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a b s t r a c t
Co-precipitation route was used to synthesize different oxides of transition metals nano photocata-
lysts (Fe2O3, MnO2, Co3O4, and ZnO). The crystal structure, morphology, and elemental composition 
confirmation were carried out energy dispersive X-ray spectroscopy through X-ray diffraction 
(XRD), field emission scanning electron microscopy, and EDXS techniques. XRD analysis results 
revealed that the transition metal oxides are highly pure and have a very small crystallite size.  
It was found that iron oxide and cobalt oxide nanostructures were cubic, whereas manganese oxide, 
and zinc oxide nanostructures have tetragonal crystal structures. Fourier transform infrared spectra 
were studied to further confirm and clarify the material’s structure. Surface areas of the synthesized 
transition metal oxides nano photocatalysts were calculated through Brunauer–Emmett–Teller iso-
therms. The calculated optical band gap energy for different metal oxides was between 2.02 and 
2.7 eV. The nano photocatalysts were applied in the presence of aqueous methylene blue solution 
under visible light incandescence in order to set up the ascendancy of heterogeneous photocatalysis. 
It is observed that the photocatalytic efficiency of the oxides of transition metals simply depends 
upon the particle size of the nano-sized material and its surface area. It is concluded that iron oxide 
nano-photocatalyst reveals the best photocatalytic efficiency because of the high surface/charge ratio 
and variation in surface orientations. It is suggested that nano-sized iron oxides (Fe2O3) is a propitious 
candidate to resolve environmental issues related to the poisonous ecosystem because it has a great 
potentiality in heterogeneous photo disintegration and can establish a better green environment.
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1. Introduction

Industrial waste comprises a lot of injurious contaminated 
materials that cause adverse effects on nature. In previous 
decades, most developing states have faced environmental 
discomforts due to water, air, and soil contamination with 
daily basis industrial waste products [1–3]. These growing 
environmental affairs affected mankind badly in this era of 
fast-growing population, rapid industrial developments, 
and climate changes [4,5]. Dye consumption by different 
industries like fabrics, paper, cosmetics, and leather to color 
their products contributed a huge amount of dyed wastewa-
ter in the environment. Contaminants containing dyes are 
well known as world ecological deathtraps that play a lead 
role in marine ecosystem contamination [6]. Waste-water 
containing the dye is hazardous and highly toxic for natu-
ral water sources if it remains untreated. It is mandatory to 
abolish the dye from water by adopting such a method which 
is nature friendly [7–9]. These environmental troubles have 
necessitated the requirement to disintegrate the hazardous 
products from environment to facilitate human health and 
to save ecosystem [10,11]. Various approaches have been 
practiced to discard these impurities from the system [12]. 
Among all relevant techniques, heterogeneous photocataly-
sis is the most appropriate one [13]. The reason to apply this 
method is the achievement of best degradation efficiency 
and mineralization of the pollutants at room temperature 
[14,15]. During photocatalytic experiment, a photocatalyst 
can lost its performance due to reunion of charge carriers 
produced during photoreaction. This must cause hindrance 
in photocatalytic efficiency and reduce its application in the 
recovery environmental issues. It is mandatory to tune pho-
tocatalyst performance by reducing its bandgap energy and 
particle size and enhancing its surface area to cope recom-
bination. A lot of schemes are developed to prepare such 
materials which assist to overcome environmental problems 
and assist to clean ecosystem [16–20].

Nano-sized materials have foreground significance due 
to their magnificent characteristics and promising applica-
tions in several fields [21–23]. The discrete and outstanding 
characteristics of the nano-sized materials comparative to 
their bulk component make them fruitful in various fields 
of science and technology [24,25]. Among different nano-
sized materials, oxides of transition metals are appealing 
candidates for photocatalytic applications because of their 
high stability under ultraviolet light, low cost, high resis-
tivity toward corrosion, and their relative abundances 
[26,27]. Transition metals exhibiting vacant d-orbital are 
capable of losing electron which make them good semicon-
ductor material [28]. Semiconductors of transition metal 
oxide nanoparticles like ZnO [29], Co2O3 [30], TiO2 [31,32], 
MnO2 [33], Fe2O3 [34], AgO [35], NiO [36], and CuO [37] 
exhibit amazing characteristics such as high chemical sta-
bility, friendly to ecosystem, wide range of band gap ener-
gies, good catalytic activity, and high surface area [22]. Iron 
oxide (Fe2O3) is important among these oxides because of its 
attractive band gap energy and it is also suitable for oxida-
tive environment due to its high chemical stability [38,39]. 
Cobalt oxides (Co3O4) seek attention and applicable for het-
erogeneous photocatalysis because these are eco-friendly 
and highly resistant toward corrosion and oxidation [40]. 

