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Photodynamic therapy (PDT) is a photochemistry-based approach that 
uses the physics of light to activate specific chemicals. In the current 
study, an attempt is made to synthesize and characterize zinc manganite 
(ZnMn2O4) nanoparticles synthesized by co-precipitation method in 1000 
°C. Nanoparticles are tiny materials that exist on a scale between 1 and 
100 nanometers (nm) in size. At this nanoscale, particles exhibit unique 
physical, chemical, and biological properties compared to their bulk 
counterparts. Nanoparticles have been synthesized at sizes comparable 
to biological molecules such as proteins and DNA. Their reactive oxygen 
species (ROS) production, magnetic behavior, structural characteristics, 
textural properties, and photoluminescence were investigated. The lattice 
parameters of the body-centered tetragonal crystal structure and the size 
of the nanoparticles range from 12 to 14 nm. ZnMn₂O₄ nanoparticles were 
characterized using X-ray diffraction, field emission scanning electron 
microscopy, Fourier transform infrared spectroscopy, and UV–visible 
absorption. The generation of reactive oxygen species (ROS) by these 
nanoparticles was assessed through the degradation of methylene blue and 
anthracene, organic pollutants in water and ethanol, under UVC, UVA, and 
visible light irradiation. Additionally, the magnetic properties of ZnMn₂O₄ 
nanoparticles were investigated using a vibrating sample magnetometer.

INTRODUCTION
Various treatments have been developed 

to combat cancer, but only a small proportion 
have demonstrated significant clinical efficacy. 
Conventional methods such as chemotherapy, 
radiotherapy, and surgery are often limited by side 
effects, resistance, and lack of specificity. In recent 

years, nanotechnology-based therapies have 
emerged as promising alternatives due to their 
ability to enhance targeting and reduce systemic 
toxicity. Among these, nanoparticle-based 
photothermal therapy (PTT) and photodynamic 
therapy (PDT) have shown great potential 
for cancer treatment. PTT involves the use of 
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nanoparticles that convert light energy into heat 
to selectively destroy tumor cells, while PDT relies 
on photosensitizing agents that, upon activation 
by specific wavelengths of light, generate reactive 
oxygen species (ROS) to induce cell death.

Photodynamic therapy, in particular, has 
attracted considerable attention for its minimally 
invasive nature and dual role in both diagnosis 
and treatment. It is widely explored for managing 
tumors, microbial infections, and certain 
dermatological conditions. The mechanism of 
PDT is based on a sequence of photochemical and 
photobiological reactions that ultimately lead to 
the destruction of malignant tissues, damage to 
tumor vasculature, and stimulation of the immune 
response.

Ongoing research focuses on improving 
the delivery, specificity, and efficiency of 
photosensitizers through nanoparticle 
platforms, as well as combining PDT with other 
treatment modalities such as immunotherapy 
and chemotherapy for synergistic effects. The 
scientific basis of photodynamic therapy (PDT) 
was established in 1900 by Oscar Raab and his 
professor, Von Tappeiner, who used eosin and 
sunlight to treat basal cell carcinomas (BCCs). 
Dougherty reported the first large clinical series 
of patients successfully treated with PDT about 80 
years later [1-4].

The successful delivery of anticancer agents 
to solid tumors is critical for effective treatment 
and accurate diagnosis. In the case of engineered 
nanomaterials, the central principle is that 
nanoparticles can pass through inter endothelial 
gaps in tumor blood vessels, which are formed 
during angiogenesis. These gaps have been found 
to measure up to 2,000 nm in size. Engineers and 
scientists use this as a rationale for designing 
nanoparticles smaller than this threshold, 
expecting them to passively enter tumors and 
accumulate in sufficient quantities. Their small 
size results in a high surface-area-to-volume 
ratio, which enhances their reactivity and enables 
unique interactions with biological systems and 
other materials.

Due to their high surface reactivity, 
nanoparticles can be engineered for a wide 
range of specific applications, offering improved 
material properties such as strength, durability, 
and conductivity. Such nanomaterials tend to 
accumulate in tumor regions, where they can 
convert absorbed near-infrared (NIR) light into 

heat, generating localized high temperatures 
that kill cancer cells. Furthermore, many of these 
materials produce significant levels of reactive 
oxygen species (ROS), which can also effectively 
induce cancer cell death [5-9].

