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Visible-light-driven LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) nanoparticles were 
synthesized by tartaric acid-assisted combustion method. Both ZnO and La/Al co-doped 
ZnO samples were indexed to the pure hexagonal wurtzite ZnO structure and were 
composed of nanoparticles with particle size ranges of 100-150 nm and 20-50 nm, 
respectively. The photocatalytic activities of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 
and 0.02) nanoparticles were monitored through the degradation of methylene blue (MB) 
under visible light irradiation. The La0.02Al0.01Zn0.97O nanoparticles have the highest 
photocatalytic activity in degrading of MB under visible light irradiation because the 
La/Al co-dopant played the role in creating shallow energy level under the conduction 
band of ZnO. 
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1. Introduction 
 
In recent years, environmental pollution caused by dyes containing in wastewater is a 

serious problem that influences on health and hygiene of aquatic and non-aquatic organisms [1-4]. 
Semiconductor-based photocatalysts such as TiO2 [5, 6], ZnO [2, 7, 8], CuO [9, 10] and Fe2O3 [11, 
12] have high efficiency in transforming toxic organic compounds into non-toxic components. 
They are inexpensive with physical and chemical stability, high oxidative capacity and reusability 
[4, 13, 14]. ZnO with a wide band-gap II–VI semiconductor of 3.37 eV and exciton binding energy 
of 60 meV is a promising material used for optoelectronic, magnetic and energy harvesting 
applications for solar cells, photo detectors and transparent conductive films [1, 4, 7, 15, 16]. ZnO 
has the promising photodegradation of dyes such as methylene blue (MB) [2, 8, 7], rhodamine B 
(RhB) [17, 18], methyl orange (MO) [19, 20] and malachite green (MG) [21, 22] because of its 
nontoxic, abundant, low cost, structural stability and environmentally friendly [4, 7, 23]. The 
photocatalytic reaction of ZnO is active only UV light region due to its wide band gap and high 
rate of electron-hole recombination [4, 13, 23, 24]. To solve this problem, a metallic dopant is 
added to respond visible light with 45% of the solar radiation because the metal dopant can be 
tuned with its optical band gap energy which can lead to enhance the carrier-charge separation by 
creating traps for electrons. Additionally, metal co-doped ZnO has the photocatalytic performance 
higher than single metal doped ZnO because the co-dopant can lead to effectively separate the 
photo-induced charge carriers with strong visible light harvesting [25-29]. Reddy et al. reported 
that 2%Al-2%Ni-ZnO nanoparticles are very effective for the degradation of MO under visible 
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radiation within 30 min [25]. Nibret et al. reported the successful synthesis of Cr/N co-doped ZnO 
nanoparticles used for the degradation of thymol blue under visible light [28]. Cr/N co-doped ZnO 
has photocatalytic efficiency higher than ZnO, N-doped ZnO and Cr-doped ZnO nanoparticles 
because of the synergistic effect of co-dopant. Irtiqa and Rahman reported the successful synthesis 
of Ce/Dy co-doped ZnO nanoparticles by simple co-precipitation method [29]. The photocatalytic 
performance of Ce0.05Dy0.05Zn0.90O nanoparticles in degrading of RhB was improved by the 
increase of surface oxygen vacancy and absorption capacity and the delay of photo-generated 
electron-hole recombination.  

In this research, ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) nanoparticles were 
synthesized by tartaric acid-assisted combustion method. Structure, morphology and optical 
property of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) nanoparticles were characterized 
by X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier transform infrared 
spectroscopy (FTIR), Raman spectroscopy and UV-visible spectrometry. The photocatalytic 
properties of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) nanoparticles were tested 
through the degradation of methylene blue (MB) as a dye model under visible radiation. 