Zinc oxide (ZnO) is influential for photo-degradation 
because it has wide band gap, high photosensitive, non-
toxic, and cost- effective material [41,42]. The feasibility 
of manganese dioxide (MnO2) for photocatalytic activity 
is due to its large surface area, corrosion free nature, and 
resistant to oxidation [43].

In this research work, we synthesized different types 
of simple oxides of transition metals as nano photocatalyst, 
and their photocatalytic efficiency was studied briefly. A 
comparison between band gap energies of different simple 
oxides of transition metals has also been drawn to examine 
their photocatalytic efficiencies. Methylene blue (MB) 
was used as a dye in all photocatalytic experiments.

2. Experimental section

2.1. Materials

Ferrous chloride (FeCl2, 98%), ferric chloride (FeCl3, 
98%), zinc nitrate (ZnNO3, 98%), ammonium hydroxide 
(NH4OH, 99%), and fumaric acid (C4H4O4, 99%) were pur-
chased from Sigma-Aldrich (Europe). Sodium hydroxide 
(NaOH, 99%), potassium per manganite (KMnO4, 99%), 
and hydrochloric acid (HCl, 37%) were purchased from 
Riedel-deHaen (Hong Kong). Sulfuric acid (H2SO4, 95.98%) 
and hydrogen peroxide (H2O2, 35%) were purchased from 
Merck (Germany). Cobalt nitrate (Co(NO3)2·6H2O, 99%) 
and ammonium carbonate ((NH4)2CO3, 85%) were acquired 
from Analar. Analytical grade chemicals without any 
purification were consumed in all preparation routes.

2.2. Synthesis of Fe2O3, MnO2, Co3O4, and ZnO

To synthesize Fe2O3, 1 mole of FeCl2 and 2 moles of FeCl3 
were taken individually. Two moles of HCl were added in 
each solid. The two solutions were mixed together. The 
stirring was continuously done using hot plate. Two molar 
solution of ammonia was added drop by drop under constant 
stirring for about 2–3 h to adjust pH 9.8. Brown color pre-
cipitates were received which were washed with deionized 
water and ethanol. Drying was done overnight at 70°C [44].

Synthesis of manganese oxide was done by the redox 
reaction between KMnO4 and fumaric acid. 7.6 g and 1.4 g 
of KMnO4 and fumaric acid were taken, respectively. 2.5 M 
(4 mL) sulfuric acid was poured along with 100 mL dis-
tilled water into the above mixture. pH 5 was adjusted using 
ammonium carbonate solution. Color of the reacting mixture 
changed from purple to orange and brown colored suspen-
sion was obtained after 25–30 min. One hundred degree 
Celsius drying and 450°C calcination was done for 5 h. The 
reaction route was supervised for color changes of reaction 
mixture starting from purple to orange and then brown. 
Vanishing of the purple color of supernatant liquid is the 
indication of KMnO4 complete reducion [45].

To prepare cobalt oxide (Co3O4), 0.5 mol (20 mL) cobalt 
nitrate was added in freshly prepared 0.25 mol (80 mL) 
sodium hydroxide solution under continuous stirring. On 
addition, blue colored solution was obtained which slowly 
turned pink. Thirty percent of (0.5 mL) hydrogen peroxide 
solution was added in pink suspension under vigorous stir-
ring which yield brown colored precipitates. The change 
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in color is the indication of conversion of Co2+ to Co3+.  
The reacting solution was placed in water bath for 5 h at 
90°C to get black precipitates. The precipitates were filtered, 
washed three to four times, dried for 3–4 h for 60°C–70°C 
[46]. The growth mechanism of Co3O4 can be summarized 
by the given equations:

Co(NO3)2 + NaOH → Co(OH)NO3 + NaNO3 (1)

Co(OH)NO3 + NaOH → Co(OH)2 + NaNO3 (2)

4Co(OH)2 + O2 + H2O → 4Co(OH)3 (3)

3Co(OH)3 + 1/2O2 → Co3O4 + 6H2O (4)

Zinc oxide was prepared using zinc nitrate (Zn(NO3)2 
and ammonium carbonate (NH4)2CO3 precursors using 
1:1.5 mol ratio. 1 M zinc nitrate and 1.5 M ammonium car-
bonate solutions were prepared. The two solutions were 
mixed under continuous stirring for 5 min. The obtained 
precipitates were white in color which were washed, dried 
at 100°C for 2–2.5 h, and annealed at 300°C for 4 h [47]. 
Schematic illustration for general co-precipitation route is 
shown in Fig. 1.

