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A B S T R A C T   

Fabrication of heterojunction and surface defective engineering, through the formation of oxygen 
vacancies, are among the various photocatalytic enhancement techniques. A combination of these 
techniques has the prospect of enhancing photocatalytic activities through improved light ab-
sorption capabilities and charge separation process of the photocatalysts. In this study, a heter-
ojunction of black titanium oxide-zinc oxide (BTiO2–ZnO) nanocomposite was synthesized using 
the conventional sol-gel approach, coupled with aluminum foil-assisted NaBH4 reduction. The 
structure, morphology, surface properties, and optical characteristics of the synthesized material 
were studied using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 
UV–vis absorption spectra, scanning electron microscope (SEM), Energy-dispersive X-ray spec-
troscopy (EDS), and transmission electron microscope (TEM). The XRD confirmed the successful 
formation of BTiO2–ZnO heterostructure, while SEM revealed the structural morphology as 
pseudo-spherical with slight agglomeration. BTiO2–ZnO was found to be more efficient than 
BTiO2 and BZnO for the removal of tetracycline with degradation efficiencies of 63, 58, and 56 % 
respectively. The effects of process parameters such as the amount of photocatalyst, pollutant’s 
concentration, and the initial solution pH on photocatalytic degradation study were systemati-
cally explored. The results confirm that the formation of the heterostructure from BTiO2 and 
BZnO could offer a facile route to improving the catalytic degradation of tetracycline. Therefore, 
this study offers a novel perspective on the design of efficient metal oxide photocatalyst systems 
that rely on the integration of defect engineering and heterojunction for the removal of organic 
contaminants.   

1. Introduction 

The rising global population, increasing outbreaks of diseases, and high demand for food production have resulted in the increased 
usage of pharmaceutical products [1]. These include antibiotics, and among them, tetracycline is one of the most used. Its wide 
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consumption compared to other antibiotics used by humans and animals is attributed to its benefit, for example, tetracycline improves 
the growth rate in aquaculture and poultry industries [2–4]. Despite its huge benefits, the discharge of tetracycline-contaminated 
effluents into the aquatic environment has given rise to persistent ecological contamination, antibiotic resistance, and 
eco-toxicological effects on plants and aquatic lives [5,6]. The consequence of these is the upsetting of the food chain. In humans, the 
effects of excess consumption of tetracycline include teeth staining, skin side effects, oesophagus damage, and gastrointestinal dis-
turbances [7,8]. 

Generally, pharmaceutical contaminants in the environment are a challenge to manage because (1) conventional wastewater 
remediation methods are unable to remove them completely, (2) they have detrimental effects even at low concentrations, and (3) 
their rate of discharge into the environment exceeds their rates of degradation. This is because they are poorly absorbed by humans, 
livestock, and poultry; thus discharged as unmetabolized active substances, (4) most pharmaceutical pollutants such as unused drugs, 
expired drugs, agricultural and aquaculture pharmaceuticals can easily enter water bodies directly [9–11]. Therefore, it is important to 
devise some feasible, very effective, environmentally-friendly, and affordable methods that can mineralize tetracycline from waste-
water to conserve water resources and achieve the sustainable development goal 6. 

Several methods such as membrane technology [12,13], bioremediation [14], advanced oxidation processes (AOPs), electro-
coagulation [15], adsorption [16], and hybrid techniques [17] have been used for the removal of pharmaceuticals from wastewaters. 
However, they all have different drawbacks and advantages. One of the most convenient methods for the complete removal of these 
pharmaceuticals is the advanced oxidation process, due to its high oxidation effectiveness and no generation of secondary pollutants. 
The advanced oxidation process is applicable in different processes including photocatalysis, photolysis, Fenton oxidation, electro-
chemical, ozone, and sonolysis [18]. Photocatalysis by metal oxide nanoparticles, zeolites, metal-organic frameworks, and nanorods 
has since attracted much interest due to their great potential to utilize the complete solar spectrum in photocatalytic reactions. Among 
them, metal oxide nanoparticles are one of the most efficient and effective AOP that is effective for the removal of tetracycline from 
wastewater. Examples of metal oxide nanoparticles that have been reported include ZnO, Fe2O3, TiO2, CuO, MgO, SiO2, and SnO2. Out 
of the several metal oxides nanoparticles, ZnO and TiO2 have been mostly reported due to their ease of synthesis, chemical stability, 
cost-effectiveness, long-standing photostability, non-corrosive property, and non-toxicity [19]. However, these nanomaterials utilize 
visible light inefficiently because of their wide band gap energies and fast recombination process of the photogenerated electron/hole 
pairs, which subsequently affects photocatalytic efficiency [20]. Therefore, several studies have been carried out to improve the 
photocatalytic efficiency of metal oxide nanoparticles such as ZnO and TiO2 through the reduction of recombination rate and shifting 
of the optical response from UV to the visible spectral range because visible light accounts for 45 % of the solar energy [21]. These 
strategies include (1) heterojunction fabrications, (2) defect engineering, (3) doping with various elements and (4) co-catalyst loading 
[22,23]. Most published research papers on ZnO and TiO2 technologies in recent years, focused on single photocatalytic enhancement 
technique. For example, Apostolescu et al. [23] studied the degradation of chlortetracycline and ceftriaxone using heterojunction of 
CeO2/ZnO. The results showed an increase in the degradation efficiency of the antibiotics by the heterojunction system compared to 
the CeO2 and ZnO tested separately. Andronic et al. [4] reported the synthesis of black TiO2 with Ti3+ defects and oxygen vacancies via 
defect engineering. The synthesized nanomaterial exhibited very good photocatalytic degradation of organic pollutants compared to 
pristine TiO2. However, very few studies reported the combination of photocatalytic enhancement techniques of both materials in 
single system. Therefore, in this current study, the formation of heterojunction of TiO2 and ZnO nanoparticles together with the 
engineering of their surface defects have been synergistically employed to enhance the photocatalytic degradation of tetracycline (TC). 