Recent advancements in nanomaterials 
have highlighted the immense potential of 
multifunctional nanoparticles in medical, 
environmental, and catalytic applications [10]. 
Among these, Zn–Mn–O-based nanoparticles 
stand out due to their exceptional physicochemical 
properties, biocompatibility, and catalytic 
efficiency. As ternary oxide materials, Zn–Mn–O 
nanoparticles offer a synergistic combination 
of the optical, antibacterial, and redox-active 
characteristics of zinc and manganese oxides. 
These properties make them promising candidates 
for novel therapeutic and environmental 
applications, particularly in the generation and 
regulation of reactive oxygen species (ROS) [11].

Reactive oxygen species (ROS) play a dual 
role in biological and environmental systems. At 
controlled levels, they act as key mediators in 
cellular signaling, but when overproduced, they 
contribute to oxidative stress and cellular damage. 
The ability of Zn–Mn–O nanoparticles to influence 
ROS generation holds significant promise for 
targeted therapeutic strategies, such as cancer 
treatment via oxidative stress-mediated apoptosis, 
as well as antimicrobial applications. Furthermore, 
their catalytic activity—rooted in the redox cycling 
of Mn and the semiconducting properties of 
ZnO—makes them valuable for environmental 
remediation and sensing technologies [12].

Despite their potential, the mechanistic 
interactions between Zn–Mn–O nanoparticles 
and ROS dynamics remain underexplored. This 
paper aims to investigate the synthesis, structural 
properties, and ROS-modulating capabilities of 
Zn–Mn–O-based nanoparticles. By systematically 
evaluating their performance in various biological 
and catalytic contexts, this study seeks to bridge 
the gap in understanding the relationship 
between nanoparticle structure, composition, 
and ROS activity. These insights are crucial for 
optimizing Zn–Mn–O nanoparticle design for 
specific applications in nanomedicine, catalysis, 
and beyond [13].

ZnMn₂O₄ is a mixed-metal oxide compound 
with the general formula AB₂O₄, where the 
divalent Zn²⁺ cation occupies the tetrahedral 
sites and the trivalent Mn³⁺ cation occupies the 



205J Nanostruct 17(1): 203-216, Winter 2027

N. Bayati et al. / ZnMn2O4 Nanoparticles for Photodynamic Therapy

octahedral sites in a tetragonal spinel structure. 
The strong interest in this configuration arises 
from the unique physical and chemical properties 
these oxides exhibit, making them suitable for 
diverse applications [14,15]. ZnMn₂O₄ has been 
explored for applications such as photocatalysis 
[16], chemical nanosensors [17], gas sensors [18], 
and particularly as an anode material for lithium-
ion batteries [19]. It has also shown promise in 
biomedicine [20], electrochemical applications 
[21], supercapacitors [22], negative temperature 
coefficient (NTC) thermistors [23], and as a 
precursor for the preparation of porous materials 
[24,25].

Photodynamic therapy (PDT) is a non-invasive 
treatment method that involves the administration 
of a photosensitizer (PS), which selectively 
accumulates in tumor tissues. Upon activation by 
light of a specific wavelength, the PS generates 
reactive oxygen species (ROS) in the presence of 
molecular oxygen, leading to cancer cell death. 
When irradiated, the PS transitions from its ground 
state to an excited singlet state (¹PS*), which may 
return to the ground state through fluorescence 
or heat release. It can also undergo intersystem 
crossing to form a triplet state (³PS*), which can 
return to the ground state via phosphorescence 
or thermal emission. Importantly, this triplet 
state can engage in two types of reactions: Type I, 
involving electron transfer to cellular substrates to 
produce free radicals and subsequent oxygenated 
products, and Type II, involving energy transfer to 
molecular oxygen (³O₂) to produce singlet oxygen 
(¹O₂). The resulting ROS can kill cancer cells directly 
through apoptosis, necrosis, or autophagy, and 
indirectly by damaging tumor vasculature, leading 
to ischemia. Additionally, PDT can stimulate an 
immune response against tumor-associated 
antigens [26-32].

