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Abstract

Abstract:

This study involved the deposition of pure cobalt and aluminum doped zinc oxide
thin films onto two types of ceramic substrates: the first one was prepared from
local kaolin DD1, while the second was prepared from the same material with 10%
added starch to form pores (the highest pore percentage achieved was 56% for
samples treated at 1150°C). The thin films were deposited using sol-gel and dip-
coating methods. The films deposited on substrates with starch were found to be
superior based on several analysis techniques (XRD, SEM, FTIR, UV-visible, and
mercury porosimeter). In the final stage, these samples were used to purify water
and evaluate their effectiveness in removing the water pollutant Orange Il dye
through heterogeneous photocatalysis for different periods of light exposure (2h,
4h, and 6h). The highest elimination percentage was achieved using the thin films
deposited on the second type of substrate, specifically on samples treated at
1150°C, at approximately 93% after 6 hours of UV radiation. This elimination
percentage was obtained after 4 hours of light exposure when the sample was
doped with 5% cobalt (Co), and after 6 hours, the elimination rate was 98.15%. On
the other hand, doping with 5% aluminum gave an estimated elimination rate of
78% after 4 hours of sunlight exposure as an economical energy source. It was
found that the purification process is dual. The aluminum-doped samples have a
double function (acting both as an adsorbent and a catalyst). It was also
demonstrated that the samples can be recycled and used several times in the
purification process with an acceptable level of efficiency, although lower than

their first use.

Keywords:

Kaolin, porosity, thin films, deposition, purification, photocatalysis, sol-gel, cobalt doping,

aluminum doping.



Résumé

Résumé:

_Au cours de ce travail, des couches minces d'oxyde de zinc pur et dopé au cobalt et a
I'aluminium ont été déposées sur deux types de substrats céramiques. Le premier type est
prépare a partir de kaolin local DD1 et le deuxiéme type de méme matiére dont en a ajoute
10% d’amidon afin de former des pores (le plus grand pourcentage de pores obtenu est de
56% pour des échantillons traités a1150°C). Les couches minces ont été déposées a l'aide
d'une de la méthode sol-gel en utilisant la technique dip-coating. L'étude des couches
minces déposées dans les deux cas a été faite avec plusieurs appareils
(DRX,MEB,FTIR,UV-visible et un porosimétre a mercure ), ou il a été constaté que les
couches déposées sur les substrats en preésence d'amidon sont les meilleures. Dans la
derniere étape, ces échantillons ont servi a purifier I'eau et a etudier son efficacité en
suivant I'élimination du colorant Orange I, polluant I'eau, par photocatalyse hétérogeéne,
pendant différentes périodes d'éclairage (2h, 4h et 6h). Les pourcentages d'élimination de
ce colorant en utilisant les couches déposéees sur le deuxiéme type de substrat étaient
meilleurs, et le meilleur pourcentage d'élimination est envisagé pour les couches minces
déposees sur le substrat traité al150°C d'environ 93 %, Pendant 6 heures de rayonnement
UV, le méme pourcentage d'¢limination obtenu pendant seulement 4 heures d’éclairage en
utilisant cet échantillon apres I'avoir dope avec 5% de cobalt (Co) et apres 6 heures, le taux
d'élimination était de 98,15%.Alors qu'apres avoir été dopé avec 5% d’aluminium a donné
un taux d'élimination estimé a 78% dans les 4 heures d'ensoleillement en tant que source
d'énergie économique. Et il s'avere que le processus de purification se fait de maniere
doble, c'est-a-dire que ces échantillons (dopés d'aluminium) sont caractérisés par une
double fonction (agissant a la fois comme adsorbant et comme catalyseur). 1l a également
été montré que les échantillons peuvent étre recyclés et utilisés plusieurs fois dans le
processus de purification avec une efficacité acceptable dans une large mesure, mais

inférieure a la premiére utilisation.

Mots clés: Kaolin, porosité, couches minces, dépét, purification, photocatalyse, sol-gel, dopage

au cobalt et dopage a I'aluminium.
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Abstract

Herein, a sol-gel dip-coating scheme has been employed to prepare the high-quality ZnO thin films with various loadings of
cobalt (Co) on porous ceramics substrates. The impact of cobalt element on the crystal phase, surface morphology, optical
and chemical properties of films were investigated using different spectroscopic techniques including PXRD, FE-SEM, FT-
IR,and UV-Vis respectively. The X-rays diffraction pattern showed the synthesis of monophasic ZnO at all Co contents
without appearance of any secondary phase; the grain size is decreased from 40 to 12 nm as Co loading scales from O to 3%.
Scanning electron microscopy study reveals that the existence of Co doping in ZnO impacts its morphology change, and its
size is reduced and presented in homogeneous distribution as well as Co content increases, in FT-IR results no secondary
phase was observed in the spectra corresponding to Co. In addition, the mean value of reflectance as deduced from UV—Vis
spectra lies 86-95% in the visible range, showing Co doping drastically reduces the band gap values from 3.14 to 2.93 eV.
The practical applicability was investigated in the removal of Orange II (OIl) dye on exposure to ultra violet radiations. In
comparison to other samples, the thin films with 5 wt% Co show the highest rate of decomposition in the order of 92% for
4 h irradiation time.
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Graphical Abstract

The right side of TOC represents the absorbance spectra of pure ZnO and different cobalt doped ZnO thin films and the left
side represents the pure orange II dye and change in the pure orange II dye solutions after 6 h using pure ZnO and different

cobalt doped ZnO films catalysts.

