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1. Introduction 

      Access to clean and safe water stands as a cornerstone 

for human survival, economic development, and the 

health of natural ecosystems [1], making water 

purification an imperative global challenge [2, 3]. In 

today’s rapidly industrializing world, the surge in 

industrial waste, agricultural runoff and urban effluents 

has severely compromised water quality, intensifying the 

need for innovative treatment methods [4-6]. Among the 

myriads of contaminants affecting aquatic environments, 

synthetic dyes such as Congo red are particularly 

concerning due to their persistent nature, complex 

molecular structure, and resistance to biodegradation [7-

9]. Congo red, extensively used in various industries 

including textiles, printing, and leather processing, not 

only imparts vivid coloration to products but also 

introduces toxic compounds into water bodies that can 

disrupt aquatic life and pose serious health risks to 

humans. The urgent need to remove such hazardous dyes 

from wastewater is underscored by their potential to 

accumulate in the environment, bioaccumulate through 

the food chain, and even contribute to the development 

of antibiotic-resistant bacteria [7, 10-12]. Thus, 

advancing water treatment strategies to effectively 

eliminate pollutants like Congo red is critical for ensuring 

sustainable water supplies, protecting public health, and 

preserving ecological balance [13-15]. Over the past few 
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This study focuses on innovative water treatment solutions by investigating the 

photocatalytic degradation of Congo red dye using two advanced nanomaterials, 

thin films of zinc oxide (ZnO) and zinc manganese oxide (ZnMn2O4). Both 

nanomaterials were derived from nitrate precursors at calcination temperatures of 

500, 650 and 800 ˚C. Detailed synthesis protocols were meticulously designed to 

enhance the structural and morphological properties of the photocatalysts, which 

aims to maximize their photocatalytic efficiency under UV light irradiation. The 

characterization was carried out using X-ray diffraction (XRD), energy-dispersive 

X-ray spectroscopy (EDX), fourier-transform infrared spectroscopy (FT/IR), UV-

Visible spectroscopy, diffuse reflectance spectra (DRS) and field emission scanning 

electron microscopy (FE/SEM). The thin films were prepared using the Doctor 

Blade technique. The particle size of the nanomaterials used in thin-film fabrication 

was calculated using the Scherrer equation, yielding values between 22 and 32 nm. 

Optical studies revealed that ZnMn2O₄ possesses a narrower band gap, ranging from 

2.47 to 4.06 eV, compared to ZnO’s band gap of 3.36 eV. This narrower band gap 

enhances light absorption and improves charge separation both key factors for 

effective photocatalysis. Comparative photocatalytic experiments revealed that 

ZnMn2O4 exhibits superior performance over ZnO in degrading Congo red dye, 

achieving higher degradation efficiency (85.3%) and faster reaction kinetics (0.0138 

min-1), compared to ZnO’s respective values of 70% and 0.0081 min-1. The 

superior performance of ZnMn2O4 is attributed to its optimized electronic structure 

and increased surface area, which results in a smaller particle sizes and more porous 

morphology. These findings highlight the potential of ZnMn2O4 nanocomposites as 

promising candidates for sustainable and efficient water treatment applications.  
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decades, numerous treatment methodologies have been 

explored to tackle the challenge of dye-contaminated 

wastewater, each with its unique set of advantages and 

limitations [16, 17]. Conventional techniques, such as 

adsorption, membrane filtration, and coagulation-

flocculation, have been widely adopted due to their 

relative simplicity and low initial cost; however, these 

methods often fail to achieve complete degradation of 

dye molecules and can generate secondary pollutants that 

complicate the treatment process [16, 18-21].  

Advanced oxidation processes (AOPs) represent a 

pivotal innovation in environmental remediation, 

particularly in the degradation of persistent organic 

pollutants. Among these methods, photocatalytic 

degradation has gained considerable attention due to its 

efficiency and sustainability. This process utilizes 

semiconductor materials, such as titanium dioxide 

(TiO₂), which are activated by light energy to generate 

reactive oxygen species (ROS), including hydroxyl 

radicals (•OH) and superoxide anions (O₂⁻•). These 

highly reactive species initiate oxidative reactions that 

decompose complex organic contaminants, such as 

synthetic dyes, into benign end products like carbon 

dioxide (CO₂) and water (H₂O). The effectiveness of 

photocatalysis depends on various factors, including the 

wavelength of incident light, the properties of the 

photocatalyst, and environmental conditions, making it a 

subject of extensive research for optimizing pollutant 

removal in water treatment applications [22-29]. This 

process offers a dual advantage by not only decomposing 

the pollutants but also mitigating the formation of 

undesirable by-products, thereby presenting a sustainable 

and efficient alternative for large-scale wastewater 

treatment applications. The increasing interest in 

photocatalytic methods is driven by their potential to 

harness renewable energy sources, such as sunlight, and 

their applicability in diverse environmental settings, 

making them a subject of intense research and practical 

interest [30-35]. Central to the domain of photocatalytic 

water treatment is the formulation and optimization of 

resilient, high-performance photocatalysts, with 

nanostructured materials assuming a critical and 

transformative role in driving recent technological 

advancements [36-38]. Zinc oxide (ZnO) nanoparticles 

have attracted widespread attention owing to their 

remarkable UV light absorption, high photocatalytic 

activity, and large surface-to-volume ratio, which 

facilitates enhanced interaction with pollutant molecules 

[39-42]. Moreover, tailoring these nanoparticles by 

incorporating transition metal ions can further augment 

their photocatalytic performance by modifying electronic 

properties and reducing charge recombination rates [43]. 

