
����������
�������

Citation: Shukla, A.; Singh, S.C.;

Bhardwaj, A.; Kotnala, R.K.; Uttam,

K.N.; Guo, C.; Gopal, R. Calcination

Temperature Induced Structural,

Optical and Magnetic

Transformations in Titanium Ferrite

Nanoparticles. Reactions 2022, 3,

224–232. https://doi.org/10.3390/

reactions3010017

Academic Editor: Dmitry Yu. Murzin

Received: 29 December 2021

Accepted: 5 March 2022

Published: 19 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

reactions

Article

Calcination Temperature Induced Structural, Optical and
Magnetic Transformations in Titanium Ferrite Nanoparticles
Abhishek Shukla 1,2 , Subhash C. Singh 1,2,3,* , Abhishek Bhardwaj 4 , Ravindra Kumar Kotnala 5,
Kailash Narayan Uttam 1, Chunlei Guo 3 and Ram Gopal 1,*

1 Laser Spectroscopy and Nanomaterials Lab, Physics Department, University of Allahabad,
Allahabad 211002, India; abhishekshukla@ciomp.ac.cn (A.S.); knuttam@gmail.com (K.N.U.)

2 The Photonics Laboratory, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy
of Sciences, Changchun 130033, China

3 The Institute of Optics, University of Rochester, Rochester, NY 14627, USA; guo@optics.rochester.edu
4 Department of Environmental Science, Amity School of Life Sciences, Amity University,

Gwalior 474001, India; bhardwajak87@gmail.com
5 Magnetic and Multiferroic, National Physical Laboratory (NPL), New Delhi 110016, India;

rkkotnala@nplindia.org
* Correspondence: ssingh49@ur.rochester.edu (S.C.S.); profrgopal@gmail.com (R.G.)

Abstract: Titanium ferrite represents one of the most promising magnetic materials that exhibits
optical absorption in both ultraviolet and visible spectral regions with a range of applications in
photocatalysis, giant magnetoresistance, sensors, high-frequency modern power supplies, etc. Here
in the present work, we report synthesizing titanium ferrite NPs via the co-precipitation method.
As obtained ferrite nanopowders were characterized using XRD, UV-Visible absorption, Raman
scattering, and variable sample magnetometer techniques. The crystalline size of NPs lies between
35 to 50 nm. The as-obtained nanopowder samples were calcined at 200, 500, 800 ◦C temperatures,
and the resulting change in the optical, structural, and magnetic properties are investigated. The
saturation magnetization of 500 ◦C calcined sample is higher than that calcined at 200 ◦C, but the
magnetization value drastically becomes reduced for powder calcined at 800 ◦C temperature. The
results of the present work can be used to understand the effects of annealing temperature on the
structural and magnetic properties of other ferrite nanomaterials.

Keywords: magnetic properties; chemical co-precipitation; Raman spectroscopy; spinel ferrite

1. Introduction

Over the past decades, many efforts have been made by researchers all over the world
to synthesize a variety of functional magnetic nanomaterials. Among all types of nanoma-
terials, magnetic nanomaterials have become one of the most investigated materials due to
their unusual properties and wide range of applications including photocatalysis, giant
magnetoresistance, sensors, high-frequency telecommunication, modern power supplies,
etc. [1,2]. Iron and its mixed oxides bear multifunctional properties. For example, zinc
doped iron–oxide or iron doped zinc–oxide have semiconducting, fluorescent, and mag-
netic properties. This means that the electrical conductivity and optical emission of these
materials, generally known as spintronic materials, can be tailored by applying an external
magnetic field [3]. These types of multi-functionalities have already been applied to sensing,
biomedical, hyperthermia, energy storage, electrocatalysts, batteries, and environmental
remediation [4]. To optimize the performance of magneto-optical, magneto-electronic,
and other magnetism responsive switches and devices, various functionalities should be
independently studied. Ferrite nanomaterials (MFe2O4; where M = Zn, Cu, Ni, Co, Ti,
etc.), where a transition metal is doped into the standard spinel of magnetite (Fe3O4) have
recently attracted great interest due to their wide applications in biomedical, wastewater
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treatment, catalysis, and electronic devices. Functionalizing non-magnetic oxides with
magnetism can benefit magnetic field induced control and activation of chemical reaction
and recycling of photocatalysts from the solution through the application of an external
magnetic field [4].

