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Physical and photocatalytic properties of sprayed
Dy doped ZnO thin films under sunlight irradiation
for degrading methylene bluet
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Dysprosium-doped zinc oxide (ZnO) thin films have been prepared through spray pyrolysis onto glass
substrates. Cross-sections of the deposited thin films were assessed through Scanning Electron
Microscopy (SEM), showing thicknesses between 200 and 300 nm. The thin film roughness was
evaluated using the obtained images from the Atomic Force Microscope (AFM) micrographs. The
crystallographic structure of the samples was analyzed by X-ray diffraction (XRD) revealing polycrystalline
thin films. However, the slight shift towards a higher 26 angle in Dy-doped ZnO films as compared to the
pure ones indicates the incorporation of Dy3+ into the ZnO crystal lattice. The analysis of the oxidation
state via X-ray photoelectron spectroscopy (XPS) confirms the incorporation of Dy ions in the ZnO
matrix. Besides, UV-Vis-NIR spectrophotometry analysis and photoluminescence (PL) spectroscopy

showed that bandgap energy values of ZnO decreased when dysprosium doping increased. Therefore,
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Accepted 10th July 2021 Dy doped ZnO thin films can be potentially used as a solar-light-driven photocatalyst. Among the

different doping yields, the ZnO doped with 6% dysprosium provides the highest degradation rate for
methylene blue (MB) under solar irradiation. Specifically, 9% of dye degradation was achieved under
sunlight irradiation for 120 minutes.
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1. Introduction

Population growth and the waste from heavy industry have
resulted in increasing problems linked to environmental
pollution, such as water pollution. Therefore, this pollution
constitutes a key challenge nowadays, requiring much research
effort to tackle it. For instance, the use of renewable natural
resources has been established as a promising method for the
degradation of organic and toxic pollutants in wastewater. In
particular, photocatalysis has been revealed as one of the most
advanced and effective technologies for eliminating dangerous
and non-biodegradable chemicals from the environment." In
this regard, titanium dioxide (TiO,) and zinc oxide (ZnO) are the
most widely employed semiconductors because they are
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inexpensive, abundant and relatively clean photocatalysts for
photochemical degradation.” Previous reports have demon-
strated the superior photocatalytic activity of ZnO as compared
to TiO, because it absorbs a larger fraction and quanta of the
sunlight spectrum than TiO,. In consequence, ZnO usually
exhibits a higher degradation capability of organic pollutants
than TiO, under solar irradiation.>*

Zinc oxide is an n-type semiconductor belonging to the II-VI
group. In its wide variety of forms, it has attracted great atten-
tion due to its outstanding chemical and physical properties,
including high chemical stability.® ZnO is a multi-functional
metal oxide semiconductor material with high transparency in
the visible region, wide-direct bandgap around 3.3 eV and high
excitation energy of 60 eV.° These properties are quite favorable
for optoelectronic applications, photovoltaic conversion,
microelectronics, solar cells, gas sensing, light-emitting diodes
(LEDs) and photodetectors.”® ZnO shows potential for devel-
oping photocatalytic applications, namely, the decomposition
of organic pollutants and harmful dyes in water. Additionally,
ZnO gathers the requirements needed for this application since
it is stable in nature and presents high electronic mobility.*

More noticeably, many research efforts have been directed
towards enhancing the photocatalytic efficiency of ZnO, proving
that increasing the surface defects of the metal oxide induces
a shift of the absorption towards the visible light, which
increases the efficiency of pollutant degradation under visible
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light irradiation. Recently, more attention is being directed
towards the metal doping of ZnO."* In particular, doping with
rare-earth (RE) ions has attracted great interest due to their
highly conductive, magnetic, electrochemical and luminescent
properties, which are based on the electronic transitions
occurring within 4f energy shells.” It has been shown that rare-
earth metal doping effectively shifts the absorption to the
visible light region and inhibits the recombination of photo-
generated charged species, which are favorable conditions for
photocatalysis applications.™

