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Abstract： Environmental pollution caused by organic dyes threatens life on land and in water. Therefore, immediate planning and 21 

action is needed to eliminate environmental pollution using new technologies, but sadly to this date it has remained a challenging 22 

task. In this study, we synthesized hybrid systems based on zinc oxide/manganese oxide (Mn3O4@ZnO) using sol gel and hydro-23 

thermal methods. The hybrid materials exhibited hierarchical morphologies and structures characterized by the hexagonal phase of 24 

ZnO and the tetragonal phase of Mn3O4. The hybrid materials were tested for degradation of methylene blue (MB), methyl orange 25 

(MO), and malachite green (MG) under ultraviolet (UV) light illumination. in the aim of this work was to observe the effect that 26 

various amounts of Mn3O4 in the hybrid material have on the degradation of MB, MO and MG. The ZnO photocatalyst showed 27 

better performance with an increasing amount of Mn3O4 and the degradation efficiency for the hybrid material containing the 28 

maximum amount of Mn3O4 was found to be 94.59 %, 89.99 % and 97.40 % for MB, MO and MG, respectively. The improvement in 29 

the performance of hybrid materials can be attributed to high charge separation rate of electron-hole pairs, co-catalytic role, large 30 

amount of catalytic sites and the synergy for the production of high quantities of oxidizing radicals. The performance obtained from 31 

the various Mn3O4@ZnO hybrid materials suggest that Mn3O4 can be considered an effective co-catalyst for a wide range of 32 

photocatalytic materials such as titanium dioxide, tin oxide and carbon-based materials in developing practical hybrid 33 

photocatalysts for the degradation of dyes and wastewater treatment.  34 

Keywords: ZnO; Mn3O4; Mn3O4@ZnO; hybrid material; photocatalytic applications  35 

1. Introduction  36 

Environmental pollution caused by the extensive use of synthetic dyes, pigments and other coloring products in 37 

various industries such as food, beverages, cosmetics, pharmaceuticals, clothes and paper [1]. These chemical com-38 

pounds are characterized by a complicated structure, high stability and are highly toxic to living things. In addition, 39 

the presence of dyes in wastewater prevents the transmission of sunlight deep into the water, damaging aquatic life. At 40 

the same time, these dyes are harmful to humans by causing breathing problems, vomiting, cancer, allergies, and skin 41 

problems [2]. Approximately 700000 tons of dyes are produced worldwide each year, and many end up in the 42 

wastewater of the textile industries, contaminating water resources and aquatic life as they are very toxic to our envi-43 

ronment [3, 4]. Among them, malachite green (MG) and methylene blue (MB) are cationic, while methyl orange (MO) is 44 

anionic in nature [5,6 ]. 45 

Currently, the removal and degradation of dyes from wastewater before discharging it from reservoirs is seriously 46 

considered, but it still seems like a very difficult challenge. There are numerous methods for wastewater treatment 47 



 

 

including coagulation, electro precipitation, adsorption, evaporation, reverse osmosis, flocculation, oxidation and 48 

photodegradation under the illumination of ultraviolet and solar light [7, 8]. Many of these methods are complicated, 49 

expensive, and have poor dye removal performance, while photodegradation is a simple, low cost and efficient method 50 

of removing organic dyes from wastewater [9, 10]. The challenge in photocatalytic degradation is the unavailability of 51 

highly efficient yet inexpensive photocatalysts. For this purpose, several photocatalytic materials have been prepared 52 

and tested for the degradation of dyes, such as ZnO [11], BiFeO3 [12], TiO2 [10], Cu2O/LDH [13], Chitosan ZnO com-53 

posite [14], CuCl2 + STS, chitosan-g-Poly (acrylamide)/ZnS [15], Chitosan/LaFe0.8Cu0.2O3 and xylan/LaFe0.8Cu0.2O3 [16]. 54 

