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Abstract

In the present work, undoped and nickel doped zinc ferrite (ZnFe,_,Ni,O,) nano-composites were synthesized using a facile
auto-combustion method using glycine as fuel. Effects of Ni dopant concentration and annealing process on structural and
morphological properties were investigated by X-ray Diffraction (XRD), Raman spectroscopy, Fourier Transform InfraRed
(FTIR) spectroscopy, and Scanning Electron Microscopy/Energy-dispersive X-ray spectroscopy (SEM/EDS). The formation
of cubic spinel ferrites is confirmed by XRD analysis while asserting particles with a size range of 55-58 nm. Analysis of
Raman spectra showed a transition of normal to inverse spinel-type with the increase in Ni content. Photocatalytic studies of
as-synthesized nanoparticles using methylene blue (MB) demonstrated a strong correlation between photocatalytic efficiency
and Ni doping. Ni-doped zinc-ferrites exhibited 98% photocatalytic efficiency at an optimum Ni doping concentration of
30%. As-synthesized ferrites have the potential to be used as an efficient, reusable, and magnetically removable photocatalyst

system for removing organic pollutants.
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1 Introduction

The immense exploitation of synthetic organic compounds
for diverse industrial processes often created drastic envi-
ronmental pollution worldwide [1]. Discharge of wastewater
from large-scale industries is found to contain organic dye
remnants which are reported to be extremely devastating
to the entire ecosystem. Methylene blue (MB) is a typical
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aromatic dye that is usually employed in textile industries
for the dyeing process of silk and cotton materials [2, 3].
Being stable, toxic, and non-degradable, these dye fractions
even at low trace levels can deteriorate the quality of water
significantly [4]. On potential exposure, human health could
be endangered by its inherent carcinogenicity and tissue
necrotic effects [5]. Besides, the photosynthesis of aquatic
organisms could be hindered by the stable coloured nature
of dye molecules. Extensive efforts based on adsorption,
filtration, ion exchange, and chlorination have been put for-
ward for addressing water remediation [6—8]. The develop-
ment of advanced remediation strategies remains one of the
global concerns owing to the increased threat of water con-
tamination [9]. In this scenario, photocatalysis has acquired
immense research attention where the organic contaminants
can be completely degraded to nontoxic end products in an
eco-friendly manner [10-13]. Besides, the formation of sec-
ondary toxic by products can be avoided by this technique.
In addition to frequently employed photocatalysts based on
titanium dioxide and zinc oxide, other systems like stron-
tium/cerium bimetallic nanocomposites, pectin zirconium
(IV) selenotungstophosphate nanocomposites are reported to
be highly effective under ultra-violet or visible light sources
[14, 15]. Still, different strategies have been put forward to


http://orcid.org/0000-0003-1895-4008
http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-021-01960-z&domain=pdf

Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3496-3504 3497

address challenges such as achieving high efficiency, ease of
recoverability and ability of sunlight driven catalysis.

Magnetic zinc ferrites (ZnFe,O, or ZFO) are attracted
enormous research attraction owing to their unique elec-
tric, magnetic and catalytic properties; while exhibiting
high stability and ease of fabrication with reproducibility
[16, 17]. These are n-type semiconductors with cubic struc-
ture and frequently used for various electronic applications
[18-20]. Besides, these are characterized by a low bandgap
of ~1.9 eV as determined in the work of Jang et al. and Borse
et al. by using UV-Visible Diffuse Reflectance Spectroscopy
(UV-Vis DRS), also characterized by a well suited elec-
tronic structure and broad absorption in the visible range
making it suitable for many water redox reactions [21, 22].
Ferrite nanocomposites can be synthesized by various tech-
niques such as hydrothermal, sonochemical, co-precipita-
tion, and sol-gel auto combustion [23-27]. Among them,
auto-combustion methods are mostly favourable owing to
the simplicity, versatility, rapid completeness of reaction,
the homogeneous addition of dopant could be ensured [28].
During the process, metal nitrates can be homogenously
mixed in presence of fuel materials like hydrazides, urea,
glycine, and citric acid. Magnetic recoverable ferrite com-
posite was found to be quite appealing in the photocatalysis
process as easy and complete separation of catalyst from
the rest of the medium is possible using an external magnet.
While conventional photocatalysts require mostly centrifu-
gation or filtration for further removal, the catalyst recovery
rate, and reusability could be much enhanced in the case of
ferrites [29-31]. Besides, high surface area to volume ratio
and quantum confinements of nano ferrites is most promis-
ing to get high efficient photocatalysts.