Various physical and chemical approaches were researched to synthesize ferrite
nanoparticles [4–11]. Among these, the chemical co-precipitation approach exhibits unique
advantages owing to its simplicity, usage of low-cost equipment, and capability of mass
production [12–14]. Here, we report synthesizing titanium ferrite (TiFe2O4) nanoparticles
via co-precipitation reaction and calcined the as-obtained power at different temperatures.
The effects of annealing temperature on optical, structural, and magnetic properties of
nanopowders are studied.

2. Synthesis and Characterizations

Titanium ferrite nanopowders (NPs) were synthesized using the co-precipitation
method, as illustrated in Figure 1. In a typical process, 0.19 M FeCl2 (ferrous chloride)
aqueous solution was stirred for 10 min at 50 ◦C temperature. One ml of TBOT (titanium
n-butoxide) was added into 30 mL of doubled distilled water with continuous stirring
for 10 min to form a translucent solution. The two solutions were transferred into a
conical flask to make a reaction mixture. An aqueous solution of 0.2 M NaOH was added
drop by drop into the reaction mixture with continuous stirring to form a precipitate. As
obtained precipitate was separated from the reaction mixture through centrifugation at
5000 rpm followed by multiple rounds of washing with ethanol and distilled water. The
precipitate was dried in a hot air oven at 60 ◦C for 12 h. Materials produced by chemical
methods, such as co-precipitation, generally exhibit poor crystallinity, impurities, and thus
low ferromagnetism, therefore they require thermal annealing to improve their quality.
Therefore, the dried powder was calcined at 200, 500, and 800 ◦C temperatures into a muffle
furnace for about 12 h. The samples calcined at 200, 500, and 800 temperatures are named
CP-01-200, CP-01-500, and CP-01-800, respectively.

Figure 1. Procedure illustration for the synthesis of titanium ferrite NPs using the co-precipita-
tion method.
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UV–visible absorption spectra of water dispersed calcined powder samples were
recorded using PerkinElmer (Waltham, MA, USA) Lambda-35 double beam spectropho-
tometer. The morphology of CP-01-200 nanopowder was measured using a scanning
electron microscope (SEM) model JSM 6490 attached with EDS. The effects of calcination
temperature on structural and phase transformation were studied usi Billerica, MAng
X-ray diffraction employing Cu Kα line (λ = 1.05406 Å) from a Brukar (Billerica, MA, USA)
D8 Advance diffractometer operating at 45 kV. The structural properties and phase of the
samples were confirmed for Raman spectroscopic measurements using UniRAM (Uni-
NanoTech, Beijing, China) micro-Raman spectrometer equipped with 785 nm excitation
laser and BX3 microscope system with eyepiece 10×. Raman spectra were recorded in
the wavenumber region 0–2000 cm–1 at a resolution of 1 cm–1 using 10× optical zoom.
Magnetization–Magnetic field (M-H) curves for all the three nanopowder samples were
measured using Lakeshore (Westerville, OH, USA) vibrating sample magnetometer at
room temperature.

