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Abstract

Zn2*-substituted cobalt ferrites (Co-ferrite) having the chemical formula Co;_,Zn,Fe,;0, (x =
0.0, 0.5 and 1.0) were fabricated by a co-precipitated wet chemical route. The analysis of
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weight loss percentage with spinel phase development and evaluation of sintering
temperature of prepared samples were studied by applying the TG—DTA technique.
Structurally refined XRD patterns of the prepared samples revealed the phase purity and cubic
spinel structure with the Fd-3m space group. The fractional atomic positions and Rietveld
refinement factors were estimated from Rietveld refined XRD pattern, and also, other
variations of structural parameters with zinc substitution have been calculated from XRD data.
Both the Rietveld refinement and W—H method were employed to calculate the crystallite size,
and both of them presented the same calculated result. The variation in the shape of particles
and average particle size with Zn2* substitution in Co-ferrite was evaluated from the FE-SEM
technique. The formation of cubic spinel structure and change in the modes of vibrations with
respect to Zn concentration in Co-ferrite of all samples were observed from the best peak-
fitted Raman spectra. All the magnetic properties decreased with increasing concentration of
zinc investigated from M—H loops which were obtained with the application of the VSM
technique. ZFC—FC curve reveals that the blocking temperature of Co-ferrite samples
decreases with increasing Zn concentration. It is possible to modulate or adjust the magnetic
properties of Co-ferrite nanoparticles by Zn+ doping as a favorable material for biomedical

applications such as drug delivery, magnetic hyperthermia and magnetic resonance imaging

(MRI).
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1Introduction

Over the past decades, significant changes have been observed in the preparation of nanoscale
materials having different sizes, shapes and compositions depending on their applicability in
various fields [1]. The nanoscaled materials have exceptional electric, magnetic and physical
properties than their bulk appearance of the same materials (2, 3]. The nanomaterials have a
prominent place in the field of research due to their essential features such as surface-to-
volume ratio, dominancy of quantum effects, chemical stability and tuning feasibility [4].
Among various nanomaterials, magnetic nanomaterials (MNs) have significant applicability
in a range of areas because of their excellent magnetic and electrical properties. In recent
years, MNs have become promising candidates in the research field based on their novel
applications such as biomedical [5], photocatalysis [6], memory storage [7], gas sensor [8]

and magnetic sensor [9].

In the group of MNs, ferrites nanoparticles (NPs) are the chief materials considering their
unique properties. The nanoferrites (NFs) are simply the combination of Fe;03 and metallic
ions (Zn, Co, Ni, Mg, Mn, Ba, Y, etc.). Based on the structure, ferrites are grouped into three
types: spinel ferrite (SPF) having the general formula MFe,0, (M =Zn, Co, Ni etc.); garnet
ferrites (GAFs) having the general formula MFes0y; (M =Y, Eu, Cd, Dy, etc.); and hexagonal
ferrite (HEF) with the general formula MFe;;0,9 (M =Ca, Er, Tm, etc.) [10]. Among them, SPF
is the simplest form of ferrite and has excellent chemical stability, which signifies its most
application in the biomedical field. The distribution of cations at the tetrahedral or octahedral
site decides the normal or inverse or mixed behavior of spinel ferrite [11]. ZnFe,O, is the
example of a normal spinel structure (i.e. Zn ions accommodate only A-site), while CoFe,0, is
the example of inverse spinel (i.e., Co ions accommodate only B-site). The synthesis
parameters such as the molar proportion of chemicals, pH of solution and temperature
affected the properties of spinel ferrite, resulting in the change in structure that occurred [12].
Different synthesis techniques such as sol—gel, co-precipitation and thermal decomposition
are employed in order to prepare SPF NPs to achieve the required biocompatibility, shape,
chemical composition, size, etc., of NPs [13, 14]. Sonia et al. have investigated the synthesis
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techniques affected on magnetic and structural properties of Co-ferrite NPs and found that the
co-precipitation technique is the master way to produce the desired size of nanoparticles [15].
This technique is cost-effective [16], easy to do [17] and does not require any organic fuel into
synthesis [18] due to these advantages, and this is a broadly used method for the preparation
of SPF NPs.