One notable example is the synthesis of zinc manganese 

oxide (ZnMn2O4) nanoparticles, wherein the 

incorporation of manganese ions into the ZnO lattice not 

only narrows the band gap but also introduces defect 

states that enhance electron–hole separation and increase 

the generation of reactive oxygen species [44-46]. This 

strategic modification results in a material with superior 

catalytic efficiency, better stability, and extended light 

absorption capabilities compared to its pristine 

counterpart. The unique properties of these 

nanomaterials, including their tunable band structures, 

high reactivity, and exceptional surface properties, 

underscore their potential as next-generation 

photocatalysts in the degradation of environmentally 

hazardous dyes [47-50]. The enhanced photocatalytic 

properties of ZnO and ZnMn2O4 nanoparticles are 

particularly significant when applied to the degradation 

of stubborn pollutants like Congo red [51, 52].  

In overall, though nanostructured compounds have been 

used widely but use of thin films of such nanocompounds 

may have various advantages. Among many others, the 

objective of this study is to synthesize ZnMn2O4 and ZnO 

nanocompounds via hydrothermal and precipitation 

methods, respectively, and then detailed comparative 

analysis of the photocatalytic performance of their thin 

films on the degradation of Congo red dye. Thin-film 

materials offer significant advantages in photocatalysis 

by enhancing surface area, improving charge separation, 

and allowing precise control over morphology. Their 

tunable optical properties maximize light absorption, 

increasing photocatalytic efficiency. Additionally, thin 

films provide superior stability compared to 

nanopowders, facilitating easy reuse and integration into 

industrial applications such as water purification and 

solar energy conversion. Their scalability and 

adaptability make them ideal for real-world 

environmental solutions. In this investigation, an array of 

advanced analytical techniques, such as X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy 

(FT/IR), UV-Visible spectroscopy, and field emission 

scanning electron microscopy (FESEM), were utilized to 

thoroughly characterize the synthesized nanomaterials. 

The study focused on evaluating their optical, electronic, 

thermal, bonding, and crystallographic properties, as well 

as their morphological features and particle size 

distribution. 

 

2. Materials and methods 

2.1. Materials and instruments 

Zinc(II) nitrate hexahydrate 

(Zn(NO3)2·6H2O)(99.9%), manganese (II) nitrate 

tetrahydrate (Mn(NO3)2·4H2O)(98%), ammonia 

solution(28%), sodium carbonate decahydrate 

(Na2CO3·10H2O)(99%), ethanol (C2H5OH), double-

distilled water, ethyl cellulos(98%), e, terpineol 

(C10H17OH) (96%), polyethylene glycol 

[H(OCH2CH2)nOH] (99%), diethylene glycol 

(HOCH2CH2)2O(99%), acetic acid (CH3COOH) 

(99.8%), sodium hydroxide (NaOH) (99%) and were 
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employed as the starting reagents. Structural analysis was 

primarily performed using X-ray diffraction (XRD) on a 

D8 Advance instrument, which operated over a 2θ range 

from 5° to 80° to determine the crystalline phases 

present. The crystallite size was determined using the 

Debye-Scherrer equation: 

                     D = 0.9λ/ (B cosθ)                  Eq. 1 

Where D is the crystallite size in nanometers, λ is the 

wavelength of the Cu Kα radiation (1.5406 Å), B 

represents the full width at half maximum in radians, and 

θ is the diffraction angle corresponding to the maximum 

intensity peak [53, 54]. Complementary to this, thermal 

properties were examined using a Perkin Elmer STA 

6000, providing detailed insights into the stability and 

decomposition behavior of the materials. Fourier 

transform infrared spectroscopy (FT/IR) was carried out 

with a JASCO FT/IR 6300 to elucidate the bonding 

configurations within the nanocomposites. Optical 

characterization was conducted using ultraviolet-visible 

spectroscopy (UV-Vis). Measurements were acquired 

with both a Varian Cary 500 scan and a JASCO V-670 

UV-Vis-NIR spectrometer, covering a wavelength range 

of 190–900 nm. These analyses allowed for the precise 

determination of absorption characteristics and the 

identification of spectral active regions. Diffuse 

reflection spectra (DRS) were also recorded by JASCO 

V-670 model instrument to accurately assess the band 

gap energies of both the semiconductor constituents and 

their composite forms. Morphological and energy-

dispersive X-ray spectroscopy (EDX) investigations 

were conducted using field emission scanning electron 

microscopy (FESEM/EDX) on a Cold Emission 4160 

Field, Hitachi S model. This technique provided high-

resolution images of the nanocomposites, enabling a 

detailed examination of their surface textures and particle 

sizes. Thermal processing was performed using a furnace 

system (model AZAR-FURNACES), ensuring 

controlled heat treatments during the synthesis process. 

Dye irradiation experiments were carried out using a 

250W high-pressure mercury lamp to evaluate the 

photocatalytic activity of the nanocompound thin films. 

A Shimadzu TOC-5050A analyzer was used for TOC 

measurement.  

2.2. Synthesis 

2.2.1. Synthesis of zinc oxide nanoparticles  

For the synthesis of zinc oxide nanoparticles via the 

precipitation method using its nitrate precursor, 10 mL of 

a 0.6 M zinc nitrate hexahydrate solution was prepared. 