3. Results & Discussions
3.1. UV-Visible Absorption and Crystallographic Properties of Titanium Ferrite Nanopowders

The XRD patterns of titanium ferrite nanopowder calcined at different temperatures
are shown in Figure 2a The XRD peaks of all the calcined powders show the formation of
the pseudobrookite (TiFe2O5−x) phase of titanium ferrite. This phase is possibly produced
through a solid-state reaction (TiO2 + Fe2O3−x = TiFe2O5−x) between Fe2O3 and TiO2
nanopowders produced through co-precipitation. A careful analysis of the XRD pattern
shows the presence of two systems of Fe2TiO5−x (pseudobrookite) in each of the powder
samples. The XRD peaks marked with # are assigned to the orthorhombic system with
crystalline parameters a = 9.79Å, b = 9.93 Å, and c = 3.72 Å (JCPDS No. 761743). The
remaining intense XRD peaks are assigned to the monoclinic phase of Fe2TiO5 with lattice
parameters a = 10.10 Å, b = 5.03 Å, and c = 7.02 Å (JCPDS No. 731898). In all three
samples, the monoclinic system exhibits a higher abundance than the orthorhombic system.
Scherrer’s equation (D = 0.9λ/βcosθ); where λ = 1.05406 Å is X-ray wavelength, β is FWHM
of the XRD peak, θ is the Bragg angle for X-ray diffraction, is used to calculate crystalline
size along (112) plane. For [112] growth direction, an increase in the calcination temperature
from 200 to 500 degrees C decreases the crystalline size from 44 to 31 nm, but a further
increase in the calcination temperature from 500 to 800 ◦C increases the crystalline size of
nanoparticles from 31 to 48 nm. The effective ionic radii of Fe3+ and Ti4+ are 0.65 Å and
0.51 Å, respectively, due to which there may be fixed cationic distributions of Fe3+/ Ti4+ in
the 4c and 8f sites concerning the main phase of titanium ferrite NPs compositions [15,16].
It was found that close contact of NPs with a temperature of more than 400 ◦C the average
crystalline size tends to increase and there are various factors associated with them such
as structure defects, crystal imperfections, tension, etc. [1]. The intensity ratio of (022)
and (112) peaks are significantly affected by the calcination temperature. For instance, the
intensity ratio is close to unity for the nanopowder sample calcined at 200 ◦C temperature,
while it increases close to two for the nanopowder sample calcined at 500 ◦C temperature.
Further, an increase in the calcination temperature to 800 ◦C abruptly decreases the ratio
close to 0.1.

The UV-visible absorption spectra of water dispersed calcined powders are shown in
Figure 2b. The nanopowder samples exhibit broad absorption from 300–700 nm where the
position of the central intense peak shows a longer wavelength shift with an increase in the
calcination temperature [17,18]. An increase in the optical absorption for samples produced
at the higher temperature is possibly due to improved crystallinity. The longer wavelength
shift in the optical absorption peak shows an increase in the particle size with calcination
temperature [19–23]. Particle size generally increases with annealing temperature due
to agglomeration/aggregation of smaller particles and formation of larger size particles.
Similarly, larger size crystals are formed due to a decrease in imperfections. An increase
in the particle size results in a decrease in the bandgap energy leading to a redshift in the
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optical absorption. The sample calcined at 800 ◦C shows the appearance of a shoulder at
375 nm and an intense peak at 625 nm. The lower wavelength peak displays the contribution
from titanium dioxide while the longer wavelength is due to the presence of iron–oxide.
At high-temperature calcination, some of the iron ferrite nanoparticles possibly become
decomposed into constituent titanium dioxide and iron–oxide nanoparticles resulting in
the appearance of their corresponding absorption peaks [24,25].

Figure 2. (a) XRD and (b) UV–visible absorption measurements of titanium ferrite nanopowder cal-
cined at different temperatures. XRD peaks marked with # are assigned to the orthorhombic system.

Following Beer’s law, the optical absorption coefficient of semiconductor nanoparticles
is related to its bandgap energy by α = A

(
hυ− Eg

)n/hυ, where A is constant, Eg is
bandgap energy of the material, and the exponent n may have values 1/2, 2, 3/2, and
3 corresponding to allowed direct, allowed indirect, forbidden direct, and forbidden indirect
semiconductor, respectively [26]. The region of fundamental absorption, which corresponds
to the electronic transition from the top of the valance band to the bottom of the conduction
band can be used to calculate the bandgap energy of the material using the above expression.
The hυ derivative of ln(αhυ) = nlnA

(
hυ− Eg

)
results in expression dln(αhυ)/dhυ =

n/
(
hυ− Eg

)
. When hυ = Eg, the plot of dln(αhυ)/dhυ versus hυ shows divergence. The

dln(αhυ)/dhυ versus hυ plots for samples annealed at 200 and 800 degrees C temperatures,
are shown in Figure 3. The sample annealed at 200 ◦C shows bandgap energy of 2.3 eV,
while the one annealed at 800 ◦C has a bandgap energy of 2 eV.