 
 
2. Experimental details 
 
To prepare LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) nanoparticles, La(NO3)3·6H2O, 

Al(NO3)3·9H2O and Zn(NO3)2·6H2O were used as La, Al and Zn sources. First, 0.01 mole of 
Zn(NO3)2·6H2O was dissolved in 25 ml of ethanol under continual stirring. Second, 0.01-0.02 wt% 
of La(NO3)3·6H2O and Al(NO3)3·9H2O were dissolved in 25 ml of ethanol which was added to the 
Zn2+ solution. Third, 0.01 mole of tartaric acid in 50 ml ethanol and 0.001 mole of NaOH in 50 ml 
ethanol were added in the mixed solution to form white gel under magnetic stirring for 24 h. The 
as-synthesized white gel was filtered, washed with deionized water and ethanol, and dried at 80 °C 
for 24 h. The dried precursor was ground in an alumina crucible and calcined in an electric furnace 
at 600 °C for 4 h to obtain the final LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) samples. 
Similarly, the process was done for the synthesis of ZnO. 

Phase and structure of ZnO and La/Al co-doped ZnO samples were characterized by X-ray 
diffraction (XRD) on a Philips X’Pert MPD X-ray diffractometer equipped with Cu-Kα radiation at 
a scanning rate of 0.02 deg/s over the range of 20o - 80o. The morphologies of ZnO and La/Al co-
doped ZnO samples were recorded by a transmission electron microscope (TEM JEM 2010, 
JEOL) at an acceleration voltage of 200 kV. The Fourier transform infrared (FTIR) and Raman 
spectra of ZnO and La/Al co-doped ZnO samples were recorded by Bruker TENSOR 27 Fourier 
transform infrared spectroscopy with KBr as a diluting agent and HORIBA JOBIN YVON 
T64000 Raman spectroscopy using 30 mW He-Ne laser with 632.8 nm wavelength. The optical 
properties of ZnO and La/Al co-doped ZnO samples were investigated by a UV-visible 
spectrometer (Lambda 25 Perkin Elmer) with 0.2 nm resolution at ~225-800 nm wavelength. 

The photocatalytic activities of ZnO and La/Al co-doped ZnO samples were investigated 
through the degradation of methylene blue (MB) as a dye model under visible radiation. Each 200 
mg photocatalyst was added in 200 ml 1x10–5 M MB aqueous solution which was magnetically 
stirred in the dark for 30 min. Then visible light from a 35 W xenon lamp was illuminated on the 
solution system and the suspension solution was collected every 30 min interval. The 
concentration of MB was analyzed by Lambda 25 UV-visible spectroscopy (Perkin Elmer) at a 
maximum wavelength (λmax) of 664 nm. The decolorization efficiency (%) was calculated by 

 

Decolorization efficiency (%) = x100                        (1) 

 
Co and Ct are the concentrations of MB before and after visible light illumination.  
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3. Results and discussion 
 
XRD patterns of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) samples prepared 

by combustion method and followed by calcination at 600 oC for 4 h are shown in Fig. 1. The 
XRD pattern of pure ZnO sample can be indexed to the hexagonal wurtzite ZnO structure (JCPDS 
no. 36-1451 [30]). It presents the diffraction peaks at 2θ of 31.86°, 34.47°, 36.37°, 47.67°, 56.68o, 
62.92o, 66.35o, 68.01o, 69.13o, 72.55o and 77.02o which correspond to the (100), (002), (101), 
(102), (110), (103), (200), (112), (201), (004) and (202) crystallographic planes of hexagonal 
wurtzite ZnO structure. Comparing to the XRD pattern of ZnO, the XRD patterns of LaxAl0.03-

xZn0.97O (x = 0.01, 0.015 and 0.02) contain eleven diffraction peaks in the same way as that of pure 
ZnO sample. They indicate that the La/Al co-dopants did not play the role in changing the 
hexagonal wurtzite ZnO structure [14, 15, 24, 26]. The diffraction peaks of LaxAl0.03-xZn0.97O (x = 
0.01, 0.015 and 0.02) were broadened because La/Al co-dopants have the influence to suppress the 
growth of ZnO crystal by the substitution of La/Al co-dopants for Zn2+ sites of ZnO lattice [14, 15, 
24, 26]. 