A 0.3 M sodium carbonate decahydrate (Na₂CO₃·10H₂O) 

solution was subsequently introduced, effectively 

regulating the pH of the mixture to 9 by facilitating the 

controlled dissociation of carbonate species and 

establishing a stable buffering system. The resulting 

solution was stirred on a magnetic stirrer at a temperature 

between 30- 40 °C for 1 hour. After the reaction, the 

precipitate was filtered and washed with distilled water, 

then dried in an oven at 60 °C for 2 hours. Finally, the 

dried precipitate underwent thermal treatment in an 

electric furnace at 500 °C for 2 hours. Fig.1 outlines the 

synthesis of zinc oxide nanoparticles using the nitrate 

precursor. 

 

 
Fig. 1. The general schematic for the synthesis of zinc oxide nanoparticles. 

 

To prepare a zinc manganese oxide nanocomposite by the 

hydrothermal method, zinc nitrate hexahydrate and 

manganese (II) nitrate tetrahydrate were employed as the 

sources of zinc and manganese, respectively, with water 
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serving as the solvent and ammonia acting as the 

precipitating agent. Specifically, 1.49 g of zinc nitrate 

hexahydrate and 2.51 g of manganese (II) nitrate 

tetrahydrate were dissolved in 40 mL of double-distilled 

water under magnetic stirring, and 1 mL of polyethylene 

glycol was added to achieve a clear solution. A 28% 

ammonia solution was then slowly introduced dropwise 

until the pH reached 10. The resulting solution was 

continuously stirred at room temperature for 5 hours 

using a magnetic stirrer. Following this, the mixture 

containing the precipitate was transferred to an autoclave 

and maintained at 160 °C for 24 hours. Once the 

autoclave cooled to room temperature, the product was 

extracted, collected via centrifugation, and washed 

several times with a water-ethanol mixture. The 

recovered product was dried at 120 °C for 5 hours. 

Finally, the dried precipitate underwent thermal 

treatment in an electric furnace at 650 and 800 °C for 2 

hours Fig. 2 outlines the hydrothermal synthesis process 

for the zinc manganese oxide nanocomposite. 

 
Fig. 2. The general schematic for the synthesis of zinc manganese oxide nanoparticles. 

 

2.2.3. Preparation of paste for thin film production to 

assess photocatalytic performance 

To formulate a stable and homogenous paste 

incorporating synthesized nanocompounds, a carefully 

selected combination of ethyl cellulose, terpineol, 

absolute ethanol, and stearic acid was employed, each 

playing a distinct role in enhancing the structural and 

chemical integrity of the dispersion. Ethyl cellulose, a 

crucial binder, provided mechanical stability and ensured 

uniform matrix formation. Absolute ethanol acted as both 

a solvent and a dispersing agent, efficiently dissolving 

ethyl cellulose while promoting the even distribution of 

nanoparticles within the medium. Terpineol contributed 

to the long-term stability of the paste by preventing phase 

separation, thereby maintaining consistency over 

extended periods. Furthermore, stearic acid played a role 

in modifying the surface properties of the nanoparticles, 

reducing interparticle interactions and improving 

dispersion quality. To achieve optimal homogeneity and 

prevent nanoparticle agglomeration, ultrasonic waves 

were employed, facilitating uniform dispersion and 

enhancing the functional performance of the final 

formulation. This systematic approach ensures the 

paste’s structural integrity and enhances its suitability for 

applications requiring precise nanomaterial distribution. 

Initially, 8.0 g of nanostructured compounds was placed 

in a round-bottom flask on a magnetic stirrer, followed 

by sequential additions of stearic acid (130 μL), double-

distilled water (five successive additions of 130 μL each), 

absolute ethanol (fifteen successive additions of 130 μL 

each and six successive additions of 330 μL each), all 

performed at one-minute intervals under continuous 

stirring. The resulting mixture was transferred to a 25 mL 

beaker with 13 mL of absolute ethanol, and ultrasonic 

waves  

were applied three times for durations of 30, 60, and 90 

seconds. Subsequently, 3 mL of terpineol was added, 

followed by another round of ultrasonic treatments with 

the same durations. Next, 4.0 g of ethyl cellulose, 

previously dissolved in 5 mL of ethanol, was 

incorporated, and three additional ultrasonic treatments 

were applied to ensure complete homogenization. 

Finally, the solvent was allowed to evaporate entirely 

under continuous stirring at room temperature, yielding a 

paste with optimized viscosity and suitable rheological 

properties for further applications. 

 

2.2.4. Preparation of nanocompound thin films by the 

Doctor Blade technique 

For the fabrication of nanocompound thin films using the 

doctor blade technique, a paste derived from thermally 

treated composite nanoparticles was prepared. Before 

deposition, the glass substrate underwent rigorous 

cleaning with nitric acid, distilled water, and acetone to 

eliminate contaminants and ensure optimal adhesion. The 

substrate was then fixed onto a stationary glass surface 
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using an adhesive, with the thickness of this adhesive 

layer precisely controlling the final film thickness. To 

achieve a uniform coating over a designated 1 cm² area, 

the adhesive was meticulously applied, after which a 

controlled amount of the prepared paste was dispensed at 

both the initial point and midpoint of the substrate. The 

paste was subsequently spread homogenously using a 

narrow glass cylinder, ensuring consistent film 

formation. The coated substrate was subjected to thermal 

treatment in an electric furnace at 550 °C for 2 hours, 

promoting densification, improved adhesion, and 

structural integrity. This methodology facilitated the 

fabrication of nanocomposite thin films incorporating 

composite nanoparticles synthesized through the 

hydrothermal technique, which were systematically 

characterized for their photocatalytic efficiency and 

functional properties. 