2.3. Characterizations

Morphology and structure determination of the pre-
pared oxides have been carried out with ZEISS LEO SUPRA 
55 field emission scanning electron microscopy (FE-SEM) 
and Philips X’pert PRO 3040/60 diffractrometer, respec-
tively. Elemental composition was confirmed through JEOL 
JCM-6000Plus SEM. Specific surface area, particle size, and 
porosity of the prepared oxides were calculated through 

Brunauer–Emmett–Teller (BET) method at 77 K through N2 
adsorption isotherms using micromeritics ASAP 2020 phy-
sisorption analyzer. To further clarify the structure Fourier 
transform infrared (FTIR) was studied using Tensor 27 spec-
trometer. Optical studies were characterized through carry 
60 UV-visible-NIR dual-beam spectrophotometer.

3. Results and discussion

3.1. Morphology and structure identification

3.1.1. Field emission scanning electron microscopy

Morphological visualization of Fe2O3, MnO2, Co3O4, and 
ZnO were determined using FE-SEM and their FE-SEM 
micrographs are shown in Figs. 2a–e, respectively. The 
FE-SEM images for Fe2O3, MnO2, and Co3O4 in Figs. 2a–c, 
respectively, were observed at high magnification while 
FESEM results for ZnO shown in Figs. 2d and e were 
noticed at both low and high magnification respectively. 
The morphology of Fe2O3, MnO2, and Co3O4 revealed 
agglomeration of homogeneous nanoparticles. Zinc oxide 
(ZnO) FE-SEM results observed at 1 μm and 200 nm show 
different morphology as compared to the other three 
oxides. It indicated the formation of nanoclusters having  
different sizes.

3.1.2. Energy dispersive X-ray spectroscopy

EDXS was also carried out to confirm elemental 
compositions of the prepared different samples and their 
spectra are displayed in Figs. 3a–d for Fe2O3, MnO2, Co3O4, 
and ZnO, respectively. EDXS spectrum of Fe2O3 in Fig. 3a 
clearly shows the presence of Fe and O elements. In Fig. 3b, 
MnO2 EDXS spectrum can be visualized which shows the 

Fig. 1. Schematic illustration of co-precipitation route to synthesize different oxides.
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Fig. 2. FE-SEM micrographs for (a) Fe2O3, (b) MnO2, (c) Co3O4, (d and e) ZnO nanoparticles.
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exclusive presence of Mn and O elements. Similarly in 
Figs. 3c and d, EDXS spectra of Co3O4 and ZnO are given 
which clearly show the existence of Co and O elements 
for Co3O4 and Zn and O elements for ZnO, respectively. 
The presence of any additional element is negligible in all 
the four EDXS spectra which confirm a lack of impurity in 
four samples.

3.1.3. X-ray diffraction

CuK radiations between 2θ range 20°–80° were used to 
identify structure and to investigate crystalline nature of the 
material. Fig. 4a reveals XRD pattern of iron oxide nano-
particles. A wide range of diffraction peaks were noticed 
having diffraction planes [210], [211], [220], [310], [311], 
[222], [400], [330], [421], [422], [511], [440], [442], [661], [540], 
[622], and [444] at 2θ locations 24.06°, 28.17°, 30.23°, 33.01°, 
35.5°, 43.42°, 46.20°, 50.46°, 53.82°, 57.06°, 62.78°, 65.56°, 
67.91°, 69.81°, 72.01°, 74.51°, 74.51°, and 79.06°. All resultant 
peaks agree with the reported pattern [JCDPS: 039-1346]. 
No additional peak and exceptional phases were noticed 
in the diffraction pattern of γ-Fe3O4 which is clear evidence 
of high purity cubic crystal phase of the sample [48]. Fig. 4b 
displays diffraction pattern of manganese oxide (MnO2) in 
which a lot of diffraction angles at 26.03°, 28.57°, 36.50°, 
37.50°, 42.00°, 46.93°, 49.78°, 52.14°, 55.62°, 56.47°, 60.07°, 
65.29°, 69.51°, 72.86°, 77.07°, and 78.69° were attributed to 
[220], [310], [400], [211], [301], [321], [411], [440], [600], [501], 
[521], [002], [541], [312], [402], and [332] diffraction planes. 

