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Keywords: The present work deals with the study of CoFe,O, and three different concentrations of Zn** substituted
Sunlight irradiation CoFe,0,4 nanoparticles synthesized via a simple co-precipitation method as a sunlight driven photocatalyst.
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Powder X-ray diffraction studies were taken to preliminary confirmation of crystal structure and crystallite size
were found to be is found to be 43 nm, 41 nm, 40 nm, and 37 nm for Zn, Co (100.x %)F€204 (x = 3 Wt%, 7 wt%,
11 wt%) samples respectively. optical band gap was found to be 1.85 eV, 1.99 eV, 2.08 eV and 2.28 eV Zn, Co
(100-x %)Fe204 (x = 3 wt%, 7 wt%, 11 wt%) samples respectively using diffused reflectance spectroscopy (UV-
DRS). The Photoluminescence (PL) study was carried out for crystal defect analysis. Fourier transforms infrared
(FTIR) spectroscopy gives the details about the functional group present in the material. Scanning electron
microscopy and energy dispersive X-ray spectrum (SEM & EDAX) show the surface morphology and elemental
composition of the synthesized material. Rhodamine B (RhB), Methylene Blue (MB) and Crystal Violet (CV) are
mineralized by photodegradation using synthesized material was studied.
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1. Introduction:

Investigating the materials at their nano-scale dimensions gets in-
tensive attention by researchers due to their high surface to volume
ratio which results in enhanced properties of those materials in com-
parison with the bulk counterparts. The process of photocatalytic de-
gradation with the help of semiconductor compounds like TiO, and
ZnO, which is also one of the green chemistry technologies was paid
much attention during the past two decades, for the remediation of
polluted groundwater and hazardous debris [1,2]. Besides these, the
visible-light-active photocatalysts have a considerable attracting in-
terest because of their high competence in the utilization of the solar
spectrum. Although ZnO and TiOs, exhibit better photocatalytic activity
under UV light irradiation, it shows poor performance under visible
spectrum owing to their relatively huge band gap energy of about
3.2 eV. Many alterations were carried out to broader the absorption
wavelength range of these UV-active metal oxides into the visible range
[3,4]. Other visible-light active photocatalysts, such as Fe;O3, CdS and
WOj; are developed to extend the absorption wavelength range to the
visible region; but their low photocatalytic activities and low stabilities
limit its practical application [5-7]. In this regard, the development of
visible-light active photocatalysts has always been a hot issue in recent
decades. Now a day, spinel metal oxide (AB,O,) has greater attention
and utilized for many applications such as gas sensors supercapacitors,
hydrogen storage, photo-diodes, solar cells, battery anode material, etc.
because of their cationic distributions along the surfaces [8-13]. In the
normal spinel structure, A is divalent cations occupy one-eighths of
tetrahedral voids and B is trivalent cations that take up half of the oc-
tahedral sites, and these atoms are distributed into FCC lattice con-
stituted by the ligand O? ions [14]. Mixed spinel or inverse spinel
structure [B (AB) O4], may modify their crystal structure in such a way
that trivalent cations occupy both the octahedral sites and tetrahedral
sites whereas divalent cations occupy octahedral sites [15]. Researchers
now focused on these spinel nano-crystals for the photocatalytic re-
mediation of wastewater treatments owing to their cationic distribu-
tions. For instance, Youcun Chen et al. developed Co304 for degrading
methyl orange dye in aqueous solution [16]. CuAl,04 was fabricated by
