Applied Physics A (2024) 130:354
https://doi.org/10.1007/500339-024-07546-z

®

Check for
updates

The influence of varying Cu doping concentrations on the
microstructure, phase evolution and surface wettability of ceramic
glazes modified with nano Cu-ZnO

Gokhan Acikbas'2(® . Nurcan Calis Acikbas'® - Elif Ubay*® - Huseyin Karaer'

Received: 15 March 2024 / Accepted: 22 April 2024
© The Author(s) 2024

Abstract

This study intended to develop nano Cu-doped nano ZnO-modified ceramic glazes. In this scope, nano-sized ZnO and
nano Cu powders were incorporated into a commercial glaze composition and then the modified glaze was applied to the
surface using the spraying method. The glazed tiles were sintered in a laboratory furnace at 1210°C for 10 min. The sur-
faces of the sintered samples were analyzed using scanning electron microscopy. X-Ray diffractometer, surface profilom-
eter and contact angle goniometer. The study examined the influence of varying levels of Cu doping on the microstructural
evolution and formation of phases, surface roughness, as well as the contact angle. Additionally, wettability conversion
experiments were conducted under UV light. As a result, the addition of Cu increased the presence of Willemite crystals
and also increasing the quantity and size of Plagioclase crystals. The contact angle of the sintered commercial glaze coated
surface was measured to be 51.8°. However, when nano ZnO was added, the contact angle reduced to 44.4°. Likewise,
the contact angle of the Cu doped nano ZnO coated surfaces decreased even further to approximately 33°. The inclusion
of nano ZnO in commercial glaze resulted in a decrease in the Ra value, while doping Cu led to a modest increase in the
Ra value. UV irradiation resulted in a reduction in the contact angles of all surfaces.
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1 Introduction

In the past twenty years, the ceramics sector for tile produc-
tion has experienced significant advancements in technol-
ogy, particularly in production methods and the automation
of various stages. However, there is still a need for new
products and potential new uses [1]. Porcelain tiles are dis-
tinguished from floor and wall tiles due to their hardness,
density, increased durability and reduced porosity. Porcelain
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whereas new generation glazes focus more on functional
features. Therefore, in addition to the aesthetic and protec-
tive properties of contemporary tile glazes, new genera-
tion glazes offer features such as antimicrobial protection,
high durability and resistance to wear [3—7]. Enhancing the
characteristics of glazes is an ongoing endeavor conducted
in numerous research groups. The ceramic tile companies
are currently focusing their research on developing novel
surfaces that are easy to clean or even self-cleaning. This
involves studying various surface structures employing
nanoparticles and nanocoatings [8].

One notable property of nano particles is their transpar-
ency when applied to a substrate or distributed in a matrix.
This characteristic is especially significant for ceramic tiles,
as their visual appeal is typically a key factor in market-
ing. Taking advantage of nanoparticle transparency, the
researchers studied various techniques to create a multi-
functional surface for ceramic tiles [3-5, 9—15].

Nanomaterials and/or hybrid materials will be essential
for designing these novel surfaces. Currently, these innova-
tive materials are rarely utilized in the making ceramic tiles.
Hence, it is imperative to devise a novel methodology to
effectively choose, manipulate and integrate these compo-
nents into the ceramic tile surface, with the aim of achieving
the desirable characteristics. Various materials, including
ceramic tiles, are functionalized commonly with the use of
nano TiO, [16-20].

Zinc oxide (ZnO) is often incorporated into ceramic
glazes to enhance brightness and inhibit glaze cracking.
There are few studies on the use of zinc oxide in ceramic
glazes to give various functional surface characteristics
[20-23]. On the other hand, hybrid surface morphologies
are gaining popularity due to their improved features [24].
Zinc oxide likely exhibits the most diverse range of crystal
morphologies compared to other materials [25]. Myint et al.
found that the contact angle of ZnO-coated surfaces ranged
from 0° to 151°, depending on the morphology and size of
the ZnO particles [26]. The diversity of ZnO nanostruc-
tures with inherently switchable wettability further encour-
ages their potential use as functional surfaces. According
to reported studies, doping nano ZnO particles with vari-
ous elements or oxides alters their characteristics [27-31].
Moreover, there are a limited number of studies in the litera-
ture on Cu-doped ZnO surfaces. In these studies, electronic,
optical, photocatalytic and antibacterial properties were
investigated [32—37]. There are no studies in the literature
on ceramic tiles glazed with nano Cu-doped ZnO particles.
Therefore, the study aimed to develop Cu-doped ZnO-mod-
ified glaze compositions that had not been evaluated on sil-
icate-based ceramic surfaces before and to characterize the
resulting surface properties, namely, microstructure, phase
development, surface morphology and contact angle.
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2 Materials and methods
2.1 Materials