Among these well-known semiconducting materials, ZnO is highly studied for various applications including 55 

photocatalysis, chemical sensing and photovoltaics due to its tunable band gap (3.37 eV) and high exciton binding 56 

energy (60 meV) [17,18,19,20]. The role of the nanostructured morphology of ZnO is intensively investigated, there-57 

fore different morphologies of ZnO are reported such as 3D hollow spheres, 1D nanorods and nanowires and 2D 58 

nanobelts and nanosheets [21,22,23,24]. The advantageous features of these morphologies such as swift mass trans-59 

fer, hierarchical structures and high surface area have been utilized for different applications such as chemical sensors, 60 

lithium-ion batteries and photocatalysis [25,26] .However, for the growing concern for the environment requires the 61 

development of nanostructured materials without or with minimum use of harmful chemicals 27,28,29]. Therefore, it 62 

is essential of synthesize ZnO-based nanostructures with maximum photocatalytic efficacy in an eco-friendly manner. 63 

Manganic oxide (Mn3O4) is an emerging p-type semiconductor with significant photocatalytic properties [30, 31]. Pre-64 

viously, Mn3O4 has demonstrated very good in photocatalytic applications , especially in combination with other metal 65 

oxides[32,33,34,35,36,37,38,39,40]. ZnO has many positive aspects such as high quantum efficiency, rich defect 66 

chemistry and cost effectiveness, and is therefore widely used for photocatalysis [39, 40]. The synthesis of hierarchical 67 

nanostructures of hybrid material based on Mn3O4@ZnO with improved electron-hole pairs separation and high den-68 

sity of electrons in the conduction band of ZnO could lead to more efficient photodegradation of MB, MO and MG 69 

under ultraviolet light illumination. A hybrid system based on Mn3O4@ZnO for efficient degradation of MB, MO and 70 

MG has not yet been reported in the exiting scientific literature.  71 

In this study, we prepared the Mn3O4@ZnO hybrid material using the sol gel method followed by the hydro-72 

thermal method. Morphology, crystalline structure and chemical composition were studied with different analytical 73 

techniques such as SEM, XRD and EDS. The optimized Mn3O4@ZnO hybrid system revealed excellent photoactivity in 74 

the degradation of MB, MO and MG under UV light illumination.   75 

2. Materials and methods   76 

2.1. Materials used  77 

Potassium permanganate (KMnO4), glycerol, zinc acetate dihydrate, 33% aqueous ammonia, ethanol, sodium 78 

hydroxide, hydrochloric acid, methyl orange, methylene blue, and malachite green were purchased from Sigma Al-79 

drich, Karachi Pakistan. The chemicals used were of a high analytical grade and were used without pretreatment. All 80 

desired concentrations of each reagent were prepared in deionized water. 81 

2.2. Synthesis of Z Mn3O4@ZnO hybrid materials using sol gel and hydrothermal methods 82 

The synthesis of the nanostructured hybrid material was carried out in two steps. The Mn3O4 nanostructures were 83 

prepared using the sol gel method and the typical synthesis process is described below. The Mn3O4 material was re-84 

produced according to the work reported in[41]. Precursor solutions of 0.4 M glycerol and 0.3M potassium perman-85 

ganate were prepared. Then the glycerol and potassium permanganate solutions were mixed in a ratio of 1:2 by vol-86 

ume, stirred for 2 h and finally kept for 24 h without disturbance to obtain the desired gel at room temperature. Af-87 

terwards, the gel was heated at 80 oC for 30 min and the product precipitates were obtained, and centrifugation was 88 

used to collect the fine brown colored Mn3O4 powder. Meanwhile the precursor ZnO was prepared by mixing 0.1 M of 89 

zinc acetate dihydrate and 5 mL of 33% aqueous ammonia solution in 100 mL of deionized water. Different amounts of 90 

Mn3O4 were deposited on the ZnO by the hydrothermal method: 0.3, 0.5, 0.75 and 1.0 grams of precipitated Mn3O4 91 

were dissolved in four beakers containing 200 mL of a precursor solution of ZnO, in in order to develop hybrid 92 