Hassanzadeh-Tabrizi et al. and photocatalytic activity was carried out
on methyl orange [17]. Rhodamine B (RhB) and Methylene Blue (MB)
dye were degraded using NiMn,O, thin-films are reported by Larbi
et al. [18]. The studies on photocatalytic activity of spinel aluminate
(Mg, Cu, Zn: Al,04) was reported by Jiang et al. using three different
dyes such as methyl orange, reactive brilliant red and acid red B [19].
On the other hand the ferrite based spinel materials having the general
formula of A: Fe;O,4 (A = Mg, Mn, Zn, Ni, and Co) are synthesized due
to their remarkable magnetic, electrical, and optical properties
[20-22]. Also spinel ferrites were utilized for the photocatalytic activity
for their reusable ability, chemical stability, broad absorption wave-
length range, some literature is as follows. Photocatalytic activity of
Aluminium doped Zinc Ferrite on Orange I dye has reported by A. I
Borhan et al. [23]. M. Rahimi-Nasrabadi et al. was reported the pho-
tocatalytic activity of Ce doped Copper Ferrite using Methyl orange dye
[24]. CuFe,0,4, CoFe,04, NiFe,04, and ZnFe,O,4 were prepared by R.
Sharma et al. and a comparative study on its photodegradation of Re-
mazol Black 5 (RB5) was observed [25]. K. S. Jesudoss et al. studied the
photodegradation efficiency of Mn-doped NiFe,O,4 using Indigo car-
mine (IC) dye [26]. Besides this CoFe,Oy, is one of the spinel ferrites
vastly used in various applications such as magnetic optical behavior,
antibacterial, sensor, cancer treatment, electrical, biomedical, etc.
[27-33]. CoFe;O4 was also utilized as photocatalysts for the miner-
alization of organic dyes. For example, CoFe,O,4/AgBr nanocomposite
was fabricated by Zhenlu Li et al. observing the photocatalytic activity
on Methyl orange, RhB and MB [34]. M. Sundararajan et al, reports Mg-
doped CoFe,0O4 NPs for degrading RhB dye. [35]. A. Kalam et al. report
CoFe,04 NPs degrading Methylene Blue (MB) [36]. Graphene assisted
CoFe,04 NPs for degrading MB dye was reported by L. Gan et al. [37].
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This work deals with the study of Zn doped CoFe,O,4 nanoparticles
synthesized via a simple co-precipitation method for sunlight irradiated
photocatalytic applications. Cobalt ferrite has lesser photocatalytic ac-
tivity due to its small band gap energy whereas zinc oxide has good
efficiency due to its large band gap value but only under UV light ir-
radiation. This work aims to enhance the photocatalytic performance of
cobalt ferrite by increasing its band gap using Zn®* ions. Among the
various methods of preparations of nanoparticles namely sol-gel, mi-
crowave-assisted, hydrothermal, fuel-combustion, ball milling, etc.; the
chemical co-precipitation method is more attractive because of its
simplest and easiest way of preparing metal oxide nanoparticles, the
precursor preparation is simple, all the reaction parameters like tem-
perature, pH, etc. were easy to control during the reaction itself, also
control growth of crystallite size can be achieved easily and the yield
was high. Further, the experimental observations of photocatalytic ac-
tivity of as-prepared NPs were carried out using three different dyes
namely Methylene Blue (MB), Crystal Violet (CV), and Rhodamine B
(RhB) under direct sunlight irradiation.

2. Materials used for preparing CoFe,0,4 and Zn-doped CoFe,O4
nanoparticles:

Merck brand chemicals and reagents with 99.9% purity are used for
entire reactions without further purification. Co (NO3)36H,0 (Cobalt
(II) nitrate hexahydrate), Fe (NO3)39H,O, (Ferric (III) nitrate non-
ahydrate), Zn (NO3),'6H,0 (Zinc nitrate hexahydrate), are used as a
precursor for cobalt, iron and zinc respectively. Sodium hydroxide
pellets (NaOH), and double-distilled water are utilized as precipitating
agent and solvent for the reaction respectively.

