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Abstract

Trivalent Neodymium doped CoFe;Os4 was investigated as the potent photocatalyst for
wastewater treatment. The CoFe204 and Nd-doped CoFe>04 with various concentrations, such
as 5, 10, and 15%, were prepared to employ the sol-gel technique. Structural characterization
of the synthesized materials was done by powder X-ray Diffraction and Raman studies. The
optical UV-Visible spectroscopy provides the optical properties of CoFe>O4 and Nd-doped
CoFe204 and the XPS spectra, which identify the constitiiting elements with their oxidation
states, confirm the incorporation of Nd into the @oFe>Ou4 lattice. SEM was performed to
investigate their surface morphology, showingthe self-assembled mierostructures of CoFe2Os4.
The dye degradation process was investigated for'the synthesized samples with methylene blue
dye using UV-Visible spectroscopy,»swhich reveals the photocatalytic performance of pure
CoFe204 and Nd doped CoFe»04 by measuring,the absorbanee of methylene blue at the same
interval of time. The 5% Nd deped CoFe04 exhibits enhanced photocatalytic activity with a

degradation efficiency of 72% within 4 hours, which is higher than the pure sample.

Keywords? Neodymium doped CoFe;Ous, nanoparticles; ferriets; optical properties; dye

degradation; photocatalyst



1. Introduction

The demand for pure water for a sustainable life is increasing daily. On the other hand,
releasing pollutants into the water system from various sources has become inevitable. In
particular, the discharge of several dyes from textile industries contaminates water bodies[ 1—
5]- Though the effluents in wastewater can be removed by physical methods like adsorption
method, membrane filtration, ion exchange, and coagulation method, their usage is restricted
as they are time-consuming methods, require special filfration techniques, and also do not
degrade the dye to the fullest [6,7]. The biological treatments also failed to remove these
carcinogenic dyes as they have more complex structures [8]. Hence, the researchers are looking
for an environmentally friendly method to ‘temove these dyes. This paves the way for
developing a new method that uses‘solar energy as alight source to degrade toxic dyes, called

the photocatalytic dye degradation process.

Semiconductof nanoparticles as photocatalysts are more cost-effective, technologically
viable, and environmentally friendly materials [9]. The most commonly used photocatalysts,
such as TiOa, MoSz;, CdS, and SiO; are not adapted to the fullest as they have poor charge
carrier separation, photo corrosionand stability, and a band gap in the UV region [10,11]. Thus,
the improved chemical and physical durability and greater catalytic activity of metal oxides
help overcome the challenges 'of applying pure metal nanoparticles. The nanomaterials with
magnetic properties can‘beleémployed as catalysts under ambient conditions as these properties
will help in improving their reutilization potential, thereby reducing the cost of the process
[12.13]. Spinel ferrites that are nanosized have recently attracted attention in the field of
materials science because of their numerous technological uses as well as their potential for
understanding the principles of nanomagnetism [14,15]. Spinel ferrites have the formula
[MnFei.n][MinFe1+n]Os where n denotes the distribution of cations, M is a divalent metal cation

[M = Cu?", Co?", Ni2+, and Sn**] and Fe is a trivalent metal cation [16-18]. Among many



ferrites, the cobalt ferrite has attracted more because of the combination of semiconducting and
magnetic properties such as high coercivity [19], high positive anisotropy [20], high saturation
magnetization [21], and chemical stability [22]. The CoFe20s is low bang gap semiconductor
about 1.08ev and is highly stable to act as a photocatalyst [23]. As it has both photocatalytic
and ferromagnetic properties, it can be used for oxidation and reduction reactions in UV and
visible light [24]. Also, CoFe»0s is significant in the thermal decomposition of O-O bonds and
in the elimination of oxides [25]. Despite its advantages, the'recombination rate of CoFe>O4 is
the major issue in attaining its highest efficiency. Howéver, this can be overcome by the doping
of metal ions. In particular, adding rare earth elements to pure, semiconductors improve
photocatalytic efficiency by allowing functional,groups to form complexes via interactions of
f orbital rare earth metals [26]. The.earlier investigations revealed that the doping of Nd** on
TiO: increases the carrier lifetime facilitates charge movement, and functions as a direct
trapping spot [27]. In addition, it is scen, that rare earth doping such as Eu*" and Nd*" in
semiconductor photocatalyst makes it activated'in the visible'region by increasing its optical
adsorption and generatingha high aumber of'electron-hole pairs, thereby enhancing their
photocatalytic performance [28]. Among manymethods that have been employed to synthesize
CoFe204, such as hydrothermal [29], microemulsion method [30], and co-precipitation [31],

the gel matrix method was adopted to fabricate uniform self-assembly [32,33].