1.6

«=8==pure ZnO
=t==1Co
wdeee 3C 0
e 5C0

I
5

Absorption (a.u)
=3
[

[
'S

0.0

Wavelength (nm)

200

Keywords

Highlights

(‘~_) L £3 Se” (¥
OrangeIl Pure ZnO: ZnO: ZnO:
(OI)dye ZnO 1%Co 3%Co 5%Co

Thin films ZnO - Co doping - Sol-gel - Photocatalysis

e This paper makes an elaborate study on Co-doped ZnO thin films synthesized by sol-gel (dip-coating) method on small
porous ceramic support. The different physio-chemical features of the prepared materials are reported here in this issue.

e The bandgap was calculated by knowing the maximum wavelength from the absorption derivative and applying the
following relationship [16], the results show that with the doping concentration, the optical bandgap of the film gradually
decreases as indicated in Table 2, this may be due to the Co?" introduced in the lattice of ZnO.

e When the dopant concentration (Co) is increased, it is observed that there is an enhancement in the density while the
grains size reduces compared to pure ZnO. It is found that when the doping concentration is 5%, the grain size is the most
uniform and the film density is best, the grain size is around 20 nm.

1 Introduction

Advanced oxidative processes, especially heterogeneous
photocatalysis, has been the most worked research theme,
because of its wide applicability in the field of air pur-
ification as well as water from organic pollutants, especially
contaminated with azo dyes. They are known for their
chemical stability, and high solubility in water, in addition,
they contain the azo group, which makes it difficult to
degrade because of their resistance to light, heat, chemicals
and microbial action.Thus, the conventional process of
removing this type of pigment is still expensive and requires
a lot of time [1, 2]. Due to their noxious effects on the
ecosystem [3], the researchers worked in their studies to
remove them with the photocatalytic process [4], using
various photocatalysts including zinc oxide [5], and tita-
nium oxide [6]. Despite the high catalytic properties of
TiO,, zinc oxide (ZnO) is now widely used in the process of
removing pigments through heterogeneous photocatalysis
in various nanostructures including nanoplates [7], nano-
wires [8], nanotubes [9], and thin films [10]. Thin catalysts
have been of great importance because oftheir easy
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preparation, low cost, and recovery. Therefore, optimization
of photocatalysis using thin layers has become one of the
main domains of research recently.

Numerous studies were made to enhance the photocatalysis
of the thin layers of zinc oxide, by adopting various strategies
such as changing the number of deposited layers, changing the
catalyst surface [11], reducing the recombination rate by
coupling with other materials [12], preparing porous thin
layers, increasing the surface area of the catalyst by using
porous substrates, use of certain elements as dopants such as
Al [13], Mg [14] Cu [15], and Co [16]. Different methods
have been employed to deposit the thin layers; however, the
use of the sol-gel method (dipping-pull technology) is more
effective for preparing thin films, because of its special fea-
tures. Many researchers have reported the photocatalytic effi-
ciency of Co:ZnO nanoparticles [17-19]. Due to the difficulty
of removing Orange II dye as a chemically stable dye, few
studies have dealt with the issue of removing this type of dye
using the photocatalytic activity of thin layers of ZnO pro-
duced by the sol-gel mode. A comprehensive study of the
literature findings reveals that minimum attention was given
toward the ZnO thin films deposited on ceramics substrates.
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This paper makes an elaborate study on Co-doped ZnO
thin films synthesized by sol-gel (dip-coating) method on
small porous ceramic support. The different physio-
chemical features of the prepared materials are reported
here in this issue.

2 Experimental section
2.1 Preparation of ZnO and Co:ZnO thin layers

The thin layers were prepared on ceramics substrates using
the sol-gel process. For the synthesis of ZnO nanoparticles,
the zinc precursor, Zn(CH3COO),.2H,0 was dissolved in
absolute ethanol as solvent and stirred for (30 min), fol-
lowed by the addition of monoethanolamine (MEA) as a
stabilizer, then the combination was stirred at 60 °C for 2 h
till yielding a homogeneous solution. In order to dope
cobalt to ZnO nanoparticles, Cobalt (I) acetate tetrahydrate
(Co(CH3CO,),-4H,0) was taken as the precursor with three
different atomic percentages. The pure and Co-doped ZnO
(1 wt%, 3wt, and 5 wt%) solutions were dropcasted on
ceramics top by a dip-coating mode with a systematized
extraction speed of (0.4cm/s) and the deposition time
(1 min) under normal conditions. The samples were dried at
180 °C for 5min for the removal of unreacted mixtures.
Finally the films were thermally treated in an oven at 500 °C
for 2h to get the desired crystal phase ZnO and Co:ZnO.

2.2 Characterization

The phase structure of Co-doped ZnO thin films were stu-
died by XRD (ARL. EQUINOX100X-RAY) with Cu Ka
emitting source (A = 1.5406A), 30k Voperation voltage, and
20 range of 10-70°. The grain size was calculated on the
basis of Debye-Scherer principle. The FT-IR spectral stu-
dies were confirmed bya Perkin Elmer IR spectro-
photometer over the range of 400-4000 cm ™' to get details
on bonding and the functional moieties. The UV-Vis spectra
of Co-doped ZnO thin films for optical properties were
studied in 190-900 nm wave length range using a JASCO
V-630 spectrophotometer. The surface morphology and the
elemental distribution of the samples was performed by FE-
SEM (JEOL JSM- 6510LV) and EDX equipped with SEM,
respectively.

2.3 Photocatalytic activity measurement

The photocatalytic reaction was effectuated using a
UVlamp (1 =254 nm) beneath room temperature of 303 K.
A 30 ml of Orange II dye solution (OII) dye (2.5 x IO’SM)
along with the samples prepared as photocatalysts were
loaded in glass beakers. The deterioration OII dye for each

sample at alternate time intermissions was obtained by a
UV-vis spectrophotometer (JASCO V-630).The photo-
catalysis of OIl dye was evaluated by decrease in the
intensity of absorption peaks of OII at aA,, =485 nm.The
degradation percentage of OIl was deduced from the for-
mula as below [20, 21]

D(%) = [(AOA_ A‘)] x 100 (1)

0

where:A, and A, is the initial and at any interval time the
absorbance of dye.

