KHOA HOC

TRUONG PAI HOC QUY NHON

Hoat tinh xuc tac quang phan hiy methylene blue
béng véat liéu nano ban dan ZnO pha tap Eu va Mn:
M6t nghién cuu so sanh

Nguyén Thi Kha Van!, Imee Saladaga Padillo?, Pinh Kha Lil**

!Trung tam GDNN — GDTX qudn Ninh Kiéu, Viét Nam
’Khoa Céng Nghé, Dai hoc bang Eastern Visayas, Phi-lip-pin
SKhoa Khoa hoc Tw nhién, Truong Pai hoc Can Tho, Viet Nam

Ngay nhdn bai: 14/11/2022; Ngay nhdn dang: 31/01/2023; Ngay xudt ban: 28/06/2023

TOM TAT

Nghién ctru nay dwoc thuc hién nham tong hop vat liéu nano ZnO pha tap Eu va Mn ¢6 tinh chit quang hoc
thich hop cho tng dung quang xuc tac. Vat li¢u nano ZnO véi 1%, 5% va 10% mol kim loai pha tap duoc diéu
ché bang phuong phap thity nhiét. Cac dic tinh cau tric, hinh thai, quang hoc va tir tinh ctia cac hat nano chuén bi
dugc nghién ciru bang cach sir dung nhidu xa tia X (X-ray diffraction - XRD), kinh hién vi dién tir quét (scanning
electron microscope - SEM) va quang phé phan tan nang luong tia X (energy dispersion spectroscopy - EDS). Két
qua cho thiy céc hat nano ZnO pha tap Eu va ZnO pha tap Mn c6 cdu triic wurtzite luc gidc. Hoat tinh ciia cac chat
xuc tac quang da tong hop duoc danh gia dua trén sy phan hily quang ctiia methylene blue (MB) dudi su chiéu xa
tia UV. Vit li€u ZnO pha tap 5% mol Eu va vat liéu ZnO pha tap 1% mol Mn cho théy hoat tinh quang xtc tac tdt
nhét. Phan mg phan hity MB tuan theo quy ludt dong hoc ciia phan tmg bac nhét. Vat liéu ZnO pha tap kim loai
tong hop rat d& phuc hdi va c6 kha nang tai sir dung cao.

Tir khéa: Tong hop ZnO cdu triic nano, ZnO pha tap kim logi, phiong phdp thity luyén, tinh chdt quang.
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ABSTRACT

This study was carried out to synthesize Eu- and Mn-doped ZnO nanomaterials with optical properties
suitable for catalytic applications. ZnO nanomaterials with 1%, 5%, and 10% mol of dopant were prepared
using hydrothermal method. The structural, morphological, optical, and magnetic properties of the as-prepared
nanoparticles were investigated using X-ray diffraction (XRD), scanning electron microscope (SEM), and
X-ray energy dispersion spectroscopy (EDS). The results showed that the Eu-doped ZnO and Mn-doped ZnO
nanoparticles exhibited a hexagonal wurtzite structure. The activity of the prepared photocatalysts was evaluated
based on the photodegradation of methylene blue (MB) under ultraviolet light UV. ZnO materials doped with 5%
mol Eu and ZnO materials doped with 1% mol Mn showed the best photocatalytic activity. Furthermore, the MB
photodegradation reaction was observed to follow a first-order reaction. Finally, synthesized metal-doped ZnO
materials are easy to recover and highly reusable.

Keywords: Synthesis ZnO nanostructures, Metal-doped ZnO, hydrothermal method, optical properties.