Herein, the prepatation of pure and Nd-doped CoFe>O4 by the gel matrix technique was
reported. XRD, Raman, and SEM were used to study the structure and morphology of the
synthesized particles. The optical properties were examined by UV-Visible spectra, and the
elemental identification with their oxidation state was done by XPS analysis. The
photocatalytic activity of CoFe2O4 and Nd-doped CoFe>O4 was studied by performing a dye

degradation process.

2. Experimental Methods



2.1 Materials

Ferric nitrate nanohydrate (Fe(No3)3.9H20, Loba), Cobalt (II) nitrate hexahydrate (Co
(N03)2.6H20, Merck), Neodymium nitrate hexahydrate (Nd (No3);.6H20), Citric acid
monohydrate (CsHsO7.H20, Sisco), Ethylene glycol (C2HsO2, Hi Media) were used without

being purified in any way.
2.2 Synthesis of CoFe204 and Nd doped CoFe204 nanoparticles

The gel matrix method was employed to synthesize the CoFe2O4 nanoparticles and Nd-
doped CoFe204 nanoparticles with various concefitrations of Neodymium nitrate. In particular,
1 milli mole of Co (No03)2.6H20 and 1 milli mole of Fe (No3)3.9H,O were dissolved in two
separate beakers containing 25 mL of deionized water. Thése solutions were stirred thoroughly
until they were completely dissolved,in water. Then theéyabove two solutions were mixed,
adding 2 milli moles of citric acid monehydrate (€sHsO7.H20), forming a citrate complex.
After stirring for about 20 min; the inducing agent, ethylene'glycol, was added to polymerize
the separated citrate complex [34]. As prepared, gel flakes were heated at 250 °C, and samples
were annealed at 650 °C for an hour. The same method was used to synthesize Neodymium
doped CoFeq04 with various percentages of neodymium concentration, such as 5, 10, and 15%.
The 5% of Nd(NOo0)3.6H>0 is added to Co (NO3)2.6H20 and dissolved in 25 mL of deionized
water. This is followed,by the/mixing with Fe (NO3)3.9H20 that has been dissolved in 25 mL
of dissolved water separately. Then the citric acid is added, and the above procedure is adopted,
resulting in the formation of black-colored Nd doped CoFe>O4 nanoparticles. The 10 and 15 %

of Nd doped CoFe204 nanoparticles were synthesized by performing the same.
2.3 Characterisation techniques

PANalytical X-ray Diffraction (XRD) with CuKa radiation of A =1.5405 A was used

to investigate the crystallinity of synthesized CoFe20O4 nanoparticles and Nd doped CoFe;04



nanoparticles. A Jobin Yuvon HR 800 Raman spectrometer with a 532nm laser source was
used for Raman spectral analysis. The optical absorption of syntheised samples was studied
with a Thermofisher UV—visible spectrophotometer. X-ray photoelectron spectroscopy (XPS),
performed through Thermo Scientific K-Alpha Surface Analysis and was used to identify
constituents of synthesized nanoparticles. Scanning Electron Microscopy (SEM) ZEISS EVO
18 was used to examine the changes in surface structure caused by the addition of dopants. The
UV-Visible absorbance was measured using a Shimazu UV/Visible 1380 UV/Vis-NIR

spectrophotometer to record methylene blue degradation.
2.4 Photocatalytic performance

Methylene blue dye degradation under white light (100 W mercury lamp) was used to
assess the photocatalytic activity. In an aqueous solution of MB (50 mL), 50 mg of CoFe2O4
was completely dissolved. Dark stirring was performed to balance the absorption—desorption
process of the as-prepared dye before light illumihation. Under irradiation, the samples were
collected at a regular time interyal of one hour and centrifuged to remove the residue of
particles from the Solution. The efficiencyiof degradation of the photocatalyst was calculated

as follows,[35]:

Ag—A¢
T X 100%

0

Degradation efficiency =

where Ao - absorbance at the time being zero and A - absorbance at a particular time. Due to
the magnetic properties of pure and Nd-doped CoFe2Os, nano self-assembly may be readily
removed from the treated solution using a magnetic separation approach, leaving no secondary
pollution during the degradation process. As an outcome, CoFe2O4 and Nd-doped CoFe;04
nanoparticles are beneficial materials in photocatalytic dye degradation. The kinetic behavior
of degradation of methylene blue process is investigated using a pseudo-first-order equation