Mn3O4@ZnO systems. The materials were labeled as sample 1, sample 2, sample 3, and sample 4, respectively. A fifth 93 

beaker was only containing the ZnO precursor solution and the pristine ZnO sample was used as a comparison. After 94 

being mixed, the solutions were covered very tightly with aluminum foil and left for hydrothermal reaction in a pre-95 

heated electric oven for 5 h at 95 oC. After completion of the reaction, the beakers were cooled down to room temper-96 

ature and the product was collected on filter paper and washed several times with ethanol followed by deionized 97 

water. In the end, the product was dried at 60 oC overnight.  98 
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 99 

Scheme 1. Stepwise synthesis of Mn3O4@ZnO hybrid materials using sol gel and hydrothermal methods. 100 

2.3. Characterization of morphology, crystalline structure, and chemical composition of the materials 101 

Scanning electron microscopy was used at 10 kV to evaluate the morphology of the prepared nanostructured 102 

materials. Powder X-ray diffraction was employed at 45 mA and 45 kV to identify the crystal structure and phase of the 103 

nanostructured materials. Energy dispersive spectroscopy was used to quantify the elemental composition of each 104 

synthesized material. UV-visible spectrophotometry was employed to record absorption spectra during dye degrada-105 

tion under UV light illumination. The UV light source consisted of six UV tubes with a wavelength of 365 nm.  106 

In this study, we studied the performance of hybrid materials for the degradation of various dyes (methylene 107 

blue, methyl orange, and malachite green) using 5 mg of each catalyst nanomaterial and a fixed concentration for each 108 

dye (1.87×10-5 M MB, 2.44×10-5 M MO, and 5.48×10-5 M MG). Before irradiation with UV light, the dye solution was 109 

stirred for 30 min in order to optimize its homogeneity.  110 

The % degradation efficiency of each dye was estimated from the following equation: 111 

dye removal % =  
     

  
        (1) 112 

where Co and Ct are the concentrations of each dye before and after degradation, respectively. 113 

3. Results and discussion  114 

3.1. Characterization of morphology, crystalline structure, and chemical composition of the Mn3O4@ZnO hybrid materials  115 

Fig. 1 shows the XRD patterns of the different samples with increasing amounts of Mn3O4. The pattern obtained 116 

from the pure ZnO sample shows all the characteristic peaks of the material, as can be seen from the comparison with 117 

the black reference at the bottom of the figure (JCPDS sheet: 01-079-0207). In detail, the peaks present at 31.66°, 34.29°, 118 

36.23°, 47.48°, 56.60°, 62.77° and 67.85° can be attributed to the planes (100), (002), (101), (102), (110), (103) and (200) of 119 

the hexagonal structure of the ZnO wurtzite. The patterns obtained from the hybrid samples also show the peaks from 120 

ZnO, but their relative intensity decreases, while that of the peaks from the tetragonal phase of Mn3O4 increases (JCPDS 121 

sheet: 00-003-1041, in blue at the bottom of the figure). The XRD patterns shown in Fig. 1 demonstrate that the 122 

Mn3O4@ZnO hybrid was successfully prepared. The nanomaterial is composed of ZnO and Mn3O4, while no amor-123 

phous phases or impurities were observed. As seen in Fig. 1b, the addition of Mn3O4 has the effect of slightly shifting 124 

the position of peak 220 to higher angles, suggesting an imperfection in the structure of the nanocrystals.  125 

The SEM images in Fig. 2 show the morphology of pure ZnO and of the Mn3O4@ZnO hybrids. Pure ZnO appears 126 

to be made up of flower-like structures composed of nanorods with a diameter of 200-500 nm (Fig. 2a). Conversely, the 127 

morphology of hybrid nanomaterials appears to change towards very thin sheets as the Mn3O4 content increases (Fig. 128 

