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Abstract 
Metronidazole (MNZ) is a persistent pharmaceutical contaminant that resists conventional wastewater treatment. In 
this work, a visible-light-active Bi2O3–Er2O3/graphene oxide (GO) nanocomposite was synthesized by a co-precipitation 
method.  This nanocomposite was evaluated for the photocatalytic degradation of MNZ in aqueous solution. Structural 
and optical characterization (XRD, FTIR, SEM, TEM, BET, PL, and UV–Vis DRS) confirmed the successful anchoring 
of Bi2O3–Er2O3 nanoparticles onto GO sheets. That resulted in improved visible-light absorption and blocked charge-
carrier recombination. The composite containing 20 wt% GO showed the highest photocatalytic activity. It achieved 
near-complete MNZ removal under exposure to visible light. The improved performance was attributed to the combined 
effects of many factors. Those include Bi2O3–Er2O3-induced visible-light response, Er2O3-assisted charge trapping, and 
efficient electron transport through GO. The study included examining the effects of many factors. Those included the 
solution pH, catalyst dosage, initial MNZ concentration, and GO content. Optimal degradation was found in alkaline 
conditions. The catalyst was found to be stable and reusable. Therefore, it has high potential for sustainable antibiotic 
removal from wastewater. 
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1. Introduction  

Pharmaceutical pollutants have emerged as a 
critical class of environmental contaminants. 
They are so critical since they are released 
continuously into the environment. They are 
resistant to degradation, and have the potential to 
cause antimicrobial resistance [1]. Among these is 
Metronidazole (MNZ). That is a synthetic 
nitroimidazole antibiotic. It is widely used for 
treating anaerobic bacterial and protozoal 
infections. It has been found in municipal 
wastewater, hospital effluents, and even natural 
water. MNZ is chemically stable and resistant to 
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biodegradation. That makes it resistant to 
conventional wastewater treatment processes. Its 
accumulation causes ecological hazards. It can 
also disturb water microbial communities. 
Therefore, developing efficient, sustainable, and 
sunlight-driven degradation strategies for MNZ 
has become an urgent environmental priority [2]. 
Advanced oxidation processes (AOPs) have 
become prominent as effective methods for 
degrading recalcitrant organic pollutants. Among 
this class of pollutants is pharmaceuticals. These 
processes work by generating highly reactive 
oxidative species, in-situ. These species include 
hydroxyl radicals (•OH) and superoxide radicals 
(O2•⁻). They oxidize organic contaminants to 
harmless end-products like CO2 and H2O. Among 
various AOPs, semiconductor-based 
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photocatalysis is environmentally gentle. It uses 
light energy to activate semiconductor materials. 
Classical photocatalysts such as TiO2 and ZnO are 
effective under ultraviolet (UV) exposure [3]. They 
showed limited solar-light utilization, however. 
That is due to their wide bandgaps (~3.2 eV). 
Consequently, the development of visible-light-
responsive photocatalysts has become a research 
frontier to harness the full potential of sunlight for 
wastewater treatment [4,5]. 

Bismuth(III) oxide is a p-type semiconductor 
notable for its narrow bandgap and rich defect 
chemistry. It exists in several polymorphs (e.g. 
monoclinic α-, tetragonal β-, and cubic γ-phases) 
with bandgaps on the order of 2.6 - 2.9 eV. For 
example, γ- Bi2O3 nanoparticles have an observed 
direct bandgap of ~2.9 eV (absorption edge ~434 
nm), allowing absorption of visible blue light. The 
valence band of Bi2O3 is derived largely from O 2p 
orbitals, and its conduction band from Bi 6p 
orbitals; the stereoactive 6s2 lone pair on Bi3+ also 
influences its electronic structure. In 
photocatalysis, Bi2O3 can generate oxidizing holes 
capable of producing •OH radicals. However, pure 
Bi2O3 often suffers from rapid electron-hole 
recombination and limited light harvesting on its 
own [6]. 

To overcome these issues, Bi2O3 is frequently 
combined with other materials. Doping or 
compositing with narrower-bandgap 
semiconductors extends light absorption, while 
heterojunctions improve charge separation. For 
instance, doping ZnO with Bi2O3 creates an n–p 
junction: the Bi2O3 narrows ZnO’s effective 
bandgap and sensitizes it to visible light. A 
ternary ZnO–Bi2O3/GO composite demonstrated 
this: it achieved 99.6 % degradation of methylene 
blue under visible irradiation, largely because the 
GO sheet stabilized the particles and acted as an 
electron sink to suppress recombination. In that 
system, GO’s presence “enhances the stability of 
ZnO - Bi2O3 and reduces the recombination of 
charge carriers,” while Bi2O3 doping “excites the 
absorption of visible light” in ZnO [7]. 

Beyond ZnO, Bi2O3 is often used in multi-
component oxides. For example, co-doping Bi2O3 
with rare-earth oxides has shown promise. A 
solid-solution system (Er2O3)ₓ (Yb2O3)ᵧ (Bi2O3)1-x-γ 
demonstrated complete degradation of a model 
dye (crystal violet) in 30 minutes under visible 
light when optimally doped [8]. In that ternary, 
Er3+/Yb3+ co-doping likely introduced up 
conversion and multiple energy levels, creating 
“synergic effects” in Bi2O3’s photocatalysis. 
Similarly, a CuO - Bi2O3 nanocomposite achieved 
95.6 % dye degradation (far above either CuO or 
Bi2O3 alone) [9]. These results confirm that Bi2O3 
serves as an excellent partner in heterostructures: 
it provides visible-light absorption and reactive 
holes, while its combination with other materials 
greatly boosts overall activity. 