Since the past decades, the study of cobalt ferrite NPs has been vastly increased with the aim
to improve their properties and applications in different areas considering their higher
stability, reasonable saturation magnetization, magnetostrictive coefficient and high
coercivity [19]. For various applications in new technological areas such as drug delivery,
antibacterial activity, magnetic hyperthermia and microwave device, the cobalt ferrite NPs act
as very promising MNs due to their enhanced magnetic properties [20,21,22]. CoFe,0, has an
inverse spinel structure with Co2* ions placed at B-site and Fe3* ions equally distributed
between A-site and B-site based on cation distribution at tetrahedral (A) site and octahedral
(B) site. ZnFe,0, has a normal spinel structure with Zn?* ions predominantly placed at A-site
and Fe3* at B-site. The substitution of diamagnetic Zn2* ions in CoFe,0, brings about a
positive change in its magnetic and structural properties [23]. When the substituted Zn2* in
Co-ferrite replaces Co2*, Zn2+ A-site and Fe3* ions are displaced to the B-site. In other words,
most of Co preferred B-site and most of Zn preferred A-site and Fe preferred both of them. On
the other hand, diamagnetic zinc substitution in hard magnetic Co-ferrite reduces
magnetization [24], which approaches toward the superparamagnetic nature, which is an
essential characteristic feature of NPs for biomedical applications such as the treatment of
magnetic hyperthermia cancer [25]. In this regard, some researchers have presented reports
on their investigation of zinc-doped mixed ferrite NPs. Ben Ali et al. have investigated the
effect of Zn2* doping on the magnetic and structural properties of Co—Zn ferrite NPs and
found that magnetization increases with respect to zinc doping [26]. Harpreet Kaur et al.
prepared Zn- and Cd-substituted cobalt ferrite by sol—gel auto-combustion method and
reported that the properties of cobalt ferrite change with substitution [27]. B. Jansi Rani et al.
have synthesized pure and cobalt-substituted zinc ferrite nanoparticles through a less toxic
co-precipitation method and concluded that the incorporation of transition elements in the
spinel ferrite structure has significant influence on the chemical, optical and structural
properties of the spinel ferrite NPs [28]. K. Anu et al. synthesized ZnyCo;_xFe,0, water-based
nanofluids and reported the effect of zinc concentration on the magnetic and structural
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properties of cobalt ferrite [29]. Raghvendra et al. have synthesized Zn2*-substituted Co-
ferrite NPs with the application of sol—gel auto-combustion method and further ball milling
and found that the Co—Zn ferrite sample with Zn%* and Co2* ions having equal amount
showed enhanced magnetic properties [30]. According to the literature of the last decades, the
Co—Zn ferrites have high stability, good saturation magnetization, low coercivity, less toxicity
and excellent reusability [31,32,33]. The samples which have low coercivity and higher

saturation magnetization are promising candidates for biomedical applications [31, 34, 35].

Hence, the present paper focuses on the preparation of Zn2+-substituted Co-ferrite NPs, i.e.,
Coy-xZnyFe;0, (x=0, 0.5 and 1) by a co-precipitation route, and the thermal, structural,
morphological and magnetic properties of NPs were also studied by standard characterization
tools. The Co—Zn ferrites have been selected for the present research because of their high
sensitivity of magnetization which is a crucial factor for their applicability in biomedical field.
The structural parameter and phase formation were determined using Rietveld analysis. The
prepared samples possess low crystallite size and superparamagnetic behavior which is the
characteristic feature of their application in the biomedical field, especially for magnetic
hyperthermia.