2.2.5. Preparation of the Congo red dye solution 

To prepare and characterize the dye solution for 

photocatalytic analysis, a stock solution was first 

synthesized at a concentration of 10,000 ppm. This 

primary solution was systematically diluted in successive 

stages to achieve final concentrations within the range of 

5 to 100 ppm. Absorption spectra for solutions of 5, 10, 

15, 20, and 25 ppm were recorded using a Cary 500 

spectrophotometer, facilitating the precise determination 

of the dye’s maximum absorption wavelength (λmax). A 

calibration curve was subsequently constructed by 

plotting absorbance against concentration, and its linear 

equation served as the analytical tool for quantifying the 

dye concentration during the assessment of the 

photocatalytic performance of the nanocompound thin 

films. 

 

2.3. Photocatalytic Degradation 

2.3.1. Photocatalytic degradation using 

nanocompound thin films 

A 10 mg/L dye solution was first prepared and 

subjected to oxygen gas bubbling for 30 minutes to 

ensure proper oxygenation. Next, 21 mL of the 

oxygenated dye solution was transferred into a Petri dish, 

into which the prepared photocatalyst thin film and a 

magnetic stir bar were placed. The Petri dish was then 

kept in the dark on a magnetic stirrer for 1 hour to 

establish adsorption equilibrium. The initial absorbance 

of the dye solution was measured using a UV-Vis 

spectrophotometer. To monitor the progress of the 

degradation reaction, the Petri dish was exposed to 

ultraviolet light at predetermined time intervals while 

stirring continuously. At designated times; the absorption 

spectrum of the solution was recorded again to track 

changes in dye concentration. 

2.3.2. Influence of ultraviolet light and nanocompound 

thin films alone on Dye Degradation 

To evaluate the photolytic degradation of the dye under 

ultraviolet irradiation without a photocatalyst, a 10 ppm 

dye solution was exposed to UV light for the duration of 

two hours. Absorbance measurements were taken at 

regular intervals using a UV-Vis spectrophotometer, 

following the same methodology as the photocatalytic 

experiments, to quantify the extent of dye decomposition 

induced by direct UV exposure. In addition to these 

photolysis tests, control experiments were conducted 

under dark conditions to investigate the standalone effect 

of nanocompound thin films in facilitating dye removal, 

ensuring a comprehensive assessment of both photolytic 

and adsorption-driven processes. 

 

3. Results and Discussion 

This section presents a comprehensive 

investigation into the structural, morphological, optical, 

and elemental properties of zinc manganese oxide 

(ZnMn₂O₄) nanocomposites synthesized via the 

hydrothermal method using nitrate-based precursors. The 

impact of thermal treatment at various calcination 

temperatures (500°C, 650°C, and 800°C) is meticulously 

analyzed to assess phase evolution, crystallinity, particle 

size distribution, optical behavior, and chemical 

composition. A suite of advanced characterization 

techniques, including X-ray diffraction (XRD), Fourier-

transform infrared spectroscopy (FT-IR), ultraviolet-

visible (UV-Vis) absorption and diffuse reflectance 

spectroscopy (DRS), Kubelka-Munk analysis, energy-

dispersive X-ray spectroscopy (EDX), and field emission 

scanning electron microscopy (FE-SEM), is employed to 

provide detailed insights into the material properties. 

Additionally, the photocatalytic efficacy of ZnMn₂O₄ and 

ZnO thin films is systematically compared to evaluate the 

influence of manganese incorporation on enhancing 

photocatalytic activity, offering valuable perspectives for 

environmental remediation and sustainable energy 

applications. 

 

3.1 Evaluation of the properties of zinc Oxide 

Nanoparticles  

The X-ray diffraction (XRD) pattern of the zinc 

oxide (ZnO) nanoparticles synthesized via the 

precipitation method using zinc nitrate precursor, after 2 

hours of thermal treatment at 500 °C, is shown in Figure 

3. The positions and relative intensities of the diffraction 

peaks in the 2θ range from 10° to 80° correspond well 

with the standard data reported for ZnO with defined 

lattice parameters. The Bragg reflections of the 

crystallized zinc oxide nanoparticles in the hexagonal 

lattice appear at 2θ angles of 31.72°, 34.4°, 36.21°, 

47.49°, 56.19°, and 62.8°, corresponding to the (100), 

(002), (101), (102), (110), and (103) planes, respectively. 

The diffraction peaks for the (100), (002), and (101) 

planes are observed with higher intensity, indicating 

crystal growth in various directions. Additionally, a 
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preferential growth along the (101) plane was observed 

at 2θ=36°. The nanoparticle size, after thermal treatment, 

was calculated based on the maximum peak intensity and 

its full width at half maximum (FWHM=0.3149) using 

the Debye-Scherrer formula (Eq. 1) that was found to be 

26.01 nm. 

 
Fig. 3. XRD pattern of ZnO nanoparticles synthesized via the 

precipitation method using nitrate precursor after 2 hours of 

thermal treatment at 500 °C. 