1. INTRODUCTION potent effects on the immune and reproductive

systems and have potential carcinogenic
In recent years, surface water and groundwater .
. . . and genotoxic effects.®” Therefore, these
pollution has increased due to population growth ) i
. . . harmful dyes must be removed from industrial

and industrial development.! The primary . .
¢ ) e polluti ) wastewater. Several methods, such as biological

sources of environmental pollution are organic . .
u v pofiu & treatment,*’ adsorption,'® and photocatalysis,'"'?

dyes used in the food and textile industries due have been used to remove these dyes from

to their high toxicity and non-biodegradability, industrial wastewater. The use of photocatalysts

. . . - '
which has a carcinogenic effect on humans. to reduce organic compounds or convert them

Methylene blue (MB) dyes are used by various
industries, for example, as dyes in silk; as a food
additive; and as dyeing of wool, leather, cotton,
jute, and paper.*> Methylene blue dyes have
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into harmless chemicals has been extensively
studied to reduce the damage caused by organic
dye pollution to the environment and to humans.
Semiconductor oxides, such as TiO,, ZnO,
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SnO,, WO,, and CeO,, are abundant in nature
and widely used as a photochemical catalysts,
especially for heterogeneous processes.'*!
Among them, ZnO oxide is considered to be
a promising catalyst in the decomposition of
organic pigments as well as water disinfection.
The most significant advantage of ZnO over TiO,
is that it absorbs a larger range of the ultraviolet
(UV) spectrum and has a corresponding
threshold of 425 nm. Upon illumination, valence
band electrons are promoted to the conduction
band leaving a hole behind. These electron—hole
pairs can either recombine or interact separately
with other molecules. The holes at the ZnO
valence band can oxidize the adsorbed water
molecules or hydroxide ions to produce hydroxyl
radicals. Electrons in the conduction band on the
catalyst surface can reduce molecular oxygen to
superoxide anion. This radical may form organic
peroxides or hydrogen peroxide in the presence
of organic scavengers.!® ZnO is also one of the
dominant materials used for nanotechnology.
With  controlled
properties such as chemical, structural, electrical,
thermal, and surface properties that can be varied
depending on shape size, it has a wide range
of applications.!”"® ZnQO’s structure, a sizeable
band gap energy (3.37 eV), the large exciton
binding energy (60 meV), size, and thermal
stability make it suitable for a broader range of
devices."”? To expand the application scope of
ZnQ, itis necessary to change the nanostructures’
electron properties, narrow the band gap energy,
and reduce the rate of photogenerated electrons
and holes recombination. Metal or nonmetal
doping into ZnO network is one of the effective
methods to increase the activity of ZnO,*'*
In recent years, much effort has been made to
prepare metal doped ZnO materials, and various
methods such as sol-gel, micro-emulsion,
hydrothermal, spray pyrolysis, solid-reaction,
radio frequency reactive magnetron sputtering,
and electrodeposition have been employed.
It is reported that the surface defects, serving
as energy traps, may play a key role in the

and material-dependent

process of energy transfer. Compared with other
approaches, hydrothermal method is regarded as
an attractive candidate for the synthesis of metal
doped ZnO due to its simplicity, easy-control,
low-cost, and especially the presence of a large
amount of surface defects. In this paper, Mn- and
Eu-doped ZnO nanopowders were prepared with
different metal concentration (1, 5 and 10% wt.)
using solid state reaction. The obtained product
was investigated by various advanced analytical
techniques. The obtained composite was tested
for photocatalytic applications on in water under
UV light.

2. MATERIALS AND METHODS
2.1. Nanostructures synthesis

The Mn- and Eu-doped ZnO photocatalysts were
synthesized using the hydrothermal method.
ZnCl, was dissolved in deionized water and
stirred using a magnetic stirrer for 30 minutes.
With constant stirring, the doped metal ion
solution was added to the solution, and stirring
was continued for 30 minutes. The mixture’s pH
was adjusted to pH = 10 using 1M NaOH, and
the stirring was continued for one more hour.
The entire mixture was transferred to a thermos
Teflon flask and allowed to stabilize in the oven
at 190°C for 20 hours. After the reaction time,
the resulting solution was centrifuged at 5500 rpm,
and the solids were washed three times with
deionized water and three times with alcohol
to separate them from the solution. The desired
product was obtained after drying the solids at
100°C for 20 hours.