The values were confirmed from standard values via [JCPDS 
44-0141]. The diffraction figure revealed MnO2 α-phase lat-
tice structure having tetragonal crystal system [49]. There 
is absence of any peak related to impurity in the diffraction 
figure of a-MnO2 which revealed high purity product of the 
α-phase tetragonal crystal system.

Fig. 4c represents the diffraction specimen of cobalt oxide 
nanostructures. In the synthetic procedure of Co3O4, par-
ticipation of hydroxyl ions (OH–) is important. Conversion 
of Co2+ to Co3O4 is especially influenced by these ions. 
Crystallinity of the material is also affected by the pres-
ence of OH–. The diffraction bands observed at 2θ = 36.81°, 
38.87°, 44.00°, 49.59°, 55.57°, 59.10°, 65.56°, 68.84°, 74.32°, 
and 77.98° were related to [220], [311], [222], [400], [331], 
[422], [511], [440], [531], [620], and [533] lattice planes cor-
respond to the cubic phase of the material [ICDD card 
number 42-1467]. There were some sharp bands located 
at 33.03°, 51.18°, 56.67°, 61.04°, 67.26°, 71.16°, and 72.87° 
denoted diffraction planes [100], [102], [110], [111], [200], 
[201], and [112] which point out β-Co(OH)2 in the prepared 
Co3O4 [ICDD 30-0443]. Some more peaks were also exam-
ined at planes [006], [104], and [009] having 41.68°, 45.82°, 
and 62.26° 2θ values allocated to CoOOH which are notice 
via [ICDD card number 07-0169] [46].

Fig. 4d reveals the pattern of zinc oxide (ZnO) pow-
der. The ZnO powder have hexagonal structure with high 
purity proved from notified peaks at 31.74°, 34.45°, 36.21°, 
47.58°, 56.65°, 62.74°, 68.01°, and 69.24° attributed to [100], 
[002], [101], [102], [110], [103], [112], and [201] with card 

Fig. 3. Energy dispersive X-ray spectra of (a) Fe2O3, (b) MnO2, (c) Co3O4, and (d) ZnO nanoparticles.
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number (JCDPS: 036-1451). The absence of any additional 
peak denoted highly purified product [50].

The crystallite sizes of the samples were calculated by 
Debye–Scherrer expression [51]. The values of crystallite size 
and other physical parameters are given in Table 1.

D k
=

λ
β θcos

 (5)

In Eq. (5), D is the crystallite size, k is the Scherrer con-
stant exhibiting value 0.9, λ is the wavelength of X-rays 
which is used in the experiment (Cuα = 1.5406 Å), β is 
the full width at half maximum representing full width 
and half maximum, and θ is the Bragg’s angle. The calcu-
lated crystallite sizes for Fe2O3 was 14.5 nm, for MnO2 was 
20.77 nm, for Co3O4 was 16.4 nm, and for ZnO was 11.7 nm.

The crystallite size of the synthesized samples can also be 
calculated using Williamson Hall sing equation [52]:

βhkl = βD + βS (6)

β θ
λ

ε θcos sin= +
K
D

4  (7)

and,

β
λ
θ

β θεD S
K
D

C= =
cos

tan,  (8)

Crystallite size and strain were obtained by the val-
ues of intercept and strain from straight-line graph which 
is plotted between 4sinθ against x-axis and βcosθ against  
y-axis.

The lattice parameters for cubic crystal system were 
determined through Eq. (9):

a = d (h2 + k2 + l2)1/2 (9)

The lattice parameter for tetragonal system measured 
through given expressions, respectively.

a = d [h2 + k2 + l2 (a/c)2]1/2 (10)

Fig. 4. (a) XRD pattern of Fe2O3, (b) XRD pattern of MnO2, (c) XRD pattern of Co3O4, and (d) XRD pattern of ZnO nanoparticles.
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3.2. FTIR analysis

