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ABSTRACT

ZnO and La Mg, . Zn O (x = 0.01, 0.015 and 0.02) nanoparticles prepared by combustion method
were used for photocatalytic degradation of methylene blue (MB) as a dye model under visible
light irradiation. Phase, morphology, surface area and optical properties of the samples were char-
acterized by X-ray diffraction, transmission electron microscopy, Fourier-transform infrared spec-
troscopy, Raman spectroscopy, Brunauer-Emmett-Teller surface area analysis and UV-Visible
spectrometry. The samples were indexed to pure hexagonal wurtzite ZnO nanoparticles with average
particle size 115.64 + 41.13, 67.25 + 15.54, 36.80 + 11.74 and 19.32 + 4.11 nm for ZnO, La,, Mg, ,Zn,,,0,
La, Mg, ,sZn,,,O and La, Mg  7Zn O samples, respectively. UV-Visible spectroscopy of ZnO
nanoparticles has excellent absorption in UV region of 380 nm which was shifted to 384 nm for
La, Mg, ,Zn O nanoparticles by the incorporation of La/Mg dopants into the ZnO matrix. The pho-
tocatalytic efficiencies of ZnO, La Mg, Zn O, La, Mg .7n  OandLa Mg  Zn O nanoparti-
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cles for MB degradation were 10.90%, 92.33%, 96.01% and 97.10%, respectively. The La Mg, Zn , O

0.97
nanoparticles have the highest photocatalytic activity because La/Mg co-dopant played the role

in suppressing electrons-holes recombination and enhancing the photocatalytic activity of ZnO

nanoparticles induced by visible radiation.
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1. Introduction

Recently, photocatalysis, an advanced oxidation process,
has been used as a potential application for environmental
treatment including water and air because it has the ben-
efit of complete degradation of contaminants without the
existence of secondary pollutants [1-6]. ZnO with a wide
bandgap of 3.37 eV and high exciton binding energy at room
temperature of 60 meV is an outstanding photocatalyst

* Corresponding authors.

for degradation of toxic pollutants because it is cost-effec-
tive, non-toxic and chemical stable and has high electron
mobility [2,7-10]. Moreover, the limited photocatalytic
activity of ZnO for pollution treatment is the rapid recombi-
nation of charge carriers, low quantum efficiency and active
involvement with only UV light [1,3,7]. The incorporation
of metals in ZnO lattice is an interesting way to promote
photocatalytic activity under visible radiation because the
metallic dopants can lead to create energy level between its
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valence and conduction bands. Thus, the recombination of
photo-excited electrons and photo-induced holes of ZnO is
suppressed [9,11-13]. For example, Zn  La  Ce Dy, O
has the photodegradation of rhodamine B (RhB) higher
than the un-doped ZnO because rare earth metal, an elec-
tron acceptor, can lead to produce oxygen vacancy and to
enhance the separation of photo-excited electrons and pho-
to-induced holes [14]. The Al/Er co-doped ZnO nanopar-
ticles have excellent degradation of RhB, methylene blue
(MB) and 4-nitrophenol (4-NP) under visible radiation
because they have strong visible light absorption and
effective electron—hole separation [15].

In this research, La/Mg co-doped ZnO nanoparticles
prepared by a simple combustion method were evalu-
ated for the degradation of MB under visible radiation.
Structure, morphology and optical property of ZnO and La/
Mg co-doped ZnO samples were investigated by X-ray dif-
fraction (XRD), transmission electron microscopy (TEM),
Fourier-transform infrared spectroscopy (FTIR), Raman spec-
troscopy and UV-Visible spectrometry. Brunauer-Emmett—
Teller (BET) surface area of samples was analyzed. The pho-
tocatalytic test showed that La/Mg co-dopants played the
role in improving visible-light catalytic activity of un-doped
Zn0O.