2.2. Characterization techniques

X-ray diffraction (XRD) measurements were
obtained using a diffractometer X-ray on the
Bruker D8 Advance device (Germany) with a
wavelength of A = 1.5406A. The extension of
the diffraction test peak can provide information
about the average crystal size through Scherrer’s
equation (1):%
Do_ %94 (1)
A(20)cos 6
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Where D is the average crystal size and
A(20) is the full width at half maximum (FWHM).

The metal distribution in the materials
was characterized using a scanning electron
microscope field emission scanning (SEM,
Hitachi X650) equipped with an energy
dispersion X-ray system (EDS).

2.3. Photocatalysis experiments

The photocatalytic activities of synthetic
materials were assessed based on the photo-
catalytic degradation reaction of MB. The
remaining MB concentration over time of the
photocatalytic reaction was determined on the
UV-VIS Spectrophotometer Optima SP-3000
(Japan). A 20 W UV lamp was used as the light
source for the photochemical reaction.

2.3.1. Establishment of a standard curve to
investigate the linear range of the MB solution

MB solutions with a concentration of 100 mg/L
were prepared and then diluted into the
corresponding concentrations: 0.1, 0.5, 1.0, 1.5,
2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0,
20.0,22.0, and 24.0 mg/L. UV-VIS spectroscopy
was conducted with wavelengths ranging from
200 to 800 nm. Finally, the maximum absorption
wavelength and linear range were determined,
and the standard line of the MB solution was
plotted.

2.3.2. Photocatalytic experiments

The adsorption of the dye to the surface of the
catalyst is well known depending on the pH of
the solution used.?* Faouzi Achouri et al. showed
that the catalytic activity was high for the doped
ZnO materials at pH = 9. A certain amount of
synthetic material was added to 100 mL of the
MB solution of pre-determined concentration,
and then the pH was adjusted to pH = 9 using
a IM NaOH solution. The reaction mixture
was stirred in the dark using a magnetic stirrer
until the adsorption equilibrium was reached.
5 mL of the reaction mixture was centrifuged to
separate the solids, and the optical density was
measured (time t = 0, optical density A ). Then
the solution was stirred constantly and irradiated

https://doi.org/10.52111/qnjs.2023.17303

using a 20W UV bulb placed about 20 cm from
the solution’s surface. Every 30 minutes, 5 mL
of the sample solution was taken and centrifuged
to obtain the catalytic powder, and the optical
density (A) was measured. This investigation
was carried out for 270 minutes.

The decomposition efficiency of MB was
calculated using equation (2):

Co _Ct Ao _Az

H= x100 =

o [

x100 ()

Where C, is the initial concentration of
MB and C . is the concentration of MB at different
irradiation times.

3. RESULTS AND DISCUSSION
3.1. The Eu-doped ZnO characteristics
3.1.1. Effect of the amount of Eu dopant

The XRD results (Figure la) show that the
high-intensity diffraction peaks correspond to
the network plane families (100), (002), (101),
and diffraction peaks with lower intensity,
respectively. Lattice plane (102), (110), (103),
(200), (112), (201), this result is consistent with
JCPDS Card No. 77-0452 of the characteristic
of the ZnO lattice has a Wurtzite hexagonal
structure. The position of the (100) peak
was slightly shifted toward the lower angles,
indicating the substitution of Eu*" in the ZnO
lattice (Figure 1b).?” As shown, the weakness of
their full width at half maximum may indicate an
improvement in the crystallinity of ZnO. Thus,
the peak is shifted towards the lower angle side.?

Figure la shows that when the molar
ratio of doped Eu is less than 5%, the resulting
XRD pattern has a monophasic hexagonal ZnO
structure. However, when the molar ratio of Eu is
doped more than 5%, in addition to the hexagonal
phase of ZnO, there is also a cubic Eu,O, phase
corresponding to the JCPDS Card No. 43-1008
tag of Eu,O,. The formation of the Eu,O, phase
when increasing the content of doped Eu can be
explained because zinc ions and Eu ions have
different charges, and their difference in radius
is quite large (Eu**: 0.95 A; Zn**: 0.74 A).®
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Figure 1. (a) The XRD patterns for Eu-doped ZnO
with different doped Eu molar ratios; (b) Comparison
of XRD diffraction peak positions of Eu-doped ZnO
(red) and undoped ZnO (black).