2.4 Kinetic study

Depending on the change in the concentration of organic
compound under consideration with respect to time, the
various reaction kinetics parameters were calculated. When
the primary concentration (Cy) of the OII is low, the kinetics
of photocatalytic degradation of the dyes is estimated based
on the pseudo-first-order reaction with a Langmuir-
Hinshelwood model [22]. In this study the initial con-
centration of Orangell is small (2.5 x 107°M) thus, this
model was applied to estimate the first-order reaction rate
constant, determined by the Langmuir-Hinshelwood equa-
tion, where it is calculated from the slope of the linear curve
[22]:
C

—LnF0 =kt (2)

By calculating the value of the rate constant, we can
easily determine the value of the half-life time of the
degradation reaction of the organic pollutant (Orangell):

Ln2
11/2 = 7 (3)

3 Results and discussion
3.1 Characterization studies

The P-XRD patterns for the catalysts synthesized are
shown in Fig. 1.The patterns exhibit a polycrystallinity
structure of the synthesized samples with hexagonal
wurtzite phase, the XRD arrays of these materials
resembles to JCPDS No. 36-1451, defining the crystal
phase purity of ZnO and ZnO:Co thin films. Those
deflection in the PXRD are similar to the reported results
[23]. The diffraction patterns doesn’t get affected by the
addition process, however, the XRD patterns showed a
shift and a change in the intensity of the peaks [24, 25].
The effect of Co concentrations on the XRD peak posi-
tions is listed in Table 1.We noted a shift of the (101)
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Fig. 1 XRD patterns of: (a) pure
Zn0, (b) (1% Co), (¢) (3% Co),

and (d) (5.% Co) thin films 30004
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Table 1 (101) peak position values for pure ZnO and Co: ZnO thin
films in various Co contents

Samples Pure ZnO 1Co 3Co 5Co

20 36.42 37.11 37.11 36.88

354
304
25+

204

grain size (nm)
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Fig. 2 Values of the grain size of pure ZnO and ZnO: Co (1, 3, and
5%) thin films

peak with the increase of Co doping, implying the sub-
stitution of Zn*" jons. Lima et al. observed that the
change in the intensity can also be contributed by the
changes in (i) grain size and (ii) oxygen deficiencies.

The crystalline size was calculated on the basis of
Scherrerformula [26]:

0,9.4

~ B.COSo “)
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Fig. 3 Reflectance spectra of undoped ZnO and ZnO: Co (1, 3, and
5%) thin films

Here A represents wavelength of X-ray radiation, f is the
full width at half maximum (FWHM) for the highest peak
(101) in rad. The crystallite size of ZnO thin films with
various contents of Cois given in Fig. 2. The results clearly
indicate that by enhancing the doping content from (0-3%),
the particle size shows a continuous reduction under similar
environment. We can explain this by the ionic radius
(Co*" =0.58A" and Zn*" =0.60 A"), which arouses a dis-
order in the crystal structure. This may also result a slight
variation in the lattice parameter [27]. There is no second
phase that appeared in the XRD pattern, confirming the
successful integration of Co atoms into the ZnO crystal
structure. Among the different weight percentages, for 5%
co content, Co: ZnO films grain size value increases again.

The Cobalt-doped ZnO thin films were analyzed by
using Brunauer—-Emmett-Teller (BET) analysis. The results
of this additional measurement showed that the surface area
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of the prepared films was greatly effected by the inclusion
of Co doping. The surface area was found to be 11.6 m 2/g
for undoped ZnO thin film. This value was increased to
13.9m 2/g through the incorporation of 5% Co within the
ZnO film. The increasing tendency of the surface area of the
prepared ZnO thin films through Co doping approach was
attributed to the decrease of the grain size as confirmed by
the X-rays diffraction measurements.

3.2 Optical study

The reflectance spectra of synthesized materials annealed at
500 °C within the range of 190-900 nm wavelengthare
shown in Fig. 3. The materials display high average
reflectance, nearly 80% for all thin films, while 3% of Co-
doped ZnO film has the lowest reflectance (<84%) within

1.6+

w— pure ZnO
— 1C0

3Co
w— 5C0

1.24

0.8+

0.44

Absorption (u-a)

0.0
200 300 400 500 600 700 800 900
‘Wavelength (nm)

Fig. 4 UV-visible absorption spectra of undopedZnO and ZnO: Co (1,
3, and 5%) thin films

420-900 nm region and the central absorption region after
380 nm. As the concentration of Co increases, the reflec-
tance decreases for Co-ZnO samples. This phenomenon is
highly possible due to the decrease in grain size [28]. The
results therefore derived from UV-Vis spectroscopy are
consistent with the SEM and XRD results. From all the
above characterization technique, it is observed that the
optical properties of ZnO thin films is governed by its
homogeneous nature, crystalinity, and morphological
behavior.