2b-e). The morphology of all the samples is very homogeneous to indicate a good mixing of ZnO and Mn3O4 during the 129 



 

 

hydrothermal process. The elemental composition of the materials was studied by energy dispersion X-ray spectros-130 

copy, and the spectra are shown in Figure 3. The spectrum of pure ZnO (Fig. 3a) shows only peaks relative to Zn and O, 131 

while the other samples show the presence of Zn, O and Mn (Fig. 3b-e). The atomic percentage of manganese increases 132 

from Sample 1 to Sample 4, as expected. 133 

3.2. Photocatalytic degradation of MB, MO and MG onto different Mn3O4@ZnO hybrid systems  134 

The photodegradation of MB, MO and MG in aqueous solution using pure ZnO and the different hybrid systems 135 

ZnO @ Mn3O4 was studied under UV light illumination. 136 

a. Methylene blue 137 

Figure 4 shows the absorption spectra of pure ZnO during MB degradation over time under UV light illumination. 138 

A solution of MB with a concentration of 1.87×10-5 M was used to which 5 mg of catalyst was added. The spectra show a 139 

typical absorption peak around 663 nm which slowly decreases over time, indicating that the degradation rate is lim-140 

ited and therefore takes a long time. This suggests that pure ZnO exhibits a low density of catalytic sites and a high rate 141 

of recombination of the electron-hole pair, and therefore the release of oxidizing agents under illumination is limited, 142 

thus leading to poor MB degradation performance. The degradation kinetics was also studied as shown in Figure 4b,c.  143 

The reaction rate of MB degradation was evaluated by monitoring the change in concentration Ct over time from the 144 

initial concentration Co, as shown in Figure 4b. Clearly the photoactivity of pure ZnO is highly correlated to the illu-145 

mination time. The rate constant (K) of the photodegradation process was also calculated using the first order reaction 146 

equation [43]: 147 

 Kt =Ln(C0/Ct)  148 

The reaction kinetics was also studied as ln(C0/Ct) over the illumination time, and is shown in Figure 4c. The 149 

rate constant for MB degradation using pure ZnO was found to be 1.14×10 -3min, confirming that the reaction follows 150 

first order kinetics. The degradation efficiency of pure ZnO photocatalyst was found to be 69.60 % as shown in Figure 151 

4d, indicating that the performance of pure ZnO is not sufficient and the photocatalytic properties must be improved in 152 

order to exploit the true potential of this material for practical applications. 153 

The degradation of MB was also performed using the various samples in order to verify how the degradation rate 154 

is affected by the composition of the hybrid material, and the spectra are shown in Figure 5a-d. The four panels show 155 

that all samples work better as photocatalysts than pure ZnO. Furthermore, comparing the decrease of the absorption 156 

spectrum over time in the four panels it is clear that a higher amount of Mn3O4 in the hybrid material greatly improves 157 

the degradation of MB. This trend could be attributed to the role of Mn3O4 in separating the charges of the electron-hole 158 

pairs, resulting in the production of a high amount of oxidizing radicals that play an important role in driving the 159 

degradation of MB in aqueous solution. The reaction kinetics was investigated for the hybrid samples of Mn3O4@ZnO 160 

and the ratio between the concentration of MB at a certain time Ct to the initial concentration Co is shown in Figure 6a. 161 

The degradation of MB on hybrid materials clearly dependes on the illumination time. The reaction kinetics in terms of 162 

order of reaction was studied by calculating Ln(C0/Ct) over time (Fig. 6b) and it was found that the rate constant 163 

was characterized by first order kinetics. The rate constant (K) values for samples 1, 2, 3 and 4 were estimated 164 

to be 3.33×10-3min, 4.19×10-3min, 7.33×10-3min, and 8.51×10-3min, respectively. These values of rate constant suggest 165 

that a higher amount of Mn3O4 in the hybrid material significantly improves the degradation kinetics of MB in aqueous 166 

solution under UV light illumination. The degradation efficiency was calculated from the absorbance spectra and 167 

plotted over time for each hybrid system in Figure 6d. The hybrid Mn3O4@ZnO system with the highest amount of 168 