Erbium(III) oxide is a rare-earth 
semiconductor with distinctly different behavior. 
It has a very wide intrinsic bandgap (≈5.3 eV), so 
it does not absorb visible light on its own. For 
instance, calculations give the Er2O3 valence band 
~8.26 eV below vacuum and a bandgap of 5.3 eV, 
implying a conduction band >2.9 eV below vacuum 
– too deep for visible excitation. Consequently, 
pure Er2O3 cannot directly drive photochemical 
reactions under sunlight. The value of Er2O3 in 
photocatalysis lies instead in its lanthanide 4f 
electronic structure. Trivalent Er³⁺ ions show up 
conversion luminescence. The way is that they 
absorb two or more low-energy photons and re-
emit a single higher-energy photon. Those low-
energy photons could be infrared or visible light 
photons. This makes Er2O3 an energy converter. 
Therefore, the photocatalyst’s response is 
extended into the IR or the deep red region. For 
example, introducing Er2O3 into a ZnIn2S4 
semiconductor created an S-scheme 
heterojunction. The performance of this was 
largely improved under exposure to sun light [10]. 
In that Er2O3/ZnIn2S4 system, the up-conversion 
property of Er³⁺ “expanded the light response 
range,” enabling use of sub-band-gap photons. 
Simultaneously, engineered oxygen vacancies 
improved charge separation, and an internal 
electric field at the junction further accelerated 
carrier transfer. The result was exceptional: 
compared to pristine Er2O3 or ZnIn2S4, the 
heterojunction produced ~560× and ~430× greater 
CO2-to-CH4 conversion under light [10]. 

Thus, Er2O3 contributes mainly through up 
conversion and as a dopant/heterojunction 
component, rather than by its own UV absorption. 
By converting IR photons to visible and by forming 
energetic 4f levels that trap or transfer carriers, 
Er2O3 can significantly boost the efficiency of 
composite photocatalysts. In a Bi2O3-based 
composite, for example, Er3+/Yb3+ co-doping 
enabled near-complete dye degradation [8]. In a 
GO-supported material, Er2O3 would similarly 
provide up conversion centers. 

Graphene oxide is a two-dimensional carbon 
material rich in oxygen functional groups. Its 
photochemistry-related properties include high 
electrical conductivity (especially after partial 
reduction), abundant surface chemistry, and good 
dispersibility in water [11]. These attributes make 
GO an excellent component in hybrid 
photocatalysts. The oxygenated groups offer 
adsorption sites for polar pollutants. This can 
produce strong interactions (e.g. hydrogen 
bonding) with organic molecules [12-14]. The 
result would be to concentrate those groups near 
the photocatalytic sites. The conjugated sp2 
carbon network gives GO (and reduced GO) 
conductivity similar to that of metals. As result it 
becomes able to transport electrons quickly. 
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Therefore, GO often serves as an electron sink or 
conductive scaffold. The function of this scaffold is 
taking photogenerated electrons from a 
semiconductor [15]. Thus, recombination is 
suppressed. That is, GO can act as a “cross-linked 
framework” or template for anchoring 
semiconductor particles. It also act as a many-
sided intermediary in charge transfer [11, 16]. 

The role of those GO was stressed in the 
literature. For example, in the ZnO - Bi2O3/GO 
composite, the GO sheet obviously improved 
photocatalytic outcomes. It improved composite 
stability and reduced charge recombination. That 
allowed almost complete dye degradation under 
visible light [7]. In general, the literature notes 
that incorporation of GO (or partially reduced GO) 
into photocatalysts “enhances the photocatalytic 
efficiency” by improving charge separation and 
providing extra reaction pathways [11]. Moreover, 
GO acts as a two-dimensional growth substrate 
for the semiconductor, promoting small crystal 
size and high dispersion. In the context of rare-
earth oxides, GO has also been used: for example, 
Er2O3 nanospheres were directly decorated on 
reduced GO sheets to form an Er2O3@RGO 
nanocomposite (in that case for a nitrite sensor) 
[17]. The fact that Er2O3 nanoparticles can be 
strongly anchored on RGO shows the feasibility of 
creating Er2O3 - GO photocatalysts [18]. 
Therefore, GO contributes to photocatalysis by (1) 
providing high surface area and adsorption sites, 
(2) accepting/transferring electrons to lower 
recombination, and (3) serving as a structural 
scaffold. These effects enhance the visible light 
response and stability of Bi2O3 and Er2O3 
containing composites. 

Multicomponent nanocomposites have 
become a dominant strategy for degrading 
antibiotics. he combination of Bi2O3, Er2O3, and 
GO has not been reported for MNZ specifically, 
but analogous systems demonstrate the concept. 
As noted, Bi2O3 semiconductor (e.g. 
Zn3In2S6/Bi2O3) composites show S-scheme charge 
separation and greatly accelerated MNZ 
degradation [19]. Bismuth-based oxyhalides 
(BiOBr, BiOI) and bismuth vanadate (BiVO4) 
have been used for other drugs and dyes under 
visible light [20]. Likewise, GO-supported doped 
oxides (such as GO–N–ZnO) have achieved near-
total MNZ removal [21]. Rare-earth-doped Bi2O3 
(e.g. Er/Yb co-doping) has given full dye 
decolorization. Even beyond MNZ, visible-light 
photocatalysis of similar pharmaceuticals 
(tetracyclines, ibuprofen, etc.) has been reported 
with Bi2O3-based composites, suggesting broad 
applicability. 

Taken together, the literature shows that 
Bi2O3 supplies visible-light absorption and holes, 
Er2O3 provides up conversion and trap levels, and 
GO offers rapid electron transfer. For example, a 
CuO/Bi2O3 composite greatly outperformed its 

components (95.6 % vs 80.5 % / 40.2 % degradation 
in a dye test). By analogy, a Bi2O3 - Er2O3 - GO 
ternary could synergistically combine these 
advantages. In such a nanocomposite, Bi2O3 could 
absorb visible photons and generate reactive 
holes, Er2O3 could harvest longer-wavelength 
light (via up conversion) and introduce charge-
separated levels, and GO would channel electrons 
away to oxygen. This architecture is expected to 
improve light utilization and charge dynamics far 
beyond any single material. 

Despite these promising attributes, a clear 
understanding of how up conversion-assisted 
energy transfer, visible-light absorption, and 
interfacial electron transport can be 
simultaneously optimized within a single 
photocatalytic system remains limited. In 
particular, most reported studies focus on binary 
composites, while the mechanistic role of rare-
earth oxides in multi-component systems for 
antibiotic degradation under visible light has not 
been systematically elucidated. 