UV-vis absorption spectra of pureZnO and Co: ZnO
films deposited on ceramics substrates is depicted in Fig. 4.
The absorption maxima specifies that pure ZnO is white
color because it does not absorb visible light, the UV-Vis
spectrum of pure ZnO gives impression at 378 nm which
belongs to the ZnO having wurtzite crystal phase [28]. The
band edge for the Co:ZnO materials appear at 382, 374, and
413 nm for the 1-5% Co additions, respectively. This shift
is caused by the alteration in the electronic band structure of
the ZnO that resulted from the Cosubstitution incorporation
on the ZnO lattice [29]. The increment of Co concentrations
(for 1% and 5%) leads to a decrease in absorption and this
may be attributed to the created charge carriers by Co
introduced into the ZnO lattice. The bandgap was calculated
by knowing the maximum wavelength from the absorption
derivative and applying the following relationship [16], the
results show that with the doping concentration, the optical
bandgap of the film gradually decreases as indicated in
Table 2, this may be due to the Co*" introduced in the
lattice of ZnO.

: ) . . 1240
Table 2 Optical parameters of pure ZnO and ZnO:Co films Eg(eV) = , Amax(nm) (5)
Catalyst Reflectance (%)Maximum Apax(nm) Eg(eV) max
(400-800 nm)
Pure ZnO 95.39 394 3.14 di
Zn0: 1Co 9277 387 3.20 3.3 FTIR studies
ZnO: 3Co 83.83 411 3.01 The FTIR studics (Fie. 5 of 4 cobalt doved Zn0
Zn0: 5Co 86.43 4 203 .e studies ( 1g: ) o. pure and cobalt .ope n
thin films were used to investigate the structural information
Fig. 5 FT-IR spectra of
undopedZnO and ZnO: Co (1, 3, 1.04 1.04
and 5%)thin films —_ 4
X bl —1Co
g 084 g 091 —3Co
c 5 - 5C0
£ £
‘E 0.6 E 08
2]
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Fig. 6 SEM images of undoped ZnO and ZnO: Co (1, 3, and 5%) thin films

of thematerial. The figure shows the Zn-O bond appears at
around 400.17 cm™! for pure ZnO and around 410.19,
419.90, and 418.69 cm™" for ZnO:Co (1%, 3%, and 5%,
respectively). The band at 490 cm ™! may be because of the
insufficient amount of oxygen in theZnO. The peaks at
1075.2 cm™" correlates to the C-O absorption of the ZnO
surface. The lesser intense band at 2367.2 cm ™! fingers the
carbonate group that arises from the CO, absorbed during
the synthesis process. The absence of peaks at around
3429 em™! are allotted to the O—H stretching mode of the
OH group. When cobalt is doped in the ZnO, the whole
peak transmittance (%) gets increased. Further, in FT-IR
results not a single peak is found resembling to Co, which
indicates that Co preoccupies the space of Zn in the ZnO
lattice, hence the observations from FTIR resembles to
XRD outcomes.

3.4 Morphological study
The morphological analysis as determined by the FESEM of
the above synthesized materials are shown in Fig. 6. The SEM

images of pure ZnO demonstrates that a continuous layer
which is highly homogeneous is deposited on the whole
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surface of ceramic substrate. As observed from the images that
cobalt doping on ZnO makes the microstructure denser with
the constituent grains having quasi-spherical morphology.
When the dopant concentration (Co) is increased, it is
observed that there is an enhancement in the density while the
grains size reduces compared to pure ZnO. It is found that
when the doping concentration is 5%, the grain size is the
most uniform and the film density is best, the grain size is
around 20 nm.

Measuring the thickness of our Co doped ZnO samples
was extremely difficult because of the use of ceramic sup-
ports and the surface in homogeneity and roughness of the
prepared films. The surface roughness properties of our
samples have been examined, by using an atomic force
microscope (AFM) as illustrated in the Fig. 7 below. The
results of this additional analysis indicated the in homo-
geneity and surface roughness of the films. The RMS values
were decreased from 92.15nm to 73.73nm with the
increase of the Co incorporated amounts into the ZnO thin
films from 1 to 5%. The results suggests that the con-
tribution of cobalt doping induces a significant variation in
the homogeneity and the porous texture of the surface films
which makes the thickness so tough to measure.
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Fig. 7 Three dimensional AFM pure ZnO
surface images of Co doped

7ZnO thin films
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3.5 Photocatalysis

The photochemical ability of pure and Co-doped ZnO thin
films is tested in the degradation of OII on exposure to UV
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radiation. A noticeable decrease in the bandgap of the Co-
doped ZnO thin films is observed with increasing Co con-
centration which motivated us to study the degradation of
the common textile dye OII under UV radiation. The UV-
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Table 3 Degradation rate values of the prepared samples

Table 4 Apparent rate constants calculated from linear fit data (K),
half-life time (1) and degradation rate(D %) values

Samples 2h 4h 5h 6h
Samples & R>  n(h) OII Degradation Efficiency (%)
Pure ZnO 60.0 82.85 88.45 92.3 -
7Zn0: 1Co 15.78 31.51 39.73 44.73 Pure ZnO 049 099 14 92% (After 6 h)
ZnO: 3Co 42.10 73.68 86.84 92.10 1Co 0.09 099 7.66 44% (After 6h)
Zn0: 5Co 65.78 92.10 97.36 0815  3Co 042 098 1.64 92% (After 6h)
5Co 0.66 0.99 1.04 92% (After 4 h) and 97% (After Sh)

Fig. 9 a Degradation of the OIL
dye with time employing ZnO
and ZnO: Co films having
different Co loadings, (b)
chemical kinetics of the
photocatalytic degradation of 8
OII over prepared samples S

)

S

E

0.0 v v v v = L) v
0 2 4 6 0 2 4 6
Exposure time (h) BExposure time (h)

Vis absorption spectra of OII with the irradiation time of the
ZnO and ZnO: Co thin films is shown in Fig. 8. The
degradation rate calculation results are given in Table 3.
After 4h of irradiation, 92.1% of OII has degraded with
Zn0:Co (5 at%) thin film and after 6hwith undoped ZnO.
The outstanding photocatalytic ability is because of Co
doping which enhanced the proficiency of the generation of
‘O, and ‘OH radicals, improved separation efficiency of
photogenerated charge carriers at optimal Co doping,and
massive surface area due to the decrease in grain size. The
above consequences established that the Co-doped ZnO thin
films are estimated to have an improved photochemical
accomplishment than that of pure ZnO.