Mn3O4 (sample 4) was the most efficient with a degradation efficiency of 94.59 % for MB. The degradation efficiency of 169 

the other hybrid samples 1, 2, and 3 was 82.07 %, 85.28 %, and 92.91 %, respectively. 170 

b. Methyl orange 171 

The photodegradation of methyl orange was investigated with a solution with a concentration of 2.44×10-5M and 5 172 

mg of photocatalyst under UV light illumination. In the case of pure ZnO (Fig. 7), the degradation was found to be very 173 

poor due to the stable nature of the material, limited number of active sites and the rapid rate of charge recombination. 174 

The absorption trend is very slow, which means that the reaction rate is associated with a high activation energy using 175 

pure ZnO as photocatalyst. Poor performance in the degradation of MO by pure ZnO indicates that it is not a suitable 176 

material for this application. The reaction kinetics was studied by evaluationg the concentration of MO over time Ct 177 

with respect to the initial concentration Co, and the plot in Fig. 7b shows that the degradation is linear with respect to 178 

the irradiation time with UV light. The reaction kinetics with respect to UV light irradiation time turned out to be of the 179 

first order and the rate constant was calculated to be 6.44×10-4 min-1, as shown in Figure 7c. The degradation efficiency 180 



 

 

for MO was calculated from the absorption spectra of MO over a time of 320 minutes, and the calculated value was 181 

73.56 %, as shown in Figure 7d. The four different hybrid samples were tested for the degradation of MO using a so-182 

lution with a concentration of 2.44×10-5M and 5 mg of each hybrid catalyst. The degradation experiments lasted 240 183 

min and an adsorption spectrum was acquired every 30 minutes, as shown in Figure 8. Comparing the plots in Fig. 8 184 

with that in Fig. 7a, it is clear, albeit qualitatively, that the degradation is in all cases better than that of pure ZnO. This 185 

indicates that the presence of Mn3O4 in the ZnO@Mn3O4 hybrid material increases the density of active sites and de-186 

creases the charge recombination rate of electron-hole pairs. In fact, the degradation of MO increases as the quantity of 187 

Mn3O4 present in the hybrid photocatalyst increases, i.e. from sample 1 to sample 4. The degradation kinetics of MO 188 

was also studied by evaluating how the MO concentration over time Ct varies with respect to the initial concentration 189 

Co (Fig. 9a). The Ln of as the ratio is instead shown in Figure 9b. As can be seen in both panels, the degradation rate 190 

strongly depends on the irradiation time with UV light. The reaction kinetics of the four hybrid photocatalysts are of 191 

the first order and the rate constant values obtained for samples 1, 2, 3 and 4 are respectively 2.32×10 -3min, 192 

2.50×10-3min, 2.74×10-3min and 4.58×10-3min. The percent degradation efficiency of samples 1, 2, 3 and 4 was calculated 193 

and found to be 82.78 %, 83.38 %, 85.12 %, and 89.99 %, respectively, as shown in Figure 9c. It is therefore clear that the 194 

degradation efficiency for MO increases as the quantity of Mn3O4 in the hybrid material increases. 195 

c. Malachite green 196 

Considering the high toxicity of MG to aquatic life and human health, pure ZnO and Mn3O4@ZnO hybrid materi-197 

als were tested for the degradation of MG under UV light illumination. In the experiments, a solution of MG with a 198 

concentration of 5.48×10-5M and 5 mg of catalyst were used. Figure 10 shows the maximum absorption peak of MG at 199 

617 nm and its evolution over time in the presence of pure ZnO. The adsorption peak decreases confirming the cata-200 

lytic activity, however the degradation process is relatively slow and the efficiency is not very high due to the wide 201 

band gap of pure ZnO, its fast charge recombination rate and its low density of catalytic sites. The reaction rate of MG 202 

with pure ZnO was studied quantitatively by plotting the ratio between the concentration over time Ct and the initial 203 

concentration Co, and it is clear that the degradation of MG strongly depends on the time of irradiation with UV light 204 