2. Experimental details

To prepare La Mg, . Zn O (x = 0.01, 0.015 and 0.02)
nanoparticles, 0.01 mol Zn(NO,),,6H,O was dissolved in
25 mL ethanol with continued stirring. Subsequently, the
mixed solutions of 25 mL ethanol containing 0.01-0.02 wt.%
La(NO,),6H,0 and Mg(NO,),6H,0 were added to the
Zn* solution. In addition, 0.001 mol of NaOH containing
in 50 mL ethanol was added with continued magnetic stir-
ring for 24 h. In the end, the solution system was filtered
and the solid residue was washed with deionized water
and ethanol and dried at 80°C for 24 h. The solid residue
was further calcined at 600°C for 4 h in an electrical fur-
nace to obtain the final ZnO and La/Mg co-doped ZnO
samples. Phase, morphology and optical property of ZnO
and La/Mg co-doped ZnO samples were analyzed by XRD,
TEM, FTIR, Raman spectroscopy and UV-Visible spectros-
copy. BET surface area analysis for specific surface area of
samples was operated on a Micromeritics TriStar II 3020
analyzer.

The photodegradation of MB over ZnO and La/Mg
co-doped ZnO nanoparticles was studied under visible
radiation. Each 200 mg of ZnO and La/Mg co-doped ZnO
nanoparticles containing in 200 mL 1 x 10° M MB solu-
tion was magnetically stirred in dark condition for 30 min.
Then, the solution system was irradiated by visible light
of 35 W xenon lamp and 5 mL of suspension solution was
collected every 30 min interval. The suspension solution
was centrifuged at 4,000 rpm for 10 min to separate the
photocatalytic solid. The solution of MB after photocata-
lytic reaction was analyzed by UV-Visible spectroscopy at
a maximum wavelength (A_ ) of 664 nm. The degradation’
efficiency (%) was calculated by Eq. (1).

Degradation efﬁciency(%) = % x100 1)

0

357

where C, and C, are the contents of MB before and after
visible light irradiation. The mineralization of MB over
La, ,,Mg, Zn O nanoparticles analyzed by total organic car-
bon (TOC) content was also investigated by a TOC Analytik
Jena GmbH - multi N/C 3100 analyzer (Konrad-Zuse-
Strasse 1, 07745 Jena, Germany).

3. Results and discussion

Phase and structure of ZnO and La/Mg co-doped ZnO
samples were characterized by XRD as the results shown in
Fig. 1. XRD pattern of the un-doped sample was indexed to
pure phase of hexagonal wurtzite ZnO structure and well
matched with the JCPDS no. 36-1451 [16]. Thus, ZnO sam-
ple prepared by combustion method and followed by 600°C
calcination for 4 h was pure good crystal. Comparing to the
ZnO sample, the XRD patterns of La/Mg co-doped ZnO
samples were indexed to hexagonal wurtzite ZnO struc-
ture of the JCPDS no. 36-1451 [16]. There were no detection
of impurities such as La,0, and MgO, and the hexagonal
wurtzite ZnO structure was not changed even after La/Mg
co-dopants were incorporated in ZnO matrix. They should
be noted that the diffraction peaks of La/Mg co-doped ZnO
samples were shifted with respect to those of the pure hex-
agonal wurtzite ZnO phase. They indicate that La/Mg ions
were successfully substituted for Zn* ions of ZnO lattice.
The XRD patterns of La/Mg co-doped ZnO samples were
broadened as compared to the pure phase of hexagonal
wurtzite ZnO. The crystallite size of ZnO was reduced due
to the addition of La/Mg to ZnO lattice because the La/
Mg co-dopants led to prevent the crystallite growth and
change the crystallite size of ZnO host during the crystalli-
zation of La/Mg co-doped ZnO samples [17-19]. The intro-
duction of La/Mg co-dopant played the role in inhibiting
the growth of ZnO nanoparticles.
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Fig. 1. X-ray diffraction patterns of ZnO and La/Mg co-doped
ZnO samples as compared with the JCPDS database.
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The approximate crystallite sizes of ZnO and La/
Mg co-doped ZnO samples were calculated using the
Scherrer Eq. (2).

