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ABSTRACT: ZnO nanospheres were synthesised and then deposited by both single- and double-fire fast processes on as-prepared
ceramic substrates. The photocatalytic degradation of resazurin ink was tested under UV light. The single-fired samples did
not show any evidence of photocatalytic activity because the nanoparticles melted during sintering at 1210°C. The double-fire
ZnO spray-coating method successfully produced glazed materials with an active ZnO surface layer despite the high sintering
temperature. The influence of experimental parameters, including the ZnO nanoparticle loading (0.03 to 1 mg/cm?) and firing
temperature (650 to 800°C), were also investigated. Samples with a ZnO loading of 1 g/cm?fired at 650°C showed the best
photocatalytic activity. Increasing the temperature to 700 and 800°C led to the coalescence of ZnO nanoparticles, which reduced
the photocatalytic activity.
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RESUMEN: Optimizacion de las condiciones de procesamiento para la funcionalizacion de materiales vidriados fotocataliticos
mediante la deposicion de nanoparticulas de ZnO. Nanoesferas de ZnO se sintetizaron y se depositaron mediante procesos “single-
and double-fire fast” sobre sustratos ceramicos. La degradacion fotocatalitica de la tinta de resazurina se prob6 bajo luz ultravioleta.
Las muestras de “single-fire” no mostraron ninguna evidencia de actividad fotocatalitica porque las nanoparticulas se derritieron
durante la sinterizacion a 1210°C. El método de recubrimiento por pulverizacion de ZnO de “double-fire” produjo con éxito
materiales vidriados con una capa superficial de ZnO activo a pesar de la elecada temperatura de sinterizacion. La influencia de
los parametros experimentales, incluida la carga de nanoparticulas de ZnO y la temperatura de coccion también fue analizada.
Las muestras con una carga de ZnO de 1 g/cm? cocidas a 650°C mostraron la mejor actividad fotocatalitica. El aumento de la
temperatura de 700 y 800°C condujo a la coalescencia de nanoparticulas de ZnO, lo que redujo la actividad fotocatalitica.

PALABRAS CLAVE: ZnO; Nanosferas; Fotocatalisis; Azulejos de cerdmica; Condiciones de operacion.
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1. INTRODUCTION

Ceramics are extensively used as materials for both
outdoor and indoor building and construction (i.e.
flooring, wall coverings, roofing, ventilated facades,
insulating panelling, tunnel lining, and sanitary ware).
In 2019, the world production of ceramic tiles was
12,673 million square meters (data reported by the
Association of Italian Manufacturers of Machinery
and Equipment for the Ceramic Industry, ACIMAC).

The unique properties of ceramics (enhanced energy
efficiency and thermal comfort, resilience to corrosion,
and versatility) ensure that ceramics will continue to
play a fundamental role in the construction and housing
sectors. The industry has developed a strategy of ongo-
ing innovation to aggregate value in the final product;
high-definition decoration and low-thickness products
have opened the market for functional tiles that go be-
yond traditional applications (1, 2). Recently, efforts to
produce photocatalytic ceramic tiles, obtained by em-
bedded fine TiO, particles or coatings, have intensified.
Such functionalisation provides materials with de-pol-
luting (3, 4), antifogging (5, 6), disinfecting (7-9), and
self-cleaning capabilities (10, 11). Photocatalysis is a
light-induced catalytic process for the reduction of or-
ganic and inorganic molecules adsorbed on the surface
of a semiconductor through redox reactions (12-14).

Meseguer et al. (15) demonstrated the photocatalytic
capacity of ceramic glazes as a new functionality of
ceramic tiles with applications in construction (such
as flooring and wall covering) and in the field (such
as air purification and water cleaning). Photocatalytic
ceramic tiles are typically prepared by coating the ce-
ramic tile with anatase TiO, using various deposition
techniques, such as spray deposition (16-19), screen
printing (20, 21) and sol-gel methods (22-24). How-
ever, several critical aspects must be considered to ob-
tain suitable TiO,-containing ceramic materials: firing
temperature and adhesion of the TiO, film/particles to
the substrate (21, 25, 26). Temperatures below ~600°C
do not generate suitable adhesion between the printed
TiO, layer and the ceramic support, but over ~900°C,
there is evidence of a reaction between the TiO, layer
and the glazed support. In addition, the anatase crys-
tal form is transformed into rutile, which might have
a detrimental effect on the catalytic behaviour. This
effect is more pronounced when thinner TiO, layers
are used (21). Kaho et al. (25) prepared anatase-based
glass-ceramic glazes from a frit containing TiO,. The
glazed tiles were prepared by firing at 1180°C followed
by annealing between 600 and 800°C. However, there
was evidence that high temperatures caused a reaction
between the TiO, and the glazed support. The anatase
polymorph remained, but it was immersed in the glaze,
resulting in non-active photocatalytic materials. Brunel
et al. (26) developed anatase glazes by adding TiO, to
commercial frits. The glazed ceramic tiles were fired
at 850-1000°C, but none of the glazes showed notable
photocatalytic activity owing to the anatase phase trans-