[36], which is given as follows:



l (CO) = kt
nlz)=
Where Co - initial concentration of dye (mg L), C - concentration of dye at a particular time

t (mg L"), k - rate constant (hour), and t - irradiated time (hour).
3. RESULT AND DISCUSSION
3.1 Structural studies

XRD patterns of synthesized CoFe20O4 and Nd<doped CoFe2O4 nanoparticles with 5,
10, and 15% of Nd are depicted in Figure 1. The observed pattern was well matched with
standard CoFe;O4 (JCPDS card No.-010746403). The structure of CoFe.O4 seems to be cubic
with a space group of Fd-3m. Lattice constants of CoFe,O4Were found to be.a =b =c = 8.3860
[37]. The reflections at 26 values of 30.1°, 35.4°, 43.1°, 57.0°, and 62.6° in the (220), (311),
(400), (511), and (440) planes, respectively, indicates better growth of crystal structure. The
doping of Nd into pure CoF¢>04, broadens the peaks of CoFezO4, indicating that the crystallite
size of CoFe;04 is reduced. The broadening of peaks signifies the nanoscale features of

CoFe204
3.2 Raman Analysis

Figure 2"depicts the obtained Raman spectra of pure CoFe>O4 and Nd-doped CoFe2O4
with various percentages, of Nd, such as 5, 10, and 15%. The inverse spinel structure of
CoFe>04 nanoparticles with cubic 07 symmetry [38]. According to group theory, Aig+Eg+3T2,
are the five modes that are active Raman states for CoFe204[39]. The vibrations of Fe3* at the
octahedral site correspond to a peak at 470 cm’!, whereas the vibrations of Co?" at the
tetrahedral site correspond to a peak at 670 cm™!. In a tetrahedral vacancy in FeOa, the A1z mode
represents the symmetric stretching of an oxygen atom with respect to a metal ion. Eg and T2g

modes are produced by the symmetric and anti-symmetric bending of the O atom in the Fe-O



or Co-O link at the octahedral and tetrahedral voids [40]. An additional peak at 620 cm™! with
Alg symmetry occurs because the octahedral and tetrahedral locations exchange cations [41].
Adding Nd to CoFe;Os results in red shifting; the peak at 690 cm! shifted towards a lower
wavenumber. Similar wavenumber shifting patterns have previously been reported for rare
earth element doping [42]. Also, the doping of Nd to pure CoFe2O4 causes a redistribution of
Fe3* ions and Co?" ions. Thus, Fe3" moves to tetrahedral sites, and Co*" moves to octahedral

sites, resulting in an increased inversion degree of spinel ferrites.
3.3 Optical properties

Absorption characteristics of CoFe,@4 and Nd-doped CoFea04 were examined using
UV-visible spectroscopy. Figures 3a and 3b showithe UVAvisible absorption and reflectance
spectra of synthesized pure and Nd doped CoFe;O4 recorded in the 200-400 nm range,
respectively. The Fe -O charge transferof anisélated Fe’*ion in octahedral coordination is
responsible for the band at 232 nm [43]. Comparing CoFe204 nanoparticles to 5% Nd doped
CoFe0s4, it is clear that the absorption edge gradually moves toward the higher wavelength.
This is du€ to intrinsic bandgap absorption. An ‘electronic transfer between the valence and
conduction bands causes these peaks. The exchange interaction between the s-f and d-f orbits
causes a negative and positive adjustment to the edges of the conduction and valence bands,

resulting in a reduction in the band gap.
3.4 XPS

Chemical stoichiometry of as-synthesized pure and Nd-doped CoFe>O4 was determined
using XPS. Recorded XPS spectra corresponding to Co 2p, Fe 2p, O 1s, and Nd 3d core levels
of synthesized samples are presented in Figure 4. The peaks that emerged at 779 and 794 eV
correspond to Co 2p32 and 2pis, respectively, confirming the presence of Co?" state [44], as

shown in Figure 4a. Figure 4b gives the Fe 2p spectra, and the peak positions around 708 and