The surface defected heterostructure was obtained by the conventional sol-gel approach coupled with aluminium foil assisted 
NaBH4 reduction. The performance of the Black ZnO, Black TiO2, and Black TiO2–ZnO samples was studied under direct light. The 
process variables such as the initial concentration of tetracycline and the catalyst loading were explored to establish the performance of 
the nanocomposite in the TC degradation process. The surface defected heterojunction photocatalytic nanomaterial is expected to have 
low bandgap energy and thus high degradation rate in direct sunlight. This study is relevant with respect to the development of 
enhanced novel photocatalysts for the degradation of antibiotics. 

2. Experimental 

2.1. Materials 

Titanium tetra-isopropoxide [Ti(OCH(CH3)2)4, 98 %], zinc acetate [Zn(CH3COO)2⋅2H2O, ≥98 %,], sodium hydroxide [NaOH, 98 
%], absolute ethanol [CH3CH2OH, >99 %], sodium borohydride, [NaBH4, >98 %], and hydrochloric acid [HCl, 28 %] were purchased 
from Merck, South Africa. All the chemicals were of analytical grade. The nanomaterials were prepared by following already reported 
procedures [24,25]. 

2.2. Synthesis of ZnO nanoparticles 

A conventional sol-gel approach was used to synthesize ZnO nanoparticles from zinc acetate dihydrate and sodium hydroxide. 
Briefly, about 10 g of Zn(CH3COO)2⋅2H2O was mixed with 200 mL of distilled water and stirred continuously for 20 min at 35 ◦C. 
Thereafter, 0.8 M NaOH was added in dropwise to the mixture to adjust the pH. The resultant mixture was then stirred for 2 h, giving 
rise to a white sol. After that the sol was aged for 24 h to convert it to a white gel, which was centrifuged, and then washed several times 
with distilled water. The obtained powder was dried for 12 h at 150 ◦C and finally calcined at 400 ◦C in the muffle furnace for 3 h. 
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2.3. Synthesis of TiO2 nanoparticles 

A conventional sol-gel approach was used to synthesize TiO2 nanoparticles from titanium tetra-isopropoxide and absolute ethanol. 
About 30 mL of [Ti(OCH(CH3)2)4, 98 %] was mixed with 75 mL of CH3CH2OH and stirred well for 45 min. Then, 30 mL of distilled 
water was introduced in dropwise to initiate the ionization process. The resultant mixture was stirred for 45 min, to afford a white sol, 
which was aged for 24 h to form a white gel. The gel product was centrifuged and washed several times with distilled water. The 
obtained powder was dried for 12 h at 150 ◦C and finally calcined at 500 ◦C in the muffle furnace for 3 h. 

2.4. Synthesis of TiO2–ZnO heterojunction nanoparticles 

The synthesized ZnO and TiO2 sol were mixed and thoroughly stirred on a magnetic stirrer plate for 4 h at 25 ◦C. The formed 
TiO2–ZnO precipitate was aged for 24 h, then centrifuged and washed with distilled water. The obtained powder was dried for 12 h at 
150 ◦C and followed by calcination at 500 ◦C for 3 h. 

2.5. Synthesis of BTiO2, BZnO and BTiO2–ZnO nanoparticles 

Firstly, 2 g of each as-prepared material (pristine ZnO, pristine TiO2 and TiO2–ZnO nanoparticles) was mixed with about 0.4 g of 
NaBH4 powder, and the mixture was tightly wrapped in an aluminium foil. The resultant aluminium foils were calcined in a muffle 
furnace at three different temperatures of 300, 350 and 400 ◦C for 1 h. The enclosed samples were cooled down to room temperature, 
washed with methanol, and several times with deionized water to remove any sodium and borate impurities. The washed samples were 
then dried at 100 ◦C overnight. 

2.6. Characterization of synthesized nanocomposites 

Functional groups of the synthesized materials were analysed on a Bruker alpha-P FTIR spectrophotometer. The XRD analysis was 
carried out on a Bruker D8 Advance X-ray diffractometer (Karlsruhe, Germany). The diffractometer has single-wavelength Cu Kα 
radiation (λ = 1.546060 Å). JEOL 2100 JEM Transmission electron microscopy (TEM) was used to evaluate the surface morphology of 
the synthesized materials. Surface morphology, composition, and sizes of the nanoparticles were evaluated using a Quanta FEG 250 
Environmental scanning electron microscope (ESEM) coupled with EDX. PerkinElmer λ20 UV–vis spectrophotometer was used to 
obtain the absorption spectra, and Malvern Zetasizer Nanoseries was used for the measurement of the Zeta potential. 