In the study, porcelain tile commercial glaze obtained from
Seranit Company (Bilecik, Tiirkiye) and porcelain tiles
currently manufactured by Seranit Company was used as
ceramic substrates. For the glazing process, ceramic tiles
were sized as 3 X3 cm each. The coating material mixture
for the ceramic surface comprises commercial porcelain
tile glaze, nano ZnO powder (EgeNanoTek, 20 nm, 99.99%
purity) and nano Cu powder (EgeNanoTek, 30-40 nm,
99.95% purity). For the dispersion of the nano ZnO par-
ticles, sodium tripolyphosphate (Sigma-Aldrich) was used.
The dispersion process of nano Cu particles was carried out
in isopropyl alcohol (IP) to reduce the likelihood oxidation.

2.2 Characterization of starting nano ZnO and Cu
powders

The particle dimensions and shape of the nano ZnO and
nano Cu powders utilized in the study were determined
using scanning electron microscopy (SEM) (FEG-SEM,
FEI, Quanta 650), elemental analysis was carried out by
SEM-EDS, and phase analysis using X-ray diffraction
(XRD, Rigaku Rint 2000).

2.3 Dispersion of nano powders and incorporation
into the glaze composition

It is critical to ensure that the suspension to be applied to the
surface is prepared homogeneously in order to prevent the
development of surface defects or fractures. Prior to further
processing. deflocculation was initially performed because
of the tendency of nano particles to agglomerate. The STPP
dispersant was employed to disperse the nano ZnO powder.
The initial stage of dispersing nano ZnO powders involves
the utilization of the magnetic mixing technique. 0.2 g of
STPP and 7.8 g of nano ZnO powder were blended with
60 ml of distilled water in a 150 ml beaker. The mixture
was stirred at a speed of 400 rpm using a magnetic stirrer, at
room temperature, for a duration of 30 min. Following mag-
netic stirring, the mixture was transferred to an ultrasonic
bath filled with water, with a height of 30 mm, and treated
for a duration of 60 min. In order to inhibit the oxidation
of nano Cu particles, they were evenly distributed in iso-
propyl alcohol (IP). 0.078 g of nano Cu powder were used
for 1% Cu doping. 0.39 g for 5% Cu doping, and 0.78 g for
10% Cu doping. These powders were added to 20 ml of IP
and stirred using a magnetic stirrer at a rotation speed of
400 rpm for a duration of 30 min. Following magnetic stir-
ring, the suspension was placed in a water-filled ultrasonic
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Fig. 1 Visual representation of
the dispersion processes of (a,b)
nano ZnO, (¢,d) nano Cu and (e)
Cu-ZnO mixtures

Table 1 Compositions of nano Cu-ZnO incorporated glazes

Code Commercial glaze Nano ZnO Nano
(wt%) (wt%) Cu
(Wt%)
T-10Z 92.200 7.8 0
T-10Z1C 92.122 7.8 0.078
T-10Z5C 91.810 7.8 0.390
T-10210C 91.420 7.8 0.780

bath with a height of 30 mm and left alone for a duration
of 60 min. The nano Cu and nano ZnO suspensions were
stirred together for 5 min using a magnetic stirrer. Subse-
quently, the process of sonication was carried out for a dura-
tion of 10 min (Fig. 1).

The glaze composition was modified to consist of 40%
solids (including porcelain tile glaze. nano ZnO and Cu)
and 60% water. The mixture was subsequently blended in
a mixer. Following that, the glaze was modified by incor-
porating nano-ZnO doped with Cu at concentrations of 1%,
5%, and 10% by weight (Table 1). The novel glaze mixture
was then subjected to ultrasonic agitation for a duration of
10 min, after which it was prepared for application onto the
ceramic surface.

