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ABSTRACT: In this study, Li+ ions capped zinc oxide quantum dots (ZnO QDs) was 
synthesised using the microwave method. The X-ray diffraction (XRD), transmission 
electron microscopy (TEM), high-transmission electron microscopy (HR-TEM), 
scanning electron microscopy (SEM), UV–Visible diffuse reflectance spectroscopy 
(UV-DRS), and photoluminescence (PL) techniques were used to characterise the 
structural, morphological, optical properties of the ZnO QDs. The XRD analysis reveals 
that ZnO QDs have a hexagonal wurtzite structure with an average crystallite size of 
9.9 nm. The morphology of ZnO QDs was observed to be quasi-spherically shaped with 
an average particle size of 10 nm. The PL analysis detected the presence of various 
defects. All these factors enhanced the photodegradation of oxytetracycline (OTC) under 
fluorescent light irradiation. Within 40 min, 88.3% of OTC was removed, which was 
higher compared to the bulk ZnO reported in the literature. This technology is aimed at 
small animal husbandries due to the photocatalyst synthesis method’s simplicity and the 
photocatalysis process’s requirements. 
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1.	 INTRODUCTION

Each year, over 200 000 tonnes of antibiotics are produced to treat various bacterial 
infections in humans and agriculture.1 Oxytetracycline (OTC) is a wide-spectrum 
antibiotic used to treat gram-positive and gram-negative bacteria-related diseases. 
The OTC is chemically stable because of its polyaromatic ring structure.2 It has 
been discovered in water, soil and food in parts per billion (ppb) to parts per 
million (ppm) concentrations.3,4 The presence of OTC in the natural environment 
is concerning since it can induce the growth of antibiotic-resistant bacteria and 
jeopardise ecosystem stability.5 This condition is worsened because conventional 
wastewater treatment facilities could not effectively remove the OTC. The 
photocatalytic method is a green chemical technology that utilises light irritation 
and photocatalysts to generate powerful reactive oxygen species (ROS) such as 
hydroxyl radicals (●OH) and superoxide radical (O2

●-) to mineralised organic 
pollutants. 

Zinc oxide (ZnO) is a wide band gap (Eg = 3.37 eV) semiconductor, non-toxic, 
affordable, extremely photosensitive, and photocatalytically active.6 It has a more 
positive valence band position than other semiconductor materials (about 3.00 eV 
vs. NHE), which suggests that it has a stronger ability to excite holes in light and 
is better suited for the oxidative destruction of organic pollutants. However, it is 
highly effective under UV light irradiation. Additionally, its photocatalytic uses 
are constrained by the high rate of recombination of photogenerated electron/hole 
(e–/h+) pairs.7–9

Quantum dots (QDs) are semiconductor nanocrystals that have small  emission 
spectra, excellent photochemical stability, and sustained  absorption spectra.10 

Due to these photophysical properties, QDs have the potential to be applied 
in photocatalysis.   Additionally, the surface defects on QDs also function as 
electron scavengers, slowing the recombination rate of the e–/h+ pairs and making 
them excellent electron acceptors.11 Hence, ZnO quantum dots (ZnO QDs) will 
demonstrate better photodegradation activity than bulk ZnO. 

This paper demonstrates the synthesis of ZnO QDs via the microwave synthesis 
method utilising Li+ ions as the capping agent. The ZnO QDs’ photocatalytic 
capability was investigated in the oxytetracycline (OTC) degradation process 
under fluorescent light irradiation. The addition of Li+ ions reduced the size and 
enhanced the photocatalytic of the ZnO QDs by creating various defects. 
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2.	 EXPERIMENTAL 

2.1	 Synthesis of ZnO QDs

The ZnO QDs were synthesised according to Asok et al., with some 
modifications.12 The lithium hydroxide, LiOH (99%, anhydrous, QRC chemicals, 
United Kingdom), (1 mmol) was dissolved in 20 ml of ethanol (99.5%, HmBEG 
chemical, Malaysia) and stirred for 30 min at room temperature (Solution A). The 
zinc acetate dihydrate, Zn(CH3COO)2.2H2O (98%, QRC chemicals, Malaysia), 
(1.0 mmol) was stirred in 20 ml of ethanol for 30 min at room temperature 
(Solution B). Solution A was added slowly to solution B and continuously stirred 
for another 30 min. The mixture was irradiated with a domestic microwave 
oven (SAMSUNG/MODEL No: MW61F, Malaysia) for 6 min at 100 W. White 
powder was isolated from the mother liquor by centrifugation after the mixture 
was cooled to room temperature, filtered, and repeatedly washed with ethanol to 
get rid of unreacted reactants. The sample was dried for 24 h at 50oC in an oven 
for 24 h. 