2.7. Photocatalytic degradation of tetracycline in water 

The photocatalytic performance of the synthesized materials was evaluated on the degradation of tetracycline in water. The 

Fig. 1. FTIR spectra of (a) pristine TiO2, (b) BTiO2, (c) pristine ZnO, (d) BZnO, (e) TiO2–ZnO, and (f) BTiO2–ZnO.  
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photocatalyst was first submerged in a photocatalytic reactor system kept at a constant temperature of 25 ◦C. A 250 mL tetracycline 
solution with a starting concentration of 50 mg/L was placed in the reactor system. The system was agitated for 30 min in complete 
darkness, to achieve steady-state adsorption-desorption equilibrium. The suspension was continuously stirred while exposed to 300 W 
of Xe lamp light. At intervals of 20 min, 5 mL of aliquots were taken from the suspension and immediately filtered through a 0.22 μm 
microporous membrane to obtain the solutions. TC degradation was measured at 200–900 nm wavelength using a UV–visible spec-
trophotometer. The effect of process variables such photocatalyst loading, tetracycline concentration, and pH were assessed. The 
percentage of tetracycline that has been photocatalytically degraded was obtained by using Equation (1). 

Percentage removal of Tetracycline=
Co − C

Co
∗ 100 (1)  

Where Co is the concentration of tetracycline before photocatalysis and C is the concentration of tetracycline after the photocatalytic 
process. 

3. Results and discussion 

3.1. Fourier transforms infra-red (FT-IR) spectroscopy 

Infra-red spectra of the pristine TiO2, BTiO2, pristine ZnO, BZnO, TiO2–ZnO and BTiO2–ZnO are presented in Fig. 1 (a -f) 
respectively. The spectrum of pristine TiO2 and BTiO2 showed all the characteristic bands of TiO2, with the vibrational bands of Ti–O 
observed around 470 and 590 cm− 1 [26,27]. The peak observed at 1630 cm− 1 corresponds to the deformative vibration of Ti–OH 
stretching mode [28,29]. The peak at 760 cm− 1 is related to Ti–O stretching band, which is the characteristic peak of TiO2 [30,31]. 
FTIR spectra of the pristine ZnO and BZnO nanoparticles display vibrational bands attributed to the Zn–O vibrations of ZnO around 
400–600 cm− 1 [32]. A band at 860 cm− 1 could be ascribed to the stretching vibration of the Zn–O bond [33]. A band at 860 cm− 1 could 
be ascribed to the stretching vibration of the Zn–O bond [33]. The bands at 1440 cm− 1 could be assigned to the asymmetric stretching 
modes of oxygen molecules present in the sample [34,35]. The spectra of TiO2–ZnO and BTiO2–ZnO composites showed bands that are 
consistent with pristine TiO2 and ZnO nanoparticles. The absorption peak at 675 cm− 1 is due to the vibrational mode of − Zn–O–Ti 
group [36]. During the compositing reaction, the interaction between these two metal oxides (TiO2 and ZnO) broke the metal-oxygen 
bonds, facilitating the compositing of the complex metal oxides system that resulted in the desired TiO2–ZnO and black TiO2–ZnO. In 
the composite, the disappearance of peaks at 1630 cm− 1 and 1440 cm− 1 due to Ti-OH and symmetric stretching modes of the oxygen 
(O2) molecules that were initially present in the pristine TiO2 and ZnO respectively further supports the successful formation of the 
heterojunction materials. 

Fig. 2. X-ray diffraction patterns of (a) overlaid pristine ZnO and BZnO synthesized at 300 ◦C, 350 ◦C and 400 ◦C, (b) overlaid pristine TiO2 and 
BTiO2 synthesized at 300 ◦C, 350 ◦C and 400 ◦C, and (c) TiO2–ZnO and BTiO2–ZnO synthesized at 300 ◦C, 350 ◦C and 400 ◦C. 
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3.2. X-ray diffraction (XRD) analysis 

XRD analysis was used to investigate the crystal structure and phase purity of the synthesized materials. Fig. 2 presents the X-ray 
diffraction spectra of pristine ZnO together with BZnO synthesized at 300 ◦C, 350 ◦C and 400 ◦C (Fig. 2a), pristine TiO2 and BTiO2, 
synthesized at 300 ◦C, 350 ◦C and 400 ◦C (Fig. 2b), and TiO2–ZnO and BTiO2–ZnO synthesized at 300 ◦C, 350 ◦C and 400 ◦C (Fig. 2c). 
The diffraction patterns of the pristine ZnO and BZnO at different temperatures displayed six characteristics peaks of hexagonal 
wurtzite phase (JCPDS no 036–1451) at 2 theta values of 31.5, 34.1, 36.1, 56.6 and 64.0◦ which can be indexed to the (100), (002), 
(101), (102), (110) and (200) planes respectively [34]. This, thus, indicates that the pristine ZnO has the same crystal structure as 
BZnO, which suggest that the surface defective engineering does not affect the crystal structure but only altered the colour of pristine 
ZnO to black. The diffraction peaks for major anatase phase peaks are reported to appear at 25.4, 37.7, 47.8, and 54.8◦, while the 
weaker rutile phases are located at 27.4 and 36◦. The diffraction pattern of the pristine TiO2 and BTiO2 synthesized at different 
temperatures confirmed the presence of only the anatase phase with (JCPDS Card no. 21–1272) (Fig. 2b). The reflection at 2θ angle of 
25.6, 37.9,48, 53.9, and 55.2◦ correspond to the (1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) planes respectively [37,38]. The XRD 
patterns of the heterojunctions system are composed of TiO2 (anatase) and ZnO (hexagonal) peaks at (25.6, 37.9,48, 53.9, and 55.2◦) 
and (31.5, 34.1, 36.1, 56.6 and 64◦) respectively, indicating that the introduction of surface defects did not alter the crystallographic 
structure. The most common possible defects that might have developed when TiO2 and ZnO were reduced by NaBH4 for 1 h at 350 ◦C 
are oxygen vacancies. There is also a noticeable slight increase in the peak intensities as reaction temperature increased, which proved 
that the induced oxygen vacancies and Ti3+ resulted to increased crystallinity in the synthesized composites. 