formation. To overcome these shortcomings, TiO, can
be doped with various elements to increase the thermal
stability. Thus, photocatalytic ceramic tiles have been
prepared by the deposition of Ni-TiO, (27), W-TiO,
(28), Nb,O-TiO, (29, 30), Ag-TiO, (31), and (Si, P,
Zr)-TiO, (32). In addition, the adhesion constraint can
also be controlled by silanising TiO, particles before
depositing TiO,-SiO, coatings (33-36).

A number of photocatalysts, including ZnO, have
been investigated as alternatives to TiO,. ZnO exhib-
its similar or greater (37-40) photocatalytic perfor-
mance for degrading pollutants compared to that of
TiO, because of its higher electron mobility and va-
lence band oxidation potential. In addition, ZnO does
not pose risks to human health or the environment
(41), and it is cheaper than TiO,. Therefore, ZnO may
be more suitable for large-scale applications in the
ceramic industry (42-44). However, few studies have
been conducted on the development of ZnO-contain-
ing photocatalytic ceramic tiles with applications in
construction. In Rego et al.(20) and Marto et al. (45),
fabricated screen-printed ZnO layer on ceramic tiles,
and the tiles demonstrated comparable Orange II de-
colourisation performance to that of aqueous ZnO
suspensions under different artificial light conditions
and direct exposure to sunlight, with the advantage
of avoiding the removal of the photocatalyst from
the liquid media at the end of the process. However,
TiO, layers showed superior performance compared
to that of ZnO (20). Singh et al. (46) demonstrated
that ZnO-crystallised glasses have good antibacteri-
al properties against Escherichia coli. ZnO catalysts
doped with Fe (47), La (48) and Cu (49) were deposit-
ed on ceramic surfaces to evaluate the photocatalytic
performance for dye degradation under visible light.
The photocatalytic activity of these coupled photocat-
alysts was higher than that of a single photocatalyst.

However, the influence of processing conditions
during the functionalisation of photocatalytic glazes by
ZnO nanoparticle deposition on the microstructure and
the consequent photocatalytic efficiency have not been
studied in detail. Therefore, in this work, ceramic tiles
were coated with a ZnO active layer by the conven-
tional fast-firing route used to manufacture construc-
tion ceramic tiles. As-prepared ZnO nanospheres were
deposited by both single- and double-fire fast process-
es. The influence of the firing temperature (650-800°C)
and deposited ZnO concentration (0.03-1 mg/cm?) on
the physicochemical properties and UV photocatalytic
activity of the resulting ceramic glazes were evaluated.

2. MATERIALS AND METHODS

2.1 Ceramic substrate preparation

Green ceramic substrates were prepared according
to a previously reported method (50). A spray-dried
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powder for porcelain stoneware tile manufacturing
was used, which consisted of a mixture of milled ka-
olinitic clays, quartz, and feldspars. Wetted powder
(30 g, 6 wt.%) was uniaxially pressed (40 mm x 50
mm x 10 mm) at a pressure of 40 MPa in a steel
mould. Green substrates were dried at 100°C for
24 h and kept in a desiccator until they were coated
with a glaze layer.