In previous studies, several rare-earth ions were used to dope
ZnO such as Gd**,** Tb*" (ref. 15) or Ce**.’* Among RE ions, Dy>*
doped ZnO has attracted great interest in photocatalytic appli-
cations due to its action as an effective scavenger for electrons
in the conduction band of ZnO, slowing the recombination rate
of charge carriers. This is translated into an enhancement of the
photocatalytic activity of ZnO. In this setting, it was already re-
ported that upon doping of ZnO with Ln ions (where Ln might be
La, Eu, Gd, Dy and Ho), a complex formation takes place with the
interaction of Lewis base and f-orbitals of Ln*" ions.”” Thus, Ln®*
ions are charged, allowing the concentration of organic pollutants
on the ZnO surface. Besides, the use of Dy has been demonstrated
as a good candidate for photocatalytic application using the sol-gel
method." This is explained by the increasing of OH radicals used
in the degradation of dye molecules produced by the involvement
of f orbitals in delaying electron-hole pair recombination and
energy transfer in the photonic process.

Previous works reported the MB degradation using photo-
catalysts based on ZnO thin films doped with Sn,* Sr,* Co,”* Nb-
AI” or Nd.” The choice of nanomaterials with significant photo-
catalytic activity is a key parameter,**** especially those water-stable
for being considered as a potential option to be employed in
commercial applications.”®* However, not limited to the nano-
materials employed, Y. C. Chen and collaborators demonstrated
that different nanostructure morphologies show variable photo-
catalytic activities owing to divergent efficiencies towards dye
degradation.” Thereby, a wide range of possibilities is available to
tune the photocatalytic activity of the sensitive layers.

To the best of our knowledge, MB is one of the dyes present
in wastewater from textile industries. MB can cause negative
effects on the environment since it prevents sunlight from
entering the body of water affecting organisms in the aquatic
environment. Ingestion of MB may cause a burning sensation
which leads to vomiting and can as well produce eye burnt
resulting in permanent injury.”® Since solar energy is a sustainable
energy source, the use of photocatalytic nanomaterials is a prom-
ising technology for industrial wastewater treatments as dye
degradation.” However, several parameters as light intensity,
environmental temperature, or pH of the medium can impact
significantly the efficiency of the photocatalysis processes.*
Therefore, photocatalysts should ideally gather several properties
such as long-term stability under variable operational conditions,
specificity towards the water pollutants, and high absorption
coefficient to optimize the solar spectrum harvesting.*"

This paper reports the enhancement effect of doping ZnO
with dysprosium on the sunlight photocatalytic activity of thin
films prepared using a spray pyrolysis technique. There is no
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previous systematic study of preparing ZnO doped Dy thin films via
spray pyrolysis. The use of this technique shows significant advan-
tages as compared to other methods, such as their simplicity of
operation, inexpensiveness and easiness for being scaled up to mass
production, leading to potential commercial applications. This paper
analyzes the photocatalytic activity of the Dy doped ZnO thin films by
assessing their ability to degrade methylene blue dye under natural
renewable energy. The use of rare-earth doped ZnO nanomaterials
for photocatalysis purposes is generally assessed by using UV or
visible lamps under laboratory conditions. Nonetheless, the present
work shows a degradation efficiency comparable to those already
published by using natural sunlight irradiation. This fact would pave
the way to degrade water pollutants as MB at industrial scale.

2. Experimental details

2.1. Preparation of undoped and Dy-doped ZnO thin films

Undoped and Dy doped ZnO thin films were deposited by
chemical spray pyrolysis using an aqueous solution onto glass
substrates. Before spraying the solution, the glass substrates
with a dimension of 2 x 2 cm?® were cleaned with a detergent,
rinsed in acid, distilled water, acetone and finally dried in
a furnace at 120 °C for 15 min.