FTIR spectroscopy was carried out to further confirm 
the structure of the materials. The presence of absorbed 
functional groups on the particles’ surface during the syn-
thetic mechanism was also identified by this technique. 
Tensor 27 spectrometer was used for the experiment. Fig. 
5 represents the FTIR spectrum of Fe2O3, MnO2, Co3O4, 
and ZnO nanostructures. The indication of Fe–O bond and 
existence of hematite (γ-Fe2O3) was proved by two strong 
absorption bands located between 225 and 550 cm–1. The 
band at 425 cm–1 was attributed to Fe–O stretching mode 
at octahedral void while the band at 536 cm–1 was allo-
cated to Fe–O stretching mode at both tetrahedral and 
octahedral voids. All bands in FTIR spectrum of Fe2O3 
oxides are related to metal–oxygen bonds whereas no 
exceptional band is observed which demonstrates impu-
rity free oxide. There was a vibration at 1,615 cm–1 due to 
moisture adsorption in the sample [53–57]. In MnO2 spec-
trum, the presence of manganese oxide was identified by 
the two stretching modes of O–Mn–O found from 470 to 
620 cm–1 range. Two additional bands were placed at 1,387 
and 1,594 cm–1 believed to the shadow of OH– vibrational  
modes [58,59].

Cobalt oxide FTIR spectrum exhibited two clear modes 
of vibration (550–660 cm–1) claim the Co–O bond of Co3O4. 
The one present at 550 cm–1 designated to Co+3 octahedral 
coordination and the other placed at 654 cm–1 specified Co+2 
tetrahedral coordination [60,61]. FTIR spectrum of ZnO pow-
der gave the peaks obtained (430–520 cm–1) the clear gesture 
of pure zinc oxide stretching bands. The signals received 
at 1,430 cm–1 were responsible for the vibrations of C=C 
and dictated the presence of some organic impurity [62–64].

3.3. BET surface area analysis

BET analysis was used to get surface areas of the pre-
pared oxides. The samples were characterized through 
N2 adsorption/desorption isotherms at 77 K. Figs. 6a–d 
show the adsorption/desorption isotherms of Fe2O3, MnO2, 
Co3O4, and ZnO, respectively. It was noticed from the iso-
therm curves for all the prepared oxides that the hysteresis 
loop lies in about 0.6–1.0 of relative pressure (P/P°). This 
is the indication of mesoporous character of the prepared 
oxides. The values for different surface parameters, that is, 
surface areas, pore volumes, particle sizes, and pore sizes 
are given in Table 2. The surface area values for different 
samples obtained from BET data are 56.13, 42.08, 36.45, 
and 21.72 m2/g for Fe2O3, MnO2, Co3O4, and ZnO, respec-
tively. Whereas, the calculated particle size is 106.89 nm 
for Fe2O3, 142.58 nm for MnO2, 164.60 nm for Co3O4, and 
276.25 nm for ZnO. Surface area and particle size of a 
sample are key components for photocatalytic applica-
tion. Small particle size provides wide band gap energy 
to the sample and largest surface area may be responsible 
for providing additional active sites on the surface of the 
photocatalyst and favors redox reactions positively. It was 
noted from surface area values and calculated particle size 
from BET isotherms that iron oxide (Fe2O3) possessed high-
est surface area and lowest particle size among the prepared 
four oxides. Zinc oxide (ZnO) has lowest value of surface 

area and highest particle size among these four oxides. 
These two factors may probably helpful in determination 
of the photodegradation potency of the photocatalyst.

3.4. Optical band gap analysis

Electronic transitions occur within atom and molecules 
can be investigated through UV/visible spectroscopy. All 
the samples were analyzed from 200 to 800 nm UV-visible 
range. Dual-beam Cary 60 UV-visible-NIR spectrophotom-
eter was used to carry out optical analysis. Fig. 7a displays 
absorption spectrum of iron oxide (Fe2O3) in which absorp-
tion was noticed at about 376 nm which explains charge 
transfer through direct transition from ligand to metal. 
Absorption spectrum of manganese oxide (MnO2) is pre-
sented in Fig. 7b. MnO2 possess UV-visible broad absorp-
tion range 250–500 nm. MnO2 showed absorption bands at 
242 and 417 nm. In MnO2 visible light absorption occurs due 
to Mn-ions d–d transitions. Splitting of 3D energy states of 
Mn into lower (t2g) energy state and higher (eg) energy state 
occur in ligand manganese oxide octahedra. Optical band 
gap energy is due to this energy difference in eg and t2g lev-
els [65,66]. Cobalt oxide (Co3O4) spectrum shows in Fig. 7c 
in which two sharp bands at 229 and 279 nm was noticed 
which is related to charge transfer of ligand–metal in the 
product. Fig. 7d exhibits zinc oxide absorption spectrum in 
which a band situated at 372 nm. Zinc oxide absorption for 
intrinsic band gap is due to this band. This is due to elec-
tronic transitions from O2p to Zn3d from valance to conduc-
tion band. Furthermore, it is indicated that the particle size 
is in nano range and the size distribution is also narrow [67].