 

Figure 4 presents the Fourier Transform Infrared (FTIR) 

spectrum of zinc oxide (ZnO) nanoparticles synthesized 

via the precipitation method, utilizing zinc nitrate 

hexahydrate as the precursor. Following thermal 

treatment at 500°C, distinct vibrational modes associated 

with chemical bonding are observed. The peak in region 

a corresponds to the stretching vibrations of the hydroxyl 

(O–H) bond, indicative of surface hydroxyl groups or 

adsorbed water molecules. Additionally, the peak b, 

detected at approximately 1433 cm⁻¹, is attributed to the 

stretching vibration of the Zn–O bond, which confirms 

the formation of ZnO nanoparticles. These spectral 

features provide critical insights into the structural and 

chemical properties of the synthesized ZnO, aiding in the 

evaluation of its purity and functional characteristics [55, 

56]. 

 

 
Fig. 4. Fourier Transform Infrared (FT-IR) spectrum of zinc 

oxide nanoparticles synthesized via precipitation using nitrate 

precursor after 2 hours of heat Treatment at 500°C. 

 

Figure 5A presents the UV-Visible absorption (UV-Vis-

Abs) curve as a function of wavelength for zinc oxide 

nanoparticles. The optical absorption curve indicates that 

the sample exhibits an absorption range in the ultraviolet 

region, specifically within the spectral range of 200–400 

nm. The Kubelka-Munk plot of the sample, shown in 

Figure 5B, was drawn to determine the direct band gap 

energy of the semiconductor. As illustrated in Figure 5B, 

the band gap energy was estimated to be 3.36 eV by 

extrapolating the linear portion of the plot of [(1-

R)²/(2R)]² versus hν, where R is the reflectance 

percentage [57, 58]. 

Fig. 5. UV-Visible absorption spectrum(A) and Kubelka-Munk Plot of zinc oxide nanoparticles synthesized via precipitation using 

nitrate precursor after 2 hours of heat treatment at 500°C. 

 

3.2. Evaluation of the properties of zinc manganese 

oxide nanocomposite 

The zinc manganese oxide nanocomposite 

synthesized via the hydrothermal method was calcined at 

500 °C, 650 °C, and 800 °C for 2 hours, and then 

analyzed. The X-ray diffraction (XRD) patterns of the 

zinc manganese oxide nanocomposite obtained at 500 

°C, 650 °C, and 800 °C are shown in Figures 6a, 6b, and 

6c, respectively. The position and relative intensity of the 

diffraction peaks in the 2θ range of 10° to 80° for the 
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sample calcined at 500 °C (Figure 6a) indicate the 

presence of two phases: ZnO and ZnMn2O4, which are 

crystallized in hexagonal and tetragonal systems, 

respectively. The powders calcined at 650°C (Figure 6b) 

contain three phases: ZnMn2O4, ZnO, and Mn2O3, which 

crystallize in tetragonal, hexagonal, and cubic systems, 

respectively. Finally, a single-phase crystalline ZnMn2O4 

is formed at the calcination temperature of 800°C, as 

shown in Figure 6c. The nanoparticle sizes obtained after 

heat treatments at 500 °C, 650 °C, and 800 °C were 

estimated based on the peak intensity and full width at 

half maximum (FWHM) using the Debye-Scherrer 

equation and are presented in Table 1. As presented in 

Table 1, the particle sizes of the ZnMn₂O₄ nanomaterial 

are measured as 26.01 nm, 32.02 nm, and 22.04 nm at 

calcination temperatures of 500 °C, 650 °C, and 800 °C, 

respectively. The observed trend indicates an initial 

increase in particle size as the temperature rises from 500 

°C to 650 °C, followed by a reduction at 800 °C. This 

decrease at higher temperatures may be attributed to 

enhanced phase purity and potential structural 

rearrangements occurring within the ZnMn₂O₄ 

crystalline framework during thermal treatment. 

 

 
Fig. 6. XRD pattern of zinc manganese oxide nanocomposite synthesized via hydrothermal method using nitrate precursors under 

2 hours of heat treatment at A)500 °C, B)650 °C, and C)800 °C. 

 
Figure 7 shows the FT/IR spectra of the powders 

synthesized via the hydrothermal method using nitrate 

precursors and subjected to heat treatment at 500°C, 

650°C, and 800°C for 2 hours, respectively. In Figure 

7, broad peaks observed at 3428 cm⁻¹, 3434 cm⁻¹, and 

3429 cm⁻¹, respectively, correspond to the stretching 

vibrations of water molecules. The peaks at 1642 cm⁻¹, 

1642 cm⁻¹, and 1634 cm⁻¹ correspond to the bending 

vibrations of water molecules. This indicates that, in the 

sample calcined at 800 °C, the intensity of these peaks 

has decreased due to the evaporation of residual water 

adsorbed on the surface of the nanoparticles. Two 

strong, sharp peaks in the 500-800 cm⁻¹ range are 

attributed to the spinel phase. 
 

Table 1. Particle size of zinc manganese oxide synthesized 

via the hydrothermal method using nitrate precursors after 2 

hours of heat treatment at 500°C, 650°C, and 800°C. 