Debye-Scherrer (equation (2)) and Lattice micro strain (equation (3)) were used to calculate the crystalline size and lattice micro 
strain [39] of each of the synthesized catalysts and the values are presented in Table 1. As the temperature increased, the crystallite size 
of each synthesized material marginally increased. Compared to other synthesized materials, BTiO2–ZnO has the largest lattice micro 
strain, which could enhance the photocatalytic performance of the composite relative to the individual metal oxide since more hy-
droxyl radicals would be generated due to higher possibility of photocarrier transition and hole trapping [40,41]. The dislocation 
density (δ) of the synthesized materials was calculated from the average particle size values (equation (4)), [42]. The sample with the 
lowest dislocation density was BTiO2–ZnO produced at 350 ◦C (Table 1). The lowest dislocation density value indicates that the 
BTiO2–ZnO produced at 350 ◦C possess a high degree of crystallinity compared to other synthesized materials [43]. 

Debye–Scherrer formulae: 

D=Kλ∕βCos θ (2) 

Where D = Crystallites size (nm), K = Scherrer’s constant (Shape factor) (Here, taken as 0.94), λ = Wavelength of X-rays (Å), β = F. 
W. H. M (Full Width at Half Maxima in degrees), θ = Peak position in XRD graph (that is 2θ in degrees). 

Lattice strain (ε)= β Cos θ
4

(3)  

Dislocation density δ=
1

D2 (4)  

3.3. Optical properties of the binary metal oxides and composite oxides 

UV–vis spectrometer was used to determine the optical properties of the synthesized materials by measuring the absorbance. 
Fig. 3a–c presented the UV-absorption spectra of (a) pristine ZnO together with BZnO, (b) pristine TiO2 and BTiO2, and (c) TiO2–ZnO 
and BTiO2–ZnO synthesized at 300, 350. And 400 ◦C respectively. The absorption spectra of the pristine ZnO and BZnO synthesized at 
300 and 350 ◦C exhibited a narrow peak in the UV region around 380 nm (Fig. 3a). BZnO synthesized at 400 ◦C showed a peak near the 
band edge region (at about 400 nm) with a dramatic increase in the absorption intensity. Pristine TiO2 and BTiO2 (Fig. 3b) also showed 
in the near-UV region with absorption edge at around 400 and 425 nm respectively. BTiO2 synthesized at 350 and 400 ◦C absorbed in 

Table 1 
Crystallite size and lattice microstrain of synthesized materials.  

Synthesized nanomaterial Crystallite size (nm) Lattice strain Dislocation density (δ) (m2) 

Pristine ZnO 26.15 6.64 × 10− 2 1.46 × 10− 3 

BZnO@300 ◦C 28.61 5.59 × 10− 2 1.22 × 10− 3 

BZnO@350 ◦C 31.47 5.08 × 10− 2 1.01 × 10− 3 

BZnO@400 ◦C 34.61 6.72 × 10− 3 8.34 × 10− 4 

Pristine TiO2 13.86 1.68 × 10− 3 5.21 × 10− 3 

BTiO2@300 ◦C 13.41 1.73 × 10− 3 5.56 × 10− 3 

BTiO2@350 ◦C 20.46 7.27 × 10− 3 2.39 × 10− 3 

BTiO2@400 ◦C 21.20 8.12 × 10− 3 2.22 × 10− 3 

TiO2–ZnO 28.29 5.79 × 10− 3 1.25 × 10− 3 

TiO2–ZnO@300 ◦C 31.55 1.521 × 10− 2 1.00 × 10− 3 

TiO2–ZnO@350 ◦C 32.68 1.503 × 10− 2 9.36 × 10− 4 

TiO2–ZnO@400 ◦C 37.81 1.32 × 10− 3 6.99 × 10− 4  
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the near-UV to the visible region. The significant absorption of UV light was caused by the charge transfer from the 2p orbital of TiO2 to 
3 d orbital of the Ti4+ which acts as the valence band and conduction band respectively [44]. The spectrum of the heterojunction 
materials in Fig. 3c showed that the absorption edge was red-shifted relevant to the position of absorption in the pristine ZnO and 
pristine TiO2; hence, confirmed that the absorption edge of both ZnO and TiO2 can be changed through the formation of a hetero-
junction. The absorption intensities significantly increased as the reduction temperature increased during the defective engineering, 
and a slight shift in the optical absorption edge towards the longer wavelength region occurred. This may be ascribed to an increase in 
particle size and the nano-confinement effect of oxygen vacancies, which changed the local electronic states [45–47]. The optical 
bandgap energies-of the materials were obtained using Tauc plots of (hv)1/2 against Eg and are shown in Fig. 3d–f. The optical bandgap 
energy became narrowed with the formation of oxygen vacancy in the heterojunction systems at different synthesis temperatures. The 
differences in band gap energy for the samples could be attributed to the formation of new electronic levels in the heterojunction. 
Therefore, more charge separation and increased lifetime of charge carriers in the material can be achieved [47,48]. Additionally, 
Equations (5) and (6) were used to calculate the conduction band potential (ECB) and valence band potential (EVB) of the composite 
nanomaterials. 