723 eV correspond to Fe 2p3/» and Fe 2p1, for Fe’* states, revealing the oxidation state of iron
is Fe*" and not Fe?' [45]. Binding energy obtained at 531.7 eV for oxygen species (O 1s) agrees
with the standard and is presented in Figure 4¢ [46]. XPS spectrum of Nd 3d is shown in Figure
4d. It is observed that doping of Nd to CoFe;O4 results in the shifting of peaks to higher values
in Co 2p, Fe 2p, and O 1s spectra. The Nd 3d core level photoemission peaks at 982 and 1004
eV correlate to the 5/2 and 3/2 spin-orbit double components, respectively, showing that Nd
ions exist in a trivalent state. Thus, the XPS results confirmshe successful incorporation of Nd

atoms into the CoFe,O4 lattice [47].
3.5 Surface Morphology

The SEM image of as-synthesized pure, CoFesOs and Nd doped with various
concentrations of Nd, such as 5, 10, andy15%, is shown in Figure 5. The CoFe204 shows the
self-assembled microstructure. The synthesized nanoparticlesyappeared to be brick in which
the top and bottom suffaces were flat while the porous were developed along their sides. The
particles seemed to be large and irregular agglomerates with veins in them. Large cracks
appeared along its'side, with porosity hete and ‘there. The veins are arranged in a random
manner, with some cuts‘inithem.“Imisome regions of the surface, wrinkles and some porous
cracks appear. ‘Adding dopant to pure CoFe2O4 seems to increase the porous formation and
develop patches on the top and bottom of the surface. Also, the doping of Nd results in the
formation of macroporous parallel to each other in which the microporous are grown inside the
wall of them. Also, the wrinkles on the surface seemed to be enlarged after doping Nd.
Increasing the amount of Nd doping increases the wrinkles throughout the surface. The patches
developed on the wrinkled surface exhibit a porous structure. Further magnification reveals the

presence of a vein-like structure inside the porous.

3.4 Photocatalytic performance



To investigate the photocatalytic performance of CoFe>Os and Nd-doped CoFe2Oy,
Methylene Blue dye was degraded with the synthesized photocatalyst. Figure 6 depicts the
absorbance of MB dye in the presence of CoFe20s and various percentages of Nd-doped
CoFe>04 photocatalysts. The decrease in absorbance at 664 nm, the characteristic absorbance
peak of methylene blue dye, specifies that the MB dye degrades faster in the presence of a
catalyst. Under light irradiation, the electrons get shifted from the valence band to the
conduction band, leaving their associated holes in the valen¢e band. These valence band holes
produce ‘OH radical by reacting with OH-, which isgresentiin the water. The photoinduced
electrons are captured by Oz, resulting in thé formation of ‘superoxide anion ‘O, . The
generated ‘'OH and 'O, is responsible for the oxidation process imythe degradation of
methylene blue dye. The shifted eleetrons shortly recombine with the holes in the valence band
in CoFe204. To reduce such faster recombination, doping of rare earth metal ions, particularly
Nd**, was done. The doping of Nd** significantly alters the band structure of CoFe;O4 as it
forms the localized energy level in CoFe;04./The reaction mechanism of CoFe>O4 and Nd-

doped CoFe>O4 as photocatalysts'is as,follows:

CoFe§0,+ hv - Co Fe 0, (e~ +h™) 3)
H,0 + Co Fe30, (h*) » CoFe,0, +°OH + H* 4)
Nd** + 0, » Nd*t+ 0,” (5)
CoFe,0, (e”) + Nd** > .€oFe,0, + Nd3* (6)
'0,” + H* > "HO, 7)
"HO, + HO, - H,0, + 0, (3)
H,0, +°0,” > OH + OH™ + 0, 9)

MB + OH/' 0, /H,0, —» degraded products (10)



The degrading efficiency of CoFe>O4 and various percentages of Nd-doped CoFe2O4
photocatalysts is evaluated using equation (1) [48], as shown in Figure 7. It is seen that CoFe204
degrades MB solution by about 67% within 4 hours. To enhance the degrading efficiency of
CoFe04, the doping of various percentage rare earth metal ions was carried out. Within the
same time period, the degradation efficiency of 5% Nd doped CoFe2O4 is 72% higher than that
of CoFe204. On the other hand, the increase in the percentage of Nd doping in CoFexO4
decreases the degradation efficiency, such as 69% and 64% for 10% and 15% Nd doped
CoFex04, respectively, for a reaction time of 4 hours. This reveals that raising the concentration
of Nd doping favors the interaction between Nd frivalent metaldions (Nd*" and CoFe;Os,
resulting in the shattering of the CoFe,Os sites. This site splitting resultsyin less electron-hole
separation and a slower oxidation process, thereby diminishing the photocatalytic performance.
Thus, the dye degradation efficiency appearsito be enhancedonly by doping low concentrations
of Nd**. The comparison.of the photocatalytic activity,of CoFe204 and various percentages of