Composition Calcination 

 

Temperature

(°C) 

FWHM(°) Particle 

Size 

(nm) 

ZnMn2O4, ZnO 500 0.3149 26.01 

ZnMn2O4, 

Mn2O₃, ZnO 

650 0.2558 32.02 

ZnMn2O4 800 0.1574 22.04 
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Figure 8 shows the UV-Vis absorption curves as a 

function of wavelength for nanocomposites 

synthesized via the hydrothermal method using nitrate 

precursors and calcined at a)500 °C, b) 650 °C, and c) 

800 °C. A comparison of the UV-Vis absorption curves 

indicates that with increasing temperature, a redshift 

occurs, and absorption in the visible region increases at 

longer wavelengths. 

 

 
Fig. 7. FT/IR spectra of zinc manganese oxide nanocomposite synthesized via hydrothermal method using nitrate precursors 

after 2 hours of heat treatment at A)500 °C, B)650 °C, and C)800°C. 

 

 
Fig. 8. UV-Vis absorption spectra (UV-Vis-Abs) of zinc manganese oxide nanocomposite synthesized via hydrothermal method 

after 2 hours of heat treatment at: A) 500°C, B) 650°C, and C) 800°C. 
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Fig. 9. UV-Vis diffuse reflectance spectra (UV-Vis-DRS) of zinc manganese oxide nanocomposite synthesized via the 

hydrothermal method after 2 hours of heat treatment at: A) 500°C, B) 650°C, and C) 800°C.

 
Fig. 10. Kubelka-Munk plots of zinc manganese oxide nanocomposite synthesized via hydrothermal method after 2 hours of heat 

treatment at: A) 500°C, B) 650°C, and C) 800°C. 

 



Chem Rev Lett 8 (2025) 797-812 
 

74 

 

Figure 9 shows the UV-Vis diffuse reflectance 

spectroscopy (UV-Vis-DRS) curves as a function of 

wavelength for powders synthesized via the 

hydrothermal method using nitrate precursors and 

calcined at a) 500 °C, b) 650 °C, and c) 800 °C for 2 

hours. The Kubelka-Munk curves for the samples, 

presented in Figure 10, were plotted to obtain the direct 

band gap of the semiconductors. The energy band gaps 

obtained from the UV and visible light absorption for 

sample a) were 328 nm, b) 337 nm, and c) 390 nm, which 

correspond to the maximum absorption. The results are 

summarized in Table 2. Band gap variations in 

nanomaterials obtained at various calcination 

temperatures are closely related to phase composition 

and material purity. Different crystallographic phases 

exhibit distinct electronic structures, influencing band 

gap energy and light absorption properties. Additionally, 

impurities or secondary phases can introduce localized 

electronic states, altering charge carrier dynamics and 

photocatalytic efficiency. Higher purity materials 

typically maintain well-defined band gaps, minimizing 

unwanted recombination pathways and enhancing 

performance [59, 60]. 
 

Table 2. Band gap energy of zinc manganese oxide 

nanocomposite synthesized via the hydrothermal method 

using nitrate precursor. 

Calcination 

Temperature (°C) 

Band gap Energy (eV) 

500 3.2, 3.7, and 4.06 

650 2.47, 3.56, and 3.74 

800 3.1 

 

Figure 11 presents the energy-dispersive X-ray 

spectroscopy (EDX) elemental analysis spectra of zinc 

manganese oxide (ZnMn₂O₄) nanocomposites 

synthesized via the hydrothermal method using nitrate 

precursors. The spectra confirm the presence of zinc 

(Zn), manganese (Mn), and oxygen (O) in the samples, 

validating the successful incorporation of these elements 

in the nanocomposite structure. Additionally, Figure 11 

displays field emission scanning electron microscopy 

(FESEM) images of the nanocomposites subjected to a 2-

hour thermal treatment at 500°C and 800°C, respectively, 

providing insight into the morphological evolution of the 

material as a function of calcination temperature. The 

average particle sizes were found to be approximately 70 

nm and 95 nm. In the sample calcined at 500 °C, the EDX 

pattern shows the main elements of zinc, manganese, and 

oxygen in ratios close to the expected composition, and 

no significant peaks related to impurities or contaminants 

are observed. Meanwhile, the FESEM images reveal 

relatively small particles with a moderately porous 

surface and a more uniform distribution, suggesting that 

at lower temperatures the particles have fewer tendencies 

for fusion or excessive growth. In the sample calcined at 

800 °C, the EDX peaks for the main elements remain 

prominent; indicating that the fundamental zinc 

manganese oxide structure is preserved, although there 

may be a slight change in the oxygen-to-metal ratio, 

possibly due to structural alterations at higher 

temperatures. The FESEM images for this sample show 

larger, denser particles, some of which are agglomerated, 

indicating increased sintering and greater crystallite 

growth at elevated temperatures. Both samples confirm 

the presence of a similar zinc manganese oxide phase 

without notable impurities in the reported calcination 

temperature range, but the key difference lies in the 

particle size and homogeneity, with the 500 °C sample 

exhibiting smaller, more porous particles, and the 800 °C 

sample showing larger, more compact particles, which 

can ultimately influence physical and chemical properties 

such as specific surface area and catalytic activity. 

