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1  Introduction
The amount of solar energy reaching the Earth’s surface far exceeds global energy needs 
by several orders of magnitude, making it an attractive source for applications like 
photocatalytic water decontamination and hydrogen production through water split-
ting. Extensive research on water contamination reveals that industrialization, popula-
tion growth and urbanization are among the major contributors to water pollution [1, 
2]. Additionally, hospital effluents, municipal wastewater, sewage leaks, improper drug 
disposal and agricultural practices introduce contaminants, including pharmaceuticals, 
into surface water [3]. Poor sanitation, particularly in developing countries, can lead to 
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Abstract
Semiconductor coupling delivers improved efficiency in photocatalytic water 
treatment. This study investigated the simultaneous photocatalytic degradation of 
acetaminophen and caffeine using a hydrothermally fabricated ZnO/CeO2/g-C3N4 
nanocomposite. The nanocomposite physical-chemical properties were investigated 
using powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), 
Transmission Electron Microscopy (TEM), photoluminescence, UV-Vis spectroscopy 
and nitrogen adsorption characterization techniques. A reduction in band gap 
from 3.10 eV to 2.65 eV and an increase in specific surface area from 10.039 m2/g 
and 34.364 m2/g for ZnO and ZnO/CeO2/g-C3N4 respectively was observed. The 
SEM and TEM studies demonstrated a good interaction between ZnO, CeO2 and 
g-C3N4, while photoluminescence confirmed enhanced charge transfer with the 
formation of the nanocomposite. The ternary nanocomposites exhibited higher 
photocatalytic efficiencies than pristine semiconductors, with 70% and 40% of 2 µg/
mL acetaminophen and caffeine degraded, respectively, by 1.5 gL−1 of the ZnO/
CeO2/g-C3N4 nanocomposite under UV-A irradiation. The synergistic properties of 
the nanocomposite make it a promising material for further study and application in 
environmental remediation.
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human waste containing metabolized by-products or unmetabolized pharmaceuticals 
entering into water bodies [4]. While pharmaceuticals are essential for human and ani-
mal well-being, their presence, and that of their metabolites, in water bodies may have 
adverse health effects on both humans and aquatic life [5]. These pharmaceutical com-
pounds include antibiotics, antivirals, analgesics, nonsteroidal drugs, hormonal medica-
tions or anti-inflammatory drugs. Although they can be detected in concentrations as 
low as ng L−1 to µg L−1 in water [6], continuous exposure may pose long-term risks to 
living organisms and the ecosystem [7].

Acetaminophen used for fever and pain relief is readily available over the counter and 
enters the environment and various water sources through human waste, industrial 
effluents, and domestic wastewater [8]. It has been detected and quantified in hospital 
wastewater, sewage sludge, groundwater and surface waters [9]. Concentrations up to 
65 µg L−1 of acetaminophen have been detected in wastewater and it has been found to 
degrade to levels below 10 µg L−1 using conventional water treatment techniques [10]. 
It is part of a growing list of emerging contaminants for which standard regulations are 
not well-defined and that can have detrimental effects on human health and the envi-
ronment [11] highlighting the need for complete removal from water. Caffeine found in 
various beverages and foods acts as a stimulant for the nervous, respiratory and circula-
tory systems [12]. Its frequent detection in groundwater, surface water, wastewater treat-
ment plant effluents and soil are attributed to its high solubility and global consumption. 
Concentrations as high as 230 µg L−1 of caffeine have been detected in surface streams 
potentially sourced from coffee shops, untreated wastewater and industrial discharge. 
It has been regarded as an anthropogenic marker for surface water contamination [13].

Photocatalysis is an advanced oxidation process that has been extensively studied for 
environmental remediation and water decontamination [14, 15]. It shows significant 
potential for completely degrading emerging contaminants through highly oxidative 
species such as hydroxyl (•OH) and superoxide (O2

●–) radicals [16]. Although zinc oxide 
(ZnO) has been used in photocatalytic applications, its effectiveness is limited by its 
inability to absorb visible light [17], insufficient surface area and charge recombination 
[18]. Strategies such as non-metal or metal doping and heterojunction construction with 
other semiconductors have been explored to enhance absorption and charge separation 
in ZnO. Among these approaches, constructing heterojunctions has proven particularly 
effective [19] due to the synergistic properties arising from the interaction between the 
semiconductors.

Binary heterojunctions between ZnO and narrow bandgap semiconductors such as 
CeO2, Fe2O3, WO3 and g-C3N4 improve radiation absorption through band gap reduc-
tion and promote charge separation [20]. Ceria (CeO2), which is primarily used for gas 
sensors, energy storage and catalysis, has excellent redox capabilities and is character-
ized by a high density of oxygen vacancies [21]. Its band gap, ranging from 2.8 to 3.1 eV, 
allows it to be activated by both visible and ultraviolet radiation [22] making it suitable 
for enhancing radiation absorption in wide bandgap semiconductors [23]. Additionally, 
its 4f orbital is incompletely filled leading to the valence variations of Ce3+ and Ce4+. 
The redox couple cycle (Ce3+/Ce4+) enhances the separation of photogenerated charge 
and facilitates interfacial charge transfer [24]. A binary nanocomposite of ZnO and 
CeO2 facilitates efficient charge separation due to favourable band alignment, reducing 
charge recombination. Furthermore, enhanced light absorption contributes to improved 
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photocatalytic efficiency [25]. Graphitic carbon nitride (g-C3N4) is a metal-free semi-
conductor that is active under visible light and has been utilized in CO2 photoreduc-
tion, water splitting, and the photocatalytic mineralization of organic pollutants [26, 
27]. Its advantages include visible light activity, chemical and thermal stability, low cost, 
an attractive electronic structure, a large surface area, and abundant binding sites [28]. 
However, despite its photocatalytic properties, its efficiency is limited by high charge 
recombination and a low quantum yield [29]. Forming a binary nanocomposite with 
ZnO enhances charge separation and broadens the spectral response due to their over-
lapping band structures, improving photodegradation efficiency [30].