In this work, a ternary Bi2O3–Er2O3/graphene 
oxide (GO) nanocomposite is rationally designed 
to integrate three complementary functionalities: 
(i) visible-light absorption and hole generation 
from Bi2O3, (ii) upconversion-assisted photon 
utilization and charge trapping via Er3+ centers, 
and (iii) rapid electron transport through the 
conductive GO network. Unlike conventional 
approaches that consider these components 
independently, this study demonstrates their 
synergistic coupling and identifies an optimal 
composition that maximizes photocatalytic 
performance. By correlating structural, optical, 
and photophysical properties with degradation 
efficiency, this work provides mechanistic insight 
into charge separation and transfer pathways in 
ternary photocatalysts. To the best of our 
knowledge, this is the first systematic 
investigation of Bi2O3–Er2O3/GO nanocomposites 
for visible-light-driven metronidazole 
degradation, offering a framework for the rational 
design of advanced photocatalysts for emerging 
pharmaceutical contaminants. 

 
2. Materials and Method 

 2.1. Chemicals 

All chemicals used in this study were of 
analytical grade and utilized without further 
purification. Bismuth nitrate pentahydrate 
(Bi(NO3)3·5H₂O) and erbium nitrate pentahydrate 
(Er(NO3)3·5H₂O) were obtained from Macklin 
(China). Graphite powder, used as the precursor 
for graphene oxide synthesis, was supplied by 
Glentham Life Sciences (UK). Sodium hydroxide 
(NaOH, 99%) and ethanol (C2H5OH, 99%) were 
purchased from Alpha Chemika (India). Nitric 
acid (HNO3, 65%) was obtained from Riedel-de 
Haën (Germany). Metronidazole (C6H9N3O3), the 
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model pollutant, was also procured from Macklin 
(China). All aqueous solutions were prepared 
using freshly distilled water. 

 
2.2. Synthesis of Graphene Oxide 

GO was synthesized via the modified 
Hummers’ method [22]. Briefly, graphite powder 
was oxidized using KMnO4 in a mixture of H2SO4 
and H3PO4, followed by washing, centrifugation, 
and drying at 60 °C. 

 
2.3. Preparation of Bi2O3 Doped Er2O3/GO 
Nanoparticles 

To synthesize 2 grams as selected amount of 
Bi2O3 doped Er2O3/GO nanocomposite, a co-
precipitation method was employed. Initially, 1.0 
g of graphene oxide (GO), previously prepared via 
the modified Hummers’ method, was dispersed in 
100 mL of deionized (DI) water under 
ultrasonication for 1 hour to ensure complete 
exfoliation and homogeneous dispersion. 
Separately, stoichiometric amounts of bismuth 
nitrate pentahydrate (Bi(NO3)3·5H2O) and erbium 
nitrate pentahydrate (Er(NO3)3·5H2O) were 
accurately weighed to obtain a Bi:Er molar ratio 
of 4:1, suitable for co-doping, and a total metal 
loading corresponding to the remaining 1.0 g of 
target composite mass (accounting for GO 
content). Specifically, 1.32 g of Bi(NO3)3·5H₂O was 
dissolved in suitable amount of HNO3 then add to 
50 mL of DI water because Bismuth nitrate not 
dissolved in water directly and 0.23 g of 
Er(NO3)3·5H2O were dissolved in 50 mL of DI 
water under stirring to form a clear solution. 

The metal nitrate solution was then slowly 
added dropwise to the GO suspension under 
continuous magnetic stirring at room 
temperature. Once fully added, the pH of the 
mixture was adjusted to ~10 using 0.3 M NaOH 
solution added dropwise very slowly under 
vigorous stirring using burette to insure no 
particles agglomeration, inducing co-precipitation 
of metal hydroxides onto the GO sheets. The 
resulting suspension was stirred vigorously for 4 
hours at 65 °C to facilitate nucleation and growth 
of BiEr nanoparticles on the GO surface. The 
product was then aged at room temperature for 24 
hours to improve crystallinity. 

After aging, the precipitate was separated by 
centrifugation at 4000 rpm for 10 minutes, 
washed three times with DI water and twice with 
ethanol to remove residual ions and impurities. 
The solid was then dried in a vacuum oven at 80 
°C for 24 hours. Finally, the dried powder was 
calcined at 350 °C for 2 hours in a muffle furnace 
to improve crystallinity and stability. The result 
was a fine gray-black powder. The above 
procedure was repeated for the remaining 
samples. It was configured depending on the 
percentage of GO. The GO percentages involved 

were 0% GO (M1), 20% GO (M2), and 40% GO 
(M3). 

 
2.4. Characterizations of Zinc Oxide 
Nanoparticles  

The structural, morphological, 
compositional, and optical properties of the 
synthesized BiEr/GO nanocomposite were 
systematically characterized using a range of 
analytical techniques. X-ray diffraction (XRD) 
analysis was performed using a Bruker D8 
Advance diffractometer with Cu-Kα radiation (λ 
= 1.5406 Å) over a 2θ range of 10°-80°. The 
surface morphology and particle distribution 
were examined using scanning electron 
microscopy (SEM) (FEI Quanta 450). That 
revealed a rough, layered GO surface uniformly 
decorated with spherical BiEr nanoparticles. To 
gain further insight into the nanostructure, 
transmission electron microscopy (TEM) (JEOL 
JEM-2100) was employed. It showed well-
dispersed crystalline nanoparticles anchored on 
the GO sheets with particle sizes ranging 
between 15-30 nm. Energy-dispersive X-ray 
spectroscopy (EDX) coupled with SEM confirmed 
the elemental composition and homogeneous 
distribution of Bi, Er, C, and O within the 
composite. Fourier-transform infrared 
spectroscopy (FTIR) (Thermo Nicolet iS10) was 
used to identify functional groups and bonding 
interactions. The optical properties were 
evaluated using UV-Vis diffuse reflectance 
spectroscopy (UV-Vis DRS) (Shimadzu UV-2600). 
The BiEr/GO composite showed strong 
absorption in the visible light region. It also 
showed a redshift compared to pristine GO. The 
photoluminescence (PL) spectroscopy (Horiba 
Fluorolog-3) was conducted to investigate the 
recombination behavior of photo-generated 
charge carriers.  