_ka
Bcos6

@)

where D is the approximate crystallite size of the sam-
ple, k is the Scherrer constant of spherical shape (k = 0.89),
A is the wavelength of Cu-Ka (A = 0.154056 nm), O is the
Bragg diffraction angle of the (101) crystal plane of hex-
agonal wurtzite ZnO structure and B is the full width at
half maximum of the (101) crystal plane [8,12,14,20-22].
The calculated crystallite sizes of ZnO, La,, Mg, Zn O,
La, Mg, ,sZn,,,O and La, ,Mg . Zn, . O were 4537, 29.91,
27.92 and 26.05 nm, respectively.

The atomic vibration of ZnO and La/Mg co-doped ZnO
samples were investigated by FTIR and Raman spectroscopy.
Fig. 2a shows the FTIR spectra of ZnO and La ;Mg ,.Zn,,,O
samples which present the sharp FTIR bands at 438 cm™ for
ZnO and 437 cm™ for La, Mg, ..Zn ,O. They correspond
to the vibration of Zn-O bond of ZnO lattice [3,4,8,12,13].
The wavenumber of Zn-O bond of La/Mg co-doped ZnO
sample was slightly shifted with respect to that of pure
ZnO sample due to the change of Zn-O bond length by the
substitution of La/Mg co-dopants for Zn of ZnO [3,8,12,13].
The broad bands at 3,100-3,600 cm™ were also detected and
are assigned to the vibration of O-H stretching of adsorbed
water on top of the samples [3,4,8,12,13].

Fig. 2b shows the Raman spectra of ZnO and
La, Mg, ,sZn,,,O samples analyzed by He-Ne red laser
at 632.8 nm in the wavenumber range of 200-700 cm™.
Raman spectrum of pure ZnO phase shows the dominant
Raman peak at 438 cm™ which corresponds to the E,
mode of wurtzite ZnO structure [13,23,24]. The weak Raman
peaks at 330 and 381 cm™ of pure ZnO phase are assigned
to the E,,-E, ~and A, modes of wurtzite ZnO struc-
ture [13,23,24]. The E,;, modes of wurtzite ZnO structure
at 536 and 572 cm™ are related to the lattice distortion and
defects such as oxygen vacancy (V) and zinc interstitial (Zn,)

[13,23,24]. The wavenumber of EZ(H) mode of wurtzite ZnO
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structure of La/Mg co-doped ZnO was slightly shifted to
437 cm™ due to the disorder of ZnO lattice by La/Mg dop-
ants in the ZnO host matrix [13,23-25]. They can be seen that
the intensity of E, | | mode of wurtzite ZnO structure was
increased after being doped with La/Mg because oxygen
vacancy and defect were induced in ZnO lattice [13,20,24,26].
Fig. 3 shows TEM images and SAED (selected area elec-
tron diffraction) patterns of ZnO and La/Mg co-doped ZnO
samples. Both ZnO and La/Mg co-doped ZnO samples con-
tain spherical nanoparticles with different orientations. The
particle size of ZnO was decreased when La/Mg co-dopants
were incorporated in the ZnO lattice. The results show that
growth rate of ZnO was suppressed. The average particle
sizes were 115.64 + 41.13, 67.25 + 15.54, 36.80 + 11.74 and
19.32+4.11 nm for ZnO, La,, Mg, .Zn ,O,La Mg 7n O
and La Mg,  Zn O samples, respectively. The parti-
cle size of La/Mg co-doped ZnO samples was decreased
and the surface-to-volume ratio of ZnO was increased. The
introduction of La/Mg co-dopant can lead to enhance the
photocatalytic performance of the sample. The BET sur-
face areas of ZnO and La/Mg co-doped ZnO samples were
14.13, 16.85, 18.10 and 19.76 m?/g for ZnO, La, Mg, .7n O,
LaO.UlSMgO.OISZn0.97O and LaO.OZMgU.Olzn0.97O Samples’ respec-
tively. The La, ,Mg,  Zn O nanoparticles have the highest
active surface area for photocatalysis and visible-light har-
vest [27-29]. SAED patterns of ZnO and La/Mg co-doped
ZnO samples present the full bright electron diffraction of
concentric rings which indicate the existence of ZnO and La/
Mg co-doped ZnO polycrystalline samples. The SAED pat-
terns of un-doped and doped samples were indexed to the
(100), (002), (101), (102) and (110) crystal planes of hexago-
nal wurtzite ZnO structure of the JCPDS no. 36-1451 [13].
The weight percentages of the elements containing in the
La, ,Mg, Zn O nanoparticles was analyzed by energy-dis-
persive X-ray spectroscopy and were 1.59% La, 0.73% Mg,
50.32% Zn and 47.36% O. They correspond very well with
the molar percent of the elements containing in the sample.
Fig. 4 shows the UV-Visible absorption of ZnO and La/
Mg co-doped ZnO samples in the wavelength range of
~220-800 nm. In this research, pure ZnO nanoparticles
show excellent absorption in the UV region which is the
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Fig. 2. (a) Fourier-transform infrared spectroscopy and (b) Raman spectra of ZnO and La, Mg, .Zn , O samples.
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Fig. 3. Transmission electron microscopy images and SAED patterns of (a) ZnO, (b) La,, Mg, .Zn O, (c) La,,,.Mg,..Zn , O and