The spray solution was prepared by dissolving 0.05 M zinc
chloride [ZnCl,-2H,0, Sigma Aldrich =% 99] in 200 ml distilled
water. Whereas for the Dy doped ZnO thin films, dysprosium
chloride (DyCl;-2H,0, Sigma Aldrich) was added to the
precursor solution at fixed [Dy]/[Zn] concentration ratios of 2, 4
and 6 wt%. The solution was stirred for a few minutes to obtain
a homogeneous solution, then sprayed for 40 minutes through
a path along the axes (x,y). The deposition temperature was fixed at
400 °C, controlled using a thermocouple related to the hot plate.
The distance between the nozzle and the substrate was set to
20 cm. Compressed air was used as carrier gas at a constant flow
rate of 10 ml min ", while the rate solution flow was fixed at 2
ml min~". These two parameters control the droplet size in such
a way that the pyrolytic decomposition of the droplets takes place
on the surface of the substrates to form thin films. Fig. 1 depicts
a scheme of the spray pyrolysis method used.

2.2. Characterization of the thin films

After spraying, the study of the morphological properties and
elemental compositions for the different samples was carried

Nozzle

<—— Compressed air

Spraying solution

Substrates

R
Heating plate —— -
e -

Fig. 1 Scheme of spray pyrolysis method employed.
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out using electron scanning microscopy (SEM) equipped with
energy dispersive spectroscopy (EDX). The measurement of the
surface root mean square (RMS) roughness of the films was ob-
tained using atomic force microscopy (AFM) (Dimension Icon,
Bruker) operated in intermittent contact mode. The phase purity
and the crystal structure of the samples were analysed using X-ray
diffraction (XRD) (Philips X'Pert) with a copper source (Cu-Ka
radiation, 2 = 0.154187 A) in the 26 range of 20-70°.

The chemical composition of the samples and oxidation
state of the ions were evaluated through X-ray photoelectron
spectroscopy (XPS) using a Versaprobe PHI 219 5000 from
Physical Electronics, equipped with a monochromatic 220 Al Ko.
X-ray source. The transmittance and reflectance measurements
were carried out using a Shimadzu-UV1800 spectrophotometer
in the range of 300-1800 cm. PL measurements were made
using a chopped Kimmon IK Series He-Cd laser (325 nm and 40
mW). Fluorescence was dispersed with an Oriel Corner Stone 1/
8 74 000 monochromator, detected using a Hamamatsu H8259-
02 with a socket assembly E717-500 photomultiplier, and
amplified through a Stanford Research Systems SR830 DSP.

2.3. Photocatalytic experiment

For the measurement of the photocatalytic activity, methylene
blue was chosen as an organic pollutant. Its degradation under
solar irradiation for different doping yields and exposure times
was studied. An aqueous solution of MB with a concentration of
3 mg L' was stirred a few minutes. Afterwards, pure and Dy
doped ZnO layers (2%, 4% and 6%) were placed on 4 glass boxes
containing 30 ml of MB solution and were magnetically stirred
and kept under dark conditions for 30 minutes. In that way, it is
possible to guarantee the adsorption/desorption equilibrium
between the photocatalyst and the dye. Then, they were exposed to
sunlight irradiation for 2 hours, while an aliquot of 3 ml was taken
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every 30 min. Considering that photocatalytic experiments were
conducted in Tunis (Tunisia; latitude 10.18°) using the direct
sunlight, the MB photodegradation was performed under a power
that is estimated to range from 180 to 230 W m ™ 2.%

The evaluation of the degradation of the methylene blue was
studied using a Shimadzu-UV1800 spectrophotometer. This
experiment was repeated three times to ensure the certainty
responses of the photocatalyst. The absorption was monitored
in the wavelength range of 400-900 nm, showing a decrease in
the peak intensity at 660 nm. The photocatalytic degradation
rate was calculated by using the following equation:*

% photodegradation rate = (4o — A)/A4, (1)
where 4, is initial absorbance of the dye solution and 4 is the
absorbance after solar irradiation.