EVB= χ-Ee-0.5Eg (5)  

ECB=EVB-Eg (6) 

Fig. 3. Optical spectra of overlapped (a) ZnO and BZnO synthesized at 300 ◦C, 350 ◦C and 400 ◦C, (b) pristine TiO2 and BTiO2, synthesized at 
300 ◦C, 350 ◦C and 400 ◦C, and (c) TiO2–ZnO and BTiO2–ZnO synthesized at 300 ◦C, 350 ◦C and 400 ◦C while d, e and f are the tauc plots 
respectively. 

Table 2 
Mulliken’s electronegativity (χ), band gap energy (Eg), valence band (EVB) and conduction band (ECB) for the pristine nanoparticles and the 
nanocomposite.  

Semiconductors utilized in photocatalytic studies. χ (eV) Eg (eV) ECB (eV) EVB (eV) 

BTiO2 5.82 1.8 0.42 +1.38 
BZnO 5.78 3.8 − 0.62 +4.42 
BTiO2–ZnO 5.82 2.5 0.07 − 0.47  
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where Eg denotes the semiconductor’s band gap energy, EVB denotes the VB edge, ECB denotes the CB edge, χ denotes the electro-
negativity of the semiconductor nanoparticles, and Ee denotes the energy of free electrons as measured on the hydrogen scale (4.5 eV). 
The values are 5.78 and 5.82 eV, respectively, for ZnO and TiO2. Table 2 displays the calculated band alignments. 

3.4. Morphological study 

3.4.1. Scanning electron microscope (SEM) analysis 
The surface morphologies of the synthesized materials were investigated and presented in Fig. 4a–f. The SEM micrographs of BZnO 

nanoparticles displayed small crystals with pseudo-spherical morphology aggregated on the surface. The micrograph of BTiO2 
nanoparticles, synthesized at 350 ◦C (presented in Fig. 3b) shows small spherical particles that formed into larger agglomerates. 
However, the BTiO2–ZnO nanocomposite at different temperatures exhibited minimal agglomeration with a spherical shape. An in-
crease in the synthesis temperature influenced both the size and shape of the nanocomposite (Fig. 3f). This increased the surface area of 
the nanocomposite, which could enhance the photocatalytic activities of these materials. 

3.4.2. Transmission electron microscope (TEM), elemental mapping, and energy dispersive X-ray (EDX) analysis 
Fig. S1 (a and b) show the TEM images and particle size histogram of BZnO nanoparticles respectively. The TEM images confirm 

that the nanomaterials are of spherical morphology which are visibly arranged in a chain-like configuration. The average particle size 
of the synthesized material was about 44.6 nm, which was close to the value obtained from the XRD pattern. The EDX spectrum of 
BZnO (Fig. S1c) shows the presence of only zinc and oxygen, and the even distribution of both elements (zinc and oxygen) within the 
modified binary metal oxide was confirmed by the elemental mapping images of Fig S1 (d-f). 

The TEM images of BTiO2 nanoparticles and the particle size distribution histogram are presented in (Figs. S2a and b) respectively. 
The nanoparticles were of spherical morphology with slight agglomeration, and the average particle size was about 15.0 nm and agrees 
with the crystalline size obtained from the XRD pattern. The representative EDX spectrum presented in Fig. 6c shows the distinct peaks 
corresponding to titanium and oxygen. The elemental mapping images in Fig. S2 e and f show that titanium and oxygen were ho-
mogeneously distributed across the BTiO2 particles, suggesting a good dispersion of the elemental composition of the nanostructures. 

A heterojunction of two binary components prepared via calcination process often have a high tendency to agglomerate. Figs (S3a 
and S4a) and Figs (5a and 6a) show the TEM, EDX and elemental mapping images for the heterojunction compounds TiO2–ZnO, 
BTiO2–ZnO (300 ◦C), BTiO2–ZnO (350 ◦C), and BTiO2–ZnO (400 ◦C) respectively. All the TEM images show highly agglomerated 
spherical nanograins. TEM images for BTiO2–ZnO synthesized at 350 ◦C showed the least agglomeration indicating that it could be the 
best catalyst since agglomeration influences the optical properties of materials and therefore their ability to absorb and scatter the 
incoming radiation thereby influencing the photocatalytic activity [49]. The elemental composition of the nanocomposite is shown in 
the EDX spectrum presented in Figs (S3b and S4b) and Figs (5b and 6b) confirms heterojunctions are primarily composed of titanium, 
zinc and oxygen with no impurity. The elemental mapping images of the composite prepared at 350 ◦C (Fig. 5c–f) and at 400 ◦C 

Fig. 4. SEM micrographs of (a) BTiO2, (b) BZnO, (c) TiO2–ZnO, (d) BtiO2-ZnO synthesized at 300 ◦C, (e) BTiO2–ZnO synthesized at 350 ◦C, and (f) 
BTiO2–ZnO synthesized at 400 ◦C. 
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(Fig. 6c–f) confirmed the uniform distribution of the titanium, zinc, and oxygen across the synthesized heterojunctions. 

3.5. Photoluminescence (PL) study 

The PL spectra of BTiO2, BZnO, TiO2–ZnO, and BTiO2–ZnO with excitation wavelength of 325 nm are shown in Fig. 7. The observed 
peak, exhibited by all samples around 360 nm, is due to photoinduced charges naturally recombining from the conduction band to the 
valence band [50]. The observed lower PL emission intensity of the BTiO2–ZnO heterojunction composite is related to the improve-
ment of the charge separation rate, which in turn reduces the radiative recombination of electron-hole pairs. Efficient charge 

Fig. 5. (a) TEM image, (b) EDX spectra, (c) elemental mapping showing (d) Zn, (e)Ti, and (f) O elements of Black TiO2–ZnO prepared at 350 ◦C for 
1 h. 