While binary nanocomposites enhance efficiency, ternary nanocomposites have 
recently gained attention due to their superior performance which is linked to delayed 
recombination through charge transfer between the two semiconductor heterojunctions 
[31]. Numerous studies have assessed the photocatalytic performance of g-C3N4-based 
ternary nanocomposites. For instance, g-C3N4/CeO2/TiO2 [32], Gd-ZnO-g-C3N4 [27], 
and g-C3N4/ZnO/AgCl [33] demonstrated improved efficiency in degrading organic 
contaminants under visible and solar light irradiation. Additionally, a ternary nanocom-
posite composed of ZnO, CeO2 and g-C3N4 is promising due to its well-matched over-
lapping band structures [30]. Research on g-C3N4/CeO2/ZnO [34] and zeolite-supported 
g-C3N4/ZnO/CeO2 [35] nanocomposites has revealed good stability and improved per-
formance in the photodegradation of methylene blue attributed to three-level charge 
transfer, increased active sites and a reduced band gap. However, to our knowledge, the 
performance of this ternary nanocomposite in the simultaneous photodegradation of 
acetaminophen and caffeine has not been reported.

In this study, we hydrothermally synthesized a ZnO/CeO2/g-C3N4 nanocomposite 
with varying masses of g-C3N4. We investigated its structural, optical, morphological 
and textural properties and evaluated its performance in the simultaneous photodegra-
dation of acetaminophen and caffeine. We also examined the nanocomposite’s stability 
over four cycles. Our findings indicated that a composite of ZnO, CeO2 and g-C3N4 has 
improved properties and enhanced photocatalytic performance than the pristine com-
ponents. Additionally, the nanocomposite remained stable after four cycles.

2  Chemicals and methods
2.1  Chemicals

Zinc acetate dihydrate (99%), cerium (III) nitrate hexahydrate (99%), citric acid (99%), 
ethanol ( ≥ 95%), sodium hydroxide (extrapure AR), melamine (99%), acetaminophen 
(98%−102%) and caffeine ( ≥ 99.5%) were all purchased from Sigma Aldrich and used 
as purchased.

2.2  Preparation of the catalysts

Graphitic carbon nitride (g-C3N4) was prepared by heat-treating melamine. Approxi-
mately 15 g of melamine was placed in a 100 mL ceramic crucible and heated in a muf-
fle furnace at 550  °C for 5  h in air. After heating, the furnace was allowed to cool to 
room temperature and the resulting yellow powder was collected and used for further 
processing.

The ZnO/CeO2 nanocomposite was synthesized using a 0.2 M zinc acetate dihydrate 
solution, prepared in a solvent mixture of water and ethanol (in a volume ratio of 5:1). In 
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a typical procedure, 2 g of citric acid was added to the 0.2 M zinc acetate dihydrate solu-
tion with stirring, followed by the addition of 1.3 g of cerium (III) nitrate hexahydrate. 
The mixture was stirred for 30 min. A glass pipette was used to add 0.1 M of sodium 
hydroxide dropwise to adjust the solution pH to 13. The solution was then poured into 
a Teflon-lined autoclave and heated for 17 h at 150 °C in a preheated oven. After cooling 
to ambient temperature, the powder was recovered by centrifugation, dried overnight at 
70 °C in an oven, and calcined for 3 h at 400 °C in a muffle furnace under air. A Yellow 
powder with a ZnO: CeO2 mass ratio of 2:1 was obtained and designated as ZnO/CeO2. 
Pristine ZnO was synthesized using a similar procedure excluding adding cerium (III) 
nitrate hexahydrate. In contrast, the pristine CeO2 was prepared using the same method 
using cerium (III) nitrate hexahydrate as the precursor.

To prepare the ZnO/CeO2/g-C3N4 ternary nanocomposite, a specific mass of the pre-
pared g-C3N4 was first dispersed in 10 mL of distilled water using an ultrasonic water 
bath. This dispersion was then mixed with a solution of zinc acetate dihydrate and 
cerium (III) nitrate hexahydrate, prepared according to the method used for making 
the ZnO/CeO2 samples. The resulting mixture was transferred into a Teflon-lined auto-
clave and heated for 17 h at 150 °C in a preheated oven. After cooling, the product was 
washed with distilled water and ethanol, dried overnight at 70 °C in an oven and then 
calcined for 3 h at 400 °C. Samples prepared with 1.0 g of g-C3N4 were labelled as ZnO/
CeO2/1.0CN, those with 1.5 g were labelled as ZnO/CeO2/1.5CN, and samples prepared 
with 2.0 g were labelled as ZnO/CeO2/2.0CN. Figure 1 illustrates the synthesis process 
of the photocatalyst.

2.3  Characterization of the catalysts

The XRD patterns used to determine the crystallographic phases and purity of the pow-
der samples were obtained using PANalytical X’Pert X-ray diffractometer with a Cuk α  
radiation, operated at 40 mA and 45 kV. The scans were conducted over a 2 θ range of 
5° to 80° at a scanning rate of 0.008° for 10 s each. Scanning Electron Microscopy (SEM) 
was performed with a FEGSEM Zeiss 540 Ultra instrument. The phase composition and 
structural properties of the samples were analyzed using a FEGTEM Jeol 2100 Trans-
mission Electron Microscope. Textural characterization was conducted using Quanta-
chrome’s Autosorb iQ instrument, with the samples degassed for 10 h at 200 °C under 
vacuum before analysis. Fourier Transform Infrared Spectroscopy (FTIR) was performed 

Fig. 1  A schematic of the synthesis process
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on KBr-prepared sample pellets using a Bruker ALPHA II spectrophotometer. For pho-
toluminescence studies, a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer was uti-
lized and a Cary UV-visible spectrophotometer was used to assess potential exciton 
transitions in water-dispersed samples.mX-ray photoelectron spectroscopy (XPS) analy-
sis, was done using a Thermo ESCAlab 250Xi. Operational parameters were, X-Ray was 
generated from monochromatic Al Kα at 1486.7  eV, the X-ray power was 300  W, the 
X-ray spot size was 900 μm, pass Energy (Survey) 100 eV, pass Energy (Hi Res) 20 eV, and 
operating pressure was < 10−8 mBar.