2.4 Glazing process

Before glazing, an engobe layer was sprayed onto the
ceramic substrates, and novel designed glaze compositions
were coated on the engobe surfaces by spraying. Before the
glazing process, the glaze’s viscosity was adjusted to the
desired fluidity by adding STPP and water, and the glaze
liter weight was set to 1350+ 27 g/L and the lehman viscos-
ity to 12+ 2 s. A single layer of glaze was applied to the sur-
face, which was then dried in an oven at 110 °C for 30 min.

ooss  _iess

2.5 Firing

The sintering process was carried out at a temperature of
1210°C for a duration of 10 min in a laboratory furnace.

2.6 X-ray diffraction (XRD) for phase analysis

The examination of the sintered surfaces and starting pow-
ders was conducted using Cu-Ka radiation with the Rigaku
Rint 2000 XRD equipment. The analysis was performed at a
scanning speed of 2 degrees per minute within the 2@ range
of 20 to 40 degrees.

2.7 Microstructure analysis with scanning electron
microscopy (SEM)

Prior to SEM analysis, ceramic surfaces were coated with
gold, a highly conductive material, in a vacuum environ-
ment to ensure conductivity and hence prevent electron
charging on the surface. Scanning electron microscopy
(FEG-SEM, FEI, Quanta 650), secondary electron (SE)
detector, back scattered electron detector (BSE), and energy
dispersive X-ray spectroscopy (EDS) were used to analyze
the microstructure of the glazed surfaces. The EDS mapping
was employed to ascertain the distribution of nano particles
on the surface. The measurement of coating thickness was
determined using BSE imaging.

2.8 Surface contact angle measurement
Contact angle and surface free energy (SFE) were deter-

mined using a drop shape analyzer (Kruss. DSA-25) using
water and diiodomethane as the liquids having known
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surface tensions in air [12]. The SFE calculations were
performed using Young’s equation and a two-component
model derived from Fowkes and Owens, Wendt, Rabel, and
Kaelble (OWRK methodology) [38—40].

2.9 Surface roughness measurement

The roughness of the produced surfaces was measured using
the Mitutoyo SJ-410 surface profilometer.

2.10 Wettability conversion experiments under UV
light

Wettability conversion experiments were conducted with
a commercial UV lamp that had 8 W dual lamps. provid-
ing an intensity of around 1.0 mW/cm? [26]. Contact angle
measurements were conducted on the surfaces that were
exposed to UV light for 60 min.

3 Results and discussion

3.1 Characterization of nano powders

SEM investigations revealed that nano Cu particles were
spherical in shape and ranged in size from 40 to 600 nm.

EDS study revealed that they contained 99.03 wt% Cu
and a very little quantity (0.97%) of oxygen (Fig. 2a, b).

XRD study confirmed that it was only in the copper phase
(Fig. 2¢).

The nano ZnO powders appeared to be rod-shaped, with
a width ranging from 60 to 100 nm and a size of around
500 nm. EDS study revealed that the particles only con-
sisted of zinc and oxygen (Fig. 3a.b). XRD analysis showed
that it was in the zincite phase (Fig. 3c).

3.2 Distribution of nano powders on the surface

The EDS mapping method was used to determine the dis-
tribution of nano Zn and nano Cu powders on the sample
surface coded T-10Z1C (Fig. 4). When the resulting image
was examined, it showed that Zn and Cu elements were uni-
formly distributed throughout the surface. The dispersion of
the nano particles was efficient.