 

 
 

Fig. 1. XRD patterns of ZnO and La/Al co-doped ZnO samples prepared by combustion method 
and followed by calcination at 600 oC for 4 h. 

 
 
The crystallite sizes of ZnO, La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and La0.02Al0.01Zn0.97O 

samples calculated by the Scherrer equation were 48.32, 28.95, 26.59 and 23.25 nm, respectively 
[7, 14, 18, 21, 22]. The specific surface areas (SSA) of the samples were calculated by 

 
   SSA = Ksf/D·ρ                                    (2) 

 
Ksf is the spherical shape factor for nanoparticles (Ksf = 6), D is the crystallite size and ρ is 

the density of ZnO (5.606 g.cm−3) [7, 31, 32]. The specific surface areas were 22.14, 36.97, 40.25 
and 46.03 m2.g−1 for ZnO, La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and La0.02Al0.01Zn0.97O samples, 
respectively. Clearly, the specific surface area of La/Al co-doped ZnO is higher than that of pure 
ZnO sample. This is the benefit of increasing in the number of surface active sites and enhancing 
the photocatalytic performance of ZnO [7, 20, 28, 31].  

Fig. 2a shows the FTIR spectra of Zn-tartaric acid precursor, ZnO and La0.015Al0.015Zn0.97O 
samples prepared by the combustion method. FTIR spectrum of La/Al co-doped ZnO-tartaric acid 
precursor shows the functional carboxyl groups of tartaric acid as bidentate ligand at 1500-1800 
cm−1 and 1200-1450 cm−1 by donating of the lone pair electron to form inorganic metal-tartaric 

https://www.sciencedirect.com/topics/engineering/x-ray-diffraction


1426 
 
complexes [7, 14, 31, 33]. Upon calcination the precursor at 600 oC for 4 h, the vibration of 
functional groups of tartaric acid was no longer detected in the FTIR spectra of ZnO and 
La0.015Al0.015Zn0.97O samples. The results indicate that the crystalline samples were completely 
produced [7, 14]. The FTIR spectrum of ZnO shows a new strong absorption band at 421 cm−1 
ascribed to the Zn–O stretching vibration [2, 4, 7, 8]. The wavenumber of Zn–O stretching 
vibration was shifted from 421 cm−1 for ZnO to 423 cm−1 for La0.015Al0.015Zn0.97O caused by the 
change of bond length of Zn–O by the La/Al dopant. Thus, La/Al co-dopant was substituted for 
Zn2+ sites of ZnO lattice [15, 34, 35]. In addition, ZnO and La0.015Al0.015Zn0.97O sample show a 
broad band at 3050-3650 cm−1 corresponding to the O–H stretching of adsorbed water on the top 
[2, 4, 7, 8].  
 

 
                                       

(a)                                                                                     (b) 
 

Fig. 2. (a) FTIR and (b) Raman spectra of precursor, ZnO and La0.015Al0.015Zn0.97O samples prepared by 
combustion method. 

 
 
Fig. 2b shows the Raman spectra of ZnO and La0.015Al0.015Zn0.97O samples prepared by 

combustion method and followed by calcination at 600 oC for 4 h. The characteristic sharp Raman 
peak at 437 cm−1 was detected in pure hexagonal wurtzite ZnO sample which corresponds to the 
non-polar optical phonon E2H mode [1, 2, 7, 8, 16]. They should be noted that the E2H mode of 
La0.015Al0.015Zn0.97O sample was broadened and shifted to 435 cm−1 and that the lattice of ZnO was 
distorted by the effective substitution for Zn2+ ion by La/Al co-dopant [15, 34, 35]. The E2H – 
E2L (multi-phonon process) and A1T modes of hexagonal wurtzite ZnO structure were detected at 
329 and 380 cm−1 [1, 2, 7, 8]. The weak Raman peak at 581 cm−1 of hexagonal wurtzite ZnO 
structure is assigned to the E1 symmetry with LO mode [1, 2, 7, 8]. In general, the E1(LO) mode of 
ZnO is caused by the impurities and defects containing in ZnO lattice such as oxygen vacancy and 
Zn interstitial [1, 2, 7, 8]. The E1(LO) mode of La0.015Al0.015Zn0.97O sample was broadened. 
Clearly, the La/Al dopant played the role in creating impurities and defects of ZnO lattice [15, 34, 
36, 37].  