3.6 Kinetic study

The kinetic performances of the photodegradation of
Orangell in the presence of UV light using the above syn-
thesized materials are shown in Fig. 9, where the Fig. 9b
represents the plot between In(Cy/C,) with time. The plots
clearly depict that the rate of degradation follows the first
order reaction kinetic model. The values of different reac-
tion parameters including first order reaction constant (k),
half-life value, and linear coefficient deliberated from the
kinetic plotsare given in Table 4. The highest value of the
k(0.66 h™Hand the lowest decomposition half-life (1.04 h)
are found for the Co: ZnO films (5% Co content).The
shortest value of k (0.09h™ ') and the longest half-life
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(7.66 h) was recorded for 1% Co content. Analysis of the
kinetic results for the disintegration of the designated
organic pollutant confirmed that the best degradation rate
was recorded in the presence of material Co: ZnO films (5%
Co content).

4 Conclusion

Pure and Co-doped ZnO thin films were successfully
synthesized by employing sol-gel process up to 5% Co
doping. The influence of Co integration on crystallinity,
morphology, optical and photochemical properties were
explored. The X-ray diffraction confirms a polycrystal-
line hexagonal wurtzite structure of the synthesized
materials, with some intense peaks at (100), (002), and
(101) planes showing no impurity peaks. The most
intense plane for all films is along the (101) plane, with a
decrease in crystallite size on increasing Co loadings. A
smooth surface of Co-doped ZnO films has been verified
by using atomic force microscopy images with a even
dissemination of spherical grains. Optical absorption
measurements indicated a redshift in the absorption band
edge by Cobalt doping which reduced the energy band-
gap. The photocatalytic activity of the ZnO thin films was
enhanced by Co doping, it was found that the decolor-
ization efficiency of orange II (OII) depended on the
amount of cobalt, and the best degradation was up to
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92.10 in 4h and 98.15% in 6h for 5% Co-doped
ZnO films.

Data availability
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current study are available from the corresponding author
on reasonable request.
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Abstract

Al doped ZnO multifunctional thin films (AZO) were successfully prepared by sol-gel method on small porous ceramic
substrates. The effects of Al doping on the microstructural, morphological, optical and photocatalytic properties of the films
were investigated. The XRD analysis detected the polycrystalline structure with wurtzite-type for all synthesized samples. The
grain size was found to vary between 20 nm and 30.8 nm. UV-Visible absorbance data indicated that all AZO films absorb
visible light at around 485 nm. In addition, a blue shift toward shorter wavelengths side was noted with increasing Al content
up to 5%, while the band gap showed an increasing trend achieving 3.28 eV. SEM analysis showed that Al dopants greatly
affected the morphology of ZnO samples. Moreover, Al doping was found to enhance the adsorption capacity of ZnO for
OII dye up to 37%, which accelerated the photodegradation process of the samples. The highest value of the color removal
efficiency of residual dye molecules, 78.5%, was observed for AZO (5% Al). The highlighted results indicated that the sol-gel
dip coated AZO films are attractive and suitable for water treatment through both photocatalytic and adsorption activities.

Keywords Sol-gel - ZnO thin films - Photocatalysis - Al doping - Adsorption - Orange II - Multifunctional properties

Introduction

Water pollution has become one of the major global envi-
ronmental problems. Different types of contaminants mainly
discharged from applications in agricultural and industrial
activities, significantly contribute to water contamination
[1-3]. Dyes are one of the main contributors to the water
pollution and contamination [4]. These dyes not only affect
the aquatic and plants lives but also pose a serious danger
to human beings [5]. Many chemical and physical processes
were employed for dyes removal by using different treatment
technologies including precipitation [6], coagulation/floc-
culation [7], adsorption [8], photolysis [9], photocatalysis
[10], ozonation [11], extraction and membrane technology
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Laboratory of Active Components and Materials,
Department of Materials Science, Larbi Ben M hidi
University, Oum EI Bouaghi, Algeria

Faculty of Sciences and Technology, Abbes Laghrour
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[12]. Out of these technologies, adsorption is one of the effi-
cient and commonly used processes for the removal of dyes
from wastewater as compared to other available technolo-
gies due to their low cost, affordability, design simplicity,
high capacity and suitability to most of the toxic substances
[13-16]. However, adsorption is a non-destructive technol-
ogy and the dyes are still present in the eluent after des-
orption process. The secondary treatment of the eluent is
therefore inevitable, and an extra decomposition step of dyes
substances is necessary for the process [17-20]. Photocataly-
sis is an attractive process for the decomposition task as a
clean and green technology that could be used for the pho-
todegradation and elimination of contaminants from water
[21]. Therefore, combining the adsorption and photocataly-
sis processes is reasonably promising for dye wastewater
treatment. Adsorbed dyes can be photodegraded during the
subsequent photocatalytic process by using substances that
can simultaneously play the roles of adsorbent and photo-
catalyst [22, 23]. This would eliminate the desorption and
the secondary treatment of dyes, and would consequently
lower the process costs. During the last few decades, many
groups have investigated and used a variety of semiconduc-
tors as adsorbents and photocatalysts for dye wastewater
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treatment such as ZnO [24], NiO [25], TiO, [26], CuO [27],
and CdS [28]. Among various semiconductors, zinc oxide
(ZnO) has attracted much attention as a photocatalyst and
adsorbents owing to its low cost, non-environmental toxic-
ity, high adsorption rate, high quantum efficiency, strong
photodegradation ability under visible light illumination,
and excellent photocatalytic activity for treating wastewater
dyes [29-32].