 

3.3. Comparison of the photocatalytic effect of zinc 

manganese oxide and zinc oxide thin films on the 

degradation of azo dye Congo red 

Figure 12 shows the absorbance versus 

wavelength plots for the photocatalyst thin film of zinc 

manganese oxide and zinc oxide. The degradation 

experiment was carried out over a period of 140 minutes 

using a Congo red dye concentration of 10 ppm. During 

this time, the samples were exposed to UV irradiation at 

specific intervals. The dye solution absorbance was 

measured using a UV-Vis spectrophotometer, and the 

degrees of dye degradation as well as the reaction 

kinetics were investigated. In Figure 12a, corresponding 

to ZnO, the initial absorption peak (at 0 min) reaches 

about 0.85 at 500 nm. In contrast, Figure 12 b, 

representing ZnMn2O4, shows a slightly lower initial 

peak of about 0.78 at 500 nm. Over 140 minutes, both 

catalysts exhibit a reduction in the absorption intensity of 

Congo red. However, by 60 minutes, ZnO reduces the 

peak to approximately 0.45, whereas ZnMn2O4 decreases 

it more significantly to around 0.30. By the end of 140 

minutes, ZnO levels off at about 0.20, while ZnMn2O4 

reaches a lower absorbance of roughly 0.10. These 

observations indicate that both materials are effective in 

degrading Congo red, yet ZnMn2O4 demonstrates higher 

photocatalytic efficiency under the same conditions. The 

slight shift in the maximum absorption wavelength of the 

dye may be attributed to different surface interactions 

between the dye molecules and each catalyst, while the 

more pronounced drop in absorption in the ZnMn2O4 

system suggests that manganese incorporation could 

enhance the catalytic degradation of the dye. Manganese 

doping enhances photocatalytic performance by 

modifying crystallinity, porosity, and electronic 

structure. The introduction of Mn into the lattice induces 

distortions that influence grain size and phase 

composition, optimizing charge carrier mobility and 

reducing recombination rates. Additionally, Mn doping 

alters surface morphology, increasing porosity and 
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surface area, which leads to a greater number of active 

sites for photocatalytic reactions. On an electronic level, 

Mn creates localized states within the bandgap, shifting 

optical absorption toward the visible spectrum, thereby 

improving light harvesting and charge separation 

efficiency. These combined effects contribute to 

improved photocatalytic activity, making Mn-doped 

materials highly effective for applications such as water 

purification and solar-driven chemical processes [61-63]. 

 

 
Fig. 11. The EDX pattern and FE/SEM images of zinc manganese oxide nanocomposite synthesized via the hydrothermal 

method using nitrate precursors and calcined at: A, B) 500°C and C, D)800°C.  

 

 
Fig. 12. UV-Vis absorption spectrum of azo dye Congo red with a concentration of 10 ppm over 140 Minutes using 

Photocatalyst thin film: A) Zinc Oxide and B) Zinc Manganese Oxide.  
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By comparing the absorbance of each solution with its 

respective standard curve, the residual dye concentration 

can be determined, thereby enabling the calculation of 

photocatalytic degradation efficiency. Figure 13 

illustrates the degradation percentage as a function of 

time for photocatalyst thin films prepared using the 

Doctor Blade method. These films were employed in the 

degradation of a 10 ppm Congo red solution (20 mL), 

providing insight into their effectiveness in dye removal 

over the treatment period. The graph presents the 

percentage degradation of Congo red dye over 140 

minutes in the presence of thin film photocatalysts: (a) 

zinc manganese oxide (red line) and (b) zinc oxide (blue 

line). From the data, it is evident that both photocatalysts 

facilitate the degradation of Congo red, but zinc 

manganese oxide (ZnMn2O4) demonstrates a higher 

efficiency throughout the irradiation period. At 20 

minutes, both catalysts show similar degradation rates, 

but as time progresses, ZnMn2O4 consistently achieves 

greater degradation percentages. At 80 minutes, 

ZnMn2O4 reaches approximately 60%, whereas ZnO is 

around 50%. By 140 minutes, the degradation for 

ZnMn2O4 reaches approximately 85%, while ZnO 

achieves around 70%. The resulting data are summarized 

in Table 3. The superior performance of the zinc 

manganese oxide nanocomposite compared to zinc oxide 

nanoparticles can be attributed to two reasons. First, the 

size of zinc manganese oxide nanoparticles is smaller 

than that of zinc oxide nanoparticles, which increases the 

active surface area and thus enhances the contact between 

dye molecules and the photocatalyst nanoparticles. 

Second, the band gap of zinc manganese oxide is smaller 

than that of zinc oxide, meaning that lower-energy 

photons are required to generate the electron-hole pairs 

responsible for driving the photocatalytic activity of the 

dye. 

 
Fig. 13. Percentage degradation of Congo red dye in the 

presence of photocatalyst thin film (a) zinc manganese oxide 

and (b) zinc oxide over a period of 140 minutes.The data are 

the mean of triplicate experiments and rule out photolysis and 

adsorption portions as major side degradation pathways. 

 
Table 3. Photocatalytic degradation percentage of Congo red 

dye in the presence of photocatalyst thin films over time, based 

on spectrophotometric data and the TOC test. The data are the 

mean of triplicate experiments and rule out photolysis and 

adsorption portions as major side degradation pathways. 

Irradiation time (min) Zinc manganese 

oxide 

thin film 

Zinc 

oxide 

thin film 

20 23.44% 20.86% 

40 38.38% 32.48% 

60 49.23% 39.36% 

80 59.98% 50.67% 

100 73.18% 53.75% 

120 81.4% 63% 

140 85.3% 70% 

Degradation based on 

TOC  

85.1% 69% 

 

As a result, electron excitation and transfer from the 

valence band to the conduction band become simpler. 