(Figure 10b). Furthermore, plotting LnCo/Ct as in Figure 10c, it can be seen that the reaction kinetics are of the first 205 

order. The percent degradation efficiency was calculated obtaining a value of 85.37 %, as shown in Figure 10d. The 206 

performance of pure ZnO was therefore unsatisfactory, demonstrating that the material must be functionalized to 207 

efficiently degradade MG under UV light illumination.  208 

In this sense, the hybrid materials Mn3O4@ZnO were also tested, whose absorption spectra over time are shown in 209 

Figure 11. All materials functionalized with Mn3O4 proved to be highly efficient for the degradation of MG, as can be 210 

seen from the strong decrease of the absorption peak at 617 nm. Note that the degradation experiment in this case only 211 

lasted 70 minutes. Comparing the four panels (a-d) it can be seen that a greater quantity of Mn3O4 increases the deg-212 

radation efficiency. The excellent performance of the hybrid materials can therefore be reasonably attributed to of the 213 

functionalization with Mn3O4 which acts as a co-catalyst and lowers the charge recombination rate of the electron-hole 214 

pairs. The synergy of the two materials allows a faster production of oxidizing radicals which increases the degrada-215 

tion rate of MG in aqueous solution. The reaction rate was quantitatively assessed in terms of the change in MG con-216 

centration over time Ct with respect to its initial concentration Co, as shown in Figure 12a. The curves show that the 217 

degradation of MG in aqueous solution depends on the time of illumination with UV light. The kinetics of the degra-218 

dation of MG is first order for all hybrid photocatalysts Mn3O4@ZnO and the rate contants for samples 1, 2, 3 and 4 are 219 

calculated in 1.72×10-2 min, 2.38×10-2 min, 2.73×10-2 min, and 3.01×10-2 min, respectively, as shown in Figure 12b. The 220 

degradation efficiency for the four hybrid materials (samples 1, 2, 3 and 4) was calculatedas 93.22 %, 95.71 %, 96.67 %, 221 

and 97.40 % respectively, as shown in Figure 12c. 222 

Overall, the degradation measurements of MB, MO and MG dyes demonstrated that Mn3O4@ZnO hybrid 223 

nanomaterials are excellent photocatalysts. The photocatalytic activity of the hybrid material with the maximum 224 

amount of Mn3O4 was the best for all three dytes, reaching almost 100%. For MG The performance of the various 225 

Mn3O4@ZnO hybrid materials for the degradation of MB, MO and MG is summarized in Table 1.  226 

4. Conclusions 227 

In this research work, we used sol gel and hydrothermal methods to synthesize different nanostructured materials 228 

basedon pristine ZnO and functionalized with different amounts of Mn3O4. The morphology turned out to be hierar-229 

chical composed of thin nanosheets, the composition containing only Zn, O and Mn and the structure composed of the 230 

hexagonal phases of ZnO and tetragonal of Mn3O4. The degradation performance of all tested dyes (MB, MO and MG) 231 

increased as the amount of Mn3O4 in the Mn3O4@ZnO hybrid photocatalyst increased. The material with the highest 232 



 

 

amount of Mn3O4 (1 g) showed excellent degradation properties for all dyes: 94.59%, 89.99% and 97.40% for MB, MO 233 

and MG respectively. The degradation for all dyes followed first order kinetics. The rate constant values for the best 234 

catalyst were 8.51×10-3min for MB, 4.58×10-3min for MO and 3.01×10-2 min for MG. The improved performance of hy-235 

brid materials can be attributed to the synergy between ZnO and Mn3O4 which leads to a high charge separation rate, a 236 

high density of catalytic sites and the generation of a large amount of oxidizing reactive species. These improvements 237 

suggest that Mn3O4 can be used as a dopant to increase the photocatalytic properties of other metal oxides such as TiO2, 238 