3. Results and discussion

3.1. Morphological analysis

Atomic force microscopy was used to evaluate the surface
roughness of samples with different Dy dopant concentrations.
Fig. 2 shows the two (2D) and three (3D) dimensional AFM
micrographs. The images show that the surface morphology of
the ZnO:Dy films are granular and consist of spherical,
agglomerated, dense and compact grains. It can be observed
that, the morphology does not significantly change for ZnO
samples doped up to 4%.

However, a change in the morphology of the samples doped
at 6% is clearly visible. At this dopant level, the particles become
non-uniform and a few sharp columnar features can be
observed. This can be explained by the possibility of growth and
coalescence of grains during the spray pyrolysis process.**

Fig. 2 2D (left side) and 3D (right side) AFM topography for (a) undoped ZnO, (b) ZnO:Dy 2%, (c) ZnO:Dy 4% and (d) ZnO:Dy 6% thin films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the thin film parameters for the different
samples prepared (the quantification results express the Dy wt% ob-
tained through EDX analysis.)

Sample Pure Dy 2% Dy 4% Dy 6%
Roughness (nm) 21.66 32.38 31.68 73.08
Thickness (nm) 200 220 235 280
[Dy/zn] (%) 0.0 1.9 4.6 6.2

Eq (eV) 3.22 3.07 3.13 2.93
E, (meV) 509 556 680 734

Moreover, dysprosium-doping leads to an increase in the
surface roughness (Table 1) from 21 nm for undoped ZnO up to
73 nm for ZnO doped at 6%. Higher roughness in thin films is
one of the advantages of the spray technique. Allowing to
enhance the adsorption of dye molecules at the surface, favor-
able for the photocatalytic degradation.

SEM images were performed for both, doped and undoped
ZnO (Fig. S1, ESIt). Besides, the film thicknesses were estimated
by measuring the cross-section of the SEM images. It was found
that the different ZnO films were about 200-300 nm thick. Fig. 3
presents an example of the cross-section of an SEM image for
a pure ZnO thin film. The value of the thickness increases as the
percentage of doping increases. These results are probably
related to the higher roughness registered for higher Dy
content.

3.2. Structural and compositional analysis

XRD patterns of all as-deposited samples, pure and Dy** doped
(2%, 4% and 6%) ZnO films are shown in Fig. 4a. All films
present sharp diffraction peaks indicating a suitable crystal-
linity, with a preferential crystal growth along the (002) plane.

The patterns exhibited multiple peaks of pure ZnO phases
with other orientations such as (100), (101), (102) and (103).
These peaks correspond to the hexagonal wurtzite structure of
ZnO with P6;mc space group. The indexed peaks are in agree-
ment with the standard peak positions in JCPDS card no. 01-

mag WD HV det
55 020 x [11.1 mm|20.00 kV | DualBSD | 5.42 um

HFW 2um

URV-SRCIT

Fig. 3 Cross section of pure ZnO thin film imaged through ESEM.
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Fig. 4 (a) X-ray diffraction spectra of Dy doped ZnO thin films. (b)
Shifting of the main diffraction angle with increasing doping
concentrations.

0.80-0074. The absence of additional peaks attributed to Dy
phases indicates that Dy*" ions are well incorporated into the
ZnO lattice. Fig. 4b shows the 26 angle of the main peak (002). It
can be observed a small shift of this peak to higher angles with
the increase of the dopant concentration, which is due to the
incorporation of Dy ions into the ZnO crystal system. This could
be explained by the substitution of Zn>" ions having smaller
ionic radii (0.74 A) with dopant ions having higher ionic radii
Dy*" (0.91 A).

