent. In this experiment, STA was used for this purpose. It
was therefore important to look into the effect of STA concen-
tration on WCA. The result of this study is demonstrated in
Fig. 2. It must be noted that the EDA concentration was fixed at
45 mM and the immersion time in STA was 1 h. With increas-
ing STA concentration, WCA values increase and reach a peak
at 7 mM. Further increase in STA concentration leads to small
changes in WCA. Besides, SA decreases with respect to the
increase in STA concentration. This observation can be explained
by means of STA grafting on ZnO-deposited glass. STA has low
surface energy and at the appropriate concentration, it will cover
the entire surface. Subsequently, the interaction between water
droplets and the surface will become weak and lead to WCA
increase and SA decline.

Based on Fig. 2, STA concentration of 14 mM was selected as
the optimum concentration for sufficient grafting of STA on
surfaces, and then, the effect of the immersion time in STA on
the WCA was examined. After the immersion of ZnO-deposited
glass in STA for several seconds, WCA increased from 0 to
144.141 � 1.941. This is due to the fast grafting of STA onto ZnO

Fig. 1 WCA versus EDA concentration (A) before and (B) after STA
modification (with concentration of 14 mM).

Table 1 f values for various EDA concentrations

EDA concentration (mM) Average WCA (degree) Average f

20.00 145.32 0.11
40.00 159.82 0.04
45.00 161.43 0.03
55.90 153.99 0.06
71.88 92.26 0.60
80.00 58.51 0.95
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nanoparticles on the glass surface. In all cases, SA was lower
than 31 except at the lowest immersion time. By increasing the
immersion time to 30 min, WCA reaches a maximum level

(160.761 � 1.931). Further immersion has a negligible effect on
WCA and SA values, therefore, 30 min immersion time was
selected for STA grafting on the ZnO-deposited glass substrate.

3.3 Zinc sources

3.3.1 Morphology analysis. A combination of SEM and
AFM methods was used to determine the surface morphology.
In this work, zinc source altering has effectively impacted
surface topography and subsequently, wettability.

The experiment was repeated with various zinc salts; EDA
concentration was 45 mM, STA concentration and time immersion
were 14 mM and 30 min, respectively, and were kept the same for
all experiments. In Fig. 3, SEM images in conjunction with 2D and
3D AFM pictures of ZnO-deposited glass with four different zinc
salts are demonstrated. It is clear from Fig. 3A(a1 and a2) that using
Zn(NO3)2 as a zinc source led to the condensed distribution
of ZnO nanoparticles on the glass substrate. This condensed
nanoparticle deposition was confirmed using AFM images.
Based on SEM and AFM images, the existence of protrusions
can be assigned to the ZnO nanoparticles, and numerous

Fig. 2 WCA and SA versus STA concentration.

Fig. 3 (A-a1-a2), (B-b1-b2), (C-c1-c2) and (D-d1-d2) are the SEM, 3D and 2D AFM images of ZnO-deposited glass using Zn(NO3)2, ZnCl2, ZnSO4 and
Zn(AC)2, respectively.
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pits between nanoparticles are distinguishable. This morpho-
logy with compact ZnO nanoparticle deposition and grooves
between them can result in water droplets spreading on this
surface (superhydrophilic state). The particles are nearly
spherical and agglomeration of deposited particles in some
regions fabricates flower-like structures. The size of nano-
particles is variable and falls into a wide range.

In Table 2, the comparison of ZnO particle sizes resulting
from different zinc sources is presented. ZnCl2 as a zinc source
creates different morphologies and sizes of ZnO nanoparticles
(Fig. 3B(b1 and b2)). The nanoparticles have smaller sizes and
the distribution is more condensed than in the former case.
Furthermore, SEM and AFM images are compatible with each
other and verify a more condensed and smaller particle dis-
tribution on the glass substrate. The appropriate roughness in
this case is responsible for water spreading and consequently a
superhydrophilic state. ZnSO4 as the zinc source yields longer
nanoparticles. According to AFM and SEM images, longer
particle deposition in comparison with other zinc sources is
clear (Fig. 3C(c1 and c2)). Moreover, the surface has adequate
unevenness to yield a superhydrophilic state. A different
particle distribution was observed when Zn(AC)2 was used as
the zinc source (Fig. 3D(d1 and d2)). In this case, less particle
density was observed. A decrease in particle density and an
increase in distances between particles were obvious with
regard to the SEM images. In addition, the AFM images show
a nearly smooth topography in comparison to the other zinc
sources. This arrangement had a hydrophilic state with WCA
of 38.551 � 1.161. As was demonstrated, the deposited particle
density is a crucial factor that affects the surface wettability.
The inserted images in the right upper corner of Fig. 3A–D,
demonstrate the situation of water droplets on the relevant
surfaces.