3. Synthesis procedure:

The pure CoFe,0,4 and Zn-doped CoFe,O4 Nanoparticles (NPs) were
synthesized by chemical co-precipitation method. Ferric precursor and
cobalt precursor was taken in 2:1 ratio and dissolved one by one in
100 ml of distilled water with the help of a magnetic stirrer. A trans-
parent homogenous mixture of two salts was obtained after a few
minutes of constant and vigorous stirring. Then, 30 ml of (4 M) mo-
larity, aqueous NaOH solution was taken in the burette and added
slowly drop by drop into the homogenous mixture. After the complete
addition of NaOH solution the mixture turns to light brown colour from
transparent nature. The mixture was then allowed to a constant vig-
orous stirring for about 6hr. Then, the stirrer was stopped and the
beaker containing reaction mixture is kept uninterrupted for a whole
night so that the particles were completely settled at the bottom of the
beaker as a precipitate. The precipitate is taken centrifuged three times
each 20 min at 3000 rpm and washed with distilled and ethanol till the
pH reaches neutral. Then the particle is spread over in the petri-dish
and allowed to dry at 80 °C using a hot air oven. Finally, the particle
was calcination for 2hr at 400 °C in a muffle furnace. The same pro-
cedure as mentioned above is followed step by step for the preparation
of Zn-doped CoFe,04 NPs by simply reducing the cobalt nitrate wt%
and adding corresponding wt% of zinc nitrate to the reaction mixture.
The samples Zn, CO (100-x %) F€204 (x = 3 wt%, 7 wt%, 11 wt%) are
hereafter mentioned as CFO (pure CoFe;0,4), ZCF1 (3% Zn), ZCF2 (7%
Zn) and ZCF3 in the rest of the manuscript.

4. Photocatalytic experiment procedure:

Methylene Blue (MB), Crystal Violet (CV) and Rhodamine B (RhB)
dyes are used as model organic contaminants. For the experimental
analysis 5 mg/L dye solution of each dye and 100 ml in quantity was
taken in separate beakers. 0.1 mg of the prepared photocatalysts and
2 ml of 30% solution hydrogen peroxide (H,O,) was used. A com-
parative analysis of photocatalyst in all compositions as prepared was
examined separately. The sunlight is used as a photo source and all the
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Fig. 1. (a) The powder X-ray diffraction pattern of CoFe,0,4 and Zn-doped CoFe,O4 NPs, (b) graph between Zn wt % and lattice constant, (c & d) The FT-IR spectrum

of CoFe,0, and Zn-doped CoFe,O4 NPs.

dyes were taken in separate beakers. The stability of the as-prepared
sample was also checked for four repeated cycles. The degradation
percentage of the dye solution was calculated using the following for-
mula.

77:(1— Ci)xloo(%)

0
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5. Results and discussion
5.1. Powder X-ray diffraction (PXRD) studies

The PXRD study is a non-destructive study that is used to analyze
the nature of the crystal structure, lattice parameters, phases and plane
orientation of polycrystalline materials. The X-ray spectrum was re-
corded with 26 ranges from 15 to 70°. The PXRD patterns of all the
synthesized samples CFO, ZCF1, ZCF2 and ZCF3 are shown in Fig. 1a.
The peaks were observed at respected 26 values corresponding to the
planes (111), (220), (311), (400), (440) and (511) are well-matched
with the JCPDS No. 22-1012 and are suited with the scientific report
reported by Singh et al. [38]. The most intense peak arose at 35.58°
corresponding to the plane (311) confirms the cubic spinel structure of
the prepared sample and belongs to the space group Fd3m. The lattice
parameter was calculated using the following formula for the prepared
samples.

a=dJyh®+ k* + 2 2

There is an increase in the lattice parameter was observed from the
calculated value with the increase in zinc content. Fig. 1b is the graph
showing the dependence of the lattice parameter with respect to Zn?*
content. This linear increase in lattice constant (8.3854-8.4019 A) is
because of the replacement cobalt ion (0.78 A) with the smaller ionic

radius when compared to zinc ions (0.84 A) in the cobalt crystal lattice
[39]. Similar variation in lattice constant values due to the incorpora-
tion of zinc cations was observed by Tatarchuk et al. [40]. Also the 26
value of predominant peak is slightly shifted towards the lower angle
side (35.79° — 35.58°) with the increased zinc content was observed,
which may be due to the variation in lattice constant value. Using
Scherrer formula the average crystallite size was calculated.