Nd-doped CoFe O4with previous works is tabulated in table I

Figures8,shows the Kinetic behavior of the\deterioration process of MB dye with the
syntheSized photocatalyst. A straight line wa$ obtained. The R? value and the rate of
degradation constant were tabulated intable 2. The 5% Nd-doped CoFe>O4 degrades the dye at
a higher rate of 0:3243 hour!. Thus, the doping of Nd to CoFe>O4 boosts the MB dye
degradation process, which agrees with the resultant efficiency. Due to their ease of separation
and lack of secondary contamination during the reaction, the synthesized nanoparticles, such

as CoFe204 and Nd-doped CoFe>O4 may be used in several repeating processes.
4. Conclusion

The CoFe20s and Nd doped CoFe2O4 with various percentages of doping, such as 5,

10, and 15%, were effectively synthesized using the sol-gel process. XRD studies confirm the



cubic structure of CoFe>O4. The Raman investigation was used to determine the photocatalyst's
numerous vibrational modes and phase impurities. XPS spectra confirmed the Nd incorporation
in the CoFe;O4 lattice as Nd**. SEM images depict flat surfaces of CoFe204 on top and bottom,
with porous structures forming along its sides. Degradation of Methylene Blue dye with
synthesized photocatalysts such as CoFe;O4 and Nd-doped CoFe,O4 revealed that doping Nd
to CoFe2O4 increases photocatalytic activity. The 5% Nd doped CoFe>Os shows higher

photocatalytic performance, with a degradation efficiency of about 72% within 4 hours.
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Figure 1: Comparitive XRD pattern of CoFe204, 5% Nd: CoFe204,

10% Nd: CoFe204 and 15% Nd: CoFe204.



15% Nd:CoFe,0,
/fM\ WAV

10% Nd:CoFe,0,
-
=
=
S’
>
e
'z
§ ——5% Nd:CoFe,0,
=
i

CoFe,0,

I ! 2 I * !

150 300 450 600 750

Raman shift cm™!

Figure 2: Comparative Raman spectra of CoFe204, 5% Nd: CoFe204,

10% Nd: CoFe204 and 15% Nd: CoFe204.
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Tablel: Photocatalytic activity of Nd doped CoFe204 in comparison to other previous

reports.
Photocatalyst Synthesis Model Result Ref
route pollutant
TiO2 doped Microwave Congo red The photocatalytic activity was [49]
CoFe204 method about 85 and 97% for catalyst
and catalyst/H>O2 within 120
min of time.
Ni doped Co- Methylene blue, | Degradation of MB, RhB and [50]
CoFe204 precipitation Rhodamine B, | Crystal violet with Ni- CoFe>O4
Crystal violet was found to be 83.4, 63.62 and
82.76% respectively within 90
min of irradiation
Dy doped Co- Methyl orange | The 78.65%,0f MO dye was [51]
CoFe204 precipitation degraded with the presence of
synthesised photocatalyst within
2 houss
CoFe204/ Co- Methylene blue, )|, Theé CoFe204/rGO [52]
rGO precipitation Rhedamine B, | nanocomposite material
Methyberange | degraded MB more efficiently
than' MO and RhB dyes (89%,
64%, andi58%, respectively).
MoO3/ Co- Methylene blue, | Almost 91.% degradation of the | [53]
CoFe204 précipitation RhodamineB, | MB, 54% degradation of RhB
Crystal violet and 65% degradation of crystal
violet was observed by the as-
synthesized nanocomposite
CoFexQ4 Microwave Congored; The addition of CoFe204 [54]
assisted wet 4-Nitrophenol | photocatalyst exhibits improved
chemistry photocatalytic activity for
method degradation of Congo red (96%)
and 4-N (63%)
CoFex0q4 Sol-gel method' | Reactive red The cobalt ferrite on Reactive [55]
195 Red 195 (RR195) shows 74%
deterioration in less than 2 hours
Al doped Solvothermal Methylene blue | The 93% methylene blue dye [56]
CoFex04 method was degraded by
Coo.1Alo.03Fe0.1700.4 within 120
min
CoFex04 Chemical Methylene blue | Achieved 99.75% photo Fenton- | [57]
precipitation like degradation of MB in the
presence of CoFe2 O4
Nd doped Sol-gel method | Methylene blue | The 5% Nd doping to CoFe2Os4 | This
CoFex04 enhanced the degradation work

performance of CoFe;04




Table 2: Kinetic parameters and efficiency of photocatalytic degradation of methylene

blue with synthesized photocatalysts.

Photocatalyst The rate conjtant Corrftlation2 Degrading efficiency
(K) (hour™) coefficient (R*) (%)
CoFe;04 0.2828 0.996 67
5% Nd:CoFe204 0.3243 0.998 72
10% Nd:CoFe204 0.2820
15% Nd:CoFez04 0.2298

NS