 
2.5. Photocatalytic Reaction Testing 

An aqueous solution of metronidazole with an 
initial concentration of 100 mg/L was prepared. 
The preparation proposed by dissolving the 
appropriate mass of the compound in 100 mL of 
deionized water. The photocatalyst was 
introduced into this solution at a dosage of 0.1 to 
0.5 g/L. The pH varied from 2 to 10, and the 
resulting suspension was magnetically stirred in 
the dark for 30 min. The purpose of was to 
establish adsorption-desorption equilibrium 
between the pollutant molecules and the catalyst 
surface. After equilibration, the reactor was 
exposed to visible light from a 300 W Xenon lamp. 
The lamp was positioned at the fixed distance 
about 20 cm from the surface of the solution to 
ensure uniform illumination. Continuous stirring 
was used to prevent particle sedimentation and 
ensure homogeneous exposure. The 
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photocatalytic reaction was carried out for 190 
min. During this period, 5 mL samples were 
withdrawn at 20 min intervals. Each sample was 
immediately centrifuged to remove suspended 
catalyst particles. The floating material was 
analyzed with UV to quantify the residual 
metronidazole concentration. Control 
experiments, including adsorption in the dark, 
photolysis in the absence of catalyst, were 
performed under identical conditions. That was 
done for the purpose of discriminating between 
direct photolysis, adsorption, and true 
photocatalytic activity. All experiments were 
conducted twice, and Figure 1 shows the 
experimental setup. The reported data are mean 
values with the associated standard deviations. 
That was planned to ensure reproducibility and 
statistical reliability. 

For recyclability assessments, best 
photocatalyst sample was terminated at 190 min. 
Then, the catalyst was recovered by 
centrifugation (6000 rpm, 10 min). Then it was 
washed thoroughly with deionized water three 
times and ethanol once to remove adsorbed 
residues. Then, it is dried at 60 °C for 12 h. The 
dried powder was then re-dispersed into fresh 100 
mg/L metronidazole solution at the same dosage 
(0.3 g/L). Evaluating the resulting solution 
occurred under the same exposure and sampling 
conditions for five consecutive cycles. 

 
 

3. Results and Discussion 

3.1. FTIR Characterization 

Figure 2 shows the FTIR spectrum of M1. In 
there, the characteristic vibrational features of 
with metal-oxygen bonds and surface functional 
groups appear. Strong absorption bands are 
observed in the low-wavenumber region (below 
~700 cm-1). They are due to Er-O and Bi-O 
stretching vibrations. This proves the formation 
of the metal oxide framework. A broad band 
around ~3400 cm⁻¹ and a weaker band near 
~1600–1650 cm-1 also appear. Ther are due to O-
H stretching and bending vibrations, 
respectively. Those are caused by surface-
adsorbed water or hydroxyl groups commonly 
found on oxide materials. These surface 

Figure 1. Experimental setup. 

Figure 2. The FTIR for M1 and M2. 
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hydroxyls are important since they act as active 
sites in catalytic reactions. In the FTIR spectrum 
of M2, the metal-oxygen vibration bands remain 
present in the low-wavenumber region. This 
shows that the fundamental oxide structure is 
conserved after introducing graphene oxide. This 
observation is in agreement with the XRD results. 
Those results showed no phase transformation 
when GO was added. However, obvious 
differences appear in the mid- and high-
wavenumber regions compared to M1. 
Specifically, M2 shows additional absorption 
bands special to graphene oxide functional groups. 
These typically include bands associated with 
C=O stretching (around ~1700–1730 cm⁻¹), C=C 
skeletal vibrations of sp² carbon (around ~1580–
1620 cm⁻¹), C–O–C (epoxy) stretching (~1200–
1250 cm⁻¹), and C–O (alkoxy) stretching (~1050–
1100 cm⁻¹). The broad O-H stretching band 
around ~3400 cm⁻¹ in M2 is generally more 
intense than in M1. This indicates the higher 
density of hydroxyl and oxygen-containing groups 
introduced by graphene oxide. 

 
3.2. X-Ray Diffraction 

Figure 3 shows the XRD patterns of M1 and 
M2. They show sharp and well-defined diffraction 
peaks. This indicates that the crystalline nature 
of the metal oxide phase remains in both samples. 
In both cases, the dominant reflections are due to 
cubic Er2O3. The most intense peak appears at 
around 2θ ≈ 29–30°, in both cases.  Additional 
distinguishing peaks appear at higher angles. 
This proves that Er2O3 remains the primary 
crystalline phase in spite of graphene oxide 
incorporation. A comparison of the two patterns 

shows that the peak positions in M2 are very close 
to those of M1. This shows that the addition of 
graphene oxide does not cause any phase 
transformation or structural change in the Bi2O3-
doped Er2O3 lattice. Additional diffraction peaks 
in M2 are missing. This reinforces the statement 
that no new crystalline impurity phases are 
formed when GO was added. This proves that the 
oxide catalyst and the carbon-based support are 
structurally compatible. Important differences are 
seen in peak intensity and width between M1 and 
M2. In M2, many diffraction peaks appear a little 
broader and less intense compared to M1. This is 
due to many causes. Among these causes are the 
reduced crystallite size and the increased lattice 
strain. The strong interfacial interactions 
between the oxide particles and graphene oxide 
sheets could also be a factor. These effects are 
frequently observed in oxide-carbon composites. 
They indicate improved dispersion of the active 
oxide phase on the GO surface. Additionally, no 
distinct diffraction peak due to graphene oxide 
(typically near 2θ ≈ 10–12°) is seen in the M2 
pattern. This suggests that the graphene oxide is 
either highly exfoliated or present in an 
amorphous or poorly ordered form. Being 
exfoliated or amorphous cause weak or 
undetectable diffraction signals. 

 
3.3. BET Surface Area 

The nitrogen adsorption-desorption isotherm 
of M1 (Figure 4a) exhibits a typical type IV 
isotherm with a hysteresis loop. This is a 
distinguishing feature of mesoporous materials. 
Gradual increase in adsorption, and monolayer 
adsorption on the external surface of the oxide 

Figure 3. The XRD pattern for the M1 and M2. 
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Sample Pore volume 
(cm3/g) 

Mean pore 
diameter (nm) 

M1 0.074317 30.249 
M2 0.052397 27.27 

particles are seen. Those two conditions at low 
relative pressures (p/p₀ < 0.1) indicates limited 
microporosity. A rapid rise in nitrogen uptake is 
observed at high p/p₀ values (≈ 0.8-1.0). This is 
seen when the relative pressure increases. That is 
caused by capillary condensation within 
mesopores. A well-defined hysteresis loop between 
the adsorption and desorption branches is seen. 
That shows the mesoporous nature of M1. This 
loop is probably formed from interparticle voids 
and agglomeration of oxide crystallites. Figure 4b 
shows the isotherm of M2. There is a type IV 
profile with hysteresis. This indicates that the 
mesoporous structure remains after graphene 
oxide incorporation. The overall nitrogen uptake 
of M2 is significantly different from that of M1. 
That is especially so in the high relative pressure 
region. The reduced adsorption volume at p/p₀ ≈ 
1.0 suggests changes in pore volume and pore 
accessibility. This is due to including of graphene 
oxide sheets within the oxide matrix. Table 1 
shows the pore volume and mean pore diameter 
for M1 and M2 samples. 