D= K
Bcosd 3)

here (D) is the average crystallite size, K-shape factor, A — incident X-
ray wavelength (CuKa - 1.5406 A), p- full width half maximum
(FWHM), 6 - diffraction angle. From the PXRD data the average crys-
tallite size is calculated from the preferential plane (311) and is found
to be 43 nm, 41 nm, 40 nm, and 37 nm for pure cobalt ferrite (CFO),
3 wt% Zn (ZCF1), 7 wt% Zn (ZCF2), and 11 wt% Zn (ZCF3)-doped
samples respectively. The changes in the lattice parameter and the
particle size with the Zn atom influence is narrated in Table 1..

5.2. FTIR analysis

The FTIR spectrum recorded in the frequency ranges of 350 -
4000 cm ™! for CoFe,0, and Zn-doped CoFe,0, NPs is shown in Fig. 1c.

Table 1
XRD comparison table of CoFe,O, and Zn-doped CoFe;O4 NPs.

Samples Lattice parameter(;\) Particle size (nm)
CFO 8.3854 43
ZCF1 8.3899 41
ZCF2 8.39293 40
ZCF3 8.4019 37
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All the samples exhibit the absorption band at ~ 1630 cm™!

and ~ 3510 cm ™ is corresponding to H-O-H stretching and bending
mode vibrations respectively [51]. The peak originates
at ~ 458 cm ™ 1(V,) is associated with stretching vibration from tetra-
hedral sites and 619-596 cm ™! (V) is generally due to the stretching
vibration from octahedral sites [52]. Thus the two M—O vibrations
obtained from all the samples confirm the spinel crystal structure and is
agree with the XRD results. Moreover, a slight shift towards the lower
frequency was observed in the V; band (619-596 cm ™) with the in-
crease in Zn content as shown in Fig. 1d. This shift is maybe due to the
occupancy of Zn?* with larger ionic radii in the tetrahedral site and
pushes the Fe3* ions to the octahedral site [39].

5.3. Optical analysis

5.3.1. UV-DRS studies

The optical property and the band gap value of the synthesized
ferrite nanoparticles were studied and estimated respectively with the
help of diffused reflectance UV-visible spectroscopy. The reflectance
spectrum was recorded and it is converted to absorption values using
Kubelka-Munk (KM) relation as follows.

2R @

The absorption spectrum ranges from 200 to 800 nm for all cobalt
ferrite samples were shown in Fig. 2a. It is noted that pure CoFe,04
sample has a broad absorption range i.e. from ~ 270 nm — 750 nm,
and with an increase in Zn content the absorption edge gets shifted
towards lower wavelength range (~750-600 nm). This type of ab-
sorption was observed for cobalt ferrites due to narrow bandgap and
similar results were reported previously by Tatarchuk et al., Zeng et al.,
and Singh et al. [40,41, and 38]. The bandgap energy was calculated
using Tauc’s relation given in equation (4), and it is a graph plotting
between (ahv)? and photon energy (hv) as shown in Fig. 2b.
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ahv = A(hy — Eg)l/2 5)

where, Eg, v, A, h, and a are the optical band gap, light frequency, the
proportionality constant, Plank's constant, and absorption coefficient
respectively.

In general, the band gap value is estimated from the intercept ac-
quire by extrapolating the linear portion of the graph and the optical
band gap value of the synthesized particle is found to be 1.85 eV,
1.99 eV, 2.08 eV and 2.28 eV for CFO, ZCF1, ZCF2, and ZCF3 respec-
tively. These obtained values are quiet agree with the results reported
by Fan et al. [42]. There was a significant increase in bandgap was
observed with an increase in Zn?>" content into the CoFe,O, lattice.
This may be due to the formation of sub-bandgap and defects in the
energy level [43,38]. Eventually, the decrease in crystallite size in-
dicates a very weak quantum size effect and this also one of the reasons
for a small increase in the optical bandgap energy [44]. According to
the obtained bandgap values thus these materials are active in visible
regions.