2 Experimental

2.1 Materials and methods

The co-precipitation method was adopted to prepare Coy,Zn,Fe;0, (x = 0.0 to 1.0 in the step of
0.5). Raw materials used to synthesize zinc-doped cobalt ferrite NPs were cobalt chloride
hexahydrate (CoCl,.6H,0), zinc chloride (ZnCl,), ferric chloride (FeCls) and sodium hydroxide
(NaOH), which was used for maintaining the pH of the solution. All chemicals utilized for
synthesis were procured from Molychem PVT Limited and were AR grade. According to the
chemical reaction shown in Fig. 1, NPs were prepared by co-precipitating aqueous solution of
CoCl,.6H,0, ZnCl, and FeCls. In the chemical reaction, chlorides were used as raw materials;
the intermediate stages were involved in the preparation of cobalt ferrite. After constant
heating and stirring, nanocrystalline cobalt ferrite was obtained with some by-products such
as NaCl and H,0. Those particles were washed several times with hot distilled water to remove

NaCl. The reaction shown in Fig. 1 is for CoFe,0,, (denoted as DCZ1), and the similar process
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was performed for the remaining two, i.e., Cog 5Zng sFe;0, (denoted as DCZ3) and ZnFe,0,

(denoted as DCZ5).
Fig.1
I'_itl: LS. stirr \‘ BO°C, 2h
+2 Fe e T ) + O Fa¥* O ;= CoFe;0; + 8NaCl +10H;0
g g T
Fe*

Chemical reaction of DCZ1 NPs synthesized by co-precipitation method

Initially, 50 ml of 1M (dissolved an amount of substance equal to its molecular weight in
1000 ml of distilled water) CoCl,.6H,0 and 50 ml of 2M (the double amount of its molecular
weight of substance dissolved in 1000 ml of distilled water) FeCls solutions were mixed at
300 K with steady stirring for half an hour. After complete desolation, 1M NaOH was added
dropwise in the mixed solutions to regulate the pH value at nine. Then, the obtained solution
was heated at 80 °C with constant stirring at 300 rpm for 2 h. After the processes were
completed, the solution was left to cool down to room temperature under stirring conditions.
Further, the precipitates were again washed with the distilled water several times. Then,
washed particles were separated from water with the help of the centrifugal separator. The
NPs were dehydrated at 300 K for 48 h. The prepared powder of NPs was ground for 50 min,
and after thermal analysis, it was sintered at 900 °C for 4 h. A similar synthesis process was
done forDCZ3 and DCZ5 samples. The sintered powder of all samples was used for the

structural, morphological and magnetic characterization.

2.2 Characterizations

The as-prepared powder of the sample was characterized by ‘thermogravimetric and
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differential thermal analysis’ (Shimadzu DTA-60H) to evaluate the thermal properties and
also to confirm sintering temperature. Rietveld refinement of ‘X-ray diffraction (XRD)’
(Bruker) patterns was carried out by using the FullProf Suit program, and Rietveld refinement
was performed with the help of Pseudo-Voigt function. Crystallite size was calculated by
applying Rietveld refinement as well as the Williamson—Hall plot. The surface morphological
investigation of prepared samples was performed by using the ‘field emission scanning
electron microscopy (FE-SEM)’ (SUPRA 55FE-SEM) technique. Raman spectra of samples
were recorded with the help of Raman spectroscopy (Jobin Yvon Horiba LABRAM-HR 800) at

room temperature within the frequency range of 200—800 cm™L The peak fitting of Raman
spectra was carried out by Origin Pro 8.6 software applying the Lorentzian function. Using a
‘vibrating sample magnetometer (VSM)’ (Quantum Design-Modular control system) at room
temperature with an applied magnetic field + 30kOe, the magnetic properties of samples were
investigated. Field-cooled (FC) and zero-field-cooled (ZFC) curves of all samples were carried
out under the 5000e applied magnetic field and between the temperature range of O K and
350 K (Fig. 2).