Recently studies have been reported on catalytic aspects
of ZFO composites as the morphology and structural param-
eters can influence their performance. Nevertheless, few
endeavours have investigated nickel-zinc ferrite nanocom-
posites materials for photocatalytic purposes. In the current
work, ZFO samples were prepared by the auto-combustion
method and annealed at 1000 °C. The effect of Ni dopant
concentration on ZFO structure and morphology was stud-
ied in detail. It was found that doped samples present pure
crystallographic and high efficiency regarding methylene
blue decomposition.

2 Experimental
2.1 Materials

Base materials such as zinc nitrate (Zn(NO3), 6H,0), ferric
nitrate (Fe(NO;);-9H,0), nickel nitrate (Ni(NO;), 6H,0),

glycine (C,HsNO,) from Sigma Aldrich, USA, and methylene
blue from IBA scientific, IA were used for the present study.

2.2 Synthesis and Characterization of Zinc Ferrites

ZFO samples were prepared by dissolving and mixing the
nitrates of Zinc, Iron, and nickel as precursors and glycine as
fuel. Formation of the homogenous gel was ensured by apply-
ing stirring at 80 °C which finally undergone combustion [32].
The flame temperature during combustion can be from 600
to 1350 °C. After burning in the air and grinding, the burned
gel turned to powder. All samples have then been annealed
at 1000 °C under air. The Ni content in the ZnFe,_ Ni O,
prepared samples was changed from x=0.05 to 0.4 in weight
percentage in the starting solutions.

The annealed samples were characterized by an X-Ray
diffractometer (D8 advanced Bruker), Raman spectroscopy
(RENISHAW) with laser edge 785 nm, FTIR (JASCO FT/
IR-6300), Field Emission SEM/EDS (Thermo scientific Apreo
O).

2.3 Photocatalytic Studies

The photocatalytic activity of as-prepared samples was
evaluated using a photochemical reactor (Techinstro, India)
equipped with a 450 W ultraviolet (UV) lamp. For this, 300 ml
aqueous solution of methylene blue (0.02 x 10~ mol/L) was
taken in the reaction vessel followed by the addition of 0.1 g
of ZFO doped by Ni (x=0, 0.05, 0.15, 0.3, and 0.4 Adsorp-
tion—desorption equilibrium of dye on the photocatalyst sur-
face was ensured by magnetic stirring in dark for 20 min. The
reaction medium is then subjected to UV light and the tem-
perature was kept steady during the reaction using an exter-
nal water circulatory chiller unit. The decrease in absorption
values of MB solutions was continuously monitored at each
20 min time interval using a UV-Visible spectrophotometer
[33]. The degradation efficiency is calculated using the fol-
lowing equation:

Degradation of dye (%) = [(CO - C’)/CO] x 100% ¢))

= [(Bo =4/, | x 100% )

where C,, and C, are the initial and the final concentrations,
respectively; A, and A, are the corresponding absorbance val-
ues of MB, which were measured at the highest absorbance
peak of MB of 665 nm.
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3 Results and Discussion
3.1 Structural Characterization

ZFO nanocomposites were successfully synthesized by
auto-combustion method by varying the Ni content from
5 to 40% of ZnFe,_ Ni,O, (x=0, 0.05, 0.15, 0.3 and
0.4). The diffractograms of the synthesized samples were
annealed at 1000 °C (Fig. la). The XRD spectra were ana-
lyzed by X’Pert high score software to check their struc-
ture allowed us according to find that the diffraction peaks
of sample x =0 are in good agreement with the ASTM
card No. (01-073-1963) of pure Zinc Ferrite cubic phase
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Fig.1 a XRD pattern of ZnFe,_,Ni,O, powder as a function of Ni
doping (x=0.05, 0.15, 0.3 and 0.4) after annealing at 1000 °C under
air and b Plot of crystal size versus Ni dopant concentration
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with space group Fd3m which proves that the non-doped
sample has a pure phase. The doped samples with x=0.05,
0.15, 0.3 and 0.4 are in a good agreement with the ASTM
card No. (01-073-1963) of pure Zinc Ferrite cubic phase
with space group Fd3m. Extra peaks of secondary phases
have been also observed [34]:

e For: x=0.05 and 0.15 the indexation of extra peaks
consistent with ASTM card No. (00-008-0234) of
Nickel Zinc Iron Oxide (Ni,Zn)Fe,O, cubic phase with
space group Fd3m as and ASTM card No. (01-073-
0603) of a-Fe,O5 (hematite) rhombohedral nanoparti-
cles.

e For samples doped with x=0.3 and 0.4 the extra phases
fits with the ASTM card No. (00-008-0234) of Nickel
Zinc Iron Oxide (Ni,Zn)Fe,O, cubic phase with space
group Fd3m as ZFO and ASTM card No. (00-001-
1136) of ZnO hexagonal wurtzite nanoparticles.