Fig. 6. TEM image, (b) EDX spectra, (c) elemental mapping showing (d) Zn, (e)Ti, and (f) O elements of Black TiO2–ZnO prepared at 400 ◦C for 1 h.  
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separation, therefore, increases the lifetime of the charge carriers and subsequently enhances the photocatalytic activity of the syn-
thesized nanomaterial. 

3.6. Photodegradation of tetracycline 

The photocatalytic efficiency of the nanocomposites prepared at different temperatures (300, 350, and 400 ◦C) was evaluated on a 
50 mg/L tetracycline concentration, 100 mg of each catalyst, and a pH of 5.6. The degradation patterns at various reduction tem-
peratures, presented in Figs. S5a–c, were slightly different. Results of the preliminary study showed that the photocatalytic degra-
dation efficiency of BTiO2–ZnO at 350 ◦C was higher than in other nanocomposites. The smaller band gap energy of BTiO2–ZnO 
(350 ◦C) might be responsible for the enhanced performance achieved. Therefore, the BTiO2–ZnO at 350 ◦C was chosen for the 
subsequent evaluation of the photocatalytic degradation of TC in this study. 

Fig. 7. Photoluminescence spectra of BTiO2, BZnO, TiO2–ZnO and BTiO2–ZnO.  

Fig. 8. Absorption spectra of TC (50 mg/L) at different time using 100 mg/L of BTiO2–ZnO at pH values of (a) pH 4, (b) pH 7 and (c) pH 10, (d) rate 
of decomposition, and (e) the kinetics graph of the decomposition process. 
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3.7. Influence of TC solution pH on the degradation efficiency 

Solution pH is an important factor in the evaluation of photocatalytic degradation of tetracycline because pH affects the electrical 
charge properties of the photocatalyst’s surface. The pH determines the ionization state of the photocatalyst surface, and then affects 
the adsorption and photocatalytic performance of any photocatalyst [51,52]. The photocatalytic degradation efficiencies of TC in the 
pH range of 4, 7 and 10 were evaluated using 50 mg/L tetracycline concentration and 100 mg of each catalyst and presented in Fig. 8a, 
b, and c respectively. The photocatalytic degradation efficiencies of TC at different pH values followed the order of pH10 > pH7 > pH4. 
The results showed a similar trend with previously reported results [53], whereby the degradation of tetracycline in aqueous solution 
by nanosized TiO2 was studied. The slow degradation of TC under acidic conditions may be because ZnO, which is one of the 
component compounds, is not acid resistant. It can also be attributed to the repulsive force between protonated TC and the positively 
charged catalyst. Aggregation of nanoparticles under acidic conditions is reported to contribute to poor photocatalytic activity of some 
metal oxide nanoparticles due to the reduced surface area of the photocatalysts [54]. The faster degradation of TC at pH 10 may be due 
to the alkaline pH, and hydroxyl radicals were easier to form by the oxidization of more hydroxide ions available on the photocatalyst 
surface. Fig. 8c shows that as the photocatalytic degradation of TC progresses under alkaline pH, the maximum absorption peak at 350 
nm gradually decreases, while the minimum absorption peak at 276 nm slightly increased. Hence, confirms the increase in the con-
centration of the absorbing species at 276 nm. A new absorption peak appears at 550 nm which reveals the formation of by-products. 
Similar results on the emergence of new absorption peak under alkaline pH were previously reported [55]. The existence of 
by-products may be caused by the electrophilic attack on the TC ring structures that possess high electronic densities, such as aromatic 
rings and the keto-enol groups. Additionally, electronic density would alter the bond orbital energy of molecules, resulting in various 
rates of light absorption [56]. Fig. 8d and e shows the rate of decomposition and the kinetics graph of the decomposition process 
respectively. 

The zeta potential of the synthesized materials was found to be +26.1, − 45.1, and − 39.5 ± 5.64 mV for BZnO, BTiO2 and 
BTiO2–ZnO Figs. S6a–c. The nanomaterials (BTiO2–ZnO and BTiO2) have negative zeta potential, which indicates strong stability and 
low agglomeration of the nanoparticles in solution because of stronger repelling forces [57–59]. Since both BTiO2 and BTiO2–ZnO have 
significantly charged surfaces, as shown by zeta potential studies, electrostatic interaction is unlikely to have an impact on tetracycline 
sorption on either material. This is because TC is an amphoteric molecule due to the presence of dimethylammonium, phenolic 

Fig. 9. Absorption spectra of TC showing its photolysis at different pH (a) 4, (b) 7, (c) 10, (d) Kinetic graphs at different pH values, and (e) 
percentage degradation of TC under visible light (TC initial concentration: 50 mg/L, catalyst dosage 100 mg/L). 

L. Sawunyama et al.                                                                                                                                                                                                  



Heliyon 9 (2023) e21423

11

diketone moiety and the tricarbonyl system. As a result, at pH values of >3, 3.3–7.7, and <7.7, TC occurs as cationic, zwitterionic, and 
anionic species, respectively [60]. 