(d) La, ,Mg, ,,Zn, ,;O nanoparticles.
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Fig. 4. Photonic absorption of ZnO and LaMg, . 7Zn O
(x=0.01, 0.015 and 0.02) nanoparticles.

characteristic of photo-induced charge carriers of wurtz-
ite hexagonal ZnO structure [4,11,13,14]. When La/Mg
co-dopants were incorporated into ZnO matrix, the visi-
ble absorption region was enlarged. Possibly, the impurity
level in the band gap of ZnO can lead to improve the utili-
zation of visible light [11,13,14,30]. The absorption edges of
La/Mg co-doped ZnO nanoparticles were red shifted from
380 nm for ZnO nanoparticles to 381, 382 and 384 nm for
LaO.OlMgO.OZZn0.97O’ LaO.UlSMgO.OISZnO.97O and LaO.UZMgO.Olzn0.97O
nanoparticles, respectively. The band gaps (E ) of ZnO and
La/Mg co-doped ZnO nanoparticles were calculated using
Eg =1,239.82/A. They were 3.26, 3.25, 3.24 and 3.23 eV for ZnO,
LaO.OlMgO.OZZn O’ LaO.UlSMgO.OISZnO.97O and LaO.UZMgO.Olzn0.97O

0.97

0977

nanoparticles, respectively [4,13,30,31]. The Eg of ZnO was
reduced by the introduction of La/Mg co-dopants. The
band gap narrowing mechanism is increasingly significant
and is competing with the Burstein-Moss effect of ZnO
[13,14,20,30,32]. The Burstein-Moss shift is a phenomenon
that the apparent band gap of a semiconductor increases
when the absorption edge is pushed to higher energy level
as a result of all states close to the conduction band get
populated.

Fig. 5a shows the photodegradation of MB over ZnO
and La/Mg co-doped ZnO nanoparticles prepared by com-
bustion method and followed by calcination at 600°C for
4 h. According to the results, the photodegradation of MB
over ZnO under visible light irradiation within 90 min
was 10.90%. The photocatalytic efficiency for MB degrada-
tion over ZnO was increased by being doped with La/Mg
co-dopants. The La/Mg dopants have the influence on the
photocatalytic reaction of ZnO under visible light irradia-
tion. The photocatalytic efficiencies for MB degradation over
La/Mg co-doped ZnO nanoparticles were 92.33%, 96.01%
and 97.10% for La Mg, .Zn, O, La, Mg .7n O and
La,,Mg,,,Zn,,O nanoparticles, respectively. According to
the present photocatalytic experiment, the La, ,Mg, ,Zn,, O
nanoparticles have the highest photocatalytic performance
because they have the highest active surface area for pho-
tocatalytic reaction and incident visible light harvest to
produce the highest active oxidant species as *OH and *O,
radicals for MB degradation under visible light irradiation
[33-35]. The introduction of La/Mg co-dopant can lead to
create oxygen vacancies and defects in ZnO lattice which
plays the role in suppressing the recombination of pho-
to-excited electrons — photo-induced holes and enhancing
the photocatalytic performance of ZnO under visible light
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Fig. 6. (a) Trapping experiment and (b) recycled test of La, ,Mg,,Zn , O nanoparticles for the degradation of methylene blue.