2.4  Photodegradation of acetaminophen and caffeine

The photocatalytic performance of the samples was evaluated in acetaminophen and caf-
feine degradation under UV-A irradiation. In a typical run, a 50 mL mixture of 10 µg/mL 
of both acetaminophen and caffeine along with 0.5 g/L catalyst was magnetically stirred 
for 30 min in the dark to achieve adsorption-desorption equilibrium. A 100 W UV-A 
source (UVA Frosted Daylight Reptile Heat Lamp, 100  W, purchased from Takealot™, 
South Africa) irradiated the mixture for 130 min. A 0.5 mL aliquot of the mixture was 
withdrawn at 30-minute intervals using a 3.0 mL syringe, filtered through a 0.45  μm 
PFTE membrane syringe filter and diluted by transferring it to a 5.0 mL volumetric flask 
and filling it with distilled water. Liquid Chromatography Mass Spectrometry (LCMS) 
was conducted to quantify the concentrations. Experiments were done in triplicate. A 
detailed description of the solvents used, detection and quantification of the samples is 
provided in the supplementary information section. The degradation efficiency and rate 
constants of the samples were determined using the relations shown in Eqs. 1 and 2. The 
influence of factors such as initial concentration, pH and the quantity of catalyst on pho-
tocatalytic efficiency was evaluated. Sample recyclability and the scavenger effect were 
also examined.

% Degradation = Co − Ct

Co
× 100%� (1)

kt = −ln
[Ct]
[C0] � (2)

3  Results and discussion
3.1  XRD patterns

Figure 2 displays the diffraction pattern of the samples. The ZnO pattern exhibits peaks 
at 31.74°, 34.40°, 36.23°, 47.52°, 56.58°, 62.85°, 66.37°, 67.94°, 69.08°, 72.57° and 76.96° 
(Fig. 2(a)). These peaks correspond to the (100), (002), (101), (102), (110), (103), (200), 
(112), (201), (004) and (202) lattice planes, confirming a hexagonal wurtzite structure 
consistent with previous studies [23, 36, 37]. The sharpness of the peaks confirms its 
crystallinity. Also, the CeO2 diffraction pattern displayed peaks at 28.45°, 32.99°, 47.43°, 
56.34°, 59.04°, 69.43°, 76.65° and 79.06° (Fig. 2 (a)), which are associated with the (111), 
(002), (220), (311), (222), (400), (331) and (420) planes, indicating its cubic fluorite struc-
ture [38, 39]. The g-C3N4 pattern (Fig. 2 (b)) reveals two peaks at 13.24° and 27.39° cor-
responding to (100) and (002) planes [34]. The prominent peak at (002) indicates the 
periodic stacking of aromatic C-N units [40] while the (001) peak suggests in-plane 
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triazine units packing [41]. The interplanar distance calculated from the (002) peak is 
0.325 nm, similar to previous reports [42].

In the ternary nanocomposite (Fig. 2 (b)), the characteristic peaks of ZnO, CeO2, and 
g-C3N4 were observed in the diffraction pattern, albeit with some overlaps. Specifically, 
an overlap between the (111) plane of CeO2 and (002) plane of g-C3N4 was noted. The 
intensity of the resulting peak increased with the amount of g-C3N4 in the samples as 
expected. Additionally, the superposition of the ZnO (102) and (110) planes with the 
CeO2 (220) and (311) peaks respectively resulted in a stronger peak in the nanocompos-
ites, confirming the presence of the components in the prepared nanocomposites [43]. 
The coupling of ZnO with CeO2 caused a slight shift to higher 2 θ  angles as presented 
in Table 1 indicating a good interaction while ZnO peaks broadened upon nanocompos-
ite formation indicating decreased crystallite size [19]. This was further supported by 
the crystallite sizes calculated using the Debye-Scherrer Eq. (3) [44]. In photocatalysis, 

Table 1  Computed crystal sizes, cell volumes, lattice parameters and lattice planes using the (100) 
and (002) reflections for the indicated samples
Catalyst Crystal size (nm) Lattice planes Lattice 

parameters
Cell volume (Å)3

100 002 a c

2 θ FWHM 2 θ FWHM
ZnO 26.00 31.74 0.250 34.40 0.207 3.251 5.207 47.66
CeO2 6.32 - - - - 5.421 - 159.31
g-C3N4 5.24 - - - - - - -
ZnO/CeO2 12.63 31.78 0.333 34.45 0.287 3.247 5.201 47.49
ZnO/CeO2/1.0CN 11.33 31.76 0.345 34.42 0.325 3.249 5.206 47.59
ZnO/CeO2/1.5CN 11.40 31.78 0.333 34.43 0.318 3.247 5.203 47.51
ZnO/CeO2/2.0CN 11.21 31.78 0.344 34.42 0.336 3.248 5.205 47.55

Fig. 2  In (a), the XRD patterns of the ZnO, CeO2 and ZnO/CeO2 samples are presented, and in (b) the XRD patterns 
for the samples g-C3N4, ZnO/CeO2/1.0CN, ZnO/CeO2/1.5CN and ZnO/CeO2/2.0CN are presented
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a reduction in crystal size has been reported to suppress charge recombination and 
enhance the energy of photogenerated radicals, thereby improving performance [45]. 
The ZnO lattice parameters were determined using Eqs. (4) and (5) [46], while the lattice 
parameters of CeO2 were calculated using Eq. (6) due to its cubic structure [47]. The unit 
cell volumes of the samples were determined using Eq. (7) [48]. The decrease in the unit 
cell volume in the nanocomposites compared to pristine ZnO and CeO2 was associated 
with the decreased lattice parameters and suggests the interaction of the components in 
the nanocomposite [49, 50].