Fig.2
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Schematic version of a co-precipitation synthesis route for the preparation of DCZ1 NPs

3 Results and discussion

3.1 Thermal studies

The thermal analysis was performed for understanding the decomposition of metal hydroxide,
removal of water and ferritization temperature of the prepared samples under a nitrogen
atmosphere and in the temperature range of 27 °C to 1000 °C with 20 °C/min heat step. The
TG—DTA curve of DCZ1 sample is shown in Fig. 3. From TG—DTA analysis, it is clear that those
three different events of weight loss exhibit in the TGA curves which have corresponding
endothermic and exothermic peaks observed in the DTA curve. The initial loss in weight was
observed to be 8.5% in the temperature range between 27 °C and 355 °C, which arises due to
the removal of moisture, and there is no corresponding endothermic peak observed in the
DTA analysis. The second weight loss of 18.81% was observed in the temperature range of
355—-416 °C which corresponds to exothermic peak at 400 °C of the DTA curve, which
indicates the disintegration of metallic hydroxides. Further, the third weight loss of 5.71% and
endothermic peak at 549.6 °C show ferritization temperature of ferrite. The total loss in the
weight of DCZ1 sample (i.e., 33.02%) was completed up to the 886 °C. Thus, all the prepared

samples were sintered at 900 °C for 4 h.

Fig.3
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3.2 Structural properties
Rietveld refinement pattern of XRD data of DCZ1, DCZ3 and DCZ5 is shown in Fig. 4, which

was performed using FullProf Suit. In Fig. 4, red-colored points signify the experimentally
observed data and the black-colored line denotes the calculated intensity. Vertical lines
represent Bragg’s positions which are allowed for the Fd-3m space group (Fig. 5). The blue-
colored line at the bottom represents the difference between calculated and measured
intensity levels. Refinements in XRD patterns by Rietveld revealed the phase identification of
samples. The quality of refinement was evaluated by using the reliability factors in Rietveld
refinement [36, 37]. The Rietveld refinement factors such as 2, Rp, Rwp and Rexp of prepared
samples are shown in Table 1. The 2 values of all samples are observed to be closer to 1, which
implies an almost good quality of fit. The values of lattice parameters ‘a;;’ concluded from

Rietveld refinement and ‘a’ of all samples calculated from Eq. 1 are given in Table 4.

SS\sinA{2} \theta = \left( {\lambdaA{2} /aA{2} } \right)\left( {hA{2} + KA{2} + IA{2} }
\right)S$

(1)

Fig. 4

————
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Table 1Rietveld refinement factors: profile factor (R,), weighted profile factor (Ry,;) and
expected R-factor (Reyp) of DCZ1,DCZ3 and DCZ5 samples

where h, k and | are the Miller indices of the plane, 6 is the Bragg’s angle, a is the lattice
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constant and 4 is the X-ray wavelength. With increasing zinc concentration, the values of ‘a;¢’
and ‘@’ are found to be similar and increased. The calculated standard deviation of ‘ar;’ and ‘a’
(SD) is given in Table 4, which is found very small for each sample. The low standard deviation
indicates the data are clustered around the mean, which proves calculated values from both

methods are much closed to each other. The graphical representation of the values of ‘a;;’ and
‘@’ of all samples is shown in Fig. 6a. Perhaps, due to the difference in the ionic radii of Co2*

(072 A) and Zn?* (074 A) ions, a change in the value of the lattice parameter was observed
with increasing zinc concentration.

Fig. 6
8.45 30
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a Variation of calculated (a) and concluded from Rietveld refinement (a;) lattice constant; b variation

of crystallite size calculated from W—H method and Rietveld method for samples DCZ1, DCZ3 and
DCZ5