 
3.4. Photoluminescence (PL) Analysis 

Photoluminescence (PL) spectroscopy was 
used to examine recombination of photogenerated 
charge carriers in Bi₂O₃-Er₂O₃/GO 
nanocomposites. Figure 5 compares the PL 
spectra of M1 (0% GO), M2 (20% GO), and M3 

(40% GO). The GO-free sample (M1) shows the 
highest emission intensity. This shows that a high 
probability of radiative recombination is met in 
the original oxide matrix. This is mostly seen for 
metal-oxide semiconductors in which defect-
assisted recombination centers are dense [23, 24]. 
After incorporating GO (M2 and M3), a clear PL 
quenching is observed. That proves the effect of 
GO as an electron acceptor/transport platform. 
This enables interfacial charge transfer and 
suppresses electron-hole recombination [25-27]. 
M2 (20% GO) displays the strongest quenching in 
most of the studied range. This shows that 
moderate GO loading provides an optimal 
interfacial contact enabling efficient electron 
extraction. At the same time sufficient photon 
absorption by the semiconductor phase is 
maintained [25]. In contrast, M3 (40% GO) shows 
higher emission than M2 in the long-wavelength 
region. This might be due to excess GO. That 
causes partial shielding of the active oxide 
surface. Further, aggregation, or the formation of 
additional interfacial defect states that contribute 
to radiative transitions proceeds. This was 
reported in carbon-assisted semiconductor 
composites at high carbon content [26, 27]. The PL 
results indicate that incorporation of GO largely 
improves charge separation. All is compared with 
the GO-free sample, with the most effective 
recombination suppression achieved for the 20% 
GO composite (M1). That is expected to enable 
improved photocatalytic performance [25]. 

 
3.5. UV–Vis Diffuse Reflectance Spectroscopy 
(DRS) 

Figure 6 presents the diffuse reflectance 
spectra of M1 (0% GO), M2 (20% GO), and M3 
(40% GO) over the wavelength range of 200-1000 
nm. The pristine Bi₂O₃-Er₂O₃ sample (M1) shows 
relatively high reflectance in the ultraviolet and 

Table 1. Pore volume and mean pore diameter for 
M1 and M2. 

Figure 4. BET adsorption-desorption isotherm for M1 (a) and M2 (b). 

(a) (b) 
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visible regions. That indicates limited light 
absorption and a wide optical band gap. This is a 
distinguishing feature of metal oxide 
semiconductors with weak visible-light 
utilization. When graphene oxide is incorporated, 
a significant reduction in reflectance intensity is 
observed for both GO-containing samples. This  
proves improved photon absorption due to strong 
interfacial electronic coupling between GO and 
the Bi₂O₃-Er₂O₃ matrix [28]. The presence of GO 
introduces additional electronic states and eases 
interfacial charge-transfer transitions. This way, 
light absorption is extended into the visible region 
[29]. Among the composites, M2 (20% GO) shows 
the lowest reflectance over a wide wavelength 
range. This indicates the most efficient light-
harvesting capability. In contrast, M3 (40% GO) 
shows slightly higher reflectance than M1. This 

shows that excessive GO loading leads to partial 
surface shielding or aggregation effects. Those 
effects limit effective photon penetration into the 
active semiconductor phase. The optical band-gap 
energies were estimated using the Kubelka-Munk 
function and Tauc plots. Both direct allowed and 
indirect allowed electronic transitions were 
considered. That was to make sure the 
interpretation is robust. This is commonly 
adopted for Bi₂O₃-based composite systems [30]. A 
clear red shift of the absorption edge is seen in M2 
(20% GO) toward longer wavelengths (~516 nm) 
compared with M1 (0% GO) (~436 nm) and M3 
(40% GO) (~433 nm). That indicates significant 
band-gap narrowing was caused by optimal GO 
incorporation. From the Tauc analysis, the direct 
band-gap energy of M1 is estimated to be 
approximately 2.84 eV. Incorporating 20% GO 

Figure 5. PL spectroscopy analysis for M1, M2, and M3. 

Figure 6. UV–Vis Diffuse Reflectance Spectroscopy (DRS) analysis. 
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reduces the band gap to approximately 2.40 eV. 
This showed improved visible-light response. 
However, increasing GO content to 40% results in 
a band gap (~2.86 eV) comparable to that of the 
GO-free sample. This shows saturation of 
interfacial electronic effects at higher GO loading. 
The observed band-gap narrowing at moderate 
GO content can be attributed to electronic 
coupling between Bi₂O₃-Er₂O₃ and GO. 
Additional contributions were from the formation 
of interfacial charge-transfer states. Defect-
mediated sub-band-gap levels are also thought to 
contribute. Extreme GO loading, however, does 
not further improve optical absorption and may 
instead introduce light-screening effects. That 
have a counteracting effect due to band-gap 
modulation. These DRS results are in full 
agreement with with PL analysis. There, M1 (20% 
GO) showed the strongest suppression of radiative 
recombination. Thus, improved charge separation 
efficiency is proved. In general, the combined 
optical analyses demonstrate that 20% GO 
provides the most effective balance between 
improved light absorption and efficient charge-
carrier dynamics. That is expected to result in 
superior photocatalytic performance [30]. 

 
3.6. Transmission Electron Microscopy (TEM) 
Analysis 

Figure 7a and Figure 7b show TEM images of 
the composites containing 20% GO and 40% GO. 
Those images were taken at high magnification 
with a scale bar of 75 nm. TEM analysis provides 
complementary nanoscale structural information 
that cannot be fully resolved by FESEM. That is 
especially true for particle size distribution and 
oxide-GO interfacial contact [31]. 