D = kλ

β cosθ
� (3)

a =
√

1
3

λ

sinθ
� (4)

c = λ

sinθ
� (5)

a =
[
d2 (

h2 + k2 + l2)] 1
2 � (6)

V =
√

3
2

a2.c� (7)

where D represents the crystallite size in nm, k is a constant (0.89), β is the full-width 
half maximum (FWHM) in radians, is the X-ray wavelength (1.5406 Å), is half the 
Bragg’s diffraction angle measured in radians.

3.2  FTIR spectra

The spectra showing stretching and vibrational peaks corresponding to various func-
tional groups obtained from the FTIR analysis of KBr-prepared sample pellets are dis-
played in Fig. 3. The vibrational band observed at 470 cm−1 corresponds to the stretching 
of Zn-O bonds in ZnO [51] whereas that at 830  cm−1 is associated with the bending 
(deformation) vibration of water molecules [52]. The strong bands observed between 
1430  cm−1 and 1550  cm−1 were associated with CO3

2− vibration and bending modes 
[53] that may have originated from zinc acetate precursor, while the band at approxi-
mately 3400 cm−1 represents O-H stretching vibration. In the CeO2 spectrum, a broad 
band attributed to the stretching vibration for Ce-O was observed at about 468  cm−1 
[54]. Additionally, bands at 1042  cm−1, 1350  cm−1 to 1538  cm−1 and 3400  cm −1 cor-
respond to C-O, and COO- which may be from the citric acid used in synthesis and 
O-H respectively. In g-C3N4, the band located at 803 cm−1 corresponds to the out-of-
plane bending of s-triazine units and confirms the presence of the g-C₃N₄ structure 
[55]. The broad band ranging from 1240 cm−1 −1640 cm−1 is related to carbon nitride 
rings stretching vibration, with C-N vibrations appearing at 1240 cm−1, 1320 cm−1 and 
1410 cm−1 and C = N stretching modes at 1560 cm−1 and 1640 cm−1 [56]. The N-H vibra-
tion was observed at about 3200 cm−1. In the nanocomposites, the broad band between 
3100  cm−1 and 3500  cm−1 is attributed to N-H vibration and O-H stretching vibra-
tions originating from surface-adsorbed H2O molecules [57]. Additionally, the broad 
bands between 450  cm−1 and 470  cm−1 were ascribed to Zn-O and Ce-O vibrations. 
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The intensities of C = N and C-N peaks increased with the rising g-C3N4 weight in the 
samples. The slight shift in the peaks associated with the triazine ring from 803 cm−1 to 
813 cm−1 and C-N vibration from 1320 cm−1 to 1380 cm−1 indicated a good interaction 
between ZnO, CeO2 and g-C3N4 consistent with XRD analysis. This promotes charge 
transfer in photocatalysis [58].

3.3  SEM analysis

Figure 4(a) shows the results of the SEM observations and indicates that flower-like 
microspheres formed from aggregated nanosheets. Magnified images reveal that the 
nanosheets were smooth and about 34  nm ± 1 thick. The formation of hydrother-
mally synthesized ZnO nanoflowers can be attributed to the effects of temperature and 
reaction time, with nanoflowers forming when the temperature and reaction time are 
increased to 150  °C and 15  h respectively [59]. In citric acid-assisted ZnO hydrother-
mal synthesis, a large quantity of negatively charged [Zn(C6H5O7)4

−12]−10 complexes is 
generated, which preferentially adsorb to the [0001] positive polar plane, thereby limit-
ing ZnO’s anisotropic growth. This leads to the formation of disc-like nanostructures at 
low solution pH. An increase in the solution pH to 13 results in the aggregation of these 
nanostructures forming nanosheets [60] that later self-assemble to generate flower-like 
microspheres as the reaction time increases.

In Fig. 4(b), the sample formed aggregated spherical CeO2 nanoparticles. The ZnO/
CeO2 synthesized sample favoured a similar morphology as the ceria, which was mainly 
spherical structures (see Fig. 4(c)). The formation of bulk g-C3N4 packed nanosheets was 
confirmed, and a typical SEM image is presented in Fig. 4(d). From Fig. 4(e), (f ) and (g), 
it is evident that the ZnO/CeO2 microspheres were supported on g-C3N4 nanosheets 
which were exfoliated through heat treatment during calcination or the hydrothermal 
process [61]. As expected, in Fig.  4(e), (f ) and (g), the nanosheet morphology of the 

Fig. 3  Image (a) shows the FTIR spectra for ZnO, CeO2 and ZnO/CeO2 samples, and image (b) shows the FTIR 
spectra for the g-C3N4, ZnO/CeO2/1.0CN, ZnO/CeO2/1.5CN and ZnO/CeO2/2.0CN samples
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g-C3N4 nanomaterial becomes increasingly prominent as the mass of the g-C3N4 sup-
port is increased.

3.4  TEM analysis

TEM images of the synthesized samples are displayed in Fig. 5 where Fig. 5(a) confirms 
the aggregated nanosheets observed in SEM. Porous CeO2 nanoparticles were formed as 
shown in Fig. 5(b) which got in between the ZnO nanosheets resulting in flower-shaped 
nanospheres formation as illustrated in Fig. 5(c). Figure 5(e), (f ) and (g) show an inter-
action between g-C3N4 sheets and the flower-shaped nanostructures and confirm the 
increase in the nanosheets with the increase in g-C3N4 consistent with SEM.

3.5  BET isotherms

The pore size distribution and specific surface areas were analysed using the Brunauer-
Emmett-Teller (BET) method. The ZnO samples displayed an H3 hysteresis loop with a 
Type V isotherm (Fig. 6 (a)) as per IUPAC guidelines [62]. The CeO2 sample displayed 
a H4 hysteresis loop with a Type IV (a) isotherm, indicating that the material texture is 
mesoporous [62]. This was corroborated by the pore sizes between 2 nm and 50 nm [62]. 
obtained using the Barrett–Joiner–Halenda method on data from the desorption part 
of the isotherm, as presented in Table 2. The H3 hysteresis loop demonstrates that these 
pores were slit-shaped [63] and formed by the accumulation of flaky particles [64].