Table 1. The crystal size of ZnO nanoparticles
according to Eu*" dopant concentration.

The concentration A (20) 20 D
of doped Euv**  (radian)  (degree) (nm)
1% 0.217 36.287  38.60
5% 0.239 36.305  34.92
10% 0.219 36.294  38.17
Table 1 shows that the material

Eu-doped ZnO synthesized with a 5% mol doped
manganese content has the smallest crystal size.
Therefore, the 5% mol Mn-doped ZnO was
selected to examine the characteristic properties
and photo-oxidation capabilities through the
photo-catalytic reaction.

3.1.2. Characteristic properties of Eu-doped
Zn0O material

Figure 2 shows the presence of Eu in the
Eu-doped ZnO material over the EDS spectrum.
This result shows the presence of elements such
as Zn, O, and Eu in the sample. In addition, there
was no foreign element present. These data again
demonstrate the existence of europium in high-

purity samples and prepared materials.
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Figure 2. EDS spectra of (5%) Eu-doped ZnO
nanoparticles.

Figure 3. SEM images of (5%) Eu-doped ZnO
nanoparticles.

The shape and size of Eu-doped ZnO
are shown in the SEM image (Figure 3). The
results of the SEM analysis show that Eu — ZnO
particles are hexagonal in shape, with particle
widths ranging from 32 to 72 nm and lengths
from 127 nm to 367 nm.

3.2. The Mn-doped ZnO characteristics
3.2.1. Effect of the amount of Mn dopant

After synthesis, the Mn-doped ZnO materials
were studied by using the XRD method. The
results show that the concentration of Mn?" ions
does not affect the crystal phase composition.

https://doi.org/10.52111/qnjs.2023.17303
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No presence of diffraction peaks of manganese
metal or manganese oxides was observed.
Diffraction peaks correspond to the network
plane families (100), (002), (101), (102), (110),
(103) in accordance with the XRD scheme of
the block ZnO - JCPDS Card No-00-036-145
(Figure 4). The XRD results also showed that
the Mn?* ions systematically replaced the Zn?*
ions in the sample without changing the wurtzite
structure.*
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Figure 4. The XRD patterns for Mn-doped ZnO with
different Mn dopant molar ratios, (b) Comparison of
XRD diffraction peak positions of Mn-doped ZnO
(red) and undoped ZnO (black).

The XRD results also show that the effect
of the Mn dopant is related to the displacement
of diffraction peaks towards a smaller 2 theta
angle and a decrease in peak intensity compared
to diffraction peaks of undoped ZnO. This
fact (Figure 4a) shows that manganese was
successfully doped into the ZnO network,*

https://doi.org/10.52111/qnjs.2023.17303

where the Mn?* ions have replaced the Zn?* ions.
Mn?* and Zn** ions have the same charge, and
their ionic radius is not much different, so Mn?*
ions can easily enter the ZnO crystal lattice by
partially replacing the Zn?* ion’s position or
entering the lattice holes of ZnO.

Table 2 shows that the 1% (mol) Mn-doped
ZnO material has the smallest crystal size.
Therefore, the 1% mol Mn dopant concentration
was chosen to examine its characteristic
properties and photocatalytic.

Table 2. Effect of Mn doping on structural parameters
of ZnO.

The concentration A (20) 26
2+ . D (nm)
of doped Mn (radian)  (degree)
1% 0.222 36.240 37.65
5% 0.205 36.291 40.78
10% 0.218 36.368 38.36

3.2.2. Characteristic properties of Mn-doped
ZnO material

IMS-NKL 5.0kV 4.7mm x50.0k SE(M)

Figure 5. SEM images of Mn-doped (1% mol) ZnO
nanoparticles.

The material’s surface morphology can
be seen from the SEM image of Mn-doped ZnO
(Figure 5). This shows that Mn — ZnO materials
are short rod-shaped particles with a slightly
uniform arrangement, width size of about 19 nm
to 56 nm, and length size of about 127 nm to
219 nm.