In this research, ZnMn₂O₄ nanoparticles were 
synthesized using the co-precipitation method. 
Their structure and characteristics were confirmed 
using SEM, EDS, VSM, FTIR, and XRD analyses.

MATERIALS AND METHODS
Chemical reagents

Potassium manganate (KMnO4), potassium 
hydroxide (KOH), Zinc acetate (Zn(CH3CO2)2.2H2O), 
manganese nitrate (Mn(NO3)2) and ethanol were 
purchased from Merck Co. All chemicals were 
of analytical grade and were used as received 
without further purification.

Synthesis of ZnMn2O4 NPs
To synthesize ZnMn₂O₄ nanoparticles via the 

co-precipitation method, Solution A was prepared 
by dissolving 4.5 mmol of potassium manganate 
(KMnO₄) in deionized water, followed by the 
dropwise addition of 25 mmol potassium hydroxide 
(KOH) under constant stirring. Separately, 12 mmol 
of zinc acetate dihydrate (Zn(CH₃CO₂)₂·2H₂O) 
and 7.5 mmol of manganese nitrate (Mn(NO₃)₂) 
were dissolved in ethanol and deionized water, 
respectively, to form Solutions B and C.

Solutions B and C were then added to Solution 
A under continuous stirring. After 2 hours of 
stirring, a dark brown solution was obtained. The 
resulting product was washed three times with 
deionized water and ethanol, then separated by 
centrifugation at 3800 rpm for 5 minutes. The 
precipitate was dried in an oven at 80 °C for 4 
hours, followed by calcination in a furnace at 
1000 °C for 1 hour.

Material characterization
The related crystal phases and structural 

characterization of the synthesized sample were 
measured by X-ray diffraction (XRD) with using of 
CuKα with radiation (λ= 1.5406 Å) and RigakuD-
maxcIII diffractometer. UV–visible absorption 
spectroscopic measurements, Photoluminescence 
(PL) spectrum were done by Shimadzu UV1700 
spectrometer and Perkin-Elmer spectrometer 
model LS55 with photo multiplier tube and 
Xenon lamp at room temperature, Fourier 
transform infrared spectroscopy (FTIR) device with 
MagnalR550 model was used to determine the 
most probable functional groups by examining the 
frequency range of specific radiation, other devices 
such as: scanning electron microscope (SEM) with 
SEM FEI Quanta 200 model for morphology and 
microstructure analysis, TLD Reader Harshaw 
4500 was used to heat powder samples and record 
their luminescence intensity in terms of time, 
UV–visible absorption spectroscopic Photonix Ar 
2015 and Magnetic property was measured by 
a vibrating sample magnetometer (VSM) model 
AGFM/VSM 3886 from Kashan University.

RESULTS AND DISCUSSION
X-ray diffraction pattern (XRD)

X-ray diffraction (XRD) analysis was performed 
to identify the crystalline structure, phase 
composition, and degree of crystallinity of the 
synthesized material. This information provides 
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Fig. 2. UDM plot for ZnM2nO4 Nanoparticles.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. XRD pattern of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.
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insights into the material’s composition and 
microstructural features, which are critical for 
understanding its properties and applications. 
X-ray diffractograms of the as-synthesized sample 
powders are presented in Fig. 1. The obtained 
XRD pattern shows major diffraction peaks 
positioned at 2θ of 36.41º, 33º, 29.32º and 60.82º 
corresponding to the (211), (103), (112) and 
(224) planes, respectively. This pattern is in good 
agreement with the standard JCPDS No: 01-077-
0470. The results indicate that the nanoparticles 
synthesized via the co-precipitation method have 
a ZnMn₂O₄ phase with a body-centered tetragonal 
structure, belonging to the space group I4l /amd. 
The calculated lattice constants are a= 5.720 Å, c 

= 9.245 Å and the unit cell volume is V= 302.32 
Å. he most intense diffraction peak, corresponding 
to the (211) plane, was used to estimate the 
crystallite size using the Debye–Scherrer formula:

D = kλ
B cosθ 

                                                                       
(1)

Where, D = crystallite size, K = Scherrer constant 
(usually 0.89), λ = wavelength of X-ray source (e.g., 
1.5406 Å for Cu Kα radiation), β = full width at half 
maximum (FWHM) of the (211) plane in radians, θ 
= Bragg diffraction angle (in degrees).