Table  2 provides information on the calculated BET surface areas and pore sizes of 
the various samples, and shows that the nanocomposites exhibited a higher surface area 
than pristine oxides. Also, the specific surface area increased with the introduction of 
g-C3N4 which was associated with the increase in the high surface g-C3N4 nanosheets 
as revealed by SEM analysis. A higher surface area is fundamental in photodegradation 
since it enhances the adsorption of pollutants. It also increases the number of active sites 
hence enhancing photocatalytic performance [65]. The reduction in the surface area of 

Fig. 4  SEM micrographs of the synthesized samples are shown in (a) ZnO, (b) CeO2, (c) ZnO/CeO2, (d) g-C3N4, (e) 
ZnO/CeO2/1.0CN, (f) ZnO/CeO2/1.5CN, and (g) ZnO/CeO2/2.0CN
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Fig. 6  The N2 adsorption-desorption isotherms for ZnO (a), CeO2 (b), ZnO/CeO2 (c), g-C3N4 (d), ZnO/CeO2/1.0CN 
(e), ZnO/CeO2/1.5CN (f) and ZnO/CeO2/2.0CN (g)

 

Fig. 5  TEM images of (a) ZnO, (b) CeO2, (c) ZnO/CeO2, (d) g-C3N4, (e) ZnO/CeO2/1.0CN, (f) ZnO/CeO2/1.5CN, and 
(g) ZnO/CeO2/2.0CN
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the ternary nanocomposites compared to g-C3N4 and ZnO/CeO2 binary nanocomposite 
may have resulted from agglomeration of the ZnO/CeO2 particles on the g-C3N4 sheets 
reducing the exposed surface area as observed in SEM.

3.6  UV-Vis absorption

Figure 7(a) displays the absorption spectrum of the water-dispersed samples obtained 
by UV-Vis spectroscopy in the wavelength range 250  nm to 800  nm at room temper-
ature. Well-defined absorption peaks were observed in all the samples. This indicated 
the transition of electrons to the conduction band minimum from the valence band 
maximum. A peak in an absorbance spectrum indicates that radiations of wavelengths 
lower than the absorption peak can excite electrons from the semiconductor conduction 
band [66]. ZnO and the nanocomposite spectra exhibited an absorption peak at about 
375 nm that matched the ZnO hexagonal wurtzite structure [67]. The CeO2 absorption 

Table 2  The BET surface area and calculated pore sizes for the various samples synthesized
Sample BET surface area (m2/g) Pore size (nm)
ZnO 10.04 3.145
CeO2 20.52 3.716
ZnO/CeO2 40.80 3.542
g-C3N4 51.29 3.719
ZnO/CeO2/1.0CN 31.31 3.507
ZnO/CeO2/1.5CN 34.36 3.531
ZnO/CeO2/2.0CN 44.62 4.740

Fig. 7  Panel (a) presents the UV-Vis spectra of the CeO2 and g-C3N4 samples. Panel (b) presents the UV-Vis spectra 
of the ZnO, ZnO/CeO2, ZnO/CeO2/1.0CN, ZnO/CeO2/1.5CN, and the ZnO/CeO2/2.0CN samples. The Tauc plots for 
the CeO2 and g-C3N4 samples are presented in (c). In panel (d) the Tauc plots for ZnO, ZnO/CeO2, ZnO/CeO2/1.0CN, 
ZnO/CeO2/1.5CN, and the ZnO/CeO2/2.0CN samples are shown

 



Page 12 of 24Chebwogen et al. Discover Applied Sciences          (2025) 7:1274 

spectrum peaked at 300 nm and g-C3N4 at 316 nm. Slight shifts to higher wavelengths 
were observed in the nanocomposites indicating reduced energy required for charge 
excitation. The absence of other peaks in the spectra confirmed that the prepared sam-
ples were pure.

In photocatalytic reactions, the radiation energy utilized greatly depends on the semi-
conductor energy gap. Tauc plots based on Eq. (8) [68] used to evaluate the bandgaps of 
the samples are displayed in Figs. 7 (c) and (d).

(α hv) = A(hv − Eg )n� (8)

where hv is the photon energy, α the absorption coefficient, A is a constant, the band 
gap energy and n indicates the transition type equivalent to 2 for direct and band gap 
semiconductors.

The band gap energy was estimated by applying two linear fits above and below the 
fundamental peak, with their point of intersection giving the estimated value [69]. The 
values obtained were 3.60 eV, 2.98 eV, 2.85 eV, 3.46 eV, 3.37 eV, 3.30 eV and 3.22 eV for 
ZnO, CeO2, g-C3N4, ZnO/CeO2, ZnO/CeO2/1.0CN, ZnO/CeO2/1.5CN and ZnO/
CeO2/2.0CN respectively. This indicated a general decrease in the bandgap energies 
with nanocomposite formation, demonstrating effective interaction between the semi-
conductors [48]. Bandgap reduction is beneficial in photocatalytic applications since it 
enhances optical absorption hence the photoinduced carrier generation [70].

3.7  XPS analysis

XPS analysis was conducted to confirm the elemental composition and oxidation states. 
Figure  8(a) presents the full survey spectrum showcasing binding energy peaks that 
indicate the presence of Zn, Ce, O, N and C elements on the ZnO/CeO2/1.5CN nano-
composite surface. The spectra displaying deconvoluted peaks of the individual ele-
ments are also shown in Fig. 8(b) to (f ). Four peaks at 1021.9 eV, 1023.8 eV, 1045.0 eV 
and 1047.0 eV were observed in the Zn 2p spectrum. The first two correspond to 2p3/2 
and the last two correspond to 2p1/2 and are all characteristic of the Zn2+ oxidation state 
[71, 72]. The deconvoluted peaks of Ce 3 d illustrated in Fig.  8(c) show eight peaks at 