2.2	 Characterisation of ZnO QDs

The surface of the ZnO QDs was studied using scanning electron microscopy 
(SEM, Quanta FEG-650, United Kingdom) and high-transmission electron 
microscopy on a TECNAI G2 20 S-TWIN, FEI with an acceleration voltage of 
200 kV, United States). The crystal structure and size of ZnO QDs were measured 
using an x-ray powder diffractometer (Bruker D8 Advance, Germany) by using 
monochromatic Cu Ka radiation (λ = 0.15406 nm). Diffraction data ranged from 
20o–80o and 0.02o/min scanning speed. The crystallite sizes of ZnO QDs were 
calculated using the Debye-Scherrer formula:

 

where D is the average crystallite size (nm), λ is the x-ray wavelength  
(= 0.15406 nm), β is the peak’s full width at half-maximum (FWHM), and the θ 
is the Bragg angle. Photoluminescence (PL) measurements were confirmed using 
Perkin Elmer LS-55, United States spectroscopy at room temperature, which was 
measured with a Xenon lamp (325 nm) as the exciton source. The photo-absorption 
and band gap energy (Eg) were measured using UV-DRS (a Perkin Elmer Lambda 
35 UV/Vis spectrometer, United States). X-ray photoelectron spectroscopy (XPS) 
analysis was performed using AXIS Ultra DLD, Kratos, United Kingdom. The 
Al Kα (1486.6 eV) was used as the x-ray source, and the binding energy was 
referenced to an adventitious carbon at 284.6 eV.  

D =
0.9λ

β COS θ (1)
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2.3	 Photodegradation of oxytetracycline (OTC)

The photodegradation of OTC was conducted in a homemade reactor  
(Figure 1) attached with two fluorescent lights (each 24 W). The light intensity  
was determined to be 104 W/m2 with a 0.40 W/m2 residual UV leakage irradiance 
using a Dual-Input Data Logging Radiometer (Model PMA 100, Pennsylvania, 
United States). The photodegradation of OTC (95%, Acros organic, United 
States) as a pollutant model was carried out as follows: photocatalyst (10 mg) 
was added into 50 ml of OTC solution (10 mg/l, pH = 9) and agitated in the dark 
for 20 min before to irradiation to reach an adsorption-desorption equilibrium. 
Samples were collected every 10 min after the irradiation started and filtered 
with a 0.22 µm membrane filter and measured using the UV-2600, Shimadzu 
(Japan) spectrometer. The OTC removal efficiency was calculated using the  
formula below:

OTC degradation (%R) =  C
C C

100
t

0

0 #
-     	 (2)

where Co and Ct represent the concentration before light irradiation and 
concentration at a time interval (t, min).

Figure 1:   The schematic diagram for a handmade reactor used in the photodegradation 
of OTC.

3.	 RESULTS AND DISCUSSION

3.1	 X-ray Diffraction (XRD) Analysis

The XRD diffractogram peaks of the ZnO QDs is shown in Figure 2(a). The 
diffractogram pattern is similar to the hexagonal wurtzite structure of ZnO 
(JCPDS card: 36-1451).13 The diffraction peaks at  2θ = 31.80o, 34.42o and 36.28o 
are assigned to the hkl planes of (100), (002) and (101), respectively. Diffraction 
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peaks related to Li+ ions are not detected. Therefore, it is concluded that the Li+ 
ions could possibly be substituted within the lattice of ZnO. This is possible 
since the radius of Zn (0.74 Å) is smaller than the radius of Li (0.76 Å).14 The 
broadening of the diffraction peaks compared to typical ZnO indicates that the 
addition of Li+ ion deformed the ZnO QDs crystal lattice and produced crystallites 
with smaller sizes.15,16 The synthesised ZnO QDs are considered to be pure since 
diffraction peaks related to other chemical constituents were not detected.15 The 
average diameter of the ZnO QDs crystallite is 9.9 nm.