For the 20% GO composite, the TEM image 
shows a uniform spread of nanosized Bi₂O₃-Er₂O₃ 
particles attached to a relatively thin and 
partially transparent GO matrix. The oxide 
nanoparticles appear almost spherical and form 
interconnected clusters with nanoscale 
dimensions. There was clear separation between 
those particles and no severe accumulation. The 

semi-transparent background regions correspond 
to GO sheets. That indicates close contact between 
the metal oxide nanoparticles and the GO support. 
This configuration makes interfacial charge 
transfer highly efficient. That is because electrons 
generated within the oxide phase can be 
efficiently transported to the conductive GO 
network. Thus, electron-hole recombination is 
suppressed [32]. 

The TEM image of the 40% GO composite 
shows a significantly different structural 
arrangement. Although Bi₂O₃-Er₂O₃ 
nanoparticles are still present, the GO sheets 
appear thicker and more overlapped, indicating 
partial restacking due to excessive GO content. 
The oxide particles are embedded within denser 
carbon-rich regions, and localized aggregation can 
be observed. This structural feature suggests 
reduced accessibility of the active oxide surface 
and increased diffusion resistance for charge 
carriers, which may hinder effective interfacial 
charge separation despite the higher GO loading 
[33]. The TEM observations are in excellent 
agreement with FESEM results, where the 20% 
GO composite exhibited uniform nanoparticle 
distribution and porous surface architecture, 
while the 40% GO sample showed signs of 
structural compaction and aggregation. 
Furthermore, the TEM-derived interfacial 
structure strongly correlates with optical 
analyses: the optimized dispersion and intimate 
oxide–GO contact in the 20% GO composite 
explain the strong PL quenching (reduced 
radiative recombination) and band-gap narrowing 
observed in DRS, whereas the restacked GO 
structure in the 40% GO sample is consistent with 
reduced optical benefits due to shielding and 
saturation effects. 

The TEM results confirm that moderate GO 
incorporation (20%) yields an optimal nanoscale 
architecture, characterized by well-dispersed 
oxide nanoparticles and efficient interfacial 
coupling with GO sheets. Excessive GO loading 
(40%) leads to restacking and partial 
encapsulation of the oxide phase, which 
diminishes the structural and electronic 
advantages. These findings provide direct 
nanoscale evidence supporting the PL and DRS 
results and explain the superior photocatalytic 
behavior expected for the 20% GO composite. 

 
3.7. Scanning Electron Microscopy (SEM) 
Analysis 

Figure 8 presents a representative high-
magnification FESEM image of sample A (20% 
GO) recorded at 250,000× with a scale bar of 300 
nm. FESEM analysis is particularly useful for 
evaluating particle dispersion, surface texture, 
and interfacial contact in graphene-based 
composite photocatalysts, which strongly 

Figure 7. TEM analysis for M2 (a) and M3 (b). 

(a) (b) 
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influence charge transfer and catalytic behavior 
[34]. 

As observed in Figure 8, the surface of sample 
A is composed of densely packed, quasi-spherical 
nanoparticles forming a highly rough and porous 
nanostructure. The nanoparticles are uniformly 
distributed and closely interconnected, creating a 
continuous network with abundant grain 
boundaries. Such nanoscale particle assemblies 
are advantageous for photocatalytic applications. 
They provide a large number of active sites and 
facilitate efficient diffusion of reactants and 
products. At this degree of magnification, 
individual GO sheets are not distinguished as 
isolated planar layers. However, the wrinkled 
background texture and homogeneous anchoring 
of oxide nanoparticles show their presence. This is 
a commonly seen feature in metal-oxide/GO 
composites. The close contact between Bi2O3-
Er2O3 nanoparticles and the GO substrate 
indicates strong interfacial interaction. That is 
important for rapid electron transport from the 
semiconductor to the conductive GO network. In 
this way charge carrier recombination is blocked 
[35]. 

No large agglomerates or isolated oxide 
clusters are seen in sample A. This suggests that 
20% GO effectively prevents excessive particle 
aggregation during synthesis. The formation of 
nanoscale voids between interconnected particles 
results in a porous structure. That improves light 
penetration and mass transfer and maintains 
enough exposure of active oxide sites. This 
advantageous morphology explains an important 
observation. It is consistent with the strong PL 
quenching and improved visible-light absorption 
seen for the 20% GO composite. That shows 
improved charge separation and light-harvesting 
efficiency. The FESEM results show that 20% GO 
leads to a well-dispersed nanoparticle network. 
This network is of high surface roughness and 
strong interfacial coupling. That provides a 
structurally optimized platform for photocatalytic 
reactions. The morphological features observed 

here support the optical analyses (PL and DRS). 
It strengthens the conclusion that moderate GO 
incorporation offers a most effective balance. This 
level balances structural integrity, electronic 
interaction, and catalytic performance. 

 
3.8. Effect of Initial Concentration 

Figure 9 contains a detailed visualization of 
the effect of initial pollutant concentration on the 
efficiency of the photocatalytic degradation. The 
initial part of the graph (0 to 30 minutes) 
represents the dark adsorption phase. During this 
time, the concentration remains relatively 
constant for all samples. This shows adsorption of 
metronidazole onto the catalyst surface is 
minimal. The main action begins after 30 
minutes. That is when the UV light source on. The 
inverse relationship between initial concentration 
is significantly observed under UV light. The 50-
ppm sample shows the sharpest decline in 
reaching near-total degradation. The degradation 
in that case happened within 180 minutes. The 
efficiency decreases as the initial concentration 
increases (75 ppm, 100 ppm, and 125 ppm). The 
125-ppm sample showed the slowest rate of 
degradation. In that sample, approximately 20% 

Figure 8. SEM analysis for M1 (a), M2 (b), and M3 (c). 

(a) (b) (c) 

Figure 9. The effect of the concentration of 
metronidazole at pH of 8 using 0.3 g of M2. 
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of the original metronidazole remained after 195 
minutes. This difference in performance is due to 
the limited number of active sites and reactive 
species. As the concentration of metronidazole 
increases, the capacity of a fixed amount of 
catalyst is exceeded. That leads to saturating the 
active sites. Besides, the higher pollutant 
concentration causes a "filter effect,". That is 
where metronidazole molecules block UV light 
from reaching the catalyst surface effectively. 
That would prevent generating the necessary 
radicals for efficient degradation. 