2.2 Preparation and deposition of ZnO
nanoparticles

ZnO nanospheres were prepared by a modified
polyol method, as described in detail elsewhere (51).
Briefly, 2.196 g of non-dehydrated zinc acetate was
dissolved in 10 mL of ethylene glycol by refluxing
in a three-necked flask under vigorous stirring. After
30 min, deionised water was injected with a fixed
hydration ratio of 8, and the solution was heated at
160°C for 5 h. After successive stages of cooling,
centrifugation, and washing, the ZnO nanospheres
were dried in a conventional oven at 80°C. The ZnO
nanoparticles were deposited on the ceramic sub-
strate using both single- and double-fire processes.
In the single-fire process, ZnO nanospheres (10.0
wt.%, 38 nm particle size) were mixed with a com-
mercial frit and poured on the green porcelain stone-
ware (Figure 1a). In the double-fire process, a glaze
slip was first poured onto the surface of the green
porcelain stoneware bodies, as shown in Figure 1b.
Then, 10 g of ZnO nanospheres were suspended in
ethanol (1:1 wt.%) and stirred for 45 min at room
temperature. Five active layers of ZnO nanoparticles
were then deposited on the glazed porcelain stone-
ware by a spraying technique using an aerosol spray
gun at 0.6 MPa with 15 cm between the gun and the
samples. Four different ZnO concentrations (0.03,
0.1, 0.5, and 1 mg/cm?) were deposited, which were

a) —

Mix
Zn0O +
NP's

Commerciall
Frit

dried at 80°C for 5 min and then fired at 650°C for
10 min. In addition, 1 mg/cm? of ZnO nanospheres
was deposited on multiple samples, which were fired
at 700 and 800°C for 10 min to evaluate the effect
of temperature.

In both the single- and double-fire processes, the
glaze slip consisted of a mixture of a commercial
frit for a glossy-finish glaze (90.0 wt.%), carboxy
methyl cellulose (5.0 wt.%), and sodium polymeta-
phosphate (5.0 wt.%) combined with distilled water
at a liquid-to-solid ratio of 70:30.

To avoid interference in the subsequent analysis
of the ZnO nanoparticle layers, a ZnO-free frit was
also applied. After drying, the glazed bodies result-
ing from both processes were sintered in a conven-
tional kiln at 1210°C, followed by a fast-firing pro-
cess.

2.3 Physicochemical characterisation

The commercial frit was previously characterised
by X-ray fluorescence (XRF) (Bruker model S8 Ti-
ger), and its thermal behaviour was determined by
differential scanning calorimetry (DSC) using a
Setaram (Labsys) thermogravimetric—differential
thermal analysis (TG-DTA)/DSC unit in air at a
heating rate of 10°C/min. The crystalline phases of
the glazed ceramic samples were characterised by
X-ray powder diffraction (XRD) using a Bruker D8
Advance diffractometer with Cu Ko radiation (40
kV, 30 mA). The microstructure of the ZnO layers
was analysed by field-emission scanning electron
microscopy (FE-SEM) (Hitachi model S-4800) and
energy-dispersive spectroscopy (EDX) (detector:
Bruker AXS, software: Quantax Esprit 1.9). FE-
SEM observations were performed on the surfaces
of the tiles. The samples were coated with a thin Au—
Pd layer to facilitate observation.

b)
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-
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y/\
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° ! |
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FiGure 1. Deposition of ZnO nanoparticles (NPs) on the substrate by the (a) single-fire and (b) double-fire processes.
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2.4 Photocatalytic activity measurement

The photocatalytic activity of the as-prepared
samples was assessed using resazurin (Rz) ‘intelli-
gent ink’. The photocatalytic activity indicator ink
comprised a dye (Rz), a sacrificial electron donor
(SED, glycerol), and a polymer (hydroxyethyl cel-
lulose, HEC) to encapsulate the dye and SED after
the ink dried. The effectiveness of the Rz dye as a
photocatalytic activity indicator ink has been previ-
ously demonstrated for a wide range of photocata-
lytic samples (12, 39, 52-55). It can simply, rapidly,
and cheaply probe the photocatalytic activity. Upon
irradiation (hv > band gap energy) of the ink-coated
photocatalytic surface, the photogenerated electrons
reduce the blue Rz (608 nm) to the pink resorufin
(Rf, 588 nm) (Figure 2). Rf can be subsequently re-
duced to its colourless counterpart, dihydroresorufin
(HRf). Simultaneously, the photogenerated holes
oxidise the glycerol into glyceric acid, which acts as
a hole trap to prevent electron—hole recombination.
The colour/absorbance change during irradiation
provides proof of the photocatalytic activity of the
tested material.