3.2	 Morphology Study  

The SEM image shown in Figure 2(b) indicate that ZnO QDs are quasi-spherically 
shaped. Spherically shaped structures are reported to be better photocatalysts due 
to the wider surface.17 The TEM image [Figure 2(c)] also indicates the presence 
of quasi-spherically shaped nanoparticles with some aggregation. The average 
particle size of ZnO QDs determined from measuring over 100 particles using 
ImageJ software was approximately 10.0 nm  0.39 nm. The particle size histogram 
is given as an insert in Figure 2(c).16 The ZnO QDs were found to have a lattice 
spacing of 0.26 nm and 0.28 nm, which closely matched the crystal structure of 
the wurtzite phases of ZnO (002) and (100).18

Figure 2:	 The (a) XRD, (b) SEM, (c) TEM and (d) HRTEM image of ZnO QDs. The 
particle size histogram is given as the inset in Figure 2(c).
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3.3	 Optical Absorption 

From the UV-DRS absorption spectrum of the ZnO QDs [Figure 3(a)], it can 
be observed that the ZnO QDs show good absorption of incident light in the 
range of 350 nm–400 nm, which belongs to the ultraviolet (UV) region.15 The 
partial absorption edge in the ZnO QDs is seen to be extended into the visible 
domain.19 These observations indicate that the synthesised ZnO QDs have a good 
absorption range in both UV and visible regions. The Eg was determined using the 
Tauc method. The Eg is given in the inset of Figure 2(a). The Eg of the ZnO QDs 
(3.21 eV) was lower than that of bulk ZnO (3.37 eV).20 It has been demonstrated 
that ZnO QDs can absorb lower energy photons, as a result, can take part in the 
photodegradation process with a greater number of photogenerated e–/h+. This 
suggests that the photodegradation of ZnO QDs is expected to be improved.15 The 
increase in network disorder brought on by Li+’s introduction into the network can 
be attributed to the band gap narrowing. The disorderness produced continuous 
defects close to the band edges, which is shown by the standard bond length and 
angle in the crystal.21

3.4	 Photoluminescence Study

The deconvolution of the PL spectrum [Figure 3(b)] resulted in several Gaussian 
components. The peak in the ultraviolet region, specifically at 400 nm is generally 
attributed to the free-exciton recombination of ZnO, which is called near band 
edge (NBE) emission.22 The second emission peak in the violet-blue region  
(∼440 nm) is attributed to the Zn interstitial (Zni) defect due to the charge transfer 
process from the metal ion to the defect centres. When the photogenerated carriers 
recombine from Zni to Zn vacancy (VZn) energy states, then emission in the blue 
(470 nm) appears.23 The fourth emission peak at 531 nm causes the green emission 
peak resulting from the oxygen vacancy (VO) created by integrating Li ions into 
the ZnO crystal lattice. The Li-ions cannot substitute for O (LiO) in the crystal 
lattice due to their high formation energy, but they can diffuse into the spaces 
between the lattices as interstitials (Lii), in addition to being substitutional.24–27

3.5	 X-ray photoelectron spectroscopy (XPS)

As shown in the wide scan XPS spectrum [Figure 3(c)], Zn, O, C and Li were 
detected on the surface of ZnO QDs. The peak related to Li is not prominent due 
to its lower concentration. Only a single peak at 55 eV was observed in the high-
resolution XPS spectrum of Li 1s [Figure 3(d)]. The peak is attributed to the  Li 
at substitutional (LiZn) sites and indicates LiZn-O bonds’ formation.28 The binding 
energy (BE) of Li is similar to that reported by Song et al., and Ravichandran et 
al.29,30 The element C originated from the adventitious carbon used in the calibration 
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of binding energies. Zn, O, C and Li atomic concentrations were 40.32%, 51.72%, 
7.24% and 0.11%, respectively.

Figure 3:	 (a) The UV-vis diffuse reflectance spectra with estimated band gap (insert), 
(b) deconvoluted PL spectrum, (c) wide XPS spectrum and (d) high-
resolution Li 1s XPS spectrum of ZnO QDs.

3.6	 Photodegradation of OTC

Figure 4 (a) shows the OTC reduction over time. The kinetic curves are plotted 
[Figure 4 (b)] and calculated using the following equation:

in C
C ktt

0
- =a k  	 (3)

where Co (mg/l) represents the initial OTC before irradiation, Ct (mg/l) is the OTC 
concentration at a given time, and k (min–1) is the reaction rate. 

Based on Figure 4 (a), without the presence of any photocatalysts (photolysis), 
the removal percentage of OTC was only 14.8%. The OTC’s naphthacene ring is 
chemically stable and will not decompose effectively.31 The removal of OTC due 
to adsorption was determined to be 48.9%. When the light was switched on, the 
removal of OTC increased to 88.3%. Hence, the contribution from photocatalysis 
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is 39.4%. Thus it is concluded that the removal of OTC by ZnO QDs is driven 
by adsorption and photocatalysis. The removal of OTC has an excellent linear 
relationship and approaches a pseudo-first-order reaction [Figure 4 (b)]. The 
resulting reaction rate of the ZnO QDs was calculated to be 0.04453 min–1. The 
characteristic absorption band of OTC centred at 357 nm was observed to decrease 
as time progressed, implying successful photodegradation.