Compared to the pristine phase, the XRD peaks 
of the doped material were slightly shifted to 

 
 

 
 
 
 
 
 
 
 
 

Fig. 3. SEM image of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.
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higher diffraction angles. This shift is attributed 
to the incorporation of smaller dopant ions (Zn2+, 
Mn4+) into the lattice, leading to a reduction in the 
lattice parameter. The degree of crystallinity was 
calculated based on the integrated intensities of 
the crystalline peaks relative to the total scattering 
(crystalline and amorphous regions). The material 
exhibited a high crystallinity index of 80%, making 
it suitable for structural applications. As shown in 
Fig. 2, ZnMn₂O₄ has a normal cation distribution, 
where Zn²⁺ ions occupy tetrahedral sites and 
Mn³⁺/Mn⁴⁺ ions are located at octahedral sites. 
Neighboring Zn and Mn ions are connected 
through O ions. The Williamson–Hall method 
accounts for strain-induced XRD peak broadening 
and can be used to calculate both the intrinsic 
lattice strain and the crystallite (particle) size. βtotal 
= βsize + βstrain the total broadening due to strain 
and size in a particular peak having the hkl value, 
can be expressed as βhkl = βsize + βstrain Where, βhkl 
is the full width at half of the maximum intensity 

for different diffraction planes. βhkl cosθ = kλ/D + 
4esinθ. From the slope, the intrinsic strain was 
calculated to be 4.9278. The equation of the 
straight line is based on the Uniform Deformation 
Model (UDM), which assumes the isotropic nature 
of the crystal structure. The plotted straight line 
shows a good fit to the data, corresponding to 
all the values, as the correlation coefficient value 
of R2 is 0.7682. The slope of this straight line 
provides the value of the intrinsic strain, whereas 
the intercept gives the average particle size of the 
ZnMn2O4 nanoparticles [33-35].

Scanning electron microscopy (SEM) image
The SEM images of ZnMn₂O₄ nanoparticles 

prepared by the co-precipitation method and 
calcined at 1000 °C for 1 hour are shown in Fig. 
3. The high-temperature treatment resulted in 
notable grain size contraction and enhanced 
crystallinity. The samples consist entirely of 
agglomerated nanoparticles with a flake-like 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. EDX analysis of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.
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morphology. High-magnification SEM images 
(scale bar: 200 nm) reveal that the flake-
shaped nanoparticles possess smooth surfaces. 
The morphology and size of the ZnMn₂O₄ 
nanoparticles closely resemble those of their 
precursors, indicating that the heating process had 
minimal impact on particle shape. This suggests 
that the agglomerated Zn–Mn citrate precursor 
effectively serves as a structural template for 
producing ZnMn₂O₄ nanoparticles with controlled 
morphology. The particle size distribution ranges 
from 2 to 50 nm, with an average particle size of 
approximately 12 to 14 nm.

Energy Dispersive Analysis of X-ray
The EDX spectrum of ZnMn₂O₄ nanoparticles 

is shown in Fig. 4, confirming the presence of Zn, 
Mn, and O elements, indicating the successful 
formation of porous ZnMn₂O₄ microspheres. The 
results demonstrate that the facile co-precipitation 
method can produce ZnMn₂O₄ nanoparticles 
with high purity and crystallinity. The observed 
peaks correspond to the characteristic energies 

of electrons falling into the K-shell (first layer) 
of each element. The weight percentages of the 
detected elements are displayed in the figure, and 
no impurities were observed in the structure.