Fig. 8  Panel (a) presents the full survey XPS spectrum of ZnO/CeO2/g-C3N4, (b) shows and deconvolution of Zn 2p 
(b), Ce 3 d (c), O 1 s (d), C 1 s (e) and N 1 s (f) spectrums
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882.1 eV, 883.7 eV, 888.8 eV, 898.2 eV, 900.7 eV, 902.5 eV, 907.6 eV, 916.6 eV and 918.8 eV. 
Amongst these, the peaks at 883.7 eV and 902.5 eV are attributed to the Ce3+ oxidation 
state while the rest are attributed to the Ce4+ oxidation state [73], revealing mixed Ce3+ 
and Ce4+ valence states [74]. The O 1 s spectrum revealed three deconvoluted peaks. The 
first two at 529.0 eV, and 530.3 eV are associated with lattice oxygen (OL) [75] represent-
ing the oxygen atoms bound in the metal oxide crystal structure, thus Ce-O and Zn-O 
bands and the other at 531.4 eV indicating surface hydroxyl oxygen (OH) [76]. Addition-
ally, the C 1 s spectrum exhibited three peaks at 284.9 eV, 286.3 eV and 289.2 eV indi-
cating the presence of C-C, C-OH and C = O functional groups, consistent with FTIR 
analysis and confirming the interaction between carbon in g-C3N4 and the metal oxides. 
Furthermore, the N 1 s showed two peaks at 398.6 eV and 400.1 eV which confirmed the 
presence of C = N-C and C-N-H respectively, possibly originating from g-C3N4 triazine 
units [77].

3.8  Photoluminescence

Photoluminescence was performed under an excitation wavelength of 325 nm to inves-
tigate the recombination of charges and the nature of defects in the prepared samples 
[78]. A lower peak intensity in photoluminescence indicates an increased charge lifetime 
due to reduced recombination hence an enhanced transfer of charges. Figure 9(a) shows 
that charge recombination in g-C3N4 was high compared to the other samples, ascribed 
to its narrow band gap [79]. The g-C3N4 emission peak at approximately 445  nm was 
ascribed to band-to-band transition, equal to its band gap energy [80]. In Fig. 9(b), the 
ZnO spectrum exhibited a peak at 398 nm, corresponding to near band-edge emission, 
resulting in direct charge recombination [81]. Both metal oxides exhibited greater peak 
intensities than the nanocomposites. Coupling the nanocomposite with g-C3N4 resulted 
in lower peak intensities, indicating efficient separation of charges [35]. An exception 
was noted with the ZnO/CeO2/2.0CN whose peak intensity was high. This was ascribed 
to the increase in the surplus defects that could be present in g-C3N4 which acted as 
recombination sites, especially with the increase in weight [82]. Otherwise, peak 
quenching evident in the nanocomposites stipulated enhanced photocatalytic activ-
ity [83] due to suppressed charge recombination as indicated by the XRD crystal size 
reduction. Among the ternary nanocomposites, ZnO/CeO2/1.5CN exhibited the least 
peak intensity, suggesting improved charge separation, transport and expected enhanced 

Fig. 9  Image (a) presents the photoluminescence spectra for all the synthesized samples, and image (b) com-
pares the photoluminescence spectra of all the samples with the spectra for g-C3N4 removed
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performance. It should be noted that the emission bands in the visible regions are con-
sistent with the presence of defects such as oxygen vacancies in their structures [84], 
which allow for increased capture of the photo-generated electrons, producing radicals 
for photodegradation [85].

3.9  Photocatalytic degradation of acetaminophen and caffeine

The prepared samples were tested as photocatalysts in the degradation of a mixture of 
acetaminophen and caffeine, and the results are displayed in Fig. 10. These initial experi-
ments used 10 µg/mL of the pharmaceuticals mixed with 1.0 g/L of the photocatalysts 
in a total volume of 50 mL of solution. The samples adsorbed a minimal amount of acet-
aminophen and caffeine molecules in the dark as shown in Fig. 10(a). Upon irradiation, a 
decrease in the concentration due to photodegradation was observed.

Figure 10 depicts that pure ZnO, CeO2 and g-C3N4 can degrade both pharmaceuticals 
simultaneously, although with a relatively lower performance than the nanocomposites. 
In terms of the metal oxides, ZnO has a higher degradation activity than CeO2, and the 
ZnO/CeO2 nanocomposite has a higher activity than both single oxides. This observa-
tion may be attributed to the change in surface area as indicated in Table 2 where the 
ZnO/CeO2 samples had a relatively higher surface area (40.80 m2/g) versus the ZnO 
(10.04 m2/g) and the CeO2 (20.52 m2/g). A high surface area allows for more active sites 
for adsorption and reaction.

In terms of the g-C3N4 loading, there was an increase in photodegradation activ-
ity with increased loading. However, a further increase in the g-C3N4 load lowered the 
performance attributed to insufficient charge transfer as explained in Sect.  3.8. ZnO/
CeO2/1.5CN demonstrated a higher activity, which may be associated with its proper-
ties noted in the previous sections, including a narrow band gap that allows for greater 
light absorption and reduced charge recombination compared to the other samples. The 
photodegradation efficiencies and rate constants calculated using Eqs.  (1) and (2) are 
displayed in Table 3. They were observed to be relatively lower in caffeine than in acet-
aminophen, likely due to the difference in their chemical structure [86].

3.9.1  Amount of catalyst

The effect of the amount of catalyst used in the photodegradation of the mixture of 
acetaminophen and caffeine was studied using varied amounts of catalyst (0.5 gL−1, 

Fig. 10  Photocatalytic degradation of 10 µg/mL of (a) acetaminophen and (b) caffeine under UV-A irradiation 
using 1.0 g/L of the prepared sample catalyst and the natural pH of the solution
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1.0 gL−1, 1.5 gL−1, 2.0 gL−1). From the results presented in Fig. 11, the catalyst amount 
affects photodegradation. Initially, the performance increased with the amount of cata-
lyst raised from 0.5 gL−1 to 1.5 gL−1 which was associated with more active sites hence 
more hydroxyl (•OH) radical production at the irradiated catalyst surface [87]. However, 
a further increase to 2.0 gL−1 resulted in a reduced performance. This was attributed 
to the photocatalyst particles shielding photons from reaching particles inside the bulk 
solution as the amount was increased. Consequently, only the particles on the surface 
interacted with the photons and were actively involved in the photodegradation process. 
Additionally, the particles may have presumably agglomerated at high doses, lowering 
the available surface area and hence reducing performance [87, 88].

