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Introduction

Pharmaceutical pollution, particularly contamina-
tion by antibiotics, has emerged as a critical environ-
mental challenge in recent decades [1]. Among these
pollutants, the ampicillin antibiotic, widely used in
human and veterinary medicine, has been frequently
detected in surface water and wastewater effluents [2].
Its strong chemical stability, resistance to biodegrada-
tion, and potential to induce antimicrobial resistance
make it a high-priority contaminant for removal [3].
Conventional water treatment processes, including
biological filtration and chlorination, are largely inef-
fective at degrading such persistent pharmaceutical
compounds [4]. This growing threat has accelerated
the development of advanced oxidation processes
(AOPs), with photocatalytic degradation gaining par-
ticular attention due to its high efficiency, environmen-
tal compatibility, and ability to completely mineralize
pollutants under light irradiation [5]. Photocatalysis
employs semiconductors that, upon exposure to light,
generate reactive species capable of degrading organic
pollutants. Among visible light responsive photocata-
lysts, zinc ferrite (ZnFe,O,) has attracted considerable
interest due to its narrow band gap, chemical stability,
photochemical robustness, and magnetic properties.
Its spinel structure and ability to absorb in the visible
spectrum make it a viable candidate for photocatalytic
water treatment [6, 7]. However, the low electrical con-
ductivity and high electron-hole recombination rate
of pristine ZnFe,O, limit its photocatalytic efficiency,
particularly under visible light.

To address these limitations, considerable research
has focused on the development of ZnFe,O,-based
nanocomposites incorporating conductive materials.
Graphene (Gra), a two-dimensional carbon nanomate-
rial, is particularly promising due to its extraordinary
electrical conductivity, high surface area, mechanical
strength, and electron mobility [8]. When coupled
with metal oxides such as ZnFe,O,, Gra serves as a
conductive network that enhances charge separation,
facilitates electron transport, and suppresses recombi-
nation, thereby boosting photocatalytic activity. Sev-
eral studies have demonstrated that Gra-integrated
ferrite nanocomposites show significant improve-
ments in electrical, magnetic, and catalytic perfor-
mance. For example, Abbas et al. (2024) synthesized
Gra—Co-Zn ferrites via sol-gel auto-combustion,
reporting enhanced thermoelectric behaviour [9],
while Ullah Khan et al. (2024) found that integrating
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Gra nanoplatelets improved the electronic proper-
ties of Ni-Zn—Cd ferrites [10]. While most Gra—fer-
rite composites have been studied in powder form,
thin films offer additional advantages for practical
applications. Nanocomposite thin films provide bet-
ter control over morphology, interface behaviour, and
film thickness parameters critical for optimizing light
absorption, charge transport, and surface reactions in
photocatalytic processes [11]. Moreover, thin films can
be directly integrated into microelectronic and opto-
electronic devices, enabling scalable and reproducible
fabrication.

Among thin film deposition techniques, spray
pyrolysis was selected for its simplicity, cost-effective-
ness, scalability, and ability to produce uniform coat-
ings on various substrates [12]. It allows precise tuning
of film composition and thickness, making it ideal for
fabricating nanocomposite thin films for environmen-
tal and energy-related applications. Despite the grow-
ing interest in Gra-ZnFe,O, composites, no studies to
date have reported their fabrication as thin films via
spray pyrolysis for the photocatalytic degradation of
ampicillin. This represents a significant research gap,
especially considering the environmental urgency to
develop efficient methods for removing persistent
antibiotics from water.

In this study, we report, for the first time, the syn-
thesis of Gra—ZnFe,O, nanocomposite thin films using
the spray pyrolysis technique and investigate their
photocatalytic activity towards the degradation of
ampicillin under visible light irradiation. Thin films
with varying Gra content (x =0, 2, 4, and 8 wt%) were
deposited on glass substrates. The resulting films were
systematically characterized in terms of their struc-
tural, morphological, optical, and electrical properties.
The photocatalytic performance of these nanocompos-
ites was evaluated with a focus on the influence of Gra
incorporation on ampicillin degradation and recorded
60% efficiency. This work not only contributes to the
design of advanced photocatalytic materials but also
addresses a critical environmental challenge through
the development of a novel thin film-based degrada-
tion platform.