The zeta potential was also established for pH values of 4, 7, and 10 (Fig. S6d) to assess the surface charges of BTiO2–ZnO related to 
changes in pH. According to reported studies, neutral nanoparticles are those with a zeta potential between − 10 and + 10 mV, whereas 
strongly cationic and strongly anionic nanoparticles are those with a zeta potential of greater than +30 mV and less than − 30 mV, 
respectively [61]. Thus, net surface charge of the BTiO2–ZnO nanocomposite is highly negative under pH 10 and pH 7 and was ex-
pected to repel the anionic form of the TC molecule and form strong electrostatic interactions with the cationic form of TC [62]. 

The photolysis of TC at different pH values of 4, 7 and 10 are shown in Fig. 9a, b and c respectively. The results show a favourable 
photolysis of tetracycline at pH 10, which may contribute to the increased photocatalytic degradation of the TC by BTiO2–ZnO at pH 
10. Lower photolysis of TC at pH 4 and pH 7 indicates poor degradation of TC+ and TC◦, respectively. The attraction between TC− and 
hydroxyl radicles caused by the high electronic density of the TC− ring system could be responsible for the high photolysis rate at pH 10 
[63]. Since the bond orbital energy changes at high pH, TC tends to absorb more photons thereby enhancing photolysis [56]. Other 
studies has reported that tetracycline shows a favourable photolysis at alkaline pH [64]. A kinetics graph at different pH values, and 
percentage degradation of TC under visible light using an initial concentration of 50 mg/L and 100 mg/L catalyst dosage are shown in 
Fig. 9d and e respectively. 

3.8. Influence of photocatalysts dose 

The influence of photocatalyst dosage on the degradation of TC was evaluated in the absence of the photocatalyst (Fig. 10a) and 
using 75, 100 and 125 mg/L of BTiO2–ZnO at a constant TC concentration of 50 mg/L, while a constant pH of 7 was maintained and the 
reaction was monitored for 120 min (Fig. 10b, c and d respectively). Photocatalytic degradation efficiency of TC was observed to 
increase as the catalyst dosage increases (Fig. 10e). The kinetics graphs of the decomposition process at initial TC concentration of 50 
mg/L and solution pH 7 is presented in Fig. 10 f. This could be attributed to an increase in the number of active sites on the surface of 
the photocatalysts, which subsequently increased the production of hydroxyl radicals responsible for photocatalysis process [65]. 
Studies have shown that increase in the concentrations of catalyst has a direct effect on the photocatalytic activity, but only up to a 
certain level. This is because at a high catalyst loading, most of the catalysts may experience deactivation due to agglomeration and 
precipitation. This might reduce the amount of catalyst surface that is available for light absorption and, as a result, decreases the rate 
of pollutant degradation [66]. The marginal degradation of TC in the absence of the photocatalyst could be attributed to photolysis. 

Fig. 10. Absorption spectra of TC showing its photodegradation by BTiO2–ZnO nanocomposite at catalyst loading concentrations of (a) 0, (b) 75, (c) 
100, and (d) 125 mg/L, and (e) percentage degradation of TC under visible light (TC initial concentration: 50 mg/L, pH: 7), and (f) kinetics of graphs 
of the decomposition process. 
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3.9. Influence of initial concentration of tetracycline on the degradation process 

The influence of TC concentration on the degradation process was evaluated by using 100 mg of BTiO2–ZnO to 1 L of 25–75 mg/L 
TC solution while maintaining a constant pH of 7 and the duration of the reaction was 120 min. The result of the degradation process is 
presented in Fig. 11(a–c). The photocatalytic degradation efficiency of TC decreased with an increase in the concentration of TC. 
Previous studies have reported that at higher concentrations of pollutants, more intermediates are produced, which enhances the 
adsorption competition between the pollutant and its degradation products (intermediates) on the catalyst surface [67]. Fig. 11d 
shows the pseudo-first order rate constant of 0.0112 min− 1 at a dose of 25 mg/L, which however decreased to 0.0075 min− 1 and 
0.0052 min− 1 at 50 mg/L and 75 mg/L, respectively. This could be attributed to the increase in the path length of photons entering the 
reaction system, thereby reducing the photons on the surface of the catalyst [68]. In addition, as tetracycline ions dominate the 
photocatalyst’s active site, it causes a reduction in the number of hydroxyl radicals formed on the surface of the catalyst thereby 
decreasing the photocatalytic activity. 

3.10. Degradation efficiency and kinetics of the degradation process by BTiO2–ZnO, BTiO2 and BZnO 

To fully evaluate the photocatalytic degradation efficiency of TC by the studied photocatalysts, the adsorptive ability of each 
catalyst was assessed by first equilibrating the suspension in the dark for 30 min without light irradiation. Fig. 12(a–c) show the 
photocatalytic degradation graphs of TC by BZnO, BTiO2 and BTiO2–ZnO nanoparticles respectively under visible light illumination. 
The graphs are presented for the sake of comparison at the same experimental conditions of 50 mg/L concentration of TC at pH 7 and 
100 mg/L of each catalyst was used. After 120 min of irradiation, 56, 58, and 63 % of TC was degraded with BZnO, BTiO2 and 
BTiO2–ZnO nanoparticles respectively (Fig. 11d). The rate of photocatalytic degradation of TC by BZnO, BTiO2 and BTiO2–ZnO 
nanoparticles are 0.0050 min− 1, 0.0056 min− 1 and 0.0077 min− 1 respectively Fig. 12e-g. Photocatalytic degradation efficiency of the 
synthesized photocatalysts on TC obtained in this current study and other related studies have been compared in Table 3. Variable 
amounts of the catalyst and TC concentration were used, which led to a considerable difference in the degradation efficiency. The 
improved photocatalytic activity of heterojunction composite of BTiO2 and BZnO compared to the individual materials can be 
attributed to the transfer of electrons and holes, which takes place in BTiO2 and BZnO as they possess different redox energy levels for 
their corresponding conduction and valence bands. Efficient charge separation increases the lifetime of the charge carriers and 