The ink formulation used in this study consisted
of a redox dye (Rz, 10 mg), SED (glycerol, 0.8 g),
and polymer (HEC, 1.1 g) dissolved in ethanol (12
mL). The dissolvents were modified with respect to
the typical formulation in water to avoid the hydro-
phobic effect of the ZnO-coated samples and thus
obtain a homogeneous Rz ink layer. The glazed sam-
ples were coated with the Rz ink using a wire-wound
rod with a pitch that was 750 um long and 350 pm
in diameter. A typical dried ink film was approxi-
mately 20 um thick (measured by SEM analysis).
The irradiation of ink-coated samples was conduct-
ed using two UV fluorescence tubes (Philips TL-D
15W Actinic BL) with A__emission of 368 nm. The
samples were irradiated with a UV-A irradiance of
8.6 mW/cm?.

The changes in the UV-Vis spectra of the
ink-coated films were recorded at different irradia-
tion time intervals using a 2600 Shimadzu UV—Vis
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HRf Rz
E
8
Q
o
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£
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FIGURE 2. Resazurin and resorufin UV-Vis absorbance spectra.

spectrophotometer equipped with an integrated re-
flectance sphere. Simultaneously, digital images of
the ink-coated glazed samples were recorded using a
digital camera (Bridge Sony Cyber-Shot, 20.1 MP).
The images were imported into the digital process-
ing software ImagelJ 1.52n Fiji, and the average RGB
(red, blue, and green) pixel intensities were collect-
ed from the images. Then, the normalised red and
blue components, nRt and nBt, respectively, at time
t of irradiation were calculated using Equations [1]
and [2]. This type of analysis has been successfully
performed in previous studies (56, 57).

Rt
Rt = Gt + Bt (1]
~ Bt
B R Gt + Bt [2]

3. RESULTS AND DISCUSSION

3.1 Characterisation of the glass frit

Table 1 lists the chemical composition of the com-
mercial frit used to prepare the glaze. It is a com-
mon silica—sodic material and was selected for this
study because it does not contain ZnO. The TG-
DTA curves of the glass frit are shown in Figure 3.
The first endothermic peak occurred at 110°C, cor-
responding to the release of water adsorbed on the
surface of the commercial frit particles. A second
intense endothermic effect occurred at 540-700°C,
which is related to the formation of liquid phases; in
particular, the glass frit melted at 605°C. These fea-
tures are relevant for the optimum processing condi-
tions, as discussed later.

3.2 Single-fire process

The SEM image of the ZnO nanoparticles shown
in Figure 4a shows that the ZnO nanoparticles had
an almost spherical morphology and were 30-40 nm
in size. Figure 4b shows a digital image of the glazed

TaBLE 1. XRF chemical composition (wt.%) of the commercial

glass frit.
Oxide Percentage Oxide Percentage
Sio, 69.22 SO, 0.251
Na,O 15.6 Fe O, 0.205
CaO 9.08 Cl 0.061
MgO 4.28 TiO, 0.053
ALO, 0914 B,0, 0.061
K,0 0.263 ZrO 0.012

2 2
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FiGURre 3. TG-DTA results of the commercial frit.

porcelain stoneware tile covered with a layer of ZnO
nanoparticles by the single-fire process. The glaze
was transparent with a crackle finish. It should be
noted that the surface of the glaze prepared with-
out ZnO nanoparticles also cracked, and the intro-
duction of the nanoparticles did not noticeably af-
fect the surface appearance of the glazes. The XRD
patterns of the single-fired glazed samples with and
without ZnO nanoparticles are shown in Figure 4c.
No difference was observed between the two pat-
terns, except for the presence of a small peak as-
signed to cristobalite (SiO,) from commercial frit on
the glazed sample without ZnO. No ZnO crystalline