Experimental section
Synthesis of Gra—ZnFe:O4 nanocomposite thin films

Gra-ZnFe,O, nanocomposite thin films were syn-
thesized via aerosol-assisted spray pyrolysis on
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pre-cleaned glass substrates (Fig. la). Substrate
preparation involved sequential ultrasonication
in acetone (10 min) and ethanol (10 min), followed
by thorough rinsing with deionized water (18.2
MQ:-cm) and dried in a muffle furnace to ensure
optimal surface purity. The precursor solution was
formulated by dissolving zinc acetate dihydrate
(Zn(CH;3CO00),-2H;0, 99.99%) and iron(IIl) chloride
hexahydrate (FeCl;-6H>O, 98%) in a 1:2 molar ratio
(Zn?**/Fe* = 0.5) within a propanol/water (3:1 v/v) sol-
vent mixture, acidified with glacial acetic acid (0.1
vol%) to enhance sol stability. For the Gra—ZnFe,;O4
nanocomposite, a graphene oxide (GO) aqueous
dispersion (Graphene, 4 mg/mL, monolayer con-
tent >95%) was diluted to obtain a final concentration
of 1.65 x 10> M before incorporation into the precur-
sor solution. During the subsequent spray pyrolysis
(450 °C) and annealing (500 °C), the GO underwent
thermal reduction to graphene nanosheets, yielding
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the final Gr—ZnFe,O4 nanocomposite thin films. The
Zn/Gra weight ratio was adjusted from 0 to 8% to
modulate composite properties. The deposition was
carried out at a substrate temperature of 450 £ 5 °C,
maintained using a PID-controlled hotplate. The noz-
zle-to-substrate distance was fixed at 27 cm to ensure
uniform film morphology, while the spray rate was
kept constant at 10 mL/min using compressed air
as the carrier gas. Post-deposition, all samples were
annealed at 500 °C for 2 h in static air (5 °C/min ramp
rate) to enhance crystallinity and reduce lattice strain.

Structural and functional characterization

The crystalline structure of the films was analysed by
X-ray diffraction (XRD, Bruker D8 Advance, Cu Ka
radiation, A =1.5418 A) to determine phase purity and
crystallite size. Surface morphology and elemental
composition were examined using scanning electron
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Figure 1 a Schematic representation for the synthesis process of
Gra—ZnFe,0s thin films by spray pyrolysis. b XRD patterns of
the pristine and Gra—ZnFe,O, nanocomposite thin films at differ-
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microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX). Atomic force microscopy
(AFM, Bruker Dimension Icon, tapping mode) pro-
vided high-resolution topographical data, including
root-mean-square (RMS) roughness. Optical proper-
ties were investigated via UV-Vis-NIR spectroscopy
(PerkinElmer LAMBDA 950) equipped with an inte-
grating sphere, allowing for accurate reflectance and
transmittance measurements across 250-1500 nm.
Band gap energies were derived from Tauc plots, while
photoluminescence (PL) spectroscopy (PerkinElmer
LS55, excitation at 300 nm) probed defect-related
emission and charge recombination dynamics. Elec-
trical characterization was performed using imped-
ance spectroscopy (Agilent E4980A, 20 Hz-2 MHz) to
evaluate conductivity under varying frequencies.

Photocatalytic degradation of ampicillin

The photocatalytic activity of the Gra—ZnFe,O4 nano-
composites was evaluated through the degradation
of ampicillin (10 mg/L) under natural sunlight expo-
sure to simulate real-world environmental reme-
diation conditions. Before irradiation, the films were
immersed in 50 mL of antibiotic solution and main-
tained in darkness for 30 min to establish adsorp-
tion—desorption equilibrium, ensuring subsequent
measurements solely reflected photocatalytic pro-
cesses. Following dark equilibration, the samples were
exposed to natural sunlight to initiate photocatalytic
degradation. Sunlight experiments were conducted
during peak solar intensity hours (10:00-14:00) under
clear sky conditions. The experimental setup allowed
for a systematic comparison between adsorption under
dark conditions and photodegradation under solar
irradiation, providing critical insights into the nano-
composite’s potential for wastewater remediation.

Results and discussion
Morphological and structural characterization

To confirm the crystallographic structure for pristine
ferrite and Gra-zinc ferrite nanocomposite, XRD was
employed. As shown in Fig. 1b, XRD patterns of pris-
tine ZnFe,O4 and Gra-incorporated ZnFe,O4 nano-
composite thin films with varying Gra loadings (0, 2,
4, and 8 wt%). The XRD results confirm the polycrys-
talline nature of all samples, as evidenced by multiple
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diffraction peaks corresponding to distinct crystallo-
graphic planes. Prominent reflections peaks appeared
at 20 values of 29.9°, 35.3°, 36.9°, 42.8°, 56.6° 62.2,
66.4°, and 70.6°, which correspond to the (220), (311),
(222), (400), (333), (422) (440), (442), and (620) planes
of ZnFe,O,, respectively. This matches well with
the standard diffraction data (JCPDS PDF#22-1049),
confirming the formation of a cubic spinel structure.
Among the diffraction patterns, the (311) reflection
appears as the most intense peak, indicating a pre-
ferred crystallographic orientation of ZnFe,O, along
this plane. With increasing graphene content, however,
the intensity of the (311) peak gradually decreases,
reflecting a reduction in crystallinity due to lattice
strain and structural disorder induced by graphene
incorporation, which disrupts the long-range order of
the spinel lattice [13]. Moreover, additional reflections
are observed after Gra incorporation. The appearance
of these peaks indicates a change in the orientation
of the crystallites after doping. This evolution in dif-
fraction patterns implies that graphene incorporation
significantly influences the crystallographic texture of
the nanocomposite films, potentially promoting pref-
erential growth or realignment of crystallites along
specific orientations [14].