(a) (b)

Zn 2p,,

Dy4d

Intensity (arb. units)
Intensity (arb. units)

O

1030 1025 1020 1015 160 155 150

Binding energy (eV) Binding energy (eV)

Fig. 5 The XPS spectra of (a) Zn 2p (b) Dy 4d.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03967a

Open Access Article. Published on 16 July 2021. Downloaded on 3/14/2026 7:40:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(b)

100 1.0x10"

View Article Online

RSC Advances

Pure
Dy 2%
Dy 4%
——Dy 6%

8.0x10"

6.0x10°

4.0x10"

(%) 2uepayay

Transmittance (%)
(athv)? (ev/em)?

2.0x10" 4

[ Pure

: T T T T T
300 400 500 600 700 800 900 1.0 15

Wavelength (nm)

i 2
25 3.0 35 4.0
hv (ev)

T T
25 30 35 4.0 0.5 1.0 L5 2.0
hv (ev)

Fig. 6 (a) Optical transmittance and reflectance spectra for the Dy-doped ZnO thin films at various Dy contents. (b) Plot of (ehv)? versus (hv) of
undoped and Dy-doped ZnO thin films. (c) Variation of Ln(a) with photon energy of undoped and Dy-doped ZnO thin films.

The elemental compositions of the prepared thin films were
determined using the EDX, the results of the loading levels of Dy
achieved in ZnO are also summarized in Table 1. These results
indicate the Dy/Zn ratios achieved in the thin films, being 1.9, 4.6
and 6.2 wt%. The chemical composition of the samples was evalu-
ated using X-ray photoelectron spectroscopy. The oxidation state of
Zn and Dy ions were investigated through the analysis of the high-
resolution spectra of the Zn2p;,, Zn LMM and Dy4d core levels. The
Zn LMM Auger data (Fig. 5a) shows the fingerprint for Zn>* oxida-
tion state, this assertion is validated by the observation of the
Zn2p,,, peak centered at 1021.1 eV corresponding to Zn**. The XPS
spectrum recorded in the region of the Dy4d core level (Fig. 5b)
shows a doublet with components centered at 153.2 eV (Dy4ds),)
and at 156.6 eV (Dy4ds,), these components denote the presence of
Dy*",* and no other oxidation state was founded. Table S2 (ESI})
depicts the comparison of pure ZnO and 6% Dy doped quantifica-
tion through XPS. Indeed, O 1s core level was also analyzed for both,
pure ZnO and Dy doped (Fig. S2, ESIf). Two main peaks were
observed at 530.0 eV and 531.8 €V, attributed to lattice oxygen of Zn-
O and Zn-OH groups (defective ZnO), respectively.*”?*

Experimental results of XPS are in agreement with XRD,
confirming that Dy*" is incorporated into the ZnO lattice as
a substitutional dopant and compensating the charges. Besides,
Zn vacancies are formed.***

3.3. Optical analysis

The transmittance and reflectance spectra of the pure and Dy-
doped ZnO thin films are shown in Fig. 6a. These films show
high transparency within the visible range and near the IR
region with an average transmittance varying between 75% and
85% and a sharp fundamental absorption edge in the UV
region. The overall average reflectance values are about 15%.
The high transparency of these samples would enable their use
as an optical window in solar cell applications.

In addition, the optical absorption edge of Dy-doped ZnO
films is red-shifted compared to pure samples, moving forward
to the visible light region. This red-shift may be due to the
formation of shallow electronic levels inside the bandgap
occurring from the doping atoms residing in the lattice.*'

The direct bandgap energy (E,) of ZnO thin films semi-
conductors is the transition between the valence and conduc-
tion bands, obtained by extrapolating the linear portion of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

plots of («kw) versus hv to hv = 0. It can be calculated using the
Tauc model* as indicated in the following equation:

(ahv)* = B(hw — E,)

)

where v is the frequency of the incident photon, &v is photon
energy, B is a constant and « is the absorption coefficient, « is
the absorption coefficient and d is the thickness of the sample
considered.*