The average crystallite size of zinc ferrites compo-
sitions was calculated from the XRD spectra using the
Debye—Scherrer formula on the main peak (311) for all
samples [35, 36]

092
- pcos@ 3)

where D is the crystalline size, A denotes the wave-
length of Cu-Ka X-ray radiation, f is the full width at
half maximum of XRD peaks and 0 is Bragg’s angle. The
variation of the crystal size of ZFO compositions was plot-
ted as a function of Ni dopant concentration as shown in
Fig. 1b. It can be seen that subsequent changes in Ni con-
tent impose a slight variation of crystal sizes from 55 to
57 nm. While lower and higher doping concentrations (5%
and 40% respectively) resulted in slightly higher crystal
size, the lowest crystal size was obtained for moderate Ni
doping levels of 15 to 30%.

The characteristic Raman spectra of synthesized ZFO
samples were represented in Fig. 2. It was reported that
the positions of the peaks, Raman lines features, widths,
energies, shape, and intensities get affected by the substi-
tution leading to the changes in the lattice parameters and
the cations positions in the lattice. The Raman shifts shows
5 modes (A, +E, + 3F,,) as normal spinel for samples
with x =0, 0.05 and 0.15 type and inverse spinel-type for
x=0.3 and x=0.4 ones due to A;, mode represented as
doublet peaks [37].

FTIR spectra of the synthesized ZFO samples were
depicted in Fig. 3. Ferrites spinel oxides are reported to
consist of two metal-oxygen (M—O) vibrations within
the 350-600 cm™! range. The characteristic absorption
peaks are observed between 542 and 549 cm™! due to
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Fig.2 Effect of Ni content (x=0, 0.05, 0.15, 0.3 and 04) on the
Raman spectra of the ZnFe,_,Ni,O, composites annealed at 1000 °C
under air. Raman spectra acquired using 785 nm laser, 50 mW power,
and 10 s integration time
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Fig.3 FTIR spectra of ZnFe,_,Ni, O, with varying Ni content (x=0,
0.05, 0.15, 0.3 and 0.4) after annealing at 1000 °C

the stretching vibrations of the Fe—O bonds in octahe-
dral positions [38, 39]. Furthermore, the characteristic
peaks observed between 401 and 415 cm™! are due to

the stretching vibrations of the Zn—O bonds in tetrahe-
dral positions [40, 41]. The peak around 2900 cm™! is not
prominent still present in ZFO compositions; which rep-
resents C—H stretching vibrations. The absence of a peak
around 3000 cm~! indicates the absence of water moieties,
mostly due to the annealing process. Further, the peak near
2300 cm™! is mainly due to carbon dioxide molecules that
adsorbed on the substrates.

3.2 Morphological Analysis

The SEM micrographs of ZFO samples showed surface mor-
phology of as-prepared samples (Fig. 4). The grain size was
found to be in the range of 103.5-652.5 nm for different
compositions. Moreover, it could be noted that the particle
size gets increased on the initial addition of Ni from 5 to
15%, thereafter it decreases. Some extent of agglomeration
has clearly appeared in all compositions which might be
attributed due to the exposure to higher temperatures during
auto-combustion and annealing processes. The high surface
area to volume ratio and inherent magnetic properties of
nanoparticles can further facilitate the tendency for agglom-
eration. Our observation sounds well with previous studies
conducted by Naik et al. for green synthesis of zinc ferrite
nanoparticles using Limonia acidissima juice [42]. Moreo-
ver, the elemental analysis showed that as-synthesized zinc
ferrites are composed of expected constituent elements such
as Zn, Fe, O, and Ni [43]. This proved that the auto-combus-
tion process produces pure zinc ferrites without any impuri-
ties (Fig. 5) where it represented the EDX of the pure ZFO
and the Ni 30% doped one to check the Ni concentration.