We note also that the XRD pattern of the 2 wt%
Gra—ZnFe,0O,4 sample exhibits an additional diffrac-
tion peak at 20 = 31.6°, which corresponds to the (100)
plane of ZnO (JCPDS card no. 36-1451). This obser-
vation suggests a partial reduction or decomposition
of ZnFe,O, during the synthesis process induced by
the reductive nature of Gra. It is worth mentioning
that no distinct diffraction peak of graphene (typi-
cally expected near 20 = 26° for the (002) reflection)
is observed in any of the composites. The absence of
graphene peaks can be attributed to its relatively low
content within the ZnFe,O, matrix. Similar observa-
tions have been reported in other graphene oxide com-
posites, where graphene peaks were not detected due
to their low content and weak diffraction signals [15,
16]. The variation of average crystallite size (D) and
dislocation density (0) of ZnFe,O, with different Gra
contents, as depicted in Fig. 1c and in Table 1, reveals
a clear structural evolution influenced by the incorpo-
ration of Gra. XRD results reveal significant changes
in average crystallite size and dislocation density ()
with increasing graphene content in ZnFe,O, nano-
composites. The pristine ZnFe,O, shows the small-
est crystallite size (10.6 nm) but the highest disloca-
tion density (0.889 x 102 nm-?), indicating a highly
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Table 1 Grain size (D) and

) . . Samples Pristine ZnFe,O, 2% Gra-ZnFe,0, 4% Gra—ZnFe,O, 8% Gra—ZnFe,0,
dislocation density (6) values
of pristine ZnFe,O, and Gra— Average crystal- 10.6+0.14 23.0+1.22 40.3+3.16 15.8+0.56
ZnFe,0, nanocomposites lite size (nm)
6.10-2(nm-2) 0.889 0.0189 0.0616 0.0399

defective structure that can hinder photocatalytic per-
formance by promoting charge carrier recombination.
Adding graphene at 2% and 4% increases crystallite
size to 23 nm and 40.3 nm, while reducing 0, suggest-
ing improved crystallinity but at the cost of reduced
surface area. In contrast, the 8% Gra-ZnFe,O, sample
achieves an ideal compromise with a moderate crystal-
lite size (15.8 nm) and a relatively low dislocation den-
sity (3.99 x 10-* nm?). This structure offers enhanced
surface area for photocatalytic reactions, while main-
taining good crystallinity to support efficient charge
separation. Therefore, based on the balance between
nanoscale particle size and structural quality, 8%

Figure 2 SEM images at dif- P Y
ferent magnifications, 2 um, i |
1 um, and 200 nm of a—c
pristine ZnFe,O,; and d—e
8% Gra—ZnFe,0, nanocom-
posite.

Graphene

1pm

Gra-ZnFe,0, is expected to deliver the best perfor-
mance in photodegradation applications.

The surface morphology and microstructural
features of pristine ZnFe,O, and 8% Gra-ZnFe,O,
nanocomposite were examined using SEM at various
magnifications, as depicted in Fig. 2 (a—f). Figure 2(a-
c) presents the SEM images of pristine ZnFe,O, at
scales of 2 um, 1 um, and 200 nm, respectively. The
pristine ZnFe,O, samples exhibit densely packed and
agglomerated particles with irregular morphology.
At higher magnification (Fig. 2c), ZnFe,O, nanopar-
ticles appear quasi-spherical or faceted, yet closely
bound, indicating minimal dispersion and restricted
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active surface area. In contrast, the SEM images of the
8% Gra—ZnFe,O, nanocomposite (Fig. 2d-f) reveal a
markedly different morphology. The presence of Gra
is clearly observed as thin, flake-like sheets (high-
lighted in yellow), serving as a supportive scaffold
for ZnFe,O, nanoparticle deposition. At lower mag-
nification (Fig. 2d), Gra sheets are embedded within
the composite structure, leading to a more open and
porous morphology. As shown in Fig. 2d, ZnFe,0O,
nanoparticles are uniformly distributed and well-
anchored on the Gra surface, effectively reducing
agglomeration. At the nanoscale (Fig. 2f), the Gra sheet
provides a high surface area platform for ZnFe,O,
nanoparticle attachment, promoting strong interfacial
contact. This synergistic integration of Gra enhances
particle dispersion, electrical conductivity, and surface
accessibility, critical factors for applications such as
photocatalysis and energy storage. Overall, the SEM
analysis confirms that Gra incorporation significantly
modifies the morphology of ZnFe,O,, facilitating the
formation of a well-dispersed nanocomposite architec-
ture due to the high surface area of Gra.

J Mater Sci (2025) 60:23463-23479

EDX spectroscopy was also employed to confirm
the presence of elements in the respective samples. As
shown in Fig. 3a, the spectrum of pristine ZnFe,O,
displays characteristic peaks corresponding to Zn, Fe,
and O, confirming the presence of the expected ele-
ments in the spinel ferrite structure. In the case of the
8% Gra—-ZnFe,O, nanocomposite (Fig. 3b), in addition
to the peaks of Zn, Fe, and O, a distinct peak corre-
sponding to C is observed from Gra, clearly indicat-
ing the successful incorporation of Gra into the nano-
composite. The detected Cl peak may be attributed to
residual chloride from the iron precursor.