Fig. 6b shows the optical bandgap energy for the undoped
and doped samples. The bandgap decreases from 3.22 eV to
2.93 eV when the Dy doping level increases. This shift of the
energy gap can be explained by the generation of defects and
disorder in the ZnO lattice due to the incorporation of dopants,
which influences the structure of the bandgap, thus allowing
the formation of localized states and deep levels in the bandgap.
Similar results were reported by O. Yayapao et al,* revealing
a decrease in the bandgap following the introduction of Dy ions
in the ZnO matrix. Indeed, the decrease in the band gap energy
facilitates the increase in the separation of the photo-induced
electron-hole pairs, resulting in an easier electron excitation.

(2)
(3)

Pure

Emission Intensity Normalized (a.u.)

LA B B A RN R N RN I R R R R R
360 390 420 450 480 510 540 570 600 630 660 690
Wavelength (nm)

Fig. 7 PL spectra for the Dy-doped ZnO thin films at various Dy
contents.
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Fig. 8 Degradation rate of MB after solar irradiation for 2 hours using
the Dy doped ZnO thin films at various Dy contents.

These results enhance the visible light photocatalytic efficiency
of the Dy-doped ZnO.**

The Urbach energy gives an idea about the disorder in the
samples and can be calculated using the Urbach law (see
Fig. 6¢):*

a = ay exp (Z_—Z) (4)

where « is the absorption coefficient, «, is a constant, Av is the
incident photon energy. The reverse of the slope of the plot
Ln(«) versus hv gives the value of the E,. Table 1 also presents
the dependence of Urbach energy on Dy amount. The Urbach
energy increases from 509 meV to 734 meV by doping with Dy,
which is indicative of the increasing disorder in the films with
the increase in the doping level. The increase in the Urbach
energy values with the increase in the Dy doping concentration
indicates that the density of defects increases in the bandgap
structure of the thin films doped with Dy. In fact, according to
the optical results, it can be assumed that Dy atoms were
successfully incorporated to the ZnO lattice and the decrease in
the bandgap width observed in Dy-doped samples enhances the
absorption of solar energy in the visible range.

The PL spectroscopy is employed to investigate the separa-
tion capacity of the electron-hole pairs and to probe the crystal
defects because it originates from either the photoinduced
electron-hole bandgap recombination or in the intrinsic
defects. Fig. 7 shows the PL spectra for the undoped and doped
samples. By pumping at 325 nm, it can be observed two emis-
sion bands, one emission in the UV at around 380 nm and
a broader emission band in the visible range from 450 to
700 nm. The UV peak corresponds to the near band-edge
emission, associated with exciton recombination processes,*®
while the broad emission band observed in the visible range is
attributed to defects.*”

The exciton peak is located at 380 nm for the undoped and 2,
4% doped samples, while for the 6% doped sample is shifted to
382 nm. Also, another peak is observed at 393 nm for the doped
samples. This second peak can be explained by the formation of

24922 | RSC Adv, 2021, N, 24917-24925
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a shallow level inside the band gap and close to the conduction
band of ZnO, and is due to the impurity Dy*" atoms substituting
the Zn** atoms in the lattice, which is was also corroborated by
the red-shift observed in the transmittance and reflectance
spectra results. The full width at half maximum (FWHM) of this
UV peak increases from 387 to 477 meV from the undoped to
the 6% doped sample. This broadening observed on the FWHM
indicates that the recombination of photogenerated electron-
hole pairs increases as the Dy-doping increases. On the other
hand, the defect band has its maximum emission intensity at
around 520 nm and could be related to oxygen vacancies.” This
PL results are in agreement with the transmittance and reflec-
tance measurements.

3.4. Photocatalytic activity

The photocatalytic activity of the undoped and Dy doped ZnO
thin films was evaluated using methylene blue (MB). Since this
organic dye shows a strong absorbance band at 660 nm, their
intensity decreases when MB degrades, this variation in the
intensity was assessed at regular time intervals.