SnO2 and carbon-based materials.  239 
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 361 

Figure1: (a) XRD patterns of pristine ZnO and ZnO doped with different amounts of Mn3O4  (b) shift 362 

comparison of the (220) peak for pristine ZnO and Mn3O4-doped samples.  363 
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Figure 2:  369 

SEM 370 

images of (a) 371 

pristine ZnO 372 

and (b, c, d, e) 373 

Mn3O4-doped 374 



 

 

ZnO materials synthesized  375 

by sol-gel method 376 

 377 

Figure 3: (a) EDX analysis of (a) pristine ZnO and (b, c, d, e) Mn3O4-doped  ZnO  material synthesized 378 

by Sol-gel method 379 
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Figure 4: 381 

Degrada-382 

tion over 383 

time 384 

(240 min) 385 

of a so-386 

lution of 387 

MB of 388 

concen-389 

tration 390 

1.87 × 391 

10
-5

 M 392 

under 393 

irradia-394 

tion with UV light in the presence of 5 mg of pristine ZnO. (a) UV-vis absorption spectra during dye degra-395 
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Figure 5: 399 

(a-d) 400 

UV-Vis 401 

absorp-402 

tion 403 

spectra 404 

of the 405 

MB so-406 

lution at 407 

concen-408 



 

 

tration of 1.87×10
-5

M using 5 mg photocatalyst dose of hybrid materials during photodegradation under UV 409 

light illumination using samples 1-4 as photocatalysts 410 

 411 

Figure 6: 412 
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Figure 7: 433 

Degrada-434 

tion over 435 

time 436 

(320 min) 437 

of a so-438 

lution of 439 

MO of 440 

concen-441 

tration 2.44 × 10
-5

 M under irradiation with UV light in the presence of 5 mg of pristine ZnO. (a) Time 442 



 

 

change of the UV-vis spectrum, (b) kinetics Ct/Co irradiation time, (c) LnCt/Co plot, (d) percent degradation 443 
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Figure 8: 452 
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 466 

Figure 9: Degradation kinetics (a) kinetics Ct/Co irradiation time, (b) LnCt/Co plot, (c) percent degradation 467 

of MO 468 
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Figure 472 

10: 473 
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 M under irradiation with UV light in the presence of 5 mg of pristine ZnO. (a) Time change of the 484 

UV-vis spectrum, (b) Ct/Co over irradiation time, (b) kinetics Ct/Co irradiation time, (c) LnCt/Co plot, (d) 485 

percent degradation of MG 486 
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Figure 493 
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Figure 515 
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 523 

 524 

Table 1: Summary of obtained results for the Photodegradation of various dyes using different 525 

Mn3O4@ZnO hybrid materials in comparison to pure ZnO.  526 

Sample Name Dye  Degradation % Time (min) Rate constant 

(K) 

Pure ZnO MB 69.60 % 240 min 1.14×10
-3

min 

MO 73.56 % 320 min 6.43951E-4 

MG 85.37 % 140 min 3.37×10
-3 

min 

Sample-1 MB 82.07 % 240 min 3.33×10
-3

min 

MO 82.78 % 240 min 2.32×10
-3

min 

MG 93.22 % 70 min 1.72×10
-2 

min 

Sample-2 MB 85.28 % 240 min 4.19×10
-3

min 

MO 83.38 % 240 min 2.50×10
-3

min 

MG 95.71 % 70 min 2.38×10
-2 

min 

Sample-3 MB 92.91 % 240 min 7.33×10
-3

min 

MO 85.12 % 240 min 2.74×10
-3

min 

MG 96.67 % 70 min 2.73×10
-2 

min 

Sample-4 MB 94.59 % 240 min 8.51×10
-3

min 

MO 89.99 % 240 min 4.58×10
-3

min 

MG 97.40 % 70 min 3.01×10
-2 

min 
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