The Wyckoff positions and x, y and z coordinates of respective atoms used in refinement are
shown in Table 2. In the case of all the three refined samples, slit variation was seen in the
Wyckoff position of 32e, whereas 8a and 16d did not show any variation in its x, y and z
coordinates. The structural parameters L, Lg, dgr, dat, dgr, dag, dag and ionic radii (rp and rp)

were determined with the help of the values of lattice constant ‘a’ and oxygen positional
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parameter ‘u’ having the standard value 0.0375 nm. The hopping lengths for A-site (L) and
B-site (L) were calculated using standard Egs. 2 and 3, respectively [38]. Octahedral bond
length (dgy), tetrahedral bond length (da; ), tetra edge (dag) and octa edge (dggy) shared and
unshared values were evaluated applying Egs. 4, 5, 6, 7 and 8, respectively [39]. The calculated
values of structural parameters of all samples are given in Table 3. The values of all parameters

except Ly and Ly have been enhanced with increasing concentration of zinc.

SSL_{A} =a\sqrt {3/4} \;{{\AA}ISS
(2)

SSL_{B } = a\sqrt {2/4} \;{{\AA}}SS
(3)

$SA_{BL } = a\sqrt {3ur{2} - (11/4)u + (43/64)} \;{{\AA}}SS
(4)

SSA_{{{\text{AL}}}} = a\sqrt 3 (u - 1/4)\;{{\AA}}SS
(5)

SSd_{{\text{AE }}} = a\sqrt 2 \left( {2u - 1/2\;{{\AA}}} \right)S$S
(6)

$Sd_{{{\text{BE}}}} = a\sqrt 2 \left( {1 - 2u} \right)\;{{\AA}}SS
(7)

SSd_{{{\text{BEU}}}} = a\sqrt {4ur{2} - 3u + \left( {11/6} \right)} \;{{\AA}}.SS
(8)
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Table 2 Wyckoff positions and x, y, z coordinates of respective atoms used in Refinement

Table 3 Hopping length (L, Lg), ionic radii (ra, rg), tetrahedral bond length (da.), octahedral
bond length (dg, ), tetra edge (dag) and octa edge shared (dgg) and unshared (dgg,) for the
samples DCZ1,DCZ3 and DCZ5

Using the radius of oxygen anions [i.e., r(O)], the tetrahedral ionic radii (A-site) and
octahedral ionic radii (B-site) were determined by Egs. 9 and 10, respectively [40], and the
calculated values of r and rg are included in Table 3.

SSr_{A} = \left( {u - 1/4} \right)a\sqrt 3 - r\left( {OM{2 - } } \right)\;{{\AA}}SS
(9)

SSr_{B} = \left( {5/8 - u} \right) - r\left( {OA {2 - } } \right)\;{{\AA}}SS

(10)

The computed values of both A-site and B-site ionic radii of all samples were observed to be
increased with increasing concentration of zinc. A-site ionic radii increase from 0.5821 to
0.5955 A, while B-site ionic radii increase from 0.7255 to 0.7399 A with the concentration of
zinc (x=0,0.5and 1).

The modified Williamson—Hall plots of prepared samples are shown in Fig. 5, based on the
uniform deformation model (UDM) (Eq. 12) [41]. The UDM considers uniform strain along
with crystallographic direction, which is observed in nanocrystals due to crystal
imperfections. Based on strain and size in particular peak having hkl value, the total
broadening has been expressed as shown in Eq. 11.
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SS\beta_{{{\text{hkl}}}} = \beta_{{{\text{size}}}} + \beta_{{{\text{strain}}3}3}.SS
(11)

The W—H plots are drawn with 4sing on the x-axis and pCosé on the y-axis to calculate
crystallite size. From the straight line, crystallite size and intrinsic strain were calculated. The
crystallite size has been determined from the intercept on the y-axis [42]; the slope of straight

line provides intrinsic strain, which are given in Table 4.

SS\beta \cos \theta = \frac{k\lambda }{D} + 4\varepsilon {\text{Sin}} \theta.SS

(12)

Table 4 Lattice constant inferred from Rietveld refinement (agy), calculated lattice constant

(a), standard deviation of ‘ag’ and ‘a’ (SD), strain £ (10~*) from W—H plot, crystallite size
calculated by W—H method and Scherrer’s formula for samples DCZ1, DCZ3 and DCZ5

All samples have positive slope which indicates the lattice expansion and hence produce an

intrinsic strain in the nanocrystals.