phases were detected in the ZnO-coated glazed sam-
ple. However, Figure 4c shows the diffractogram
of a sample of ZnO nanoparticles subjected to the
same thermal cycle with which the tiles were fired.
The ZnO nanoparticles did not undergo any miner-
alogical transformation during firing, and the dif-
fractogram shows the characteristic peaks of zincite.
ZnO is known as a network modifier or former de-
pending on the composition of the glass (58). The
role of glass modifiers in low-alkali silicate glasses
has been previously reported (59). Thus, it appears
that the ZnO nanoparticles were incorporated into
the glass network, acting as a network modifier and
avoiding the devitrification of the single-fired glaze.
The patterns show an amorphous halo in the range
20 = 16°-38°, which is characteristic of non-crys-
talline materials. The absence of a ZnO crystalline
signal for the glaze surface could be because the
ZnO nanoparticles can act as a glass modifier, as
mentioned previously. Upon sintering at 1210°C, the
ZnO nanoparticles may have melted and diffused to
become part of the glassy network. Another possibil-
ity is that the ZnO nanoparticles were embedded in
the low-viscosity liquid phase originating from the
commercial frit during the sintering of the glazed
porcelain stoneware tiles.

Figure 5 shows digital images of the ZnO-con-
taining single-fired glazed samples coated with
Rz ink at different irradiation times. These images
demonstrate that the ink on the glaze did not show
any significant variation in colour during the test

Heat treated
Zn0O particles

|-t

1 n 1

PDF#36-1451
<ZnO> Zincite

Glaze +
ZnO Nano

Commercial
Glaze

PDF #39-1425

< 8i0,> Cristobalite

10 ZIO 3"0 LiO 50 60
2 Theta (degree)

FIGURE 4. (a) SEM image of the ZnO nanoparticles, (b) digital image of the porcelain stoneware covered with a layer of ZnO nanopar-
ticles by the single-fire process, and (c) XRD patterns of the glazes with and without ZnO nanoparticles.
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FiGure 5. Digital images of the Rz-ink-coated glaze containing

ZnO nanoparticles fabricated by the single-fire process at differ-
ent irradiation times.

Single fire
sample

irradiation, which proves that the ZnO nanoparti-
cles incorporated into the glaze did not show any
evidence of photocatalytic activity. This finding is
consistent with the XRD results discussed previous-
ly. All these results indicate the potential difficulties
stemming from the complexity of preparing active
glazes containing ZnO nanoparticles by a single-fire
process.

3.3 Double-fire process
3.3.1 Effect of the ZnO concentration

Figure 6 shows the XRD patterns of the glaz-
es prepared by spraying ZnO layers on porcelain
stoneware tiles following the double-fire procedure

(650°C for 10 min) using different ZnO nanoparti-
cles loadings (0.03, 0.10, 0.50, and 1.00 mg/cm?)
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Fiure 6. XRD patterns of glazed ceramics covered with ZnO
layers of different concentrations prepared by the double-fire pro-
cess (650°C for 10 min): (a) 0.03 mg/cm?, (b) 0.10 mg/cm?, (c)
0.50 mg/cm?, and (d) 1.00 mg/cm?. Cristobalite is denoted by e.

B
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FIGURe 7. SEM images at 25kx and 100kx magnifications of the
ZnO glazes prepared by the double-fire process (650°C for 10
min) with different concentrations of ZnO nanoparticles: (a-b)
0.03 mg/cm?, (c-d) 0.10 mg/cm?, and (e-f) 0.50 mg/cm?.

The patterns of the three specimens with the highest
concentrations of ZnO particles (0.10, 0.50, and 1.00
mg/cm?) confirm the presence of ZnO nanoparticles
on the glaze surface. The working temperature of
650°C was in or close to the liquid-phase formation
temperature range of the commercial frit. At these
temperatures, the viscosity of the liquid phase was
insufficient to absorb the nanoparticles, which re-
mained fixed to the surface of the glaze. The peaks
correspond to the hexagonal phase of ZnO (zincite,
ICDD-PDF #36-1451), and no other crystalline
phase was detected. The sharp and clear diffraction
peaks indicate that the ZnO-glazed samples had a
high crystalline quality, as previously reported (51).
The intensity of the ZnO peaks increased as the con-
centration increased, and no ZnO peaks were detect-
ed at the lowest concentration of nanoparticles (0.03
mg/cm?). These results indicate that this double-fire
process can be used to obtain glazed tiles with ZnO
nanoparticles on their surfaces. The diffraction pat-
terns also exhibited a peak at 21.9°, which is related
to the crystallisation of cristobalite in the glaze from
the commercial frit (see Figure 4c).