Band gap energy of a material is its capability to excite 
and generate electron and hole pairs for a redox reaction 
to proceed. It is strongly dependent on the dimensions, 
size, and shape of the material. The tauc equation for band 
gap energy calculation is as follows [68]:

(ahν)n = A(hν – Eg) (11)

Fig. 5. FTIR spectra of Fe2O3, MnO2, Co3O4, and ZnO 
nanoparticles.
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Fig. 6. Adsorption/desorption isotherm curves for (a) Fe2O3, (b) MnO2, (c) Co3O4, and (d) ZnO.

Table 1
XRD parameters of different transition metal oxides (Fe2O3, MnO2, Co3O4, and ZnO)

Sr. No. Sample  
name

Crystal  
system

Crystallite  
size (nm)

W. H. plot crystallite  
size (nm)

Strain Lattice parameters

a (Å) c (Å)

1 Fe2O3 Cubic 14.5 10 2.4 × 10–3 8.8422 –
2 MnO2 Tetragonal 20.77 12 2.37 × 10–3 9.8649 2.8540
3 Co3O4 Cubic 14.93 16.4 9.9 × 10–4 9.5280 –
4 ZnO Tetragonal 11.76 10.67 1.46 × 10–3 2.6365 5.2213

Table 2
Surface parameters of various transition metal oxides (Fe2O3, MnO2, Co3O4, and ZnO)

Sr. No. Sample name Surface area (m2/g) Particle size (nm) Pore volume (cm3/g) Pore size (nm)

1 Fe2O3 56.13 106.89 0.26 18.09
2 MnO2 42.08 142.58 0.4 37.31
3 Co3O4 36.45 164.60 0.2 21.99
4 ZnO 21.72 276.25 0.16 29.26



189M.F. Warsi et al. / Desalination and Water Treatment 211 (2021) 181–195

where a is the absorption coefficient, h is the plank’s con-
stant, ν is the light energy, A is the characteristic constant 
of the material, Eg is the band gap energy, and n is the con-
stant which is dependent on the nature of electronic tran-
sitions. It might be equal to 2 or ½ for direct and indirect 
transitions of the materials respectively. To find out the 
band gap energy of the material in eV, a graph between 
(ahν)2 and hν on y-axis and x-axis, respectively, is plotted. 
The curve received from the graph is extrapolated from 
straight path towards its energy axis and gets the band gap 
value [69–71]. Tauc plots of Fe3O4, MnO2, Co3O4, and ZnO 
is shown in Figs. 7a–d, respectively. The band gap ener-
gies for Fe3O4, MnO2, Co3O4, and ZnO were 2.7, 2.05, 2.02, 
and 2.5 eV, respectively. Greater band gap energy enlarges 
the space between valance and conduction bands and pro-
vides assistance to avoid reunion of electron and hole pairs. 
This factor may be favorable for oxidation and reduction 
reactions onto the photocatalyst surface.

3.5. Photocatalytic efficiency

Some key factors which perform significant role in any 
photo-degradation reaction, that is, the intensity of incident 

light, pollutant’s initial concentration, and concentration 
of the photocatalyst [1]. There are two main approaches 
which are important during photocatalytic experiments in 
the presence of transition metal ions (a) the effect of transi-
tion metal ions on the reaction rate of photocatalysis, (b) the 
conversion of metal ions into relatively less toxic species 
or the deposition of ions on catalyst surface to recover the 
expensive and useful metal ions [72]. Transition metal oxide 
semiconductor nano-photocatalysts are a good choice to 
remove pollutant dyes because these have less optical band 
gaps, low cost, and non-toxic nature [33]. Transition metal 
oxide nano-photocatalysts are also important because 
these show variations in photocatalytic efficiencies due 
to crystallographic surface orientations [27].