irradiation [1,8,36,37]. In addition, the mineralization of
MB over La, ,Mg,,Zn,, O nanoparticles analyzed by TOC
was 63.87%. The reaction kinetics for photodegradation
of MB over ZnO and La/Mg co-doped ZnO nanoparticles
follows the pseudo-first-order kinetics model of Fig. 5b
[3,8,11,13,38-40]. They show linear lines of In(C/C)) vs. irra-
diation time with regression coefficient closed to 1. The
apparent rate constant for MB degradation over a photocat-
alyst was calculated from the slope of In(C /C,) vs. irradia-
tion time. The apparent rate constants for MB degradation
were 1.67 x 1072, 0.0269, 0.0339 and 0.0374 min™ for ZnO,
LaO.UlMgU.OZZHO.97O’ LaO.Ul5MgU.OISZnU.97O and LaU.UZMgU.Olan.97O
nanoparticles, respectively. The La, Mg, Zn . O nanopar-
ticles have the highest apparent rate constant.

Fig. 6a shows the degradation of MB over
La,,Mg,,,Zn,, O nanoparticles with and without adding of
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na),
isopropyl alcohol (IPA) and benzoquinone (BQ) used for
trapping of holes (h*), hydroxyl radical ("OH) and superoxide
anion radical (*O,") [8,12,15,33,41]. The photocatalytic effi-
ciencies for MB gradation were slightly decreased after being
added with EDTA-2Na. The dramatic decrease of degrada-
tion efficiency for MB over La, ,Mg = Zn O nanoparticles
was detected after being doped with IPA and BQ. Thus, *OH

and *O; radicals played the important role in photodegrad-
ing of MB under visible light irradiation. In addition, the
photocatalytic stability of La,,Mg,,Zn O nanoparticles
was investigated as the results shown in Fig. 6b. At the end
of photocatalytic reaction, the La, Mg  Zn O nanopar-
ticles were centrifuged, washed with R.O. water and
ethanol, and dried for the next photocatalytic cycle.
The results show that the re-used La Mg  Zn O
nanoparticles were still have high photocatalytic activ-
ity and that La, ,Mg,Zn ,O nanoparticles are an excel-
lent photocatalyst for practical treatment of wastewater.

4. Conclusions

ZnO and La/Mg co-doped ZnO nanoparticles were suc-
cessfully synthesized by combustion method and followed
by calcination at 600°C for 4 h. Phase of the as-prepared
un-doped sample was pure hexagonal wurtzite ZnO struc-
ture. The La/Mg co-dopants were successfully substituted
for Zn* ions of the lattice and played the role in inhibit-
ing the growth of ZnO nanoparticles. The photocatalytic
activities of ZnO and La/Mg co-doped ZnO nanoparticles
were monitored through the degradation of MB under vis-
ible light irradiation. The La, Mg,  Zn , O nanoparticles
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have the highest photocatalytic activity because the La/Mg
co-dopants played the role in suppressing the electrons-holes
recombination and enhancing the photocatalytic activity
of ZnO under visible light irradiation. In this research, the
re-used La, Mg,  7Zn O nanoparticles are the excellent
photocatalyst within five cycles and have the promising
photocatalytic application for wastewater treatment.
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