Fourier transform infrared (FTIR) spectroscopy

Figure 3c presents the FTIR spectra of pristine ZnFe,O,
and 8% Gra-ZnFe,O, nanocomposite, confirming their
successful synthesis through the identification of char-
acteristic functional groups. In the pristine ZnFe,O,
spectrum, absorption bands observed at 3430.5 cm-!
and 1381 cm™! correspond to O-H stretching vibra-
tions of adsorbed water molecules and metal-oxygen
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Figure 3 EDX spectrum of a ZnFe,O,4, b 8% Gra—ZnFe,0, nanocomposite, and ¢ FTIR spectra of pristine and 8% Gra—ZnFe,0, nano-

composite.
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interactions, respectively [17]. A strong absorption
band observed at 558.9 cm™! corresponds to the Fe-O
stretching vibrations in the tetrahedral sites, while the
band around 417.5 cm™ is attributed to the bending
vibrations of metal-oxygen bonds in the octahedral
sites. [18-21]. For the 8% Gra—-ZnFe,O, nanocompos-
ite, the spectrum exhibits a broad peak at 3462.5 cm,
which indicates enhanced O-H stretching due to
increased surface hydroxyl groups and possible
hydrogen bonding with graphene. The appearance of
peaks at 1631.52 and 1025.02 cm™' can be assigned to
C=C skeletal vibrations and C-O stretching from the
graphene component, confirming successful incorpo-
ration of graphene into the ferrite matrix [22]. Addi-
tionally, the characteristic metal-oxygen bands at
548.21 and 417.59 cm™! remain evident, demonstrating
that the spinel structure of ZnFe,O, is preserved after
graphene integration.

Atomic force microscopy (AFM)

To further investigate the effect of Gra incorpora-
tion on the surface roughness and grain structure of
ZnFe,O, thin films, Atomic Force Microscopy (AFM)
was employed. The AFM images presented in Fig. 4
offer detailed insight into the surface morphology
before and after the addition of Gra. The pristine
ZnFe,O, thin film (Fig. 4d) exhibits a relatively smooth
and uniform surface with well-defined grains aver-
aging around 40 nm in size and a root-mean-square
(RMS) roughness of 2.19 nm. Upon incorporation
of 8 wt% Gra (Fig. 4e), the surface becomes notice-
ably rougher, with smaller grain sizes averaging
approximately 30 nm and an increased RMS rough-
ness of 2.55 nm, indicating enhanced surface tex-
ture and possible modification of the nucleation and
growth behaviour due to Gra. The reduction in grain
size upon Gra incorporation increases the density of
grain boundaries, which are often associated with
enhanced photocatalytic activity due to the availabil-
ity of more reactive sites and improved charge sepa-
ration. This reduction in grain size suggests that Gra
acts as a growth inhibitor, disrupting agglomeration
and promoting finer crystallite formation during film
deposition. The increased surface roughness, on the
other hand, enhances the effective surface area, poten-
tially providing more active sites for photocatalytic
reactions.

Such microstructural changes are highly advanta-
geous for the photocatalytic degradation of pollutants
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such as ampicillin. The smaller grain size increases
grain boundary density, which can serve as active
sites for charge separation and pollutant interaction.
The enhanced roughness facilitates greater light scat-
tering and adsorption of pollutant molecules, while
the presence of Gra is expected to improve charge
carrier transport and reduce electron-hole recombi-
nation. Similar trends have also been observed in the
photocatalytic degradation of Congo Red dye, where
a reduction in particle size was shown to increase sur-
face area and improve degradation efficiency through
enhanced [23].

Optical characterization

The UV-Vis-NIR optical properties of ZnFe,O, and
Gra-ZnFe,O, nanocomposites with varying content of
Gra were investigated to determine their reflectance
and energy band gap. The reflectance spectra of all the
samples are presented in Fig. 5a. The pristine ZnFe,O,
thin films demonstrated the highest reflectance in the
visible region, indicating its lower light absorption.
The incorporation of Gra into ZnFe,O, is associated
with a decrease in reflectance. This reduction can be
explained by the inclusion of additional energy lev-
els within the band gap due to the Gra incorporation,
which facilitates electronic transitions and enhances
light absorption.