Figure 3. Determination of bandgap energy using of titanium ferrite nanopowder calcined at (a) 200
and (b) 800 ◦C temperatures using dln(αhν)/dhν plot of corresponding UV–visible absorption data.
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3.2. Morphological and Compositional Investigation of Nanopowder

The SEM image of the CP-01-200 nanopowder and corresponding EDS spectrum is
shown in Figure 4. It is seen from the micrograph that the NPs are spheroidal in shape.
However, due to the strong magnetic behavior of nanoparticles, they tend to form clusters.
The nanoparticles range in size from 40 to 100 nm. The EDS spectrum (Figure 4b) also
confirms the presence of Ti, Fe, and O in the nanopowder confirming the formation of
titanium ferrite NPs.

Figure 4. (a) Scanning electron microscopic image and (b) EDS spectrum of CP-01-200 nanopowder.
A strong EDS peak of Al is from the Al coated carbon tape.

3.3. Structural Characterization of Calcined Nanopowders Using Vibrational
Spectroscopic Techniques

Raman spectroscopy is a contactless and non-destructive optical spectroscopy tech-
nique that is sensitive to structural disorders in materials. The room temperature micro-
Raman spectra of titanium ferrite nanopowder calcined at different temperatures are shown
in Figure 5. The Raman spectrum of each sample bears five first-order Raman active modes.
The Raman peaks at 228, 409, and 517 cm−1 are assigned to F2g(1), F2g(2), and F2g(3)
modes, respectively, of titanium ferrite. The Raman peaks at 295 and 646 cm−1 are assigned
to Eg and A1g vibrational modes. The origin of A1g mode is symmetric stretching of
oxygen atoms along with Ti-O or Fe-O tetrahedral bonds, while F2g(3) and Eg originate
from asymmetric and symmetric bending of oxygen atoms, respectively. The F2g(2) band is
due to asymmetric stretching of Ti-O or Fe-O bond while F2g(1) is due to the translational
motion of the entire tetrahedron. These five vibrational bands combined (A1g + Eg + 3F2g)
are characteristic of a typical spinel structure of a metal ferrite (MFe2O4) [4,27]. It is inter-
esting to observe that each of the Raman peaks is composed of a closely spaced doublet,
which is a typical characteristic of the inverse spinel structure [28,29].

3.4. Magnetic Properties of Titanium Ferrite Nanopowder Calcined at Different Temperatures

The magnetic moment versus magnetic field (M-H) curves for titanium ferrite nano-
powders calcined at different temperatures are shown in Figure 6a. Figure 6b represents
their photographs demonstrating the response of different nanopowders against a per-
manent magnet. The nanopowder samples calcinated at 200 ◦C and 500 ◦C show ferro-
magnetic behavior while the one calcinated at 800 ◦C exhibits a paramagnetic nature. As
observed from Table 1 and Figure 6a, as the calcinated temperature increases from 200 ◦C to
500 ◦C their remanence, saturation magnetization, and coercivity value increases. However,
an increase in the calcination temperature to 800 ◦C abruptly decreases remanence and
saturation magnetization but increases its coercivity value. A careful analysis of XRD
and magnetization data together shows that the magnetic property of the titanium ferrite
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nanopowder is directly proportional to the growth of the crystal along [022] direction, while
it is inversely proportional to the growth of the crystal along [112] direction. Moreover, the
magnetic properties of nanopowders rely on their crystalline size in a particular direction,
surface composition, and defects [30–32]. Singh et al. reported that the presence of oxygen
vacancies generates spins and hence magnetization even in non-magnetic materials [33,34].
As we can see here, crystalline size along [112] direction decreases from 44 to 31 nm with
an increase in the calcination temperature from 200 to 500 ◦C causes an increase in the
magnetization properties. Opposite to this, the crystalline size increases from 31 to 48 nm
for a change in the calcination temperature from 500 to 800 ◦C that results in an abrupt
decrease in the saturation magnetization.

Figure 5. Raman spectra of NPs calcined at different temperatures.

Figure 6. M-H loop of titanium ferrite NPs synthesized with (a) different calcined temperatures and
(b) magnetism behavior of samples in physical mode.

Table 1. Magnetic parameter of titanium ferrite NPs calcined at different temperatures.