The morphologies of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) samples 
prepared by combustion method and followed by calcination at 600 oC for 4 h were analyzed by 
TEM as the results shown in Fig. 3. TEM images of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 
and 0.02) show that all samples were composed of spherical nanoparticles with different sizes. The 
particle size range of ZnO and La/Al co-doped ZnO samples were 100-150 and 20-50 nm, 
respectively. The average particle sizes of the samples were 127 ± 35, 46 ± 9, 33 ± 8 and 30 ± 5 
nm for ZnO, La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and La0.02Al0.01Zn0.97O, respectively. The 
particle size of ZnO was decreased because the La/Al co-dopant played the role in reducing 
growth rate of ZnO nanoparticles. The selected area electron diffraction (SAED) patterns of ZnO 
and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) show bright electron diffraction rings which can 
be indexed to the pure phase of hexagonal wurtzite ZnO structure (JCPDS no. 36-1451) [30]. 
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                                         (a)                                                                                 (b) 

 
                                         (c)                                                                                 (d) 

 
Fig. 3. TEM images and SAED patterns of (a) ZnO, (b) La0.01Al0.02Zn0.97O, (c) La0.015Al0.015Zn0.97O and (d) 
La0.02Al0.01Zn0.97O samples prepared by combustion method and followed by calcination at 600 oC for 4 h. 

 
 
The optical properties of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) samples 

prepared by combustion method and followed by calcination at 600 oC for 4 h were investigated 
by UV-visible absorption spectroscopy as the results shown in Fig. 4. The UV-visible absorption 
spectrum of pure ZnO nanoparticles shows strong absorption in UV region with absorption edge of 
378 nm due to the electronic transition from the valence band (VB) to the conduction band (CB) of 
ZnO [1, 18, 20]. The absorption in visible region of La/Al co-doped ZnO nanoparticles is higher 
than that of ZnO nanoparticles. Comparing to ZnO nanoparticles, the absorption edges of 
La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and La0.02Al0.01Zn0.97O samples were red shifted to 381, 
380 and 382 nm, respectively.  

Band gap (Eg) of the samples can be calculated by the following.  
 

Eg = 1240/λ                    (3) 
 
λ is the wavelength (nm) of the adsorption edge [18, 28, 38, 39]. The calculated band gaps were 
3.280, 3.255, 3.263 and 3.246 eV for ZnO, La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and 
La0.02Al0.01Zn0.97O samples, respectively. The Eg of ZnO was decreased by La/Al adding because 
the La/Al dopant played the role in creating a new energy level in the band gap of ZnO lattice [26, 
28, 38]. The added La/Al dopant has the benefit for visible light harvesting of the visible-light 
driven photocatalyst. 
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Fig. 4. UV-visible absorption of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) nanoparticles 
prepared by combustion method and followed calcination at 600 oC for 4 h. 

 
 

 

 
                                             (a)                                                                                       (b) 

 
Fig. 5. (a) Photodegradation and (b) lnCo/Ct versus irradiation time plot of ZnO and  

La/Al co-doped ZnO nanoparticles prepared by combustion method and followed  
by calcination at 600 oC for 4 h. 