3.9.2  Effect of acetaminophen concentration

The acetaminophen and caffeine concentrations were varied from 10 µg/mL to 2 µg/mL 
considering their environmental concentrations. Figure  12 shows the performance. In 
both cases, the degradation of 10 µg/mL exhibited lower efficiencies which was attrib-
uted to the saturation of catalyst active sites at higher pollutant concentrations, which 
may have limited the generation of oxidizing species, in agreement with previous studies 
[87, 89, 90]. Another possible reason for low efficiencies at high concentrations is the 
competition between the intermediates and the primary acetaminophen molecules for 
the limited active sites [91, 92].

Table 3  Calculated acetaminophen and caffeine degradation efficiencies and rate constants using 
non-optimal initial conditions (natural pH of the solution, 10 µg/mL of acetaminophen and caffeine, 
and 1.0 g/l of catalyst)
Catalyst Efficiency (%) Rate constant, k × 10−3(min−1)

Acetaminophen Caffeine Acetaminophen R2 Caffeine R2

ZnO 15.8 13.8 1.4 0.97 1.2 0.98
CeO2 12.7 12.7 1.2 0.97 1.2 0.97
g-C3N4 11.3 8.3 0.9 0.90 0.6 0.97
ZnO/CeO2 18.0 15.5 1.6 0.97 1.4 0.98
ZnO/CeO2/1.0CN 20.7 16.7 1.9 0.99 1.5 0.97
ZnO/CeO2/1.5CN 27.1 20.9 2.4 0.94 1.8 0.95
ZnO/CeO2/2.0CN 25.1 19.1 2.2 0.98 1.7 0.97
No catalyst 2.0 1.7 0.1 0.99 0.1 0.99

Fig. 11  Effect of the amount of ZnO/CeO2/1.5CN in (a) acetaminophen and (b) caffeine photodegradation (Ex-
perimental conditions: Acetaminophen and caffeine concentration 10 µg/mL, pH 7)
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3.9.3  Effect of pH

The adsorption of acetaminophen and caffeine molecules on the photocatalyst surface is 
influenced by the surface charge determined by the solution’s pH and the photocatalyst’s 
zero-point charge (pHzpc). A positive charge develops at the photocatalyst’s surface when 
the solution pH < pHzpc, and vice versa [93]. The zero-point charge of ZnO/CeO2/g-C3N4 
is 6.83 [35] indicating that it is neutral at pH = 6.83 and negatively charged at solution 
pH higher than 6.83. Acetaminophen whose acid ionization constant (pka) is 9.5 [91] is 
negatively charged when its solution pH is higher than 9.5. At neutral pH, acetamino-
phen exists in its non-ionic form and its adsorption on the catalyst surface is maximum 
since its water solubility is minimal [94]. From Fig.  13, the best performance at pH 7 
was associated with hydroxyl ions formation on the photocatalyst surface. The repulsive 
electrostatic force between the acetaminophen and the photocatalyst resulted in mini-
mal performance at high acetaminophen solution pH [87]. An enhanced acetaminophen 
photocatalytic degradation at weakly alkaline pH was reported earlier [95]. Caffeine deg-
radation was also observed to be improved at neutral pH, ascribed to its pKa of 10.4, 
which makes it fully protonated at solution pH less than 10.4 [96], hence better adsorp-
tion compared to pH values equal to and greater than 10.4 where the caffeine molecules 
are neutral and less deprotonated respectively [97].

The decreased degradation at low pH in both pharmaceuticals was ascribed to unfa-
vourable adsorption of the molecules on the photocatalyst surface. The acetaminophen 

Fig. 13  The effect of initial pH on (a) acetaminophen and (b) caffeine photodegradation (Experimental condi-
tions: Concentration 2 µg/mL, amount of catalyst 1.5 gL−1)

 

Fig. 12  Effect of initial concentration in (a) acetaminophen and (b) caffeine photodegradation in the presence of 
ZnO/CeO2/1.5CN (Experimental conditions; catalyst dose 1.5 gL−1, solution pH = 7)
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and caffeine photodegradation efficiencies in the presence of ZnO/CeO2/1.5CN nano-
composite at neutral pH were 70% and 40% respectively. The low efficiencies compared 
to other studies presented in Tables 4 and 5 may be attributed to the simultaneous pho-
todegradation of the pharmaceuticals in one setup.

The performance efficiency with acetaminophen in our study was 70% (Table 4) and 
with caffeine was 40% (Table  5), which may indicate competitive interaction between 
the catalysts surface and the target degradation compounds during the simultaneous 
photodegradation.

3.9.4  Recyclability

To evaluate the reusability and recyclability of the ZnO/CeO2/1.5CN nanocomposite, 
which demonstrated superior performance compared to the other nanocomposites, we 
used 1.5 gL−1 of the catalyst to degrade 2 µg/mL of acetaminophen and caffeine simul-
taneously. The same catalyst was employed throughout the experiment. After each use, 
the catalyst was recovered, washed, dried and then reused with a fresh solution of acet-
aminophen and caffeine. Figure 14 shows the degradation efficiencies over four repeated 
cycles. A slight decrease in the efficiencies was observed, attributed to the loss of photo-
catalyst powder during sampling and decanting. Despite this, the efficiencies remained 
stable indicating the catalyst’s reliability.