The decrease in degradation efficiency at 
higher initial MDZ concentrations can be 
explained by both kinetic limitations and 
photocatalyst properties. Although the Bi2O3-
Er2O3/GO composite exhibits enhanced light 
absorption and reduced charge recombination, as 
confirmed by DRS and PL analyses, the excessive 
pollutant concentration limits photon penetration 
and active site availability. Consequently, the 
generation of reactive species becomes insufficient 
relative to the pollutant load. Nevertheless, the 
superior performance at lower concentrations 
highlights the effectiveness of the composite’s 
charge transfer characteristics and its ability to 
sustain reactive radical formation under 
optimized conditions. 

 
3.9. Effect of Percentage of GO 

Figure 10 shows the effect of varying the 
weight percentage of graphene oxide (GO) on the 
photocatalytic degradation efficiency of 
metronidazole under UV light. The figure clearly 
shows that the inclusion of GO significantly 
improves the catalytic activity of the system. M2 
showed the most effective degradation compared 
to the catalyst (M1) and the catalyst with excess 
GO (M3). The improved performance of sample 
M2 is due to improved charge separation within 
the composite material. Graphene oxide acts as an 
efficient electron acceptor and transporter. 

Therefore, the photo-generated electrons are 
drawn away from the semiconductor component of 
the catalyst. This mechanism significantly 
prevents the rapid recombination of electron-hole 
pairs. Therefore, more charge carriers are allowed 
to migrate to the catalyst surface. The charge 
carriers can generate the reactive oxygen species 
needed to degrade the metronidazole molecules. 
The high surface area of GO also contributes by 
potentially increasing the adsorption capacity for 
the pollutant near the active sites. The charge 
transfer mechanism seems the largest 
contributor. The observed trend also points out 
the importance of finding an optimal GO loading. 
The 0% GO sample (M1) is the the worst case 
because of high electron-hole recombination. The 
40% GO sample (M3) is worse than the 20% GO 
sample (M2). This shows that excessive GO can 
have negative impact. A high concentration of GO 
might begin to block the catalyst’s active sites. It 
might also impede the penetration of UV light into 
the solution (an inner filtration effect). That 
reduces the amount of light reaching the 
semiconductor and thus slows down the overall 
degradation process. The 20% GO concentration 
represents the ideal balance for optimal 
performance in this specific reaction system. 

 
3.10. Effect of Catalyst Dose 

Figure 11 shows the effect of varying the 
catalyst dose (from 0.1 g to 0.5 g) on the 
photocatalytic degradation efficiency of 
metronidazole. The experimental setup include a 
pH of 8 and a catalyst composition featuring 20% 
graphene oxide. During the first 30-minute dark 
period, the concentration of MNZ remains stable 
for all catalyst doses. This indicates that physical 
adsorption of the pollutant onto the catalyst 
surface is negligible before light activation. When 
UV light is on, degradation begins in all samples, 
but the rates vary significantly. The lowest dose of 
0.1 g shows the slowest degradation. In that 

Figure 10. The effect of the percentage of graphene 
oxide on the photodegradation of 100 ppm of 
metronidazole at pH of 8. 

Figure 11. The effect of the M2 photocatalyst dose 
on the photodegradation of 100 ppm of 
metronidazole at pH of 8. 
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sample, the highest amount of residual MNZ 
resulted in 195 minutes. The efficiency improves 
noticeably with 0.2 g and increases more with 0.3 
g, 0.4 g, and 0.5 g of catalyst mass.  

The main reason for this improved efficiency 
with increasing catalyst mass is the direct 
increase in the total number of active sites 
available for the reaction. A higher catalyst dose 
provides more surface area. That higher area 
permit MNZ molecules to adsorb more and 
interact with the light-generated reactive oxygen 
species (like hydroxyl radicals). This scenario 
happens at the optimal pH of 8. This causes better 
utilization of the incident light and faster 
degradation. However, at doses of 0.3 g, 0.4 g, and 
0.5 g the degradation begins to plateau. The 
degradation curves for these masses are almost 
identical. This indicates that a saturation point is 
reached where adding more catalyst no longer 
improves the reaction rate. At this saturation 
limit the amount of available UV light becomes 
the new limiting factor due to the inner filtration 
effect. 

The observed dependence of degradation 
efficiency on catalyst loading can be directly 
correlated with the physicochemical properties of 
the Bi2O3-Er2O3/GO composite. At optimal 
loading, the enhanced performance is attributed 
to efficient charge separation, as evidenced by the 
reduced photoluminescence (PL) intensity, 
indicating suppressed electron–hole 
recombination. Additionally, diffuse reflectance 
spectroscopy (DRS) results demonstrate improved 
visible-light absorption due to bandgap 
narrowing, allowing greater photon utilization. 
The presence of GO further facilitates electron 
transport, promoting the formation of reactive 
oxygen species. At higher catalyst dosages, 
however, light scattering and reduced penetration 
limit photoactivation, thereby decreasing overall 
efficiency despite favorable material properties. 

 

3.11. Effect of pH 

Figure 12 compares the effectiveness of 
metronidazole photodegradation for many initial 
pH values. The first half-hour of the experiment 
shows a flat line for all data sets. In all of the 
experiments, this first half-hour is designated as 
the pre-exposure or "dark" phase. This indicates 
that adsorption is not a significant removal 
mechanism in this system. That is so since the 
pollutant concentration does not drop until the 
catalyst is exposed to UV light.  Once the UV light 
is introduced after the first 30-minute, a clear 
degradation trend begins. The efficiency is largely 
dependent on the solution's alkalinity. The data 
shows a strong positive correlation between pH 
values and degradation rate. The experiments 
conducted for pH values of 10 and 8 show the most 
rapid decrease in metronidazole concentration. 
Those achieved the highest removal 
rates. Conversely, the acidic conditions (pH 2 and 
pH 4) result in significantly slower degradation. 
The pH 2 data show the slowest reduction in 
concentration during the 195-minute period. This 
suggests that the generation of primary reactive 
oxygen species, such as hydroxyl radicals, is 
highly favored in alkaline environments. Further, 
the stability of those species is also favored by 
alkaline environments. Therefore, the catalyst 
becomes far more efficient in basic than in acidic 
solutions. 