5.3.2. Photoluminescence studies (PL)

Photoluminescence studies of prepared materials were carried out
at room temperature with an excitation wavelength of 320 nm. PL study
was used, to experience the recombination factors and to get the details
of sub-bandgap defect states and surface defects of the prepared sam-
ples [45]. The fluorescence spectrum for all prepared samples, recorded
in the wavelength ranges from 350 to 550 nm is shown in Fig. 2c. The
near band emission (NBE) observed at 369 nm for all samples are be-
cause of the inherent transition of excitons between conduction and
valence band [46]. The emission band observed around 452 nm in the
violet region is maybe owing to the radiating defects associate with the
traps in interfaces that occur at the grain boundaries [47,48]. Another
band related to green emission at 512 nm was observed is due to the
oxygen vacancies defect in the crystal [49]. Similar emission spectrums
for CoFe;04 NPs were observed by Jansi Rani et al. [50]. The intensity
of all peaks reduced with the increase in Zn>* content may be due to
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Fig. 2. (a) The UV-DRS absorption spectrum of CoFe,O4 and Zn-doped CoFe;O4 NPs, (b) The Tauc’s plot of CoFe,O4 and Zn-doped CoFe,O4 NPs and (c) The PL
spectrum of CoFe;O4 and Zn-doped CoFe,O4 NPs.
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Fig. 3. (a, b, ¢, d) SEM images and (al, b1, c1, d1) is EDAX spectrum of CFO, ZCF1, ZCF2, and ZCF3 respectively.

the increase in band gap values which inhibits the rate of electron-hole
pair recombination. Also the deep level emission confirms oxygen de-
fect exists in the prepared material which leads to more number of
active sites on the surface of the sample thus helps to enhance the
photocatalytic behavior.

5.4. SEM and EDAX analysis

The surface morphology of as-prepared samples CFO, ZCF1, ZCF2,
and ZCF3 was shown in Fig. 3 (a, b, ¢, d) respectively. There are no
certain shapes are found and agglomerated structure was obtained for
pure sample (CFO) and gradually the incorporation of Zn®* ions will
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improve the crystallinity of the material is evident from Fig. 3d, the
image of ZCF3 sample exhibits some slight spherical morphology. This
low crystallinity is because of fast precipitation of the material leads to
rapid crystallization and irregular cluster formations. Also all the
samples show some rough surface morphology which helps in adsorp-
tion of dye molecules during photocatalytic reactions. The elemental
composition of the prepared samples CFO, ZCF1, ZCF2, and ZCF3 was
shown in Fig. 3 (al, bl, cl, d1) respectively using EDAX analysis.

5.5. Photocatalytic studies

The photocatalytic experiments with all the synthesized nano pho-
tocatalyst were done under direct sunlight at noontime i.e. from 12 to
2 pm on a perfect sunny day. RhB, MB and CV dyes were taken in
separate beakers and then the photocatalyst along with H,O, was added
under vigorous stirring for achieving complete dispersion of the NPs,
also kept in dark for 1 h to attain adsorption/desorption equilibrium.
The aliquots of the dye samples were collected every 15 min and sub-
jected to UV-Visible spectroscopy to study the quantity of dye de-
gradation. In general, the photodegradation process occurs by the su-
peroxide anions (*0%7) and hydroxyl (*OH) radicals and these are
produced when the light hits the semiconductor metal oxides. The light
photons excited the electron from the valence band to conduction band
and thus the holes are created in the valence band. Then the e™ react
with oxygen produces superoxide anions and holes react with water
produces hydroxyl radicals. The graph between reduction in initial
concentration (C/Cp) and irradiation time for all the dyes was shown in
Fig. 4(a, b, ¢). The maximum degradation percentage was achieved to
be 97%, 83% and 91% for MB, RhB, and CV respectively with ZCF3
sample, whereas 41%, 39%, and 49% are obtained with CFO sample for
respective dyes MB, RhB, and CV after 90 min of continuous irradiation.
The experiment was also done bare synthesized photocatalyst but there
is no noticeable change in concentration of dye molecules was ob-
served. This may because of the faster recombination rate of photo-
generated e~ /h* pairs in the metal oxides due to its smaller band gap
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values. The incorporation of HO, into the dye solution has drastically
increased the degradation performance because hydrogen peroxide acts
as a sacrificial electron acceptor and in turn produces sufficient hy-
droxyl radicals. Moreover, it is observed that for all the dyes, the de-
gradation percentage gradually increased with an increase in Zn con-
tent. This is because of the slight increase in band gap which results in
slower the recombination rate of electron and holes and is evident from
PL studies. Also the surface defects, oxygen vacancies may help to boost
up the reduction and oxidation of organic pollutants. An essential
photodegradation was attained for the ZCF3 sample due to sufficient
delay in the recombination of split up e~ /h* pairs; hence the charge
carriers are made easily available for the oxidation of dye molecules in
the solution. In addition, the crystallite size is smaller for the ZCF3
sample when compared to other samples, so the number of active sites
becomes more on the surface of the sample thus will help to enhance
photocatalytic behavior. This is also one of the reasons for the max-
imum efficiency of ZCF3 sample.