Energy band gap values have been determined
from Tauc plots and are shown in Fig. 5b. The spe-
cific values of Eg for the pristine and Gra-ZnFe,O,
nanocomposite are summarized in Table 2. It is
found that E, decreased from 3.01 eV for the pristine
ZnFe,O, nanofilms to 2.77 eV for 8% Gra-ZnFe,O,
nanocomposites. The incorporation of Gra into zinc
ferrite nanocomposites has significantly influenced
its optical band gap. A variety of studies in the lit-
erature present a reduction in Eg values of title com-
posites due to the addition of Gra, corresponding to
the possibility of interaction between the 3d orbitals
of Fe®* ions and the 2p electron states of oxygen [24,
25]. It is noted that bulk ZnFe,O, has a reported band
gap of ~ 1.9 eV [26], while nanostructured ZnFe,O,
can exhibit higher values, as observed here (3.01 eV).
The optical band gap is highly sensitive to synthe-
sis conditions, particle size, cation distribution, and
chemical environment. Similar variations have been
reported by Ikramullah et al. for ZnFe,O, nanopar-
ticles, with band gaps of 2.49-2.77 eV depending on
pH [27], and by Doiphode et al. for nanostructured
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«Figure 4 AFM images and grain size at 400 nm, 100 nm, and
500 nm for a—d pristine ZnFe,O, and e-h 8% Gra-ZnFe,0,,
respectively.

ZnFe,0, thin films, with band gaps of 2.21-3.21 eV
depending on Fe concentration and processing con-
ditions [28]. These factors collectively influence
the electronic structure and optical behaviour of
ZnFe,Oy.

Photoluminescence (PL) analysis

PL emission is due principally to the direct recombi-
nation of the excited electrons and holes. To investi-
gate the charge separation process and the fate of the
photogenerated electron-hole pair, the PL emission
analysis was performed. Room temperature PL spectra
of pristine ZnFe,O, and x Gra-ZnFe,O, (x=2, 4, and
8%) nanocomposites are illustrated in Fig. 6. In the
visible region, two emission peaks at around 424 nm
and 502 nm were identified for both pristine ZnFe,O,
and Gra-ZnFe,O, nanocomposites with different Gra
contents at an excitation wavelength of 300 nm. A
similar result was found by Renuka et al. [29]. It can
be observed that the emission of pristine ZnFe,O, is
centred at 424 nm, which is attributed to the recombi-
nation of holes and electrons in the valence and con-
duction bands. The incorporation of Gra in the zinc
ferrite thin films induces a shift of this peak to a higher
wavelength (lower energy), which is in good agree-
ment with the band gap energy analysis.

Interestingly, there was no discernible shift in the
positions of the PL peak at 502 nm between the pristine
and Gra-ZnFe,O, nanocomposite samples. The green
emission peak observed around 502 nm indicates the
presence of singly ionized oxygen vacancies, arising
from the recombination of a photogenerated hole
with the singly ionized charge state of this defect [30].
Moreover, as presented in the PL spectra, the increase
of Gra content is followed by a decrease of PL inten-
sity. Photoluminescence spectra with high-emission
intensity are associated with a high recombination rate
of photogenerated charge carriers and conversely [31].
The intensity reached a maximum value for pristine
ZnFe,O,. However, because of the inclusion of Gra,
the PL intensity decreases significantly, demonstrating
a high electron-hole separation efficiency (low recom-
bination rate).
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Electrochemical impedance spectroscopy
analysis (EIS):

The electrochemical impedance spectroscopy analysis
is used to determine the effect of Gra on the electrical
properties of zinc ferrite thin films. We note that the
radius of the semicircle is directly related to the charge
transfer resistance (Rct). Figure 7 illustrates EIS results
for the pristine ZnFe,O, and 8% Gra-ZnFe,O, nano-
composite under visible light. The data from these
plots were simulated and fitted using an equivalent
electrical circuit depicted in the same figure.

The Nyquist plot shows that the radius of the semi-
circle decreases, indicating a reduction in charge trans-
fer resistance from 54.23 kQ for the pristine ZnFe,O,
to 45.35 kQ for the 8% Gra—-ZnFe,O, nanocomposite,
as shown in Table 3. This means that the conductiv-
ity of the films has improved. As a result, the 8%
Gra-ZnFe;O4 nanocomposites exhibit significantly
enhanced electrical performance compared to the pris-
tine ZnFe,O,4 nanofilms, indicating an improvement
in overall charge transport and conductivity (Table 4).

Application of graphene-ZnFe,O, thin
films for ampicillin degradation

Photodegradation of ampicillin under visible
light

The widespread use of ampicillin (AMP) in medical
and veterinary applications has led to its persistent
accumulation in aquatic environments, raising sig-
nificant concerns due to its potential toxicity, role
in antibiotic resistance, and ecological risks [32]. To
mitigate these threats, extensive research efforts
have focused on developing advanced photocatalytic
materials capable of degrading such pharmaceutical
pollutants. Among these, metal oxides, particularly
spinel ferrites like zinc ferrite (ZnFe,O,), have gar-
nered considerable attention due to their high chemi-
cal stability, visible light responsive band gap, and
magnetic recoverability. However, to further enhance
their photocatalytic efficiency, recent studies have
explored the incorporation of Gra as a novel strategy
to improve charge separation and light absorption.
Gra’s exceptional electron mobility acts as an electron
sink, reducing recombination losses, while its large
surface area enhances pollutant adsorption and active
site availability. Notably, this study presents the first
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Figure 5 a Reflection spectra and b Tauc plot generated for pristine ZnFe,O, and (2, 4, and 8%) Gra—ZnFe,O, nanocomposite thin

films.