Figure 7 shows SEM images of the glazed sam-
ples fired at 650°C for 10 min using different
concentrations of ZnO nanoparticles. The sam-
ple covered with the lowest concentration of ZnO
nanoparticles (0.03 mg/cm?) did not have enough
nanoparticles to create a uniform layer, and isolat-
ed clusters of nanoparticles were observed on the
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surface of the glaze. Conversely, good substrate
coverage was obtained when the concentration of
ZnO nanoparticles increased to between 0.10 and
1.00 mg/cm?. The thickness of the layer was also
affected by the ZnO deposition concentration; the
use of a larger concentration created thicker layers.
These results are in line with the XRD results de-
scribed previously.

The size of the ZnO nanoparticles was measured
using ImagelJ image analysis software. Although the
particles maintained their nanometric size, the ther-
mal treatment at 650°C used to fix the ZnO layer
on the glaze surface resulted in the growth of parti-
cles by coalescence, which was more pronounced at
higher nanoparticle concentrations. The average size
of the ZnO particles varied from 75 nm in the glaze
prepared with the 0.1 mg/cm? solution to 100 nm in
the ZnO layers deposited using the 0.5 and 1.0 mg/
cm? solutions.

The absorbance spectra of the Rz-ink-coated sam-
ples fired at 650°C with different concentrations of
ZnO nanoparticles at different UV irradiation times
and the corresponding digital images of the ink

test are shown in Figures 8a and 8b, respectively.
The colour changes due to the disappearance of Rz
(monitored using the normalised blue component
in the RGB system, nBt) and the concomitant ap-
pearance of Rf (monitored using the normalised
red component, nR¢) are illustrated in Figure 8(c).
The spectral transition agrees with the digital im-
ages. The glaze without ZnO nanoparticles exhib-
ited no photocatalytic conversion of the Rz ink.
The sample with the lowest nanoparticle concen-
tration (0.03 mg/cm?) showed a slight variation in
the original Rz dye absorbance spectra. The digital
images did not exhibit any noticeable changes in
colour from blue to pink (Figure 8b), but using the
image processing software, a small decrease in nBt
and concomitant increase in nR¢ was detected (Fig-
ure 8c). Upon increasing the concentration of ZnO
nanoparticles on the surface, an enhanced change in
the Rz dye absorbance/colour was observed, which
was more visible during the last minutes of UV-A
irradiation. The sample with a concentration of 0.10
mg/cm? was able to partially transform Rz (608 nm,
blue) into Rf (588 nm, pink) but did not reach the
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FiGure 8. (a) Rz ink spectra and (b) digital images at different irradiation times (T, min) of the glazed ceramics tiles prepared by the
double-fire process (650°C) with ZnO nanoparticle concentrations of 0.03, 0.1, 0.5, and 1.0 mg/cm?. (¢) Variation in the blue (nBt) and
red (nRf) components in the RGB system with irradiation time (t).
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maximum (no plateau state). The colour of the Rz S B S e — —
ink significantly changed as a function of irradia- 150 | T PPF#36-1451 <ZnO> Zincite  gogoC 10min, 1 mg/em”. ]
tion time in samples with a higher concentration of
nanoparticles (0.50 and 1 mg/cm?), reaching a pla-
teau of maximum red colour (maximum transforma-
tion of Rz to Rf) in both cases. The sample coated
with 1 mg/cm?even exhibited a subsequent decrease
in blue and red intensity after 25 min of irradiation.
This is because the Rz ink compound (blue) entirely
transformed into Rf (pink), and thus the predomi-
nant process was bleaching of the ink (Rf to HRf T
(colourless)). The presence of pink colour or even Nww.__,._JJ Ul
the bleaching of the ink on the surface demonstrat-
ed the photocatalytic efficiency of the ZnO-coated
glazed stoneware samples prepared by the dou-
ble-fire route. These findings agree with the XRD
and SEM characterisation results discussed previ-
ously, all of which indicate that the ZnO coating cre-
ated using the lowest concentration of nanoparticles
did not create a homogeneous layer, but the higher
nanoparticle concentrations allowed the formation
of homogeneous ZnO layers.

O
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FIGURE 9. XRD patterns of double-fired glazed ceramics cov-
ered with a ZnO layer (1 mg/cm?) and treated at different tem-
peratures. C = cristobalite, SiO,; M = merwinite, Zn,(SiO,);
T = tridymite, SiO; S = willemite, Zn,(SiO,); and A = cord-
ierite, Mg,A1,Si.0 ..