STA-modification of the bare glass and the corresponding
surfaces in Fig. 3 can be seen in Fig. 4, which shows that the
bare glass does not have considerable interaction with STA.
Furthermore, the WCA on the bare glass is 37.111 � 2.101, and
it increases to 52.931 � 2.211 after STA modification. Therefore,
the modification of glass with STA is not sufficient to reach
hydrophobic or SH states, and ZnO deposition is essential to
this goal. According to Fig. 4(B–E), modification with STA can
lead to different structures, and the surface morphology
changes considerably after STA modification. Since the ZnO
deposited surface without and with STA modification were
dried at different temperatures (ambient temperature and
80 1C, respectively), the various morphologies can be attributed
to the drying at different temperatures. Therefore, the ZnO
deposited glass without STA modification was dried at 80 1C for

better comparison. Based on Fig. 5, in spite of drying at the
same temperature, there is a drastic change in morphology
after STA modification. It seems that the concentration of STA
has a dramatic effect on the surface morphology alteration.
Surface modification with 14 mM STA ethanol solution resulted
in a dense coverage of the STA layer on the ZnO nanoparticles,
which were subsequently, scarcely apparent in the SEM images.
It is worth noting that STA in conjunction with suitable roughness
is responsible for surface energy reduction and consequently,
hydrophobic or superhydrophobic states. From Fig. 4B–D,
it can be seen that flower-like, plate-like, and leaf-like struc-
tures, respectively, were fabricated. These structures accom-
pany ZnO deposition and can cause superhydrophobic states;
however, a hydrophobic state was observed in Fig. 4E. Spora-
dic distribution of ZnO particles (Fig. 3D) can lead to irregular
STA grafting on the surface. Therefore, surface energy did not
noticeably decrease. It can be concluded that more ZnO
particle deposition can cause more roughness and in conjunc-
tion with STA grafting, superhydrophobic states can be
reached. The images inserted in Fig. 4A–E demonstrate the
situation of water droplets on the corresponding surfaces.
It is worth pointing out that for all zinc sources except
Zn(AC)2, the SA was about 31 after STA modification and
consequently, SH with low SA was obtained.

For STA modified ZnO-deposited glass using Zn(NO3)2,
ZnCl2, ZnSO4 and Zn(AC)2, the f values are 0.034, 0.048, 0.047
and 0.201, respectively. The higher f values reflect the existence
of greater contact areas between the glass substrate and the
water droplets. Therefore, based on these data, the interaction
between the glass surface and water is highest when Zn(AC)2 is
used as the zinc source. In this case, the highest interaction can
result in the lowest WCA and highest SA values.

3.3.2 Elemental analysis. For identification of surface
elements, the EDX technique is very helpful and applicable.
Based on Fig. 6, after deposition of ZnO using different zinc
sources, the presence of Zn element is clear. In Fig. 6a, the
EDX spectrum of the bare glass is shown. The presence of
various elements such as Si, Na, Ca and Mg are observable.
After ZnO deposition using four types of zinc salts, the
existence of Zn element is noticeable. The presence of Zn
element is more obvious for Zn(NO3)2 and ZnCl2 than
the other zinc salts. Another point is related to the presence
of Au element in the spectrum. Since glass is a non-conductive
material, it is necessary to coat it with a conductive element
such as Au for SEM and EDX analysis. Therefore, the Au peak
visibility in all spectra is attributed to the coating of the samples
with Au.

3.4 Crystallinity of deposited ZnO nanoparticles

The structure of deposited ZnO nanoparticles was investigated
using the XRD technique. According to Fig. 7, all of the
diffraction peaks can be assigned to ZnO with hexagonal
wurtzite structure. Moreover, this figure shows that there are
no impurities in the ZnO structure. SEM, AFM, and EDX
techniques verified the presence of ZnO nanoparticles on
the glass substrate beforehand. The results from the XRD

Table 2 ZnO particle size ranges

Zinc source Zn(NO3)2 ZnCl2 ZnSO4 Zn(AC)2

ZnO particle size based
on SEM (nm)

50–500 100–300 500–700 200–400

ZnO particle size based
on AFM (nm)

100–550 100–400 700–900 80–500
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spectrum are compatible with those obtained from other
identification methods. Moreover, the amorphous states at
low angles are related to the glass substrate which possesses
amorphous structure.