Fourier transform infrared spectrum (FTIR)
To identify and trace the functional groups 

of the precursor, hollow porous structure, and 
organic species in ZnMn₂O₄, the FTIR spectrum 
was carefully analyzed, as shown in Fig. 5. The 
broad band around 3441 cm⁻¹ is attributed 
to O–H stretching vibrations, likely due to the 
adsorption of water molecules on the surface of 
the synthesized material. In the region between 
700 and 400 cm⁻¹, distinct absorption peaks 
were observed at 641.11 cm⁻¹, 542.15 cm⁻¹, and 
424.34 cm⁻¹, which are associated with M–O (M = 
Zn, Mn) stretching vibrations and M–O–M bending 
modes, respectively.

UV–visible absorption
The ZnMn2O4 exhibited an absorption band 

between 200 and 300 nm. The adsorption spectra 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. FTIR of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.
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Fig. 6. UV–visible absorption and photon energy of ZnMn2O4 Nanoparticles synthesized by co-precipitation 
method.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Band gap of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.
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of ZnMn2O4 nanoparticles are visible in Fig. 6 with 
two peaks at 234 and 274. To calculate the band 
gap energy of the ZnMn₂O₄ nanoparticles, Tauc’s 
formula was applied.

(αhv)n = B (hv − Eg)                                                     (2)

Eg,, α, hν, and B are the bandgap of the material, 
absorption coefficients, the energy of the incident 
photon, and edge width parameters independent 
of photon energy, respectively. The plots should 
be linear, with intercept equal to the interband 
transition energies; the exponent n equals 1/2 

 
 

 

a) 

b) 

Fig. 8. a) The PL emission spectrum with the excitation wavelength of 400 nm. b) The PL 
emission spectrum with the excitation wavelength of 520 nm of ZnMn2O4 Nanoparticles 

synthesized by co-precipitation method.
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for indirect allowed and 2 for direct allowed 
transitions. In this case, the intercept yields a band 
gap energy of approximately 3.9 eV [36].

Photoluminescence Spectrum
The photoluminescence (PL) spectrum of 

ZnMn₂O₄, measured at room temperature, was 
used to investigate its optical properties. The 
excitation wavelength was set at 400 nm, and the 
resulting emission spectrum exhibited a peak at 
630 nm in the infrared region. Additionally, when 
the excitation wavelength was increased to 520 
nm, as shown in Fig. 8, a redshift in the emission 
peak was observed—from 630 nm to 673 nm—
indicating that reducing the excitation energy 
leads to an increase in the emission wavelength. 
This redshift can be attributed to the quantum 
confinement effect and the variation in particle size 
distribution. The observed emission is likely due 
to electron transitions between the defect states 
and the conduction or valence bands, which are 
commonly present in transition metal oxides. The 
presence of manganese and zinc ions in different 
oxidation states can also introduce localized energy 

levels within the bandgap, contributing to the 
observed PL response. Such tunable luminescent 
properties make ZnMn₂O₄ nanoparticles promising 
candidates for optoelectronic devices, biological 
imaging, and sensor applications. Furthermore, 
the high crystallinity and purity of the synthesized 
nanoparticles enhance their emission intensity, 
confirming the structural integrity of the material.

The luminescence intensity in terms of time
The afterglow emission of ZnMn₂O₄ 

nanoparticles can be detected even after 20 
minutes of UVA irradiation. This observation is 
consistent with the data shown in the inset of Fig. 
9, where measurable emission is still detected 
200 seconds after the cessation of UVA exposure. 
Notably, the afterglow intensity increased by 
approximately 0.5× nm. The area under the 
emission curve corresponds to the amount of 
charge stored by the nanoparticles, calculated to 
be around 300.9 nC. These findings indicate that 
ZnMn₂O₄ nanoparticles possess self-irradiating 
properties, enabling them to continue emitting 
light after the excitation source is removed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. The afterglow spectrum of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.
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This persistent luminescence behavior makes 
them promising candidates for applications in 
bioimaging, optical storage, and security tagging.