Table 4  (a): A comparison of acetaminophen photodegradation efficiency in this study with 
previous studies
Photocatalyst Contaminant con-

centration (mg/L)
Irradiation type and 
time (min)

Performance 
efficiency (%)

Ref-
er-
ence

Cu2O/WO3/TiO2 1 Solar
60

92.50  [98]

g-C3N4-CdS/Bi4O5I2 500 Visible
25

80.00  [99]

g-C3N4/CQD/Ag 50 UV
Xenon
60

87.50
85.30

 
[100]

Zeolite/Fe3O4/CuS/CuWO4 10 Solar
180

95.76  
[101]

ZnO/CeO2/g-C3N4 2 UV
120

70.00 This 
work

Table 5  A comparison of caffeine photodegradation efficiency in this study with previous studies
Photocatalyst Contaminant 

concentration 
(mg/L)

Irradiation type 
and time
(min)

Performance ef-
ficiency (%)

Ref-
er-
ence

Ag-ZnO-Al2O3 20 UV
180

99.30  [97]

Mg-ZnO-Al2O3 20 UV
70

98.90  [96]

TiO2/g-C3N4 20 UV
240

100  
[102]

Cu/TiO2-F
NiO/TiO2-F

25 UV
180

90.00
88.00

 
[103]

ZnO-ZnAL2O4 20 UV
90

97.32  
[104]

ZnO/CeO2/g-C3N4 2 UV
120

40.00 This 
work
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3.10  Possible acetaminophen photodegradation mechanism

3.10.1  Reactive species

The role of reactive oxygen species in photodegradation was examined using 1 mM iso-
propanol, benzoquinone and ammonium oxalate to trap •OH, O2

●– and h+ respectively 
[105]. Figure  15 illustrates the impact of these scavengers on photodegradation effi-
ciency. All scavengers caused quenching, but the variations in efficiency indicated that 
•OH radicals played the most significant role in the photodegradation process. Although 
O2

●– and h+ also contributed, their effects were less pronounced than those of •OH.

3.10.2  Proposed photodegradation mechanism

The possible transfer of the photogenerated charges used to propose the mechanism of 
the pharmaceutical degradation is elucidated in Fig. 16. The edge positions of the valence 
and conduction band were calculated using Mulliken’s electronegativity equations [19].

EV B = X − Ee + 0.5Eg � (9)

ECB = EV B − Eg � (10)

where X is the semiconductor’s absolute electronegativity equal to 5.79 eV and 5.56 eV 
for ZnO and CeO2 respectively [19] and 4.74  eV for g-C3N4 [35]. Eg is the band gap 
energy, Ee is the energy of the free electron on the Hydrogen scale always 4.5 eV, EVB and 
ECB are the valence band and conduction edges respectively.

Fig. 15  Effect of scavengers on the photodegradation of (a) acetaminophen and (b) caffeine

 

Fig. 14  Stability of the ZnO/CeO2/g-C3N4 nanocomposite for the photo-degradation of (a) acetaminophen and 
(b) caffeine
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The calculated valence and conduction band edges for the ZnO, CeO2 and g-C3N4 
were 3.09 eV, 2.55 eV, 1.67 eV and − 0.51 eV, −0.43 eV, −1.18 eV, respectively, as indicated 
in Fig. 16. During photodegradation, the UV radiation excited electrons from the valence 
bands of all the semiconductors. The electrons in the g-C3N4 and ZnO conduction bands 
moved to the CeO2 conduction band to align their Fermi levels. At the same time, the 
holes moved from the ZnO valence band to CeO2 and then g-C3N4 valence bands due to 
the potential difference, promoting charge separation. It is important to note that O2 can 
be reduced to superoxide radical ion and H2O oxidized to hydroxyl radical if the semi-
conductor conduction band position is more negative than the O2 reduction potential 
and the valence band is more positive than the H2O oxidation potential [106]. Super-
oxide (O2

●–) radicals were formed in all the semiconductor conduction bands since 
their conduction band potentials are higher than the O2/O2

●– standard redox potential 
(−0.33 eV) [107], although the superoxides did not play a major role in photodegrada-
tion as revealed by the scavenger tests. Also, only the holes in the ZnO valence band 
formed hydroxyl (•OH) radicals since its valence band potential is higher than •OH/H2O 
redox potential (2.72 eV) [107]. Holes can directly oxidize surface-adsorbed molecules 
[108]. The reactive radicals formed and the holes mineralized the contaminants into 
simpler compounds (intermediates) and finally into water and carbon dioxide. Whereas 
the arrangement in Fig. 16 demonstrated improved charge separation, a limited number 
of generated radicals may have led to the low efficiencies observed in the simultaneous 
degradation of the pharmaceuticals. We recommend further studies on the performance 
of the nanocomposite in the simultaneous photodegradation of the pharmaceuticals in 
the presence of electron acceptors such as H2O2 or persulfate to boost the production of 
the reactive oxygen species.

Overall, the current study used a commercial visible light lamp with some UV-A out-
put, and relatively low power output. Future work on using the catalysts with a suitable 
prototype reactor in direct sunlight would be of interest for real world applications, and 
may allow for degradation of more challenging and complex mixtures.

Fig. 16  Proposed charge transfer for acetaminophen and caffeine photodegradation using ZnO/CeO2/g-C3N4 
ternary nanocomposite photocatalyst
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4  Conclusion
A hydrothermal method was adapted to synthesize a ZnO/CeO2/g-C3N4 ternary nano-
composite. Comparative analysis of the ternary nanocomposite to its components syn-
thesized using a similar hydrothermal method was done using powder-XRD, FTIR, SEM, 
XPS and TEM. Morphological, surface area analysis, optical and structural characteriza-
tion indicated their crystallinity and purity, an improved specific surface area, absorp-
tion and charge separation. XPS analysis confirmed the presence of Zn, Ce, O, C and N 
elements in the nanocomposite. From SEM and TEM analysis, ZnO nanoflowers were 
formed and changed to spheres when CeO2 was introduced which interacted well with 
g-C3N4. An augmented photodegradation performance towards acetaminophen and caf-
feine photodegradation was obtained with the nanocomposites than with pristine ZnO 
with ZnO/CeO2/1.5CN achieving 70% and 40% of 2 µg/mL acetaminophen and caffeine 
photodegradation in 120 min under UV-A irradiation respectively. The nanocomposite 
portrayed good recyclability and stability after 4 cycles hence their potential for envi-
ronmental remediation application. The proposed mechanism for pharmaceutical pho-
todegradation was presented.
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