The influence of pH on photocatalytic 
performance is not only related to surface charge 
interactions but also reflects the intrinsic charge 
transfer properties of the composite. The 
improved degradation efficiency under optimal 
pH conditions is consistent with the enhanced 
charge separation behavior observed in PL 
analysis and the effective visible-light absorption 
indicated by DRS measurements. Furthermore, 
the well-integrated interface between Bi2O3, 
Er2O3, and GO, as observed in morphological 
characterization, supports efficient electron 
migration across the heterostructure. These 
properties collectively facilitate the generation of 
reactive radical species, thereby enhancing 
degradation efficiency under favorable pH 
conditions. 

 
3.12. Reusability, Stability, and Recyclability 

The long-term stability and recyclability of a 
photocatalyst are critical factors for its practical 
application in wastewater treatment systems. 
Therefore, the photocatalytic durability of the 
Bi2O3-Er2O3/20%GO (M2) composite was 
evaluated for five successive degradation cycles of 
metronidazole. After each run, the M2 catalyst 
was separated using ultracentrifugation. The 
catalyst was then washed with deionized water. 
Lastly, it was dried at 80 °C to remove any 
intermediates. Figure 13 shows that the 

Figure 12. The effect of pH on the 
photodegradation of 100 ppm of metronidazole 
using 0.3 g of M2. 
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Photocatalyst MTZ conc. Photocatalyst 
Dose 

Light 
Source 

Time 
(min) 

% 
Degradation Ref. 

Amino acid glycine-modified 
TiO2/Fe3O4 heterojunction 
immobilized on chitosan-
Polyacrylonitrile 

40 mg/L, pH 4.5 0.50 g/L Visible 
Light 

120 95.7 [36] 

TiO2, P25 (lab & CPC pilot 
scale) 

10 mg/L 0.50 g/L UV / 
Solar 

60 to 
120 

100, 91 [37] 

ZnO/AC nanocomposite 
(hydrothermal) 

80 mg/L, pH 9 0.90 g/L UV 300 99 [38] 

EG-ZnO NPs (watermelon peel 
biosynthesis) 

170 mg/L, pH 5 0.2061 g/L UV 10 78.14 [39] 

Co/g-C3N4/Fe3O4 
nanocomposite (hydrothermal) 

5 mg/L, pH 8 0.70 g/L Visible 
Light 

60 99 [40] 

Fe3O4@HZSM-5 25 mg/L, pH 7 0.40 g/L, H2O2 
1mM 

Visible 
Light 

40 98 [41] 

Bi2O3-Er2O3/20%GO 100 mg/L, pH 8 0.50 g/L UV 190 94.6 Current 
study 

photocatalytic activity decreased only slightly 
after the fifth cycle. The overall reduction was 
approximately 15.2%. This minor decay can be 
attributed to partial catalyst deactivation. Surface 
fouling by degradation intermediates was also a 
factor. Material loss during recovery also 
contributed. The catalyst kept a high removal 
efficiency. That showed excellent structural 
integrity and reusability. 

XRD analysis was conducted after the fifth 
reuse cycle, as shown Figure 14. That was to prove 
the structural stability of the recycled 
photocatalyst more. The diffraction pattern of the 
used Bi2O3-Er2O3/20%GO sample had all the 
distinguishing peaks of Bi2O3 and Er2O3 phases. 
This indicates that no phase transformation or 
structural collapse occurred during repeated 
photocatalytic operation. The peaks were seen to 
be slightly less intense and wide. That might be 
due to partial loss of crystallinity. Mild 
accumulation of active metal oxide particles, or 
surface coverage by residual organic species could 
be factors. No new impurity peaks appeared. This 

showed that the catalyst did not experience any 
undesirable chemical reactions or decomposition 
during photodegradation. These observations, 
taken together, show that the Bi2O3-
Er2O3/20%GO nanocomposite maintains good 
structural stability and photocatalytic 
performance. This conclusion is not affected by 
multiple reuse cycles. 

 
3.13. Comparison with Previously Reported 
Photocatalytic Systems 

To evaluate the effectiveness of the developed 
photocatalyst, a comparative analysis with 
previously reported systems for metronidazole 
(MTZ) degradation is presented in Table 2. The 
comparison includes key operational parameters 
such as initial pollutant concentration, catalyst 
dosage, light source, and reaction time. As shown, 
several reported systems achieve high 
degradation efficiencies; however, many rely on 
UV irradiation, higher catalyst dosages, or 
extended reaction times. In contrast, the present 

Figure 14. XRD for M2. 

Table 2. Comparative evaluation of photocatalytic degradation of metronidazole (MTZ) using various 
photocatalysts reported in the literature and the present Bi2O3-Er2O3/GO system. 

Figure 13. Percentage degradation of M2 with 
cycle number. 
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Bi2O3–Er2O3/GO nanocomposite demonstrates 
high degradation efficiency under visible light 
irradiation without the need for additional 
oxidants, highlighting its potential for sustainable 
and energy-efficient wastewater treatment. 
Furthermore, the improved performance can be 
attributed to the synergistic effects of enhanced 
light absorption, reduced charge recombination, 
and efficient electron transport, as confirmed by 
the characterization results. These findings 
demonstrate that the proposed system is 
competitive with, and in some aspects 
advantageous over, existing photocatalytic 
materials. 

 
4. Conclusion 

A visible-light-responsive Bi2O3-
Er2O3/graphene oxide (GO) nanocomposite 
photocatalyst was successfully synthesized and 
evaluated. The purpose was to evaluate it for the 
degradation of metronidazole (MNZ) in aqueous 
solution. Complete structural, morphological, and 
optical characterizations proved the uniform 
anchoring of Bi2O3-Er2O3 nanoparticles on GO 
sheets. That caused improved light absorption 
and efficient suppression of electron-hole 
recombination. The composite containing 20 wt% 
GO showed the highest photocatalytic activity. 
That sample achieved near-complete MNZ 
degradation when exposed to visible-light. The 
superior performance was explained by many 
cooperative effects. Those include Bi2O3 -induced 
visible-light activation. The charge trapping and 
energy conversion assisted by Er2O3 were factors. 
The excellent electron-transport capability of GO 
also contributed. Parametric studies showed that 
alkaline pH, moderate catalyst loading, and lower 
initial MNZ concentrations favored higher 
degradation efficiency. Additionally, the 
optimized photocatalyst showed good stability and 
reusability during many cycles. These results 
stress the potential of Bi2O3-Er2O3/GO 
nanocomposites as efficient and sustainable 
photocatalysts for the removal of antibiotic 
contaminants from wastewater using solar-driven 
processes. 
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