Additionally, the XRD pattern can give information about
the crystallite size of the deposited ZnO. The basis of this

calculation is Scherrer’s formula:27

L ¼ 0:89l
b cos y

(2)

In this relation, l = 0.154 nm, b is the full width at
half maximum (FWHM), y is the diffraction angle and L

Fig. 4 SEM images of (A) bare glass, (B–E) ZnO-deposited glass using Zn(NO3)2, ZnCl2, ZnSO4 and Zn(AC)2, respectively, after STA modification.
The insets demonstrate the water droplet images and WCA values on the corresponding surfaces.

Fig. 5 SEM images of ZnO-deposited glass using Zn(NO3)2 (A) without and (B) with STA modification (both samples were dried at the same temperature of 80 1C).

Paper NJC



2588 | New J. Chem., 2016, 40, 2582--2591 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016

is the mean size of the ordered domains. The average crystal-
lite size of the deposited ZnO nanoparticles is estimated
to be 47 nm.

3.5 FTIR-ATR of ZnO-deposited glass substrate

Another useful and applicable approach to verifying ZnO
nanoparticle deposition is the FTIR-ATR method. In Fig. 8,
the FTIR spectra of the bare glass and ZnO-deposited glass are
represented. For the bare glass, the peak at 470 cm�1 is for the
Si–O–Si bending mode and the broad peak at 760 cm�1

is assigned to Si–O vibration.28,29 The peaks that emerge at

880 cm�1 and 1249 cm�1 are allocated to Si–OH stretching and
Si–O bonds, respectively.30

It can be noted that the appearance of the intense peak at
416 cm�1 after ZnO deposition is related to the wurtzite ZnO.21

Furthermore, a broad and weak peak at 1360 cm�1 is assigned
to the Zn–O band.31 Therefore, the results of EDX, XRD,
and FTIR-ATR techniques can verify ZnO deposition on glass
substrate very well.

3.6 Evidence of STA grafting

As was cited earlier, STA grafting was done in the second step to
acquire SH surfaces. The two versatile techniques, EDX and
FTIR-ATR, were used to prove STA existence on SH glass. In this
assessment, the ZnO deposition was carried out using Zn(NO3)2

as the zinc source.
The FTIR-ATR spectra of ZnO-deposited and SH glass are

demonstrated in Fig. 8. The FTIR spectrum of STA powder is
shown for assessment of STA grafting on SH glass. It can be
clearly seen that in both spectra (STA powder and SH glass), there
are two intense peaks at 2848 cm�1 and 2918 cm�1. These peaks
are related to nCH3 and nCH2, respectively, and confirm the long
chain alkyl group existence on the surface.32 For the STA spec-
trum, the characteristic peak of the free COO� band appears at
1702 cm�1. In contrast, for the SH surface, there are two absorp-
tion peaks at 1465 cm�1 and 1535 cm�1. These peaks result from
symmetric and asymmetric stretches of the carboxyl group.33

Based on the difference between the symmetric and asymmetric
peaks of the carboxyl group, it can be concluded that bidentate
coordination between the stearate ion and zinc ion was created.34

Therefore, STA grafting on the SH surface was proven using
FTIR-ATR. Another way to support the FTIR results is by EDX
patterns. In Fig. 9, the EDX spectra of ZnO-deposited glass and
SH glass are shown. The emergence of C element in the SH
spectrum can be seen as evidence for STA existence.

These results confirm that STA was grafted onto ZnO-deposited
glass after modification in the second step. This modification
leads to the creation of SH characteristics on the glass substrate.
A schematic for ZnO deposition using different zinc sources and
STA modification is shown in Scheme 1.

Fig. 6 EDX spectra of (a) bare glass and ZnO-deposited glass with (b)
Zn(NO3)2, (c) ZnCl2, (d) ZnSO4 and (e) Zn(AC)2.

Fig. 7 XRD pattern of ZnO-deposited glass substrate (the zinc source is
Zn(NO3)2).