3.3 Photocatalytic Activity

The photocatalytic behaviour of as-synthesized ZFO com-
posites was investigated using methylene blue under UV
light. The absorbance of MB subsequently decreased with
increased during the reaction (Fig. 6a). It could be clearly
seen that the photocatalytic performance of ZFO nanocom-
posites enhanced successively with Ni dopant up to 30%
and thereafter decreases by 40% (Fig. 6b, c). After 200 min
reaction, the degradation efficiencies of different compos-
ites were calculated and correlated with their correspond-
ing crystal size (Fig. 7a). While bare ZFO exhibits ~95%
degradation of MB, zinc ferrite composite with 30% Ni
dopant was found to have the highest degradation efficiency
of ~98%. Moreover, the rate constant of the reaction was
also calculated for each nanocomposite as given in Fig. 7b.
The highest rate constant of 2.38 X 10> was observed at 30%
Ni content. The photocatalytic efficiency is then strongly
correlated to the crystal size of nanocomposites. As the size
is decreasing the specific surface area is increasing lead-
ing to a more exposed surface for dye adsorption. Besides,
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Fig.4 FESEM images of
ZnFe,_,Ni O, samples contain-
inga0,b0.05,¢0.15,d 0.3
and e 0.4% Ni dopant; post
annealing at 1000 °C

the reusability of the synthesized composites was evaluated
by subjecting to photocatalysis for three cycles after subse-
quent washing with deionized water (Fig. 7c). The degrada-
tion efficiency of ZFO composites showed more than 85%
reproducibility after three cycles. The observed reduction
in efficiency might be due to the material loss during wash-
ing steps which could be improved by retrieving from the
medium using an external magnetic field.

Figure 8 demonstrated the feasible photocatalytic mecha-
nism of ZFO nanocomposites. When exposed to UV light,
ZFO composites absorb enough energy to excite the elec-
trons from valence band (VB) to conduction band (CB),
forming free electrons (e”) in CB and holes (h™) in VB [44,
45]. The free electrons may be released into the aqueous
solution of dye, which reacts with dissolved oxygen in the

@ Springer

medium to form superoxide radicals (O,"). These can further
attack water molecules or hydroxyl ions to form reactive
hydroxide ions (OH"); that have the capacity to attack the dye
molecules [19, 39]. Meanwhile, h' in the valence band can
also promote the formation of OH' radicals. Consequently,
MB can decompose to nontoxic degradation products such
as CO, and H,O. The resultant changes in the MB solution
were also depicted in the figure.

We have compared the photocatalytic efficiency
obtained for as-prepared Ni-doped zinc ferrites with other
systems used for methylene blue degradation (Table 1). A
previous investigation by Jadhav et al.demonstrated the
effect of Ni dopant on structural parameters and photo-
catalytic degradation of Rhodamine B [47]. They found
that the photocatalytic effect increases with Ni content
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while using urea as fuel. In the present study, we have
investigated the effect of Ni doping on structural and pho-
tocatalytic properties of ZFO nanocomposites by using
glycine as a green fuel. We observed that the highest pho-
tocatalytic activity of 98% was obtained for the optimum

Ni content of 30%. As auto-combustion process param-
eters could significantly affect the structure and properties
of ZFO nanocomposites, the proper correlation between
structural features and photocatalytic performance is
highly necessitated in this context. The stability of the
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material has been proved by doing multiple photocatalysis
cycles on the same sample.

4 Conclusions

In summary, ZFO nanocomposites with varying Ni dopant
were successfully synthesized using auto-combustion fol-
lowed by the annealing process. XRD revealed the formation
of zinc ferrites crystallites with cubic spinel structure. The
morphology of different zinc ferrites was evaluated using
SEM. The degradation rate of MB solution increases suc-
cessively with Ni doping up to 30% and thereafter decreases.
With an optimum Ni doping (30%), photocatalytic activity
up to 98% was achieved with as-synthesized ZFO nanocom-
posites, which can perform as an environmentally friendly,
easily isolable, and recyclable photocatalyst for water
treatments.
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Table 1 Comparison of photocatalytic activity of currently investigated ZFO composites with previous reports

Photocatalyst material

Concentration of MB

Irradiation time Degradation Earlier reports

(min) efficiency (%)

PANI/Zirconium (IV) silicophosphate 1.5x107° M 120 82 Pathania et al. (2014) [8]
Pectin zirconium (IV) selenotungstophosphate 1.5x10° M 180 89 Gupta et al. (2015) [15]
Zinc ferrites 20 ppm 90 94 Padmapriya et al.

(2016) [43]
Cobalt zinc ferrite 10 mg/L 60 77 Chabhar et al. (2021) [46]
Aluminium zinc ferrites 5 ppm 120 55 Gul et al. (2020) [48]
Ni dopped Zinc ferrites 2%x107°M 180 98 Present work
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