3.3 Determination of glaze coating thickness

Glaze coating thickness was determined with the SEM-BSE
detector. Figure 5 shows a representative SEM-BSE image
from the cross section of the sample designated T-10Z.
Engobe thickness ranged from 40 to 50 pm, whereas glaze
thickness was approximately 130 um.
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Fig. 2 (a) Representative microstructural image of nano Cu powder taken with SEM-SE detector (100kx), (b) EDS analysis spectrum, (¢) XRD

graph
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Fig. 3 (a) Representative SEM-SE image of nano ZnO powder (100kx). (b) EDS analysis spectrum, (¢) XRD graph

Fig.4 SEM-EDS mapping image
taken from the 1% Cu doped
ZnO modified glaze

3.4 Effect of Cudoping on phase development

Figure 6 displays the phase development graph of sintered
samples based on their composition. The primary phase
identified after the incorporation of 10% nano ZnO in the
commercial porcelain tile glaze was Willemite (Zn,SiO,).
The majority of the nano ZnO powder underwent a reaction

with SiO, in the mixture, resulting in the formation of the
Zn,Si0, phase. The JPDS cards indicate that the most
intense peak of the Willemite phase (I: 97.61) occurs at
33.93 degrees, the second most intense peak (I: 73.52) at
25.49 degrees, the third most intense peak (I: 44.57) at 31.44
degrees, the fourth intense peak (I: 28.36) at 38.72 degrees,
and the fifth intense peak (I: 28.29) at 22.03 degrees. The
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Fig.5 Representative SEM-BSE
image taken from the cross sec-
tion of the sample coded T-10Z

50 pm
Fig.6 XRD graphics of Cu doped 2000
ZnO modified glazed surfaces —T-10Z
(W: Willemite, ZN: Zincite. 1800 —T-10Z1C
P: Plagioclase, Q: Quartz, C: w T-1025C
Crystobalite) 1600 —T-10210C
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most prominent Willemite peak was detected at an angle of
25.49 degrees 2 theta due to its orientation. The stability of
the zincite (ZnO) phase indicates that some nano ZnO par-
ticles remain inert and do not undergo reactions. The zincite
phase exhibits its most intense peak at 36.24°, the second
most intense peak at 31.76°, and the third most intense peak
at 34.42°. The third noteworthy peak is the Plagioclase
phase, which is an aluminosilicate mineral dominated by
feldspar and formed as a devitrification result. Quartz and
Cristobalite phases are also present. Because only a little
amount (less than 1 wt%) of nano copper powder was used
in the study, phase development containing the Cu element
was not detectable.
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Figure 7 displays graphs illustrating the influence of Cu
doping on W/P, P/W, W/ZN, and ZN/W phase ratios. The
ratio of the highest peak heights of Willemite crystals (at
20=33.93°) to Zincite crystals (at 20 =36.24°) in the XRD
patterns is denoted as W/ZN. On the other hand, the ratio
of the second most intense peak of Willemite crystals (at
20=25.49°) to Plagioclase crystals (at 26=27.3°) in the
XRD patterns is denoted as W/P.

The T10Z sample has a W/P ratio of 1.83 and a W/ZN
ratio of 2.45. By adding 1% Cu, the W/P ratio reduced to
1.07 and the W/ZN ratio decreased to 1.66. The Cu dop-
ing promoted the formation of Plagioclase crystals, and the
highest P/W ratio (0.94) was achieved with 1% Cu doping.
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Fig. 7 Effect of Cu doping on W/P, P/W, W/ZN and ZN/W phase ratios on sintered surfaces

The 5% Cu doping increased the visibility of willemite crys-
tals while decreasing the P/W ratio (0.54) substantially. The
XRD graphs and SEM images verified the morphological
and quantitative alterations in willemite crystals. At a Cu
ratio of 5%. the W/P ratio is 1.86 and the W/ZN ratio is 1.62.
With 10% Cu doping, the W/P ratio becomes 1.36 and the
W/ZN ratio is 1.67. ZN content rises with copper doping,
while the ratio of W to ZN remains consistent across all lev-
els of copper doping. The surface doped with 5% Cu had a
maximum W/P ratio of 1.86, the surface doped with 1% Cu
had the highest P/W ratio of 0.94, and the nano ZnO doped
surface without Cu had the highest W/ZN ratio of 2.45.

The ZN/W ratio rose with the addition of Cu. While the
amount of Zincite phase formation on the nano ZnO added
surface was low (ZN/W: 0.41), the amount of Zincite phase
increased with Cu doping (Z/W: 0.60-0.62). The ZN/W
ratios at %1. 5, and 10 Cu doping rates are similar (0.6 and
0.62).