Figure 4:	 The (a) OTC removal profile, (b) rate constant of ZnO QDs in the 
photodegradation of OTC, (c) time-dependence absorption spectra of OTC and 
(d) effect of scavengers on photodegradation of OTC. 

The removal percentage of OTC using the ZnO QDs was also compared with 
bulk ZnO-based photocatalysts reported in the literature (Table 1). The removal 
percentage of OTC was lower, and the photocatalysts required a longer reaction 
time and high light intensity. Even though sunlight is low cost and can give better 
removal, it hardly ever has constant light intensity. 
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The enhanced photodegradation activity of ZnO QDs is attributed to the quantum 
confinement effect (QCE) and the crystal defects in the ZnO QDs lattice caused by 
the addition of Li+ ions. Due to the restricted electron movement, a wide band gap is 
produced, rapidly preventing recombination processes that would otherwise result 
in the loss of active electrons.32 The crystal defects enhance photodegradation 
by reducing the rate at which the photogenerated e-/h+ pairs recombination.33 By 
reducing the rate, more ROS can be created to mineralise the OTC. The  ZnO 
QDs have wider surfaces than those offered by spherically arranged structures, 
which exhibit higher adsorption capacities. Whereas reduction of its band gap can 
reflect and absorb the incident light more often and maximise photon utilisation, 
resulting in a significant increase in the degradation activity and requirement for 
high-intensity light source. 

Scavenging tests were performed to identify the generated (ROS). Ascorbic acid 
(AA), isopropyl alcohol (IPA), and ethylenediaminetetraacetic acid (EDTA) were 
utilised as scavenging agents for , ⦁OH, and h+, respectively. Figure 4(d) displays 
the impact of several scavengers on photodegradation. The OTC percentage 
reduced significantly to 19.4% and 18.6%, respectively, when AA and EDTA 
was added. Hence, it is concluded that and h+ plays the most crucial role in the 
photodegradation of OTC. 

Understanding the band edge properties of ZnO QDs is important in establishing 
the photodegradation mechanism. The following formulas are used to determine 
the valence band (VB) and conduction band (CB) edges:

EVB = X – Ee + 0.5Eg      	 (4)

ECB = EVB – Eg   	 (5)

where Eg and Ee are the photocatalyst’s band gap and electron energy on the hydrogen 
scale, respectively (4.5 eV). Whereas X is 5.79 eV for ZnO’s electronegativity. 
The calculated Eg value of ZnO QDs is 3.21 eV. The ECB and EVB were –0.32 eV 
(in V vs. NHE) and 2.895 eV. Under light irradiation, electrons (e-) will be exited 
from the CB to the VB leaving holes (h+) in the CB. Since the ECB potential edge is 
more negative compared to the redox potential of  2 2O /O  − (–0.046 eV vs. NHE), 
the e- are capable of reducing the adsorbed O2 on the photocatalyst to 2O  .− 41 The 
EVB value of ZnO QDs is higher than the potential of H2O/•OH (+2.2 eV vs. NHE 
scale). Hence, the h+ can oxidise the H2O to •OH, which in turn oxidises OTC.42 
Meanwhile, the ⦁OH can also originate from the interaction of 2O  .− with H2O 
molecules.43 The final decomposition and destruction of OTC is accomplished by 
the decomposition of active ⦁OH, 2O ,  − and h+ and eventually break it down into 
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CO2 and H2O. The possible reaction mechanism for the photodegradation of OTC 
is shown in Figure 5.

Figure 5: 	 Possible charge transmission mechanism of photodegradation of OTC using  
ZnO QDs.

4.	 CONCLUSION

In this study, ZnO QDs were successfully synthesised using the microwave 
method with Li+ ions as capping agents for the photodegradation of OTC under 
fluorescent illumination. The percent removal of OTC (88.3%) was higher than 
other reported bulk ZnO (Table 1) and required less time and lower light intensity. 
The increased photocatalytic activity of the ZnO QDs corresponds to the quantum 
confinement effect and crystal defects from adding Li+ ions. Due to the simplicity 
of the synthesis method, requirements for effective photocatalysis to take place, 
and maintenance, this technology is suitable for use in small animal husbandries.
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