Photocatalysis experiment was performed for all syn-
thesized samples of transition metal oxide nanoparticles. 
Methylene blue (MB), an organic dye was used to moni-
tor the performance of photocatalysts. Fifty milliliters of 
5 ppm MB solution and 2 mg of catalyst were dissolved. 
The solution was placed in dark to maintain adsorption–
desorption equilibrium at room temperature. Halogen lamp 
was used as a light source and the sample was placed at 
a distance of 25 cm from the lamp. The decrement in the 

Fig. 7. UV/VIS spectra and tauc plots of (a) Fe2O3, (b) MnO2, (c) Co3O4, and (d) ZnO nanoparticles.
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rate of absorption was examined by carry 60 UV-visible 
spectrophotometer after specific intervals of time (0, 10, 
20, 30, 40 … 100, 110 min). The degradation percentage of 
methylene blue was determined by the Eq. (9):

% degradation = = − ×








η 1 1000C

Ct
 (12)

Fig. 8 shows photo-degradation of metal oxides (Fe2O3, 
MnO2, Co3O4, and ZnO). The specific absorption peaks 
observed at about 664 nm in different spectra of transition 
metal oxides is simply related to MB. The intensities of peaks 
reduced and new bonds arrived at relative short intensities 
of organic dye with the passage of time period. The down-
ward shifting of intensities of peaks for different oxides 
can be clearly observed in the absorption spectra shown in 
Fig. 8a–d. The characteristic color of organic dye (MB) was 
disappeared along with time. Transparent color of methy-
lene blue is the indication of complete degradation of dye. 
Typically, the photo nanocatalyst dye degradation potency of 

material is related to the capability to generate charge carrier 
species and vigorous oxidizing agents (•O2

– and •OH) that 
can experience or undergo secondary reactions [73]. General 
mechanism of photocatalytic activity under transition metal 
nano-photocatalyst can be observed in Fig. 9. Generally, the 
reactions occurred during the photocatalysis experiment 
of transition metal oxide can be enlightened by following 
mechanism:

Transition metal oxides + hν → e–
(CB) + h+

(VB) (13)

h+
(VB) + H2O → H+ + •OH (14)

e–
(CB) + O2 → ●O2

– (15)

h+
(CB) + OH– → ●OH (16)

●OH + MB (dye) → CO2 + H2O (degradation products) (17)

●O2
– + MB (dye) → CO2 + H2O (degradation products) (18)

Fig. 8. Photocatalytic behavior of MB using (a) Fe2O3 nanocatalyst, (b) MnO2 nanocatalyst, (c) Co3O4 nanocatalyst, and 
(d) ZnO nanocatalyst at different irradiation time under UV/VIS irradiation.
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Photcatalytic activities of the transition metal oxides 
depend upon the generation of excitons on ultraviolet 
visible light exposure. As photo nanocatalyst exposed to 
UV-VIS light electrons from VB are excited to CB and gen-
eration of electron and hole pairs started [Eq. (10)]. The 
resultant pairs can either interact with other molecules or 
recombine. Under adequate circumstances, electron and 
hole pairs at CB and VB, respectively, travel toward the 
photocatalyst surface which directly interacts with the 
solution of dye, to precede oxidation reduction reactions [74].

It is noticed that the materials owing large band gap 
energy and small surface/charge ratios are more suscep-
tible to excitation upon ultraviolet visible irradiation and 
recombination rate of photo generated electron and hole pair 
species is very high [75]. However, the photo-degradation 
efficiency and reaction rates of model nano-sized photo-
catalysts are highly dependent upon (i) small particle size, 
(ii) low optical band gap energy, (iii) greater surface area of 
nano photocatalyst, (iv) enhanced rate of absorption of light 
at photocatalyst interface, (v) decrement in reunion rate of 
charge carrier species at the catalyst surface, and (vi) pH 
of the nano photocatalyst. Such nano-sized photocatalysts 
should have better charge carriers’ migration capability, 
charge separation proficiency and appropriate position 
in valance and conduction bands for oxidation–reduction 
reactions [75]. Adsorption capability and increase in the 
light absorption of the nano-sized photocatalyst is probably 
enhanced by large surface area. Whereas, wide band gap 
energy is due to relatively small particle size of the photo-
catalyst. In consequence, charges migration toward the sur-
face and their reunion is limited. The pH is complex and very 
significant parameter in the photodegradation experiment 
as it highly affects nanoparticles’ electrostatic interactions, 

the potential band that influences the ability of nano sized 
particles to effect the oxidation–reduction reactions in the 
solution and the isoelectric point which impacts the oxides’ 
dispersion. The pH performs key role in the reaction mecha-
nism (attack of hydroxyl radical, direct oxidation, and reduc-
tion of positive hole and negative electron in the conduction 
band respectively. It also affects the dye characteristics. The 
tested pH for natural and wastewaters ranges from 3 to 11 
[76,77]. The mechanism between reactive dye (MB) and 
nano sized photocatalyst can be proposed as follows [78]:

  

Fig. 9. General mechanism of photo degradation process.