The comparison of crystallite size of DCZ1, DCZ3 and DCZ5 samples was calculated by
Scherrer’s equation and Williamson—Hall plot, which is provided in Table 4. The crystallite
size was calculated from Debye—Scherrer’s formula with the help of FWHM of the refined XRD
peaks [43].

SSD = {\raise0.7ex\hbox{S${k\lambda }$} \\mathord{\left/ {\vphantom {{k\lambda } {\left(
{\beta cos\theta } \right)}}}\right.\kern-\nulldelimiterspace} \!\lower0.7ex\hbox{ S{\left(
{\beta cos\theta } \right)}S}31SS

where D is the crystallite size of the particles, 1 is the X-ray wavelength, k is a constant (k =
0.9), ¢ 1is the peak position of the identified crystalline phase and 4 is the full width at half
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maximum (FWHM). The crystallite size obtained from both the ways of all samples was
observed to rise with increasing zinc concentration. Kumar et al. reported the comparative
study of the crystallite size of Co—Zn ferrite NPs calculated by using Scherer’s, W—H and
Rietveld three different methods [44]. In the present case, the crystallite size of all samples is
calculated by both W—H method and Scherrer’s formula. The obtained crystallite size was
found same except DCZ5, because it may be the strain correction factor which has been used
while using the Williamson—Hall method. The graphical representation of comparative

variation in crystallite size was calculated by both of the methods shown in Fig. 6b.

3.3 FE-SEM analysis

The FE-SEM technique was used to investigate the changes that occurred in the surface
morphology with zinc doping in cobalt ferrite. Figure 7 shows FE-SEM images and
corresponding histogram distribution of DCZ1, DCZ3 and DCZ5 nanoparticles. These images
show agglomeration between the particles, and the particles appeared nearly spherical. The
average particle size of DCZ1, DCZ3 and DCZ5 samples estimated from the histograms was
found to be 22 nm, 32 nm and 46 nm, respectively, which increased with the increasing zinc
concentration in Co-ferrite. The obtained particle size was found to be larger than the
crystallite size that was obtained from the W—H plot and Scherrer’s method, which may be
because some crystallites with different orientations consisted of NPs [45]. The
nanocrystalline nature of the samples was confirmed by the nano ranging size of
nanoparticles, which is initially confirmed by the crystallite size obtained from Rietveld

analysis.

30l nm
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[

FE-SEM images and histogram of DCZ1, DCZ3 and DCZ5 NPs

3.4 Raman spectra study

Raman spectra of prepared NPs were recorded at 300 K within the frequency range of 200—
800 cm L. Figure 8 displays the Raman spectra of DCZ1, DCZ3 and DCZ5 samples. Co—Zn
ferrite NPs have Fd3m space group which generates 39 vibrational modes [46]. Group theory
predicted that Ajg, Eg and 3T, these five modes are Raman active out of 39 modes. Three T
modes are labeled: Ty (1), which is the lowest frequency mode, and T (2) and T (3), which
are the highest frequency modes of this vibrational species [47]. Ajg, Eg and 3T, Raman active
peaks were expected for the appearance of the cubic phase, which is clearly visible in all
prepared samples spectra. In the case of the spinel structure, Raman active modes composed
the motion of oxygen and both A-site and B-site metal ions. The parameters of Raman spectra
such as the natural tendency of frequency, intensity, integrated intensity and full width at half
maximum of peaks were determined by using a best-fitting procedure based on the
Lorentzian function. In the case of spinel ferrite, the frequencies of Raman peaks above