20.0kV x25.0k O.5pm

-

Figure 10. SEM images at 4kx and 25kx magnifications of the double-fired glazed tiles thermally treated at (a) 650°C, (b) 700°C,
and (c) 800°C.
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Ficure 11. (a) Rz ink spectra and (b) digital images at different irradiation times (T, min) of the double-fired glazed ceramics tiles with
a ZnO nanoparticles concentration of 1.0 mg/cm? thermally treated at 650, 700, and 800°C. (c) Variation in the red (nR¢) and blue (nBt)
components in the RGB system with irradiation time (t).

3.3.2 Effect of the thermal treatment temperature

The effect of the temperature of the thermal treat-
ment (650, 700, and 800°C) used to fix the ZnO
nanoparticles was studied on glazed samples cov-
ered with a layer of ZnO nanoparticles at a concen-
tration of 1.00 mg/cm?. Figure 9 shows the XRD
patterns of the samples treated at the three different
temperatures. The Bragg reflections related to ZnO
decreased as the thermal treatment temperature in-

creased. All the samples presented a characteristic
broad halo in the range 26 = 20°-38° related to the
amorphous nature of the glaze. However, the inten-
sity of this halo decreased as the fixing temperature
increased owing to the development of new crystal-
line phases in the glaze. The XRD patterns of the
samples treated at 700 and 800°C showed peaks
related to cristobalite (SiO,, ICDD-PDF #39-1425),
tridymite (SiO,, ICDD-PDF #42-1401), merwinite
(Ca,Mg(SiO,),, ICDD-PDF #35-0591), cordierite
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(Mg2A14Si5018, ICDD-PDF #14-0249), and willem-
ite (Zn,(S10,), ICDD-PDF #14-0653). Simultane-
ously, as the temperature increased, the intensity of
the peaks corresponding to zincite decreased con-
siderably. This could be because as the temperature
increased, the viscosity of the glaze decreased, and
the ZnO nanoparticles could be embedded in the
glaze in a similar manner to that observed in the
single-fired glazes. This result was confirmed by the
SEM images in Figure 10.

Figure 10 shows SEM images of the glazes
subjected to different fixing temperatures. In the
sample prepared at 650°C, a good distribution
and continuous layer of ZnO nanoparticles on the
surface was observed, and the original glaze sub-
strate was not detected. Nevertheless, although
the final size of the ZnO nanoparticles increased
considerably in the sample fixed at 800°C (from
~60-100 nm to 185-190 nm), the layer of nanopar-
ticles on the surface was thinner, allowing the orig-
inal glaze to show through. The sample treated at
700°C exhibited an intermediate appearance; the
size of the nanoparticles was larger than that at
650°C, but the glaze appeared to be fully covered
by the layer of nanoparticles.

The absorption spectra of the Rz ink as a func-
tion of UV irradiation time on the glazed tiles
thermally treated at different temperatures and the
corresponding digital images are shown in Figures
11a and 11b, respectively. As previously described,
the colour change of the Rz ink was monitored us-
ing the normalised blue (nBf) and red (nR?¢) com-
ponents in the RGB system (Figure 11c). A higher
absorbance/colour transformation was observed in
the sample treated at 650°C. Digital image analysis
indicated a complete transformation from blue (Rz)
to pink (Rf) and subsequent bleaching for the sam-
ple treated at 650°C. As the temperature increased,
the Rz ink reaction was noticeably reduced. The
superior photocatalytic performance of the samples
treated at 650°C is ascribed to the larger quantity
of nanoparticles on the surface of the glaze and the
minimal nanoparticle growth by coalescence; it is
well known that smaller particles have a larger sur-
face area, and the properties of nanoparticles are
better in the presence of superficial defects. When
the temperature increased, the size of the nanopar-
ticles increased, and the properties were modified.
Therefore, the photocatalytic activity was signifi-
cantly reduced at 700 and 800°C.