S. No Sample Ms (emu/g) Mr (emu/g) Hc (Oe)

1. CP-01-200 19.169 3.897 115.461
2. CP-01-500 20.358 4.564 133.095
3. CP-01-800 0.376 0.085 225.966
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As can be seen from the XRD and magnetic measurements, an increase in the calci-
nation temperature from 200 to 500 ◦C increases the size of the NPs, the intensity ratio
for (022) and (112) XRD peaks, and the ferromagnetism. It seems that crystalline growth
along [022] direction supports ferromagnetism, while the growth along [112] direction
opposes. Therefore, the ratio of these two peaks can be used as a decisive parameter in
the ferromagnetism of titanium ferrite nanoparticles. Calcination of the powder at 800 ◦C
resulted in a decrease in the ferromagnetism possibly due to thermal decomposition of
some of the titanium ferrite NPs into its components causing the appearance of optical
absorption peaks at 375 and 625 nm. The second possibility is a loss in the long-range
ferromagnetism in the sample when heated to a temperature (1373 K) larger than the Curie
temperature (577 K) as a consequence of spin disordering [35].

3.5. Reactions during Synthesis and Calcination

We employed FeCl2 as an iron precursor and titanium (IV) butoxide (Ti(C4H9O)4),
termed as Ti(OBu)4, as titanium precursor for the synthesis of TiFe2O4 nanomaterials.
Analogous to alkoxide exchange, titanium butoxide readily hydrolyzes to titanium dioxide
using the following reaction:

Ti(OBu)4 + H2O→TiO2 + 4HOBu (1)

Ti(OBu)4 also reacts with NaOH to produce Ti(OH)4 nanoparticles followed by their
hydrothermal conversion to final TiO2 Nanoparticles as follows:

Ti(OBu)4 + 4NaOH→Ti(OH)4 + 4NaOBu (2)

Ti(OH)4→TiO2 + 2H2O (3)

The hydrolysis of Ti(OBu)4 following the reaction (1) possibly forms seeds or suspen-
sions of TiO2 NPs. The seeds or small nanoparticles grow following step (3) and become
sedimented at the bottom of the reaction chamber.

Similarly, FeCl2 reacts with NaOH to produce Fe(OH)2 intermediate nanoparticles
followed by hydrothermal conversion of Fe(OH)2 NPs to FeO nanoparticles. The reactions
are as follows:

FeCl2 + 2NaOH→Fe(OH)2 + 2NaCl (4)

2Fe(OH)2→2FeO + 2H2O (5)

The solid-state reaction between TiO2 and FeO NPs, when the sediment mixture
becomes calcined at different temperatures, results in TiFe2O4 nanoparticles as follows:

TiO2 + 2FeO→TiFe2O4 (6)

The temperature used for the calcination of NPs can control the amount of oxygen
thus magnetic properties of the product nanoparticles as follows:

2TiFe2O4 + O2→2TiFe2O5 (7)

4. Conclusions

Titanium ferrite NPs were successfully synthesized using a chemical co-precipitation
technique. Variation of the calcinated temperature on the samples provides a good impact
on the size, structural, bonding nature, optical and magnetic properties. X-ray diffraction
pattern confirms the formation of titanium ferrite NPs in which one of its phases Fe2TiO5
emerges prominently in higher calcinated temperature 800 ◦C sample. The bandgap energy
decreases with an increase in the calcination temperature on the samples which are con-
cluded by UV–Vis analysis. Raman and XRD measurements show the formation of titanium
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ferrite NPs and the involvement of defects in the system. The magnetic properties of the
resulting samples show the direct impact of calcination temperature in the magnetic values
up to the 500 ◦C samples by exhibiting ferromagnetic behavior and beyond 500 ◦C when
the temperature reaches 800 ◦C revealing paramagnetic behavior. We hypothesize that the
growth of the nanocrystal along [022] direction supports ferromagnetism, while the growth
along [112] direction opposes. Therefore, the ratio of these two peaks can be employed as
a decisive parameter in the ferromagnetism of titanium ferrite nanoparticles. The results
of the present work can be used to understand the effect of annealing temperature on the
structural and ferromagnetic properties of other ferrite nanomaterials.
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