It is well known that doping is a very important approach
to improve the performance of both of adsorbent/photocata-
lyst based semiconductors [33]. Nan et al. [34] synthesized
cerium doped Zn ferrites by using a solvothermal synthetic
approach and presented the adsorption capability of Zn fer-
rites for Cr(VI) increase by incorporating a small quantity
of cerium ions into it. Jimmy C. Yu et al. [35] reported fluo-
rine doped TiO, photocatalysts which showing a high opti-
cal absorption in the Ultraviolet-Visible (UV-Vis) spectral
region with a red shift in the band gap energies. The photo-
catalytic activity of fluorine doped TiO, powders exceeded
that of Degussa P25 titania. M. Zhao et al. [36] reported
gadolinium doped cobalt CoFe,O, nanoparticles and dem-
onstrated high adsorption activity for Congo Red (CR) dye.
Sathish et al. [37] prepared nitrogen doped TiO, nanocata-
lysts which exhibited stronger photocatalytic performance
than that of the P25 TiO, photocatalyst in the visible spectral
range. However, the reports about the doping simultaneously
to improve the adsorption and photocatalytic properties of
semiconductors are scarce.

In this work, the adsorption activity and photocatalytic
performance of ZnO thin films for the removal of Orange
IT (OII), a typical complex dye, from wastewater by using
sol-gel (dip-coating) method was studied for the first time
to establish a photocatalysis-assisted adsorption process for
the treatment of wastewater dye. The effect of the inclusion
of aluminum (Al) doping on the performance of the sol-gel
dip-coated ZnO films was also analyzed. The corresponding
obtained results are discussed in detail in this work.

Experimental details
Samples preparation

The fabrication of ZnO thin films was carried out by dissolv-
ing 1.75 g of zinc acetate di-hydrate (Zn (CH;COO),-2H,0)
(VWR CHEMICALYS) as Zn precursor in 20 ml of ethanol
absolute (C,H4O) (Sigma Aldrich). 1 ml monoethanolamine
(MEA) (Sigma Aldrich) was added dropwise to the prepared
solutions as stabilizer. For the fabrication of Al doped ZnO
thin films, aluminum chloride (AICl;) (Merck 101063) was
used as Al source. The resultant solutions were kept stir-
ring at 60 °C for 2 h, resulting in the ZnO sol. After aging
for 24 h at room temperature, the prepared solutions were
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ready to coat on porous ceramic substrates (20 mm in diam-
eter and 2 mm thick). These substrates were dipped into the
prepared solutions and withdrawn by a rate of 1 cm.min™".
The drying process was carried out into an oven at 200 °C
for 5 min. The dipping process for all samples was repeated
15 times. Finally, the obtained films were heat-treated at

500 °C for 2 h.

Samples characterization

The microstructural properties of the sol-gel dip coated ZnO
films were evaluated by using X-ray diffraction (XRD) on
a Philips Xpert-MPD diffractometer with Ko Cu radiation
(A=1.5406 A) operated at a voltage of 30 kV and a cur-
rent of 15 mA in 2 range from 20° to 80°. UV-Vis optical
absorption spectra of ZnO thin films were recorded within
200-900 nm range by using PerkinElmer spectrophotometer.
The surface morphology of the sol-gel dip coated ZnO films
was characterized by using JEOL JSM- 6510LV scanning
electron microscope (SEM).

Photodegradation measurements and adsorption
experiments

The photocatalytic activity of the prepared ZnO films was
evaluated out by monitoring the discoloration of Orange Il
(OII) under visible irradiation. The samples were dipped in
the 30 ml of OII solution (2.5 x 10~ mol/l). Under sun light
irradiation, 3 ml solution was withdrawn from the tested
solution every 1 h. The content of OII solution was meas-
ured by a UV-Vis PerkinElmer spectrophotometer at the
maximum wavelength (4 max =486 nm). The adsorption
experiments of Orange II (OII) in aqueous solutions on the
prepared samples were performed at room temperature under
dark conditions. Adsorption or photocatalytic decolorization
efficiency rate was calculated as follows [38]:

0= ——

A, ey
where D is the amount of dye adsorption or photocatalytic,
A, and A, are the initial and residual absorption of the dye
at time ¢, respectively.

Results and discussion
XRD analysis

X-ray diffraction (XRD) measurements were performed
to investigate the effect of Al doping on the phase changes
and the microstructural properties of the ZnO samples.
Figure 1 shows the diffractograms of the undoped and Al
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Fig. 1 XRD pattern of A pure, B 3%, C 5% and D 7%Al doped ZnO thin films

doped ZnO films deposited on porous ceramic substrates for
various doping concentrations. The inset displayed the dif-
fractograms of ZnO thin films. From Fig. 1, the ZnO phases
exhibited polycrystalline nature and all the observed diffrac-
tion peaks were well matching the standard data for hex-
agonal wurtzite structure of ZnO (JCPDS card n° 00-036-
1451). The XRD peaks of ZnO wurtzite phases can also be
indexed to 20=31.9° (100), 34.5° (002), 36.2° (101), 47.6°
(102), 56.8° (110), 62.9° (103) and 68.1° (112) according
to JCPDS card n° 00-036-1451. The absence of other addi-
tional peaks related to other phases or detectable impurities
confirmed the purity of the prepared samples and indicated
the successful substitution of aluminum (Al) at the Zn sites
in ZnO lattice. The predominant peak of (101) crystalline
planes indicated the preferential growth of the fabricated
ZnO films along (101) directions. The XRD data indicated
also that the (101) peaks of the undoped and Al doped ZnO
thin films was shifted toward lower 26 angles with the Al
doping concentration increased as can be seen in Table 1.
This was attributed to the decrease of stress formed by the
difference in ionic radii between AI** ions (0.053 nm) and
Zn** ions (0.074 nm) and the segregation of dopants in grain
boundaries at high doping level into the ZnO structures [39].