Table 2 Band gap energy of

o Samples Eg (eV)
pristine ZnFe,0O, and Gra—
ZnFe,0, nanocomposites Pristine ZnFe,0,  3.01
2% Gra—ZnFe,0, 2.86
4% Gra-ZnFe,0, 2.96
8% Gra—ZnFe,O, 2.77
———Pure ZnFe,0,
10 4 —— 2% Gra-ZnFe,0,
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Figure 6 Photoluminescence (PL) emission spectra of pristine
ZnFe,0s and graphene-ZnFe,Os nanocomposites with differ-
ent graphene loadings (x=2, 4, and 8 wt%). Measurements were
performed at room temperature with an excitation wavelength of
300 nm.

@ Springer

30107

@ ZnFe,0, pure
@ B%GraZnfe,0,
25%10" = we Fit

2,0x10° -

1.5%10" =

-im (Z){£2)

1,0x10° =

50x10°

T Y
00 2,0m10° 4.0x0*

Re (2) (£2)

Figure 7 Nyquist plots of pristine ZnFe,O+ and 8 wt% gra-
phene—ZnFe,0s nanocomposite measured by electrochemical
impedance spectroscopy (EIS) at room temperature over the fre-
quency range of 20 Hz—2 MHz and a fixed potential of 1 V. The
inset shows the equivalent circuit model used to extract electri-
cal parameters, including series resistance (R), parallel resist-
ance (Rp), and a constant phase element (CPE), which reflect the
charge transfer and conductivity properties of the samples.

investigation of Gra-ZnFe,O, nanocomposite thin
films for the photocatalytic degradation of ampicil-
lin, offering new insights into the synergistic effects
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Table 3 The fitting values of the impedance spectra of pristine
ZnFe,0, and 8% Gra—ZnFe,0, nanocomposite

Electrical parameters Rs (Q) Rp (kQ) CPE-T (F) CPE-P (F)

9.089E-11 0.94866
9.778E-11 0.94595

Pristine ZnFe,0, 187.1 54.23
8% Gra—ZnFe,0, 175.2 4535

between Gra and spinel ferrites for environmental
remediation applications.

The absorption spectra of ampicillin (Fig. 8a) exhib-
ited a rapid decline in peak intensity, indicating sig-
nificant degradation over time. The enhancement in
photocatalytic activity is clearly reflected in the experi-
mental results, as shown in the degradation kinetics
(Fig. 8b). The photocatalytic efficiency was determined
using the equation:

Cy-C
Efficiency(%) = OC x 100

0
where C; and C represent the initial and final concen-
trations of ampicillin, respectively.

Among the tested compositions, the 8 wt% gra-
phene-ZnFe,O, (Gra—ZnFe,0,) nanocomposite dem-
onstrated the highest efficiency, achieving 60% degra-
dation after 2 h of sunlight irradiation (Fig. 8c). This
superior performance can be attributed to the incorpo-
ration of graphene, which enhances light absorption,
improves charge carrier separation, and reduces elec-
tron-hole recombination. Similar studies have been
reported in related graphene-metal oxide systems,
such as ZnO/GO [33], N-doped graphene/TiO, [34],
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and VOx-GO composites, where small amounts of
graphene significantly improve photocatalytic activity,
but higher loadings lead to aggregation, light shield-
ing, or reduced exposure of active sites [35]. Based
on these literature precedents and our observations,
8 wt% graphene was chosen as the upper limit in this
study, as further increases are likely to result in dimin-
ishing returns or reduced efficiency.

The conductive Gra network facilitates faster elec-
tron transfer, while the ZnFe,O, matrix provides
active sites for radical generation (e.g., *°OH and ¢Oy;"),
leading to more efficient ampicillin breakdown. This
photocatalytic efficiency is particularly noteworthy
when evaluated against the existing literature. The
degradation of f-lactam antibiotics like ampicillin is
widely recognized as a complex and challenging pro-
cess due to the molecule’s high structural stability and
resistance to photolytic breakdown. For example, Nos-
rati et al. reported only 41% degradation of ampicillin
after 120 min using a ZnO/polyaniline nanocompos-
ite under similar sunlight conditions [36]. In contrast,
our system demonstrates superior activity using a thin
film photocatalyst under real sunlight exposure. Com-
parative studies on other antibiotics show degradation
efficiencies ranging from 48 to 65%, but often under
more favourable conditions such as UV light irradia-
tion, higher catalyst dosages, or extended reaction
times. For instance, ciprofloxacin reached 60% degra-
dation after 300 min using 5.0 g/L CuO under visible
light [41], and sulphamethazine degradation using
Bi,WOs/RGO took up to 8 h under simulated sunlight
to achieve similar outcomes [44]. Compared to these,

Table 4 Comparison of photocatalytic degradation efficiencies for antibiotic removal in recent studies