Fig. 11. Absorption spectra of TC showing its photodegradation by BTiO2–ZnO nanocomposite at initial TC concentrations of (a) 25, (b) 50, and (c) 
75 mg/L (d) The kinetics graph of the decomposition process. 
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enhances the efficiency of the interfacial charge transfer to adsorbed substrates [69–71]. Increased oxygen vacancies on the surface of 
both BZnO and BTiO2 in the heterostructure could have also contributed in the effective degradation efficiency of TC by acting as 
electron acceptors, thereby decreasing the surface recombination centers. Oxygen vacancies can also facilitate the adsorbed O2 to 
capture photo-induced electrons, synchronously generating superoxide radical anions, thereby greatly enhancing the photocatalytic 
properties [72,73]. 

3.11. Photocatalytic mechanism 

Fig. 13, illustrates the photocatalytic mechanism leading to the degradation of tetracycline using BTiO2–ZnO heterojunction 
photocatalyst under visible light. The TiO2–ZnO heterojunction photocatalyst formed electron-hole pairs upon irradiation by UV light 
with energy exceeding its band gap energy. The photoactive centre BTiO2 and the electron trapping BZnO process contributed to the 
lowering of the rate of recombination of the electron-hole pairs that have strong reducing and oxidizing powers, respectively [82]. The 
efficient separation of photo-generated electrons is facilitated by the transfer of electrons from TiO2 to ZnO and holes from ZnO to TiO2. 
This minimizes charge carrier recombination during the electron transfer process, thereby improving the photocatalytic reaction. By 
generating a second electron trap site and facilitating electron transport from TiO2 to ZnO, oxygen vacancies in the photocatalyst 
further increase the photocatalytic activity and lower the rate of electron-hole recombination. The oxygen vacancies also serve as a 
source of reactive species, such as hydroxyl and superoxide radicals, which aid the breakdown of tetracycline. Due to electrostatic 
attraction and van der Waals forces, the active antibiotic Tetracycline gets adsorbed onto the surface of the photocatalyst. The 

Fig. 12. (a–c) Absorption profile, (d) percentage degradation, and (e–g) kinetics graphs of BZnO, BTiO2, and BTiO2–ZnO, respectively and (100 mg/ 
L photocatalyst, 50 mg/L TC and pH = 7. 

Table 3 
Comparison of TC degradation using the prepared BTiO2–ZnO with other different TiO2 or ZnO based advanced oxidation process catalysts earlier 
reported.  

Nanomaterial Catalyst (mg/L) TC (mg/L) pH K (min− 1) Time (min) Efficiency (%) Ref. 

TiO₂@ZnO 2500 10 11 0.0296 180 99.11 [74] 
TiO2–ZnO/CS–Gr 500 20 4 – 180 97.2 [75] 
ZnO/TiO2 NBT 10 10 – 0.314 20 100 [76] 
Black anatase-TiO2 200 10 7.2 0.0045 270 66.2 [77] 
ZnO/γ-Fe2O3 10 30 – 0.01321 160 83 [78] 
TiO2 1000 40 9.0 – 60 95 [53] 
Ag/ZnO@Biochar 10 50 6.0 – 60 70.3 [79] 
TiO2 200 10 – – 120 56.7 [77] 
MWCNT/TiO2 200 10 5.2 – 300 83 [80] 
SDS/ZnO 20 40 7 – 150 49.0 [55] 
TiO2/activated carbon 1000 50 – 0.0029 75 100 [81] 
BTiO2–ZnO 100 50 7.0 0.0077 120 63 Present study 

125 50 7.0 – 120 74  

L. Sawunyama et al.                                                                                                                                                                                                  



Heliyon 9 (2023) e21423

14

adsorbed antibiotics are attacked by the hydroxyl radicals (•OH) produced when water molecules on the surface of the photocatalyst 
react with photogenerated holes (h+). The •OH radicals attack the C–N–C fragment of TC, leading to the detachment of the N-methyl 
group [77]. The photocatalytic breakdown intermediates are further oxidized by hydroxyl radicals, which causes the tetracycline to 
completely mineralize into carbon dioxide, water, and inorganic ions by ring-opening processes. 

4. Conclusion 

The fabrication of a highly photocatalytically active surface defective heterojunction semiconductor system composed of TiO2 and 
ZnO was successfully achieved through a two-step method. The method of synthesis facilitated the formation of oxygen vacancies 
through surface engineering. The BTiO2–ZnO heterostructure was able to degrade 64 % of tetracycline, and it performed better as a 
photocatalyst than BTiO2 and BZnO. The enhanced light absorption properties and improved charge separation of the photocatalyst 
due to the formation of heterojunction and oxygen vacancies might be attributed to the enhanced photocatalytic activity of 
BTiO2–ZnO. The percentage degradation improved with increase in photocatalyst dosage, a decrease in the concentration of tetra-
cycline concentration and a neutral condition. The study also confirmed that the solution pH plays a critical role in the degradation 
process. The outcomes of the study showed that the use of BTiO2–ZnO heterostructure in the photocatalytic degradation of tetracycline 
in water may guide the development of novel future semiconductor photocatalysts in water treatment that utilizes cheap and effective 
multi-photocatalytic enhancement techniques. 
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