The W/P ratio varies between 1.07 and 1.86. With 1%
Cu doping. the W/P ratio dropped from 1.83 to 1.07, rose
to 1.86 with 5% Cu doping, and reduced to 1.36 with 10%
Cu doping. Increasing the Cu concentration from 1 to 5%
provided the Willemite phase more prominent than the Pla-
gioclase phase.

3.5 Effect of Cu doping on microstructural
evolution

Figure 8 shows SEM-BSE images obtained at various mag-
nifications (20kx, 50kx and 100kx) of sintered surfaces with
nano ZnO added and Cu doped at varying contents. Upon
evaluation of SEM images. Plagioclase crystals/nuclei are
visible as little spherical grains on the Willemite grains, and
the gray patches at the bottom represent Willemite crystal-
lization. It was noted that Willemite crystals became more
noticeable with Cu doping, and there was an increase in both
the quantity and size of Plagioclase crystals. SEM images
indicated that Willemite crystals became more evident when
5 and 10% Cu were incorporated.

Cu doping enhanced the formation of Plagioclase crys-
tals, and 1% Cu doping resulted in the highest P/W ratio
(0.94). The 5% Cu doping boosted the visibility of Willem-
ite crystals while significantly lowering the P/W ratio (0.54).
The XRD graphs and SEM photos confirmed the morpho-
logical and quantitative changes in Willemite crystals.
Increasing the amount of copper doping to 10% results in a
reduction in the size of Plagioclase crystals and an increase
in their quantity, leading to a corresponding increase in the
P/W ratio (0.73).

@ Springer
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T-10Z

T-10Z5C T-10Z10C

0

1pm 1pm

Plagioclase ~ Willemite

Fig. 8 Representative SEM-BSE images at various magnifications (20kx, 50kx and 100kx) of sintered surfaces with nano ZnO added and varying

content Cu doped glazed surfaces

Table 2 The contact angle and surface energy values of the created
surfaces based on composition

Contact  Specific Ra (um) W/ZN W/P
angle (°)  surface
energy
(mJ/m?)
T-10Z 44.4 85.7 1.164 2.45 1.83
T-10Z1C 33.4 91.9 1.319 1.66 1.07
T-1025C 33.8 92.2 1.454 1.62 1.86
T-10Z210C 33.6 93.1 1.582 1.67 1.36

3.6 Effect of Cu doping on contact angle and
surface roughness

The contact angles and specific surface energy of the sur-
faces with different Cu content were measured and the
obtained results are presented in Table 2. Upon evaluation
of the surfaces based on physical appearance, it is observed
that the glaze fully melts and covers the surface without
any porosity at the firing temperature. The phenomenon
occurred because the copper-doped zinc modified glaze vit-
rified sufficiently to provide a glassy surface at the sintering
temperature.

@ Springer

All surfaces have similar surface roughness values, rang-
ing from 1.16 to 1.58 pum. Specific surface energies range
from 85.7 to 93.1 mj/m?, with contact angles ranging from
33.4° to 44.4 °. The reduction in the contact angle from 44°
to 33° by doping Cu represented an alteration in the surface
chemistry towards a more hydrophilic state. The surface
free energies of the ceramic tiles modified with Cu-doped
ZnO were strongly related to the contact angles, as shown
in the graph in Fig. 9. The data showed that surfaces with
higher surface energy had lower contact angles. As dem-
onstrated through practical evidence, increasing the surface
free energy was crucial for creating a superhydrophilic
surface in conformity with the principles of theory. Chemi-
cally hydrophilic surface can transition to hydrophobic or
super hydrophobic due to changes in surface morphology
when the surface free energy is greater than the solid sur-
face energy. The hydrophilic effect remained nearly con-
stant with Cu doping as there was no alteration in surface
roughness values.