No Antibiotic Photocatalyst Light source Initial Catalyst Degradation (%) Time (min) Ref

conc. dose

(mg/L)  (g/L)
1 Ampicillin ZnOf/polyaniline Sunlight 4.5 0.01 41.0% 120 [36]
2 Metronidazole 7Zn0O-ZnAl,04 Sunlight 20.0 0.4 50.0% 120 [37]
3 Amoxicillin TiO, UV light 10.0 0.25 65.0% 150 [38]
4 Amoxicillin Iron nanoparticle (IPP) Visible light 10.0 2.5 60.0% 60 [39]
5  Norfloxacin Ni,O;@PC UV light 10.0 0.1 59.0% 180 [40]
6  Ciprofloxacin CuO Visible light 10.0 5.0 60.0% 300 [41]
7  Sulphanilamide = Mo-BiOBr Visible light 10.0 0.3 48.3% 80 [42]
8  Sulphamethazine Graphene aerogel/Bi,WOs Simulated sunlight 10.0 — 55.8% 120 [43]
9  Sulphamethazine Bi;WOs/RGO Simulated sunlight 10.0 — 57.6% 480 [44]
10 Sulphamethazine TiO, UV light 20.0 0.5 61.0% 120 [45]
11 Ampicillin Gra—ZnFe,0s thin film Natural sunlight 10.0 - 60.0% 120 This work

@ Springer



23474
(a) ——— Ampicilin
5 e 00,0, pUIQ
— 2% Gra-InFe,0,
4% Gra-InFe 0,
4 — % Gra-InFe,0,
=
3
§ 3
€
g
s
° T T T T L T
200 250 300 350 400 450 500 550 600
2(nm)
w0
5
Co,
all H,0
» f Nu.x
F SOy 7
£y ~
B Ampicillia
. I 20,0, pure
B 2% Gra-2nfe,0,
I 4% Gra-ZnFe,0,
I % Gra-Znfe,0,

Figure 8 a Absorption spectra of pristine ZnFe,Os and gra-
phene—ZnFe,0s nanocomposites at different graphene load-
ings (2, 4, and 8 wt%) under visible light irradiation; b pseudo
first-order kinetics of RhB photodegradation for the same sam-
ples; ¢ photodegradation efficiency of pristine ZnFe,O4 and gra-

our 60% ampicillin degradation in just 2 h using a thin
film, under natural sunlight, and without pH adjust-
ment or sacrificial agents demonstrates not only effi-
ciency but also practical scalability. This performance
validates the synergistic effect of graphene incorpora-
tion, which enhances light harvesting and charge car-
rier dynamics and supports the potential application
of our material in environmentally friendly and solar-
driven water purification systems.
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phene—ZnFe,0s nanocomposites at different graphene loadings
(2, 4, and 8 wt%) after 2 h of visible light irradiation using thin
film photocatalysts, with an initial ampicillin concentration of
10 mg/L; and d schematic illustration of the photodegradation
mechanism.

While cyclic reusability and post-reaction stability
tests were not performed in this study, the immobi-
lized Gra—ZnFe,O, thin films inherently provide excel-
lent practical stability and reusability. Unlike powder
photocatalysts, which are prone to aggregation, scat-
tering losses and difficult recovery, thin films remain
physically robust, easy to handle, and can be reused
directly without filtration or material loss. This immo-
bilization ensures that the photocatalyst maintains
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its structural integrity and functional performance
under sunlight irradiation, highlighting its suitability
for water treatment applications [46, 47]. Systematic
evaluation of metal oxide photocatalysts indicates that
sunlight-induced degradation efficiency varies con-
siderably across different compositions and synthesis
approaches during standard 2 h testing. Notably, ZnO
prepared through hydrothermal methods exhibited a
comparatively low degradation rate of 41% [36].

Photocatalytic degradation pathway
of ampicillin

The proposed photocatalytic degradation pathway of
ampicillin using graphene-ZnFe,O, nanocomposite is
schematically presented in Fig. 8d. Photodegradation
mechanisms of §-lactam antibiotics have been exten-
sively investigated in recent literature. Notably, the
degradation of structurally related compounds such
as amoxicillin has been effectively demonstrated using
MIL-53(Al)/ZnO composites [48], while the photocata-
lytic breakdown of ciprofloxacin has been explored
employing NCuTiO,/CQD composites [49]. Ampicil-
lin itself has also been the focus of numerous studies,
albeit with different photocatalyst systems such as
ZnO/polyaniline nanocomposites, which confirmed
key oxidative degradation pathways driven by reac-
tive oxygen species [50].