ROS measurement 
In this study, the levels of Reactive Oxygen 

Species (ROS) were measured using Anthracene 
and Methylene blue reagents. The production 

of singlet oxygen and hydroxyl radicals can be 
identified by the reduction in the absorption or 
emission intensity of anthracene and methylene 
blue reagents, respectively, following their 
reaction with these reactive oxygen species. 
Due to their specific trapping by anthracene and 
methylene blue respectively. The decreasing 
absorption intensity of these trapped materials 

 
 

 
 

a) 

b) 

Fig. 10. (a) Reduction of anthracene absorbance intensity before and after 60 min 
UVC and UVA irradiation (b) Reduction of anthracene absorbance intensity before 
and after 60 min Visible and LED power (and for better comparison all the graphs 

normaled to 1).
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represents ROS production. Fig. 10 shows a 
decrease in anthracene absorbance intensity after 
60 minutes of irradiation with UVC, UVA, visible 
light (simulator lamp), and LED power light. To 
observe the decrease in anthracene absorbance 
intensity caused by these nanoparticles at longer 
wavelengths, visible and LED power light in yellow, 
green, and indigo colors—with wavelengths 
of 480, 520, and 580 nm—were used for 60 
minutes. This decrease indicates the generation of 
singlet oxygen (¹O₂). The decrease in anthracene 
absorbance intensity after 60 minutes of UVC, 
UVA, visible (simulator lamp), and LED power light 
irradiation was found to be 83%, 85%, 64%, and 
55%, respectively. Fig. 11 shows the decrease in 
methylene blue absorbance intensity before and 
after 60 minutes of irradiation under the same 
light sources, which indicates the generation of 
hydroxyl radicals (•OH). The reduction percentages 
in methylene blue absorbance were 23% for UVC, 
50% for UVA, 82% for visible light, and 20% for LED 
light. These results confirm that the synthesized 

ZnMn₂O₄ nanoparticles, without any impurities 
or external photosensitizers, are capable of 
generating reactive oxygen species (ROS), 
effectively acting as intrinsic photosensitizers (PS). 
This study underscores the critical role of ROS in 
photodynamic therapy (PDT), and highlights how 
understanding the mechanisms and efficiency of 
ROS generation can inform the design of more 
effective nanomaterials for cancer treatment.

VSM analysis
The most commonly employed technique 

for magnetic measurements is the Vibrating 
Sample Magnetometer (VSM). Fig. 12 illustrates 
the magnetization (M) versus magnetic field (H) 
curve for ZnMn₂O₄ nanoparticles synthesized 
at 1000 °C. The hysteresis loop reveals a 
remanent magnetization (Mr) of 0.024 emu/g, 
a coercive field (Hc) of 145 Oe, and a saturation 
magnetization (Ms) of 0.9597 emu/g. These 
results indicate that the nanoparticles exhibit 
weak antiferromagnetic behavior and possess 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Reduction of methylene blue absorbance intensity with different source lights, (LED power < UVC < 
UVA< Visible).
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 Fig. 12. The VSM analyze of ZnMn2O4 Nanoparticles synthesized by co-precipitation method.

soft magnetic properties. Such soft magnetic 
characteristics are advantageous for applications 
involving magnetic guidance, such as targeted 
drug delivery using magnetic nanoparticles.

CONCLUSION
ZnMn₂O₄ nanoparticles (NPs) were synthesized 

via the co-precipitation method. Their 
nanostructural, optical, and magnetic properties 
were thoroughly characterized using XRD, FESEM, 
EDS, FTIR, UV-Vis’s absorption spectroscopy, 
photoluminescence (PL), and VSM analysis. The PL 
emission spectra of the synthesized nanoparticles 
exhibited broad peaks at 630 nm and 673 nm under 
different excitation wavelengths. The reduction in 
anthracene absorbance intensity upon exposure 
to UVC, UVA, and visible light in the presence 
of the nanoparticles confirms the generation of 
singlet oxygen (^1O₂). Additionally, methylene 
blue absorbance decreased by up to 82% after 
60 minutes of visible light irradiation, indicating 
hydroxyl radical (•OH) generation. These results 
demonstrate that the ZnMn₂O₄ nanoparticles 
not only possess ferromagnetic properties, 
making them suitable for magnetically guided 
drug delivery, but also exhibit excellent capability 
for reactive oxygen species (ROS) generation, 

highlighting their potential as photosensitizers in 
photodynamic therapy (PDT).
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