Fig. 8 FTIR-ATR spectra of bare, ZnO-deposited (the zinc source is
Zn(NO3)2), SH glass, and STA powder.
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4. Probable mechanism for SH surface
creation

The probable mechanism for the creation of SH glass fabricated
by Zn(NO3)2 as the zinc source is described below. As cited in
the experimental section, the first step is primary growth using
the immersion of the glass in 75 mL aqueous solution of 20 mM

Zn(NO3)2, 20 mM HMT and 0.004 mg sodium citrate at 60 1C.
Sodium citrate was added in order to obtain larger primary
crystals. The Zn2+ ions were derived from Zn(NO3)2 and
OH� ions that originated from HMT as shown in the reactions
(3) and (4):

C6H12N4 + 6H2O - 6HCHO + 4NH3 (3)

NH3 + H2O - NH4
+ + OH� (4)

Moreover, ZnO deposition occurs based on reactions (5) and (6).

Zn2+ + 2OH� - Zn(OH)2 (5)

ZnðOHÞ2 ��!
heat

ZnOþH2O (6)

The pH of the solution was 6.5, which means that the
concentration of OH� ions was very low to have condensed
deposition of ZnO particles. These particles operate as seeds for
the secondary growth of ZnO particles.

The secondary growth of ZnO particles on the glass substrate
was carried out by immersion of the glass substrate into an
aqueous solution of 20 mM Zn(NO3)2, 20 mM HMT and
changeable concentrations of EDA. Based on Fig. 1, it is clear
that the concentration of EDA has a significant influence on
surface wettability. The optimum value of EDA is required to
yield condensed deposition of ZnO particles as well as the SH
state after STA modification. The EDA molecules can be hydro-
lyzed in water to raise the pH of the solution through the
release of OH� (reaction (7)).

NH2(CH2)2NH2 + 2H2O - NH3(CH2)2NH3 + 2OH� (7)

The free Zn2+ can react with released OH� to yield
ZnO particles (reaction (6)). When the concentration of
EDA is very low, the released OH� from HMT and EDA
hydrolysis is not sufficient to increase the pH. For example,
when the concentration of EDA is 20 mM the pH of

Fig. 9 EDX spectra of (a) ZnO-deposited glass and (b) SH glass.

Scheme 1 Schematic of ZnO Deposition Using Different Zinc Sources and STA Modification.
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the solution is 7.6. Therefore, the OH� concentration is
not high enough for the deposition of ZnO particles in con-
densed form. As a result, the SH state was not fabricated
in this concentration of EDA. With increasing EDA concen-
tration, the pH of the solution is gradually elevated, and
at EDA concentration of 45 mM (pH = 9.0), the deposited
ZnO is at the maximum level (Fig. 3A). Under these conditions,
the WCA increases dramatically after surface energy reduc-
tion with STA (Fig. 4A). When the concentration of EDA
is higher than 45 mM, the ZnO deposition on the glass
substrate decreases significantly. It must be emphasized
that the other substantial effect of EDA on solution chemistry
is the complexation with Zn2+ (reaction (8)) that diminishes
the free zinc concentration, as well as increases the ZnO
solubility.

Zn2+ + EDA - [Zn(EDA)]2+ (8)

Eqn (8) is responsible for ZnO solubility at high concentra-
tions of EDA. The final step for fabrication of SH glass is the
modification of the ZnO deposited glass with STA ethanol
solution. In this step, it is essential to dissolve STA powder in
a suitable solvent such as ethanol, and stearate ions are created
in this process (reaction (9)).

RCOOH + CH3CH2OH - RCOO� + CH3CH2OH2
+ (9)

R symbolizes a long-chain alkyl group (CH2)16CH3.
After immersion of the ZnO deposited glass in STA ethanol

solution, the zinc stearate monolayer was generated on the ZnO
surface (reaction (10)). Due to the low surface energy of the
long-chain alkyl group, the WCA increased significantly after
this grafting.

(10)

5. Conclusion

Different types of zinc salts and HMT were used as starting
materials for ZnO nanoparticle deposition on glass substrate.
Variation of the zinc source caused different morphologies
and particle densities. Subsequently, different wettabilities
were demonstrated after STA modification. Zinc sources,
such as Zn(NO3)2, ZnCl2 and ZnSO4, led to a condensed
arrangement of ZnO nanoparticles and after STA grafting,
low adhesive-SH characteristics were observed. In contrast,
with Zn(AC)2 as the zinc source, an extended distribution
was observed for ZnO nanoparticles. This configuration did
not lead to a SH state. Therefore, it is concluded that the
density of the deposited nanoparticles crucially influences the
wettability state.
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