On the basis of the reported mechanisms, the pre-
sent work outlines a stepwise visible light-induced
photocatalytic degradation mechanism of ampicillin
mediated by the graphene-ZnFe,O, nanocompos-
ite. The incorporation of graphene enhances charge
separation and broadens light absorption, thereby
promoting the formation of reactive oxygen species
that initiate and sustain the oxidative degradation
of ampicillin. This proposed mechanism, consist-
ent with prior reports, provides a rational basis for
the photocatalytic degradation pathway of ampi-
cillin (AMP) over the ZnFe,O,/graphene compos-
ite. Upon visible light irradiation, ZnFe,O, absorbs
photons, promoting electrons from the valence
band (VB) to the conduction band (CB) and leav-
ing behind holes (ZnFe,O, + hv — ZnFe,O, (e +h")).
These photogenerated electrons are efficiently trans-
ferred to the m-conjugated graphene network due to
its high conductivity, which effectively suppresses
charge recombination and prolongs carrier lifetime
(ZnFe,O, (e~ +h*) + Gra — ZnFe,O, (h*) + Gra (e)).
This charge separation enhances the redox reactivity

23475

of the photocatalyst surface and initiates a series
of oxidative transformations. The transferred elec-
trons reduce dissolved oxygen to form superox-
ide radicals (Gra (e”) + O, — O, + Gra), while the
photogenerated holes oxidize water or hydroxide
ions to yield hydroxyl radicals (ZnFe,O4 (h*) + H,O/
OH~ — OHe + H* + ZnFe;0,). These reactive oxygen
species (ROS), namely, *OH and ¢O,", are highly
oxidative and play crucial roles in degrading organic
pollutants, as previously demonstrated by Noroozi
et al. for NCuTiO,/CQD composites in ciprofloxacin
degradation and confirmed through radical scaveng-
ing experiments in other (3-lactam antibiotic studies
[50, 51].

AMP molecules adsorb onto the photocatalyst sur-
face via m—mt stacking with graphene and hydrogen
bonding with Fe-O groups of ZnFe,O,, facilitating
effective interaction with ROS [36]. The first site of
attack is the strained {-lactam ring, which under-
goes oxidative cleavage initiated by *OH and ¢O,"
radicals, forming unstable intermediates—a process
widely reported in ZnO-, TiO,-, and ZnFe,O,-based
systems. After the [3-lactam ring opens, AMP degrada-
tion proceeds through two dominant oxidative routes.
In Pathway A, oxidation of the phenylglycine moiety
leads to benzoic acid formation, which is subsequently
oxidized to hydroxylated and decarboxylated organic
acids (such as acetic and formic acids) before being
fully mineralized to CO; and H,O, consistent with
GC-MS findings in previous ZnFe,O -based studies
[36, 52]. In Pathway B, the sulphur-containing thia-
zolidine ring is oxidatively cleaved to form sulphonic
acid derivatives, while the amine group is transformed
into nitrogenous species, including NH,4* and NOy,
through sequential oxidation steps typical of 3-lactam
degradation processes. With continued visible light
irradiation, both pathways converge towards complete
mineralization, yielding non-toxic end-products COa,
H.O, NH,*, and NOj- as verified by total organic car-
bon (TOC) and ion chromatography analyses in com-
parable photocatalytic studies [53].

The synergistic action of reactive oxygen species
generated during photocatalysis ensures the effective
mineralization of ampicillin into environmentally
benign compounds. In the Gra-ZnFe,O, nanocompos-
ite system, Gra presents a pivotal role as an efficient
electron mediator, significantly enhancing the gen-
eration of these reactive species. This enhancement
is achieved through several mechanisms: (i) prolong-
ing the lifetime of photogenerated charge carriers via
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rapid electron transfer, (ii) providing additional active
sites for radical formation, and (iii) facilitating greater
pollutant adsorption due to its large specific surface
area. These combined effects highlight the crucial
function of Gra in boosting the photocatalytic perfor-
mance of ZnFe,O,. This study clearly demonstrates
that the incorporation of Gra offers an effective and
innovative strategy for enhancing the degradation of
persistent pharmaceutical contaminants such as ampi-
cillin, positioning the Gra—ZnFe,O, nanocomposite

Conclusion

Zinc ferrite (ZnFe,O,) and Gra-based nanocomposites
were successfully synthesized via the spray pyrolysis
method for the photocatalytic degradation of ampicil-
lin. Pristine ZnFe,O, has attracted significant interest
due to its chemical stability, magnetic recoverabil-
ity, and visible light responsive band gap. However,
its photocatalytic performance is limited by rapid
charge recombination. To overcome this, Gra was
incorporated as a conductive additive, leveraging its
excellent electron mobility and high surface area to
enhance charge separation, light absorption, and pol-
lutant adsorption. The incorporation of 8 wt% Gra into
ZnFe,O, resulted in a reduced band gap from 3.01 to
2.77 eV, facilitating better visible light harvesting. As a
result, the nanocomposite exhibited an ampicillin deg-
radation efficiency of 60%, demonstrating its superior
photocatalytic performance. The high photocatalytic
degradation efficiency is attributed to the reduction
in grain size and changes in surface morphology, as
confirmed by XRD and AFM analyses. These modifica-
tions result in an increased density of grain bounda-
ries, which act as active sites for photocatalytic reac-
tions and facilitate improved charge carrier separation.
Overall, this study demonstrates that the incorpora-
tion of Gra is a highly effective strategy for enhancing
the photocatalytic performance of ZnFe,O,, establish-
ing the nanocomposite as a promising candidate for
sustainable water treatment applications, particularly
in the degradation of pharmaceutical contaminants.
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