The synthetic Mn-doped ZnO material is
of high purity. This result is proved by the EDS
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spectra of Mn-doped ZnO (Figure 6). It shows
the presence of elements Zn, O, and Mn in the
sample. In addition, the presence of foreign
elements was not observed.

Figure 6. EDS spectra of Mn-doped (1% mol) ZnO
nanoparticles.

3.3. Optical activity of metal ion-doped ZnO
nanostructures

Photocatalytic activity of representative materials
Eu, Mn-doped ZnO was investigated based on
MB degradation reaction under UV light. The
results of Figure 7 show that the relationship
between the optical density and concentration
of MB solution has a good linear range at low
concentrations. This relationship has relatively
good linearity in the MB concentration range
from 0.1 to 24 mg/L (correlation coefficient
R?*=0.9927).
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Figure 7. Calibration curve of MB solutions
atA = 664.4nm.

However, the best linearity (correlation
coefficient R? = 0.9975) was obtained in the MB
concentration range of 4.0 to 16 mg/L. Therefore,
the MB concentration of 10 mg/L was chosen for
the photocatalytic reaction.
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Figure 8. (a) Pseudo first-order rate kinetics for
photocatalytic degradation of methylene blue dye;
(b) Photodegradation efficiencies of Eu-, Mn-doped
ZnO with ZnO.

The lines showing the relationship
between Ln(C/C) and MB decay time were
almost linear (Figure 8a). It shows that the MB
decomposition reaction kinetics of the materials
investigated under the visible light follow the
Langmuir — Hinshelwood model and simple
Ist-order reaction kinetics. k - the reaction rate
constant for Eu-doped ZnO material is 0.008 min™!,
and for Mn-doped ZnO material is 0.012 min™'.
The reaction rate constant of the Mn-doped ZnO
catalyst is higher, which is consistent with the
MB decomposition rate of the Mn-doped ZnO
catalyst faster than the Eu-doped ZnO.

Figure 8b shows that the degradation
efficiency of MB under UV light with Eu- and
Mn-doped ZnO is higher than that of undoped
ZnO. This result confirmed that europium
and manganese doping changed the optical
properties of ZnO. Thus, the doping of europium
or manganese metal into ZnO increases the
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photocatalytic activity of ZnO under UV light.
Metal doping into ZnO leads to the formation of
anew band gap energy state within the ZnO band
gap. On the other hand, the doping of europium
or manganese into ZnO increases defects. Both
the new band gap energy states and lattice
defects are intermediate factors that induce
the excitation of electrons from the valence
band to the gravitational zone when absorbing
visible light.> One of the noteworthy effects of
manganese doping into ZnO was the increase in
defect concentration.’>*

3.4. Material reusability

Reusability is one of the essential factors when
deciding on amaterial for the purpose of economic
efficiency and environmental protection.” After
the photocatalytic reaction, the Eu- and Mn-
doped ZnO materials were rinsed several times
with deionized water, dried at 90 °C for 12 hours,
and reused to assess the photocatalytic ability at
repeated use. The structure and composition of
the crystal phase were examined.
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Figure 9. The MB decomposition efficiency of Eu -

and Mn-doped ZnO materials after three reuse.

Figure 9 shows the results of the
reusability of the two materials Eu- and
Mn-doped ZnO. The results show that MB
degradation efficiency decreased slightly after
each reuse. After reusing them three times, the
MB degradation efficiency still reached 84.34%
with Eu-doped ZnO and 93.7% with Mn-doped
Zn0O.

https://doi.org/10.52111/qnjs.2023.17303

4. CONCLUSION

This study was an attempt to synthesize Eu- and
Mn-doped ZnO materials using the hydrothermal
method. Data showed high crystallization
and photocatalytic activity. In addition, all
the materials tested demonstrated reusability.
Furthermore, high substrate concentration was
shown to inhibit biofilm systems’ formation
and growth, suggesting that there is an optimal
substrate concentration. These findings will
provide useful and progressive insights into the
future applications of photocatalytic treatment
on dye wastes.
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