Table 1 The information on crystallite sizes and dislocation density
of ZnO and AZO films

Samples 20 (°) FWHM D (nm) o (line per nm?)
ZnO 3632 043 20.32 2.42%1073
AZO (3%Al) 36.10 0.32 27.22 1.34x1073
AZO (5%A1) 35.88 035 24.93 1.60x 1073
AZO (T%Al) 35.80 0.29 30.8 1.05%x1073

In order to study the effect of aluminum doping on micro-
structure parameters of ZnO films, the average crystallite
size and dislocation density of the crystals were estimated
from the resultant spectra using the following equations [40,
41]:

kA
b= pcosé )
1
6= D2 (3)
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where D is the average size of the crystals (nm), f is the full
width at half maximum [FWHM] (rad), and 6 is the Bragg
angle (rad), 1=1.54056 A is the wavelength of the incident
X-ray radiation, K is a shape factor (usually takes a value of
0.94), and o is the dislocation density.

The calculation of the average size and dislocation den-
sity of the crystallites of the as-grown undoped and doped
ZnO samples deposited at different concentrations of Al esti-
mated from (101) diffraction peak are listed in Table 1. The
obtained results indicated that the values of average crystal-
lites size decreases from 15 nm in ZnO pure film to 10 nm in
5 at% AZO film, by more loading Al to 7 at% AZO, the aver-
age crystallite size increases which confirmed that solution
of aluminum to form of the solid solution has been limited
by increasing doping level up to 7%. The crystallites size can
be controlled simply by varying the concentration dopant.
Effectively, a higher dopant level generates a greater amount
of nucleation centers along with lattice defects, and induces,
therefore, a reduction of the crystallite size of the prepared
thin films. The decrease of the crystallites size values was
believed to be attributed to the increase in deposition rate
with the increase of the aluminum doping. Furthermore,
XRD results indicated also the increase of the dislocation
density with the increase of Al doping, which reveals the
increase of lattice defects along the grain boundaries in Al
doped ZnO thin films.

UV-Vis analysis

Figure 2 shows the UV-vis absorbance spectra of undoped
and Al doped ZnO dip-coated films in the wavelength range
of 200-900 nm. According to the spectra, all the samples
exhibited a strong absorbance across the UV range. The
effect of Al doping on the absorption band edges of the
spectra of ZnO thin films resulted in a gradual shift toward
shorter wavelengths side (blue shift) with increasing Al con-
tent up to 5%. However, for the ZnO film doped with 7% Al
the blue shift is less than the one doped with 5% Al. This
observation in the absorption edges shift behavior could be
attributed to the decrease in the crystallite size and band
gap defects [42]. The blue shift of the absorption band edge
from undoped ZnO to AZO indicated that the optical band
gap increased with doping aluminum.

The first derivation of the optical absorption with pho-
ton energy indicated that the band gap energy of ZnO films
increased from 3.11 to 3.28 eV with the increase of the
Al doping level up to 5%, and then dropped drastically to
3.24 eV after further doping was increased to 7%, as shown
in the inset of Fig. 2. Similar behavior was reported by
Musavi et al. [42] for dip-coated AZO films. The blue shift
in the optical band gap toward higher energies can be attrib-
uted to the decrease in the crystallite size of ZnO films as
showed the results evaluated from XRD measurements [43].
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Fig.2 Absorbance spectra of ZnO and Al doped ZnO thin films

SEM analysis

The influence of the Al doping on the surface morphological
of the sol-gel dip coated ZnO thin films was further inves-
tigated by using scanning electron microscopy (SEM). Fig-
ure 3 shows typical plane-view SEM micrographs of ZnO
films coated with Al at different percentages. From the fig-
ure, it can be clearly seen that all the coatings exhibited well
distributed grains covering the whole surface of the ceramic
substrates with porous surface morphology. Notably, with
the inclusion of the aluminum doping the morphological
features of the ZnO samples was significantly influenced
and more compact, flat and smoother films were obtained.

Photocatalytic activity

Photocatalytic activity of the undoped ZnO and Al doped
ZnO layers with different concentrations of aluminum (3,
5, and 7%) was investigated under visible light irradiation.
The change in the absorption spectra of Orange II solutions
at different times of irradiation is illustrated in Fig. 4. As
can be seen, the intensity of the absorption peak of Orange
II solutions at the wavelength 1 =486 nm showed a signifi-
cant decreasing tendency with the increase of the irradia-
tion time for all samples. The obtained results revealed the
discoloration of Orange II solutions, which indicated the
disappearance of the characteristic group responsible for the
initial orange color. From the figures, the intensity of absorp-
tion peaks under visible light was found to strongly decrease
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after long irradiation time for highly doped ZnO layers as In order to compare the efficacy of the sol-gel dip-coated

compared to the undoped layer. These results indicated the ~ samples, the ZnO and AZO films were used as adsorbents
rapid degradation of AZO dyes and the improvement of their ~ in darkness and catalysts under visible light. The adsorption