The reaction kinetics of CFO, ZCF1, ZCF2, and ZCF3 NPs in the
degradation performance of MB, RhB and CV were quantitatively cal-
culated and fitted using the equation (6) called Langmuir-Hinshelwood
model. This model narrates the rate constant of the reaction for the
photodegradation of dye molecules and is shown in Fig. 5(a, b, ¢) which
gives the chemical kinetics and fits with the pseudo-first-order kinetic
model [23]. The rate constant gives information about the approximate
number of dye molecules dissociates per second during the photo-
degradation process.

In (i) =kt
Co (6)

where C, is the initial concentration of dye solution, C is the change in
concentration of dye solution with respect to time, and k is the first-
order rate constant. The rate constant value is obtained from the slope
by drawing a linear fit for the graph between In(C/Cop) and irradiation
time. The obtained rate constant values with CFO, ZCF1, ZCF2, and
ZCF3 NPs for degradation of MB, RhB and CV dyes are tabulated in
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Table 2
Comparison table of CoFe,O4 and Zn-doped CoFe;O4 NPs in dye degradation
mechanism.

Dye Samples  Rate constant (k) ™) (R? value Degradation %
Methylene Blue CFO 5.46 x 1073 0.98827 41
ZCF1 9.07 x 1073 0.96716 57
ZCF2 15.28 x 10 0.88851 78
ZCF3 34.97 x 107 0.75068 97
Rhodamine B CFO 491 x 10° 0.96932 39
ZCF1 7.50 x 107 0.98996 50
ZCF2 12.25 x 10 0.95705 69
ZCF3 17.74 x 10 0.91823 83
Crystal Violet ~ CFO 7.41 x 102 0.97992 49
ZCF1 10.83 x 10° 0.98334 63
ZCF2 15.84 x 10° 0.95802 77
ZCF3 24,57 x 107 0.87145 91

Table 2. In order to investigate the stability and reusability of the
sample ZCF3, the sample was collected by centrifuging the dye solution
after degradation and dried in a hot air oven. The procedure was re-
peated for four cycles and the bar chart represents the reusable ability is
shown in Fig. 5 (al, b1, c1). From the observed results it is clear that the
synthesized material has good withstanding ability up to three cycles
and shows a slight decrease in efficiency in the fourth cycle. This may

because the surface adsorbed dye molecule will reduce the light-ab-
sorbing quality of the material and also damage the material.

6. Conclusion

The cobalt ferrite and zinc doped cobalt ferrite NPs were prepared
and analyzed using various characterization techniques for confirming
the crystal structure, optical properties like band gap, and identification
crystal defects, elemental composition, and functional groups that
present in the synthesized materials. Further, the photocatalytic activity
of as-prepared material was analyzed using the model pollutants MB,
RhB and CV dyes. The high concentration Zn>* doped sample (ZCF3)
shows an attractive result among the other samples. Therefore, the
substitution of Zn>* cations in the CoFe,0y lattices will highly enhance
the photocatalytic activity of CoFe,O4 NPs due to the variation in the
band gaps and the crystallite size effect. Besides these, the photo-
catalytic performance was carried out under direct sunlight without any
experimental setup confirms that the prepared material was more ef-
ficient, eco-friendly and cost-effective for the remediation of waste-
water treatment. In addition, the stability check of the sample will add
further qualification i.e. durability as well as attractiveness for the
prepared material.
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