(a)

2.0x10° 4 *
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Fig. 9 (a) The kinetic rate K as a function of Dy content. (b) Recycla-
bility of Dy doped ZnO at 6%.
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The time evolution of absorbance spectra for pure and ZnO
doped thin films (2%, 4% and 6%), recorded from 400-900 nm
wavelengths for MB dye solutions irradiated under solar irra-
diation (Fig. S3, ESIt). These figures show that, as time elapses,
the intensity of the peak at 660 nm decreases revealing that the
MB is rapidly degrading. For a given period elapsed, as the Dy
doping of ZnO increases the difference between the intensity of
the 660 nm peak is also increased. This indicates that 6% Dy
doped ZnO is the most efficient at degrading MB irradiation
time. The MB degradation rate (calculated using eqn (1)) for all
the samples tested after 120 minutes under solar irradiation.
Indeed, the photocatalytic efficiency increases with doping
content and the highest value of about 92% was characteristic
of the sample doped at 6% under sunlight irradiation (Fig. 8).
The obtained results are in good agreement with those found by
S. Nguanprang et al. for Dy-doped ZnO nanoparticles at 5%
deposited by the combustion technique.*® This increase in
photocatalytic activity with the increase in doping can be
explained by the inhibition of the recombination of photo-
generated electron-hole pairs following the substitution of Zn>*
by Dy**. Indeed, the optical and morphological results confirm
this enhancement, and the sample doped at 6% with Dy pres-
ents the lowest value of bandgap energy. Besides, this sample
shows the highest surface roughness (RMS), leading to an
increase in the adsorption of the MB on the surface.

This parameter facilitates the separation and the transfer of
photogenerated charge carriers, resulting in an enhancement of
photocatalytic efficiency.*

The kinetic rate K can be calculated using the following
equation:*

In(Ay/A) = Kt (5)

where A, is the initial absorbance of the MB dye, A is the
absorbance of the MB dye after irradiation time ‘¢’ and K is
pseudo first-order rate constant. The variation between degra-
dation ratios In(A/4,) of MB dye and time for the pure and Dy-
doped ZnO was examined and is represented in the inset in
Fig. 9a. The constant rate K is determined from the slope of the
In(A/A,) versus irradiation time (¢) plot (Fig. 9a). It can be
deduced from the figures that the value of the reaction rate
constant increases when the doping concentration increases,
which proves that the doping of ZnO with Dy enhances the
photocatalytic performance under solar light. The 6% Dy-doped
ZnO thin films achieved the highest reaction rate, being compa-
rable to those that use lamps under laboratory conditions. (Table
S3, ESIt) depicts a comparison of the photocatalytic activities ob-
tained for ZnO samples doped with rare-earth materials when
degrading dyes. It is worth noting that the highest Dy content (6%)
showed the best photodegradation rate. Thereby, it cannot be
ruled out that further increases in the dopant concentration might
improve the efficiency of the photocatalytic process to some extent.
However, since the dopant induces distortions into the ZnO lattice,
an optimum dopant level should exist that results in the highest
dye degradation rate.

In order to study the stability of the degradation efficiency
for the 6% Dy-doped ZnO sample, five consecutive cycles of MB

© 2021 The Author(s). Published by the Royal Society of Chemistry
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degradation under solar light were performed (Fig. 9b). A
cleaning protocol of the surface was used before each cycle to
ensure a reliable film recovery. Specifically, the active layer was
rinsed several times with distilled water and dried with
nitrogen. Finally, a thermal treatment was conducted in a oven
for 15 min at 200 °C. As a result, a negligible decrease in the
photocatalytic efficiency was observed after five cycles, demon-
strating the outstanding stability of Dy doped ZnO thin films for
degrading methylene blue. It is worth noting that ZnO is prone
to suffering photo-corrosion than other materials such as
TiO,,** however, with the experimental conditions applied,
a noteworthy recyclability of the thin films developed was
achieved.