photocatalytic performance. and photocatalytic degradation rate (D%) was calculated at
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A=486 nm according to Eq. (1). Figure 5a illustrates the
plot of relative concentration (C/C,) of OII dyes versus the
reaction time of ZnO and Al doped ZnO samples under vis-
ible light irradiation. From the figure, it can be clearly seen
that the ZnO (5% Al) thin film exhibited a better photo-
catalytic activity than the pure ZnO films. Figure 5b shows
the variations in the rate of adsorption and photocatalytic
degradation of OII dyes after 4 h under sunlight irradia-
tion by using AZO (5% Al) thin film as catalysts. The vari-
ation of the adsorption rate values demonstrated that the
Orange II dye was well adsorbed on the surface of all AZO
films. The obtained results showed more than 36% adsorp-
tion efficiency for AZO (5% Al), whereas only 20% of OII
adsorbed on the surface of the pure ZnO layer. On the other
hand, for the photocatalytic activities of the catalysts, it is
clear that OII degradation rate does not exceed 2% during
4 h of sunlight irradiation in the absence of photocatalysts.
This indicated that the OII mechanism or photolysis of OII
is negligible. The proportions of degradation of Orange II
removal were 24%, 44.7%, 78.5%, 76.56% for ZnO, AZO
(3% Al), AZO (5% Al) and AZO (7% Al) films, respectively.
Moreover, orange dye showed high adsorption (37.5%) and
strong degradation efficiency (78.5%) for AZO (5% Al) film.
This demonstrated that Al doping aluminum plays a key role
in enhancing the adsorption capacity and photocatalytic per-
formance for OII dyes.

Figure 5c shows the digital photographs of OII solu-
tions before and after adsorption and photocatalysis by
AZO (5% Al) film and provided more visual evidence

for the photodegradation and adsorption processes of the
prepared sample. From the figure, the AZO (5% Al) film
was white and the OII solution was orange. In dark, the
AZO (5% Al) film adsorbed OII and the initially white
color became orange, while the color of the dye solution
became relatively lighter. Under sunlight irradiation and
after 4 h, the dye solution color turned to nearly colorless,
and the orange color of the AZO (5% Al) film became pale
orange, which indicated that the chromophore of OII dye
had been destroyed during the photodegradation process.
This suggested that the prepared AZO (5% Al) film exhib-
ited dual-effects removal performance of photodegradation
and adsorption for OII dyes.

Possible photocatalytic degradation mechanism

The responsible radical for OII dye degradation was further
investigated by using radical trapping experiments. In this
work, different scavengers were used; Ethylene diamine tetra
acetic acid (EDTA) for h*, tertio-butanol (TB) for OH*, and
p-benzoquinone (BQ) for OF~. From Fig. 6, all scavengers
significantly reduced the degradation of OII dyes. The deg-
radation of OII showed a decreasing tendency from 78.5%
to 47.5%, 47.6%, and 51.2%, in the presence of EDTA, BQ
and TB, respectively. The experiments suggested that h* and
O3~ were the key radicals for OII dye degradation. However,
h* radical was also able to degrade the dye to some extent as
can be clearly seen in Fig. 6.

Fig.5 A Sketch of OII degrada-
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Kinetics study

It is well known that the organic compounds degradation
kinetics on the catalyst surface can be fully described by the
global Langmuir-Hinshelwood kinetics model [44]. Figure 7
illustrates time dependent —an% plots for OII dyes photo-
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Fig. 7 Kinetics of the photocatalytic degradation of Orange II

degradation behavior according to the pseudo-first-order
kinetics relationship [45]:
C

—Ln— = k.t
e €

The half-life time (¢,/,) can be calculated following the
next expression (15) [46].

Ln2
yp=—F (5)

K

where C,, is the dye initial concentration, C is the OII dye
concentration at time ¢, ¢ is the reaction time, and K is rate
constant (h™!). The linear fit demonstrated that the pho-
tocatalytic reaction for all sol-gel dip coated films can be
approximated to the first-order kinetic reaction. The reac-
tion rate constant (k) values obtained from the slope of the
curve and the obtained half-reaction time (t;,,) values of OII
dye solutions, under the presence of ZnO and AZO sam-
ples, are given in Table 2. The highest degradation rate of
7.9% 1072 h™! corresponds to the lowest value for the half-
reaction time and better photocatalytic degradation rate [47,
48], was achieved for the sample with 5 at.% Al doping.

Conclusion

Al doped ZnO multifunctional thin films (AZO) have been
successfully prepared by employing a sol-gel dip coated
approach on small porous ceramic substrates. The influ-
ence of Al doping on the ZnO samples was investigated by
using many methods. XRD data indicated the polycrystalline
structure with wurtzite-type for all prepared samples. The
crystallites size was found to vary in the range of 20 nm and
30.8 nm. The UV-Visible data exhibited a strong absorption
in the visible region for Al doped ZnO films as compared to
the undoped ZnO based one. SEM measurements revealed
that the surface smoothness was improved by adjusting
the Al content in ZnO films. High adsorption capacity and
strong photocatalytic activity for Orange II (OII) dye were
achieved for AZO films under sunlight irradiation. The
AZO (5% Al) sample showed a photocatalytic efficiency of

Table 2 Kinetic parameters for the photocatalytic degradation of OII
in the presence of ZnO and AZO thin films

Samples R? K t15(h) D (%)
Zn0 0.954 0.982 0.702 24
AZO (3%Al) 0.950 0.981 0.703 44.8
AZO (5%Al) 0.960 0.985 0.700 78.5
AZO (7%Al) 0.937 0.976 0.706 76
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3.68 times of that by undoped ZnO film. Although further
improvement is needed, this study represents significant
progress in the development of low-cost and high perfor-
mance multifunctional thin films combining highly efficient
adsorption and photocatalytic degradation. A future study
investigating the impact of the insertion of ZnO seed layers
on the adsorption/photocatalytic efficiency of the sol-gel dip
coated AZO thin films would be very interesting.
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