 
 
The photocatalytic efficiencies of ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) 

nanoparticles prepared by combustion method and followed by calcination at 600 oC for 4 h were 
monitored through the degradation of MB under visible radiation as the results shown in Fig. 5a. 
The photodegradation efficiency of ZnO nanoparticles was 13.61 % within 120 min because of its 
wide band gap energy of 3.280 eV. The photodegradation efficiency was increased by La/Al co-
dopant adding because the La/Al co-dopant played the role in creating a shallow energy level 
under the conduction band of ZnO. The photo-excited electrons can be trapped and the 
photocatalytic performance of ZnO under visible light was enhanced [26, 40, 41]. La ion acts as an 
electron trapper which can lead to suppress electron-hole recombination [29, 42, 43]. The 
photodegradation efficiencies of La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and La0.02Al0.01Zn0.97O 
samples illuminated by visible light within 120 min were 84.16%, 91.98% and 95.86%, 
respectively. In this research, La0.02Al0.01Zn0.97O nanoparticles have the highest photocatalytic 
efficiency and are 7.04 times that of pure ZnO nanoparticles. The degradation rate of MB over 
ZnO and LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) under visible light irradiation was calculated 
through the first-order kinetic model as the results shown in Fig. 5b [2, 4, 7, 8]. The photocatalytic 
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rate constants for MB degradation were 1.24x10−3, 0.0166, 0.0223 and 0.0278 min−1 for ZnO, 
La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and La0.02Al0.01Zn0.97O nanoparticles, respectively. The 
La0.02Al0.01Zn0.97O nanoparticles have the highest photocatalytic performance in degrading of MB 
under visible radiation.  

 

    
 

(a)                                                                                        (b) 
 

Fig. 6. (a) Trapping experiment with and without different scavengers and (b) recycle test for MB 
degradation of La0.02Al0.01Zn0.97O nanoparticles prepared by combustion method and followed 

by calcination at 600 oC for 4 h. 
 

 
The role of active radicals in degrading MB photocatalyzed by La0.02Al0.01Zn0.97O 

nanoparticles was investigated through the trapping experiment using ethylenediaminetetraacetic 
acid disodium salt (EDTA-2Na), isopropyl alcohol (IPA) and benzoquinone (BQ) for trapping 
hole (h+), hydroxyl radical (●OH) and superoxide anion radical (●O2

−) as the results shown in Fig. 
6a [2, 17, 44, 45]. The photodegradation efficiencies of La0.02Al0.01Zn0.97O nanoparticles were 
significantly suppressed for IPA and BQ adding, therefore, ●OH and ●O2

− are the important active 
radicals used for photodegradation of MB. In addition, the La0.02Al0.01Zn0.97O nanoparticles show 
excellent reusability for photocatalytic degradation of MB under visible light for five cycles as the 
results shown in Fig. 6b. In this research, the La0.02Al0.01Zn0.97O nanoparticles are the promising 
candidate for practical photocatalysis in degrading of MB containing in wastewater.  

 
 
4. Conclusions 
 
In summary, visible-light-driven LaxAl0.03-xZn0.97O (x = 0.01, 0.015 and 0.02) 

nanoparticles were synthesized by tartaric acid-assisted combustion method. XRD patterns of ZnO 
and La/Al co-doped ZnO nanoparticles were indexed to the pure phase of hexagonal wurtzite ZnO 
structure. TEM images were used to certify uniform nanoparticles with particle sizes of 127 ± 35, 
46 ± 9, 33 ± 8 and 30 ± 5 nm for ZnO, La0.01Al0.02Zn0.97O, La0.015Al0.015Zn0.97O and 
La0.02Al0.01Zn0.97O, respectively. The photocatalytic activities of ZnO and La/Al co-doped ZnO 
nanoparticles were investigated through the degradation of MB illuminated by visible light. In this 
research, La0.02Al0.01Zn0.97O nanoparticles have the highest photocatalytic efficiency in degrading 
of MB because La/Al co-dopant played the role in suppressing electron-hole recombination during 
the photocatalytic reaction. The La0.02Al0.01Zn0.97O nanoparticles have excellent reusability for 
photocatalysis and are the promising candidate for practical degradation of MB under visible light. 
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