3.3.3 Kinetic rate analysis

The apparent rate constant (k, min™') calculated
from the variation in the red colour in the RGB sys-
tem (nRf value) versus irradiation time (t) was used
to evaluate the impact of the ZnO loading (mg/cm?)
and the fixing temperature on the photocatalytic
performance of the samples. The rate constant was

calculated for the first reduction step of the reac-
tion, from blue (Rz) to red (Rf), by considering the
ink transformation as a first-order reaction (Figure
12). Equation [3] was used to determine the tau val-
ue (1) from the exponential fit of the Rz transfor-
mation. By applying Equation [4], the kinetic rate
(k) of the reaction was obtained. The exponential
fit was performed using the first 25 min of irradi-
ation time (first reduction stage of the blue Rz to
pink Rf). The subsequent reduction stage to its co-
lourless counterpart (HRf) was excluded. Table 2
shows the calculated values of tau, the kinetic rate,
and R2. The R? values were higher than 0.9, which
indicates a good fit for the experimental data. A
correlation was established between the processing
conditions (temperature and concentration) and the
calculated reaction rate, as shown in Figure 13. The
data indicates that the negative effect of increas-
ing the temperature was severe and proportional to
the decrease in the Rz degradation rate. The ZnO
loading was also a crucial parameter. Three differ-
ent regions were identified. The first zone had high
kinetic rates (samples with concentrations of 0.50
and 1.00 mg/cm? at 650°C), meaning the materials
had high photocatalytic activity. The second zone
had intermediate kinetic rates (sample with a con-
centration of 1.00 mg/cm? at 700°C), and the third
zone had low or negligible kinetic rates (samples
with the lowest concentrations, 0.03 and 0.10 mg/
cm?, at 650°C or with the highest fixing tempera-
ture, 800°C), which indicate poor photocatalytic
activity.
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FiGure 12. Exponential fit of the photocatalytic kinetic rate of
the ceramic tile sample with a ZnO nanoparticle concentration
of 1.0 mg/cm? thermally treated at 650°C.
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TaBLE 2. Tau values and kinetic (rate) constants calculated for
different concentrations of ZnO nanoparticles and different
thermal treatment temperatures.

T (RGB) k
Sample - R?
Red Red (min)

650°C, 10 min,

0.03 mg/cm? 16.003 0.06248828  0.9067
650°C, 10 min,
0.1 mg/cm? 14.239 0.07022965  0.9908
650°C, 10 min,
0.5 m/cm? 11.97 0.08354219  0.984
650°C, 10 min,
1 mg/cm? 9.659 0.10353039  0.9486
700°C, 10 min,
1 mg/cm? 12.768 0.0783208  0.9841
800°C, 10 min,
1 mg/cm? 13.811 0.07240605 0.9678

Temperature [°C]
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FiGure 13. Effect of the fixing temperature (°C) and ZnO
nanoparticle concentration (mg/cm?2) on the first-order reaction
kinetic rate constant Rz photodegradation reaction on the dou-

ble-fired glazed materials. Black circles denote samples prepared
with a 1 mg/cm2 ZnO nanoparticle concentration at different
treatment temperatures, and red triangles denote samples pre-
pared with different ZnO nanoparticle concentrations at 650°C.

4. CONCLUSIONS

Photocatalytic glazed ceramic tiles were function-
alised with ZnO nanoparticles using two different
fast-firing routes. The single-fire process used ZnO
nanospheres (10.0 wt.%, 30-40 nm particle size) pre-
mixed with a commercial frit, and the resulting tiles
did not show any evidence of photocatalytic activity
(measured by an Rz ink test). The ZnO nanoparti-
cles melted, leaving the surface and becoming part
of the glassy network during sintering at 1210°C.

In the double-fire process, ZnO nanospheres were
suspended in ethanol and subsequently deposited
on the glazed porcelain stoneware by a spray-coat-
ing technique to obtain ceramic glazes with active
ZnO nanoparticles on the surface. The optimal lay-
ers were processed at 650°C and with 1 mg/cm? of
ZnO nanoparticles, which showed the fastest Rz ink
transformation rate and thus superior photocatalytic
performance. The enhanced activity was attributed
to the good dispersion of ZnO nanoparticles on the
layer formed on the surface of the glazed tiles. Fur-
thermore, increasing the temperature of the thermal
treatment (700 and 800°C) led to an increase in the
size of the ZnO nanoparticles due to coalescence,
which resulted in a decrease in the photocatalytic
activity. This study deepens the understanding of the
effect of the processing conditions on the photocat-
alytic activity of ZnO-coated photoactive ceramic
materials and provides a new avenue for their fab-
rication.
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