Fig. 10. Percentage degradation rate of MB at specific time inter-
vals under different nano photocatalyst.
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Fig. 11. Photocatalytic degradation profile under UV/VIS irradiation. (a) Kinetics of Fe2O3 nanocatalyst, (b) –lnC/C0 vs. time of 
Fe2O3 nanocatalyst, (c) kinetics of MnO2 nanocatalyst, (d) –lnC/C0 vs. time of MnO2 nanocatalyst, (e) kinetics of Co3O4 nanocatalyst, 
(f) –lnC/C0 vs. time of Co3O4 nanocatalyst, (g) kinetics of ZnO nanocatalyst, and (h) –lnC/C0 vs. time of ZnO nanocatalyst.
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Nano photocatalyst + hν → Nano photocatalyst (h+
VB + e–

CB) (19)

MB (dye) + h+
VB → MB●+ (dye oxidation) (20)

or

OH– + h+
VB → OH● (21)

MB (dye) + OH● → dye degradation (22)

The degradation rate of nano-photocatalysts of pre-
pared different oxides can be observed in Fig. 10. The 
reactions occurred during whole experiment follow pseudo- 
first-order kinetics and their different graphs are plotted 
in Fig. 11. As photocatalytic degradation reactions follow 
kinetics of pseudo-first-order reaction so the rate constant 
values of methylene blue for different nanocatalysts were 
calculated by pseudo-first-order equation.

− =








ln

C
C

ktt

0

 (23)

Here Ct and C0 are the concentrations time at different 
intervals and initial concentration of dye, t is irradiation 
time and k is value of rate constant of photodegradation reac-
tion. The value of k can be measured by linear fit the plot 
of [lnC/C0] vs. time in Fig. 11. The % age degradation and 
rate constant values can be visualized in Table 3. Among 
the four transition metal oxide samples, the results indi-
cate Fe2O3 exhibit highest rate constant value (k = 1.21 × 10–2) 
and highest degradation potency (74.58%). The hydroxyl 
radical OH● is responsible for the high rate constant value 
which boosts up the degradation procedure effectively.

It is noted by degradation percentages and rate constant 
values of different transition metal oxides that all the sim-
ple oxides have good catalytic activity. Among prepared four 
samples, iron oxide showed highest degradation rate while 
cobalt oxide showed least photocatalytic efficiency. It may 
be suggested that iron oxide nano photocatalyst exhibit 
best catalytic efficiency and is the promising candidate 
to remove dangerous trashes from ecosystem vigorously 
whereas MnO2, Co3O4, and ZnO did not show significant 
photocatalytic proficiency in contrast to the Fe2O3.

4. Conclusion

In aforementioned work, the degradation of methylene 
blue aqueous solution has been studied under visible light 

irradiation to monitor the photo degradation ability of the 
transition metal oxide nano photo catalysts. Examination 
of photocatalytic efficiencies of the transition metal oxides 
have been carried out at definite time intervals until the 
regular blue color of aqueous solution of methylene blue 
became colorless. The noticeable point was the best pho-
tocatalytic capability of iron oxide (Fe2O3) photocatalyst. 
XRD analysis displayed very small crystallite size of tran-
sition metal oxides. FE-SEM and EDX studies confirmed 
morphology and elemental compositions of the samples 
respectively. BET results revealed that iron oxide exhibit 
highest surface area and lowest particle size. The photo-
degradation potency can be enhanced positively by small 
crystallite and particle size, large surface area, wide band 
gap energy, and decrease recombination of charges onto 
the surface of photocatalyst. The percentage degradation 
of the prepared four samples was obtained in the order 
Fe2O3 > Co3O4 > MnO2 > ZnO. In conclusion, the synthe-
sized nano-sized materials especially iron oxide nano-pho-
tocatalysts could be auspicious applicant to degrade the 
waste constituents and has forthcoming applications in 
resolving pollution affairs of the environment and can play 
healthier part in the maintenance of green environment.
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