3.5. Mechanism of photocatalytic degradation

The proposed degradation mechanism of MB in the presence of
a Dy-doped ZnO thin film is described in detail. It is well-known
that hydroxyl radicals remove the organic contaminants from
wastewater on the surface of the Dy-doped ZnO thin films.
Whereas, when the energy of the incident light is equal or
exceeds the bandgap energy, thin films generate at the surface
electron/hole (e /h+) pairs. The mechanism is presented in the
steps below:

ZnO + hv — hig + ecp (6)

The production of holes under solar irradiation by the
oxygen vacancies:

V¥oxg + e~ — Voxg + hip 7)

The reaction between (hyg ') with the adsorbed water (H,0) at
the surface of the thin films produces hydroxyl radicals (OH")

ZnO + hig + H,O(ads) —» H" + OH" (8)

In addition, dysprosium is a powerful Lewis acid with
a partly occupied 4f orbital can easily react with electrons from
the conduction band. Consequently, Dy can trap electrons via
the conduction band and thus, enhance the inhibition of the
recombination of charge carriers.>

Dy3+ + e(_ZB N Dy2+ (9)
Dy** + Oy(ads) — Oy~ (10)
0, + H" - HO, (11)

In fact, water molecules and oxygen permit to trap the holes
and electrons to form hydroxyl radicals that react with the dye
molecule present in the solution, favoring its degradation.

HO>+ H" + ecg — H,0, (12)

H,0;, + ecg — HO' + OH™ (13)

h{s + H,O0 - H' + OH" (14)

H* + OH" — HO" (formation of hydroxyl radical) (15)
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Hydroxyl radicals OH" enable the decomposition of
hazardous pollutants as MB into inorganic compounds, which
makes the solution colorless.

(Mineralization of MB dye)

MB dye + OH" — CO,t + H,O (16)

Thereby, the complete decomposition of MB results in CO,
and H,O. However, it can be expected that intermediate
compounds are formed during the photodegradation process.
For instance, gas-chromatography-mass spectrometry analyses
have revealed the presence of benzoic acid groups during the
photodegradation process of MB.>*** It is worth noting that
photodegradation of MB was performed under scavenger-free
conditions, which is leading to optimum decomposition rates.
For instance, U. Alam et al. studied the role of different scav-
engers in MB degradation using Nd-ZnO nanoparticles.*
Specifically, this work reports the use of isopropyl alcohol,
benzoquinone and EDTA-2Na to trap OH", O," and holes. As
a result of this scavenger-assisted process, the highest reduction
in the MB degradation rate was achieved using isopropyl
alcohol, due to the quenching of hydroxyl radicals, revealing
their key importance during the photocatalytic process.

4. Conclusions

We have investigated the structural, optical and morphological
properties of pure and dysprosium doped ZnO thin films
prepared by a simple chemical method of spray pyrolysis. XRD
measurements proved the presence of the hexagonal wurtzite
phase of ZnO and no additional peaks wer introduced by doping
with dysprosium elements. The obtained AFM images showed
an increase in the roughness of the ZnO thin films by Dy doping
until 73 nm at 6%. XPS results confirm that in doped ZnO, Dy**
is incorporated into the ZnO lattice. The transmittance spectra
show that all films have a transmittance in the range of 80% in
the visible range and the optical bandgap decreases from
3.22 eV in undoped samples to 2.93 eV for samples doped with
6% Dy favoring the degradation of MB under solar irradiation.

The dye degradation in the presence of pure ZnO was found
to be 57% and increased up to 92% for Dy doped ZnO at 6%.
This is the highest efficiency achieved throughout the samples
tested. With that, Dy-doped ZnO thin films have a great
potential to be employed in photocatalytic applications for
wastewater purification.
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