The very slight difference between the spectroscopic data 

and the Total organic carbon (TOC) test results may be 

due to instrumental errors or the absorption of 

environmental CO2 over time before conducting the 

TOC test. 

Numerous studies have explored the degradation of 

Congo red dye using various nanomaterials and 

photocatalytic techniques. Although direct comparisons 

between these reports and the present work are 

challenging due to differing experimental conditions, 

several notable findings are highlighted here. Al-Farraj et 

al. investigated the degradation of a 25 ppm Congo red 

solution using MgAl₂O₄ nanoparticles, achieving an 

impressive efficiency of 99.27% [64]. In another study, 

zinc oxide (ZnO) nanoparticles synthesized with Carica 

papaya leaf extract demonstrated a degradation 

efficiency exceeding 99% for a 120 ppm dye solution 

[65]. Additionally, Li et al. reported an 85.36% 

degradation efficiency using a Cu₂O/α-Fe₂O₃ composite 

on a 25 ppm dye solution [66]. More recently, a review 

on Congo red degradation using TiO₂-based 

photocatalysts under visible light documented 

efficiencies ranging from 78% to 100% [67]. From this 

literature analysis, it is evident that while the current 

photocatalyst thin films exhibit comparable or slightly 

lower degradation efficiency, their structural and 

functional advantages including enhanced stability, ease 

of application, and controlled film thickness offer 

significant benefits over previously reported materials, 

reinforcing their potential for practical wastewater 

treatment applications. 

 

3.4. Comparison of reaction kinetics in the presence 

of Photocatalyst thin films 

To determine the reaction rate constants for 

degradation, the solution concentrations at different time 
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intervals were measured using the standard curve. Based 

on these concentrations, the values of ln(C0/Ct) were 

calculated, and by plotting ln(Co/Ct) against time as 

shown in Figure 14, the reaction rate constants were 

determined. Both curves exhibit an approximately linear 

trend, indicating pseudo-first-order kinetics. The rate 

constants for the degradation of Congo red are presented 

in Table 4. The black circles (Zinc Manganese Oxide) 

consistently lie above the white circles (Zinc Oxide) 

throughout the 140 minute experiment, meaning the 

slope for the Zinc Manganese Oxide photocatalyst is 

steeper and thus corresponds to a higher apparent rate 

constant. This difference confirms that doping Zinc 

Oxide with manganese enhances its photocatalytic 

performance, likely through improved charge separation 

or a more favorable electronic structure. Despite their 

different rates, both materials show a continuous rise in 

ln(C0/Ct), reflecting ongoing dye degradation and 

confirming their photocatalytic ability over the entire 

irradiation period. 

 
Table 4. The reaction rate constants and the percentage of 

Congo red dye degradation. The data are the mean of triplicate 

experiments and rule out photolysis and adsorption portions as 

major side degradation pathways. 

Thin Film Degradation 

Percentage (%) 

k (min⁻¹) 

Zinc manganese 

oxide 

85.3% 0.0138 

Zinc oxide 70% 0.0081 

 

 

 
Fig. 14. The graph of Ln(C0/Ct) versus time for the 

photocatalytic degradation reaction of Congo red dye in the 

presence of photocatalyst thin film: (a) Zinc manganese oxide 

and (b) Zinc oxide over a period of 140 minutes. The data are 

the mean of triplicate experiments and rule out photolysis and 

adsorption portions as major side degradation pathways. 

 

Conclusion 

In this study, ZnO and ZnMn2O₄ nanomaterials 

were synthesized via a calcination method at varying 

temperatures of 500˚C, 650˚C, and 800˚C, followed by 

thin film fabrication using the Doctor Blade technique. 

Structural and morphological analyses, including XRD 

and FE/SEM, confirm that ZnMn2O₄ synthesized at 

800˚C exhibits a distinct crystalline structure and a more 

favorable particle size distribution (22.04 nm), resulting 

in a higher active surface area compared to the denser 

ZnO nanoparticles (26.01 nm). This increased surface 

area enhances dye adsorption, a critical step in 

photocatalytic reactions. Furthermore, the narrower band 

gap of ZnMn2O₄ allows for more efficient utilization of 

incident light energy, thereby improving its 

photocatalytic properties. Kinetic studies further 

substantiate the enhanced performance of ZnMn2O₄, as 

its higher reaction rate constant—determined through 

pseudo-first-order kinetics demonstrates accelerated 

Congo red degradation. Experimental findings affirm the 

photocatalytic efficacy of both thin film catalysts under 

UV irradiation, with ZnMn2O₄ exhibiting superior 

performance, achieving a degradation efficiency of 

85.3% and a rate constant of 0.0138 min⁻¹, surpassing 

ZnO, which recorded 70% efficiency and a rate constant 

of 0.0081 min⁻¹. The improved photocatalytic activity of 

ZnMn2O₄ is primarily attributed to manganese 

incorporation, which effectively modulates the band gap 

within the range of 2.47–4.06 eV, enhancing charge 

separation and overall catalytic performance compared to 

ZnO (band gap: 3.36 eV). Additionally, this enhancement 

is linked to the catalyst’s ability to generate and sustain 

reactive oxygen species under irradiation, further 

optimizing its photocatalytic efficiency. 
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