Cu doping resulted in a relatively higher surface rough-
ness value and a lower contact angle (Fig. 10). Because
the key elements influencing the contact angle are surface
roughness and surface chemistry (energy), the generated
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Fig. 9 Relationship between con- 50
tact angle and surface free energy
of nano copper-doped zinc oxide 45
modified ceramic tile surface
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Fig. 10 Contact angle of the nano 50
Cu doped ZnO modified ceramic
tile surface versus surface rough- 45
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surfaces have almost similar surface roughness values and
surface energies, and all surfaces are hydrophilic. The pre-
dominant phases on all surfaces are Willemite, followed by
Plagioclase and Zincite. The microstructural difference is
the size and quantity of the Plagioclase and Willemite crys-
tals. The higher quantity of the Willemite phase compared
to the zincite and Plagioclase phases could have led to an
increased contact angle. In terms of phase relation as the
ZN/W ratio increased, the contact angle dropped.

3.7 UV lightinduced contact angle alteration

Contact angle change graphs under UV radiation are given
in Fig. 11. Decreased contact angles and increased hydro-
philic character have been observed on all surfaces exposed
to UV radiation for 60 min. Increasing the content of Cu
resulted in an increase in the hydrophilic effect and a

12 1,3 1,4 1,5 1,6 1,7

Surface roughness (Ra, pum)

decrease in the contact angle. Myint and colleagues previ-
ously demonstrated hydrophobic/hydrophilic switching on
zinc oxide micro-textured surfaces [26]. Surface wettability
is affected by its morphology, including surface roughness
and micro-nanostructure. as well as the material-specific
surface energy. Hydrophilic materials with a water contact
angle (WCA) of less than 90 degrees can be transformed into
hydrophobic materials with a WCA more than 90 degrees,
and even superhydrophobic materials with a WCA exceed-
ing 150 degrees by altering the surface structure. Das et al.
have demonstrated that the water contact angle (WCA) can
be altered from 104° to 135° through the straightforward
adjustment of surface morphology [41].

As photo induced surface wettability conversion has
been noticed on ZnO and TiO, thin films, there has been
significant interest in the interaction of water droplets with
nanostructured coatings made of metal oxide particles,

@ Springer
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Fig. 11 Changes in contact angles 50

resulting from UV radiation 45
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including nanorods and microrods [42]. Khranovskyy et al.
demonstrated photo induced surface wettability on several
ZnO nanostructures. The study examined how the size of
nanostructures affects switching rate and wetness under UV
illumination [43]. Han and Gao demonstrated the switch-
able wettability of ZnO microrods by varying WCA from 0
to 15 during UV exposure and darkness cycles [43, 44]. The
study concluded that the contact angles decreased due to an
increase in surface roughness, specific surface energy, and
mineralogical changes resulting from Cu doping.

4 Conclusions

The addition of nano ZnO powder to an industrially applica-
ble glaze led to the formation of willemite (Zn,SiO,), zinc-
ite (ZnO), plagioclase crystals, with trace amounts of quartz
and cristobalite. The formation of plagioclase crystals was
enhanced by doping ZnO modified glazing with Cu; the
maximum P/W ratio was attained with 1% Cu doping. The
addition of 5% Cu improved the clarity of willemite crys-
tals and significantly reduced the P/W ratio. Zincite phase
content increases with copper doping, whereas the W to ZN
ratio remains constant at all levels of doping. Increased Cu
concentration from 1 to 5% made the Willemite phase more
stable than the Plagioclase phase. The images from the SEM
showed that the incorporation of 5 and 10% Cu enhanced
the quantity of Willemite crystals. Increasing copper doping
to 10% reduces the size of Plagioclase crystals and increases
their number, resulting in a higher P/W ratio. Cu doping
resulted in a relatively higher surface roughness value and a
lower contact angle. Because surface roughness and surface
chemistry are the main factors that affect the contact angle,
all of the surfaces that are made have nearly the same val-
ues for surface roughness and surface energy. They are may
have resulted in a higher contact angle’s also all hydrophilic.
A greater amount of the Willemite phase in comparison to
the zincite and Plagioclase phases have resulted in a higher

@ Springer
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contact angle. As the ZN/W ratio grew, the contact angle
decreased in respect to the phase. After 60 min of UV radia-
tion exposure, all surfaces showed reduced contact angles
and enhanced hydrophilic properties.

As a result of the study, it was found that the increase in
surface roughness, specific surface energy and mineralogi-
cal changes caused by Cu contribution were the main rea-
sons for the decrease in contact angles.
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