600 cm ! are the indication of the tetrahedral site and those below 600 cm ™ represent the
octahedral site. The higher frequency A;g mode is the presentation of symmetric stretching of
metal—oxygen at tetrahedral site. In the case of cobalt ferrite, Raman spectra show A;¢(1) and
A1(2) modes, Co and Fe ions occupied the octahedral site, whereas only Fe ion occupied the
tetrahedral site. The bond distance of Fe—0 and Co—O redistributed between both the sites;
because Co and Fe ions have different ionic radii, the cobalt ferrite shows doublet-like
structure [48]. There are also other four low-frequency phonon modes, in which Eg and
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T,g(3) modes are attributed to the symmetric and asymmetric bending of 02~ to metallic ion,
correspondingly. The T,¢(2) and T»g(1) modes represent asymmetric stretchings and bending

of 02~ atoms at the octahedral site, respectively. The calculated values of Raman modes are
listed in Table 5. Raman spectra of DCZ1 show six peaks maxima at 193.3 cm™1, 298.5 cm ™1,
462.1cm™1, 552.2 cm™1, 605.5 cm™ and 682.8 cm™L. Also Raman spectra of DCZ3 and DCZ5
samples show six peaks maxima at 184.6 cm™1, 312 cm™}, 467.4 cm™1, 544.0 cm™1, 617.5 cm™!

and 678.6 cm~land 1907 cm™1, 296 cm™, 461.9 cm™!, 550.6 cm™!, 604.5 cm~!and 681.0 cm ™!,
respectively. This study revealed that the variation observed in Raman modes of three samples
with respect to particle size and particle size increases with increasing Zn concentration in

Co-ferrite.

Fig.8
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——
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Raman shift (cm™ ")

Best fitting of Raman spectra for DCZ1, DCZ3 and DCZ5 samples in the range 100—800 cm ™!

Table 5 Raman active modes for DCZ1, DCZ3 and DCZ5 samples

3.5 Magnetic properties

3.5.1 M-H analysis

The prepared NPs were investigated by the VSM technique at 300 K to evaluate their magnetic
properties. The M—H plots of samples DCZ1, DCZ3 and DCZ5 are recorded with an applied
magnetic field of 300000e to 300000e at 300 K as shown in Fig. 9. Cobalt ferrite shows hard
magnetic behavior with high saturation magnetization and coercivity as compared to zinc
ferrite [49]. The results of M—H loops revealed that DCZ1 had a broader loop as compared to
the loops formed due to zinc substitution and pure zinc ferrite (i.e., DCZ3 and DCZ5 samples).
The observed saturation magnetization (Ms) of DCZ1, DCZ3 and DCZ5 was 59.25 emu/g,
42.32 emu/g and 4.52 emu/g, respectively, showing the decreasing order. Also the calculated
value of coercivity of DCZ1, DCZ3 and DCZ5 samples was 501.370e, 279.320e and 16.670e,
correspondingly. The Mg and H¢ values of samples decrease with the increasing concentration
of zinc because of exchanging A—B interaction, the detailed description of which was reported
in our previous research paper [50]. The remanence magnetization (M;) value of DCZ5 was
fined nearly zero (i.e., 0.025 emu/g), which may be due to the nonmagnetic nature of zinc.
The M, value of DCZ1 and DCZ3 samples is 18.24 emu/g and 11.02 emu/g, respectively. The
magneton number of prepared NPs was calculated using Eq. 12.

$Sn_{B} = \left[ {M {s} \times M_{w} } \right]/5585.8$
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(13)

Fig.9

604 ——bDCZ1

e,
=]

o ]
=

!
o
=

Magnetization(emu/g)
-

&
S

J

#
Magmetic Ficld (k)

o
=)

-30000 -20000 -10000 0 10000 20000 30000
Magnetic Field (Oe)

404 7 DCZ3

I
=

—

ization(emu/g)

23 0of 40 18-06-2024, 15:38



Rietveld refined structural, morphological, Raman and magnetic investi... https://link.springer.com/article/10.1007/s00339-021-04603-9

-40 h /}

Magneti
"
=

{':—“-:h

]
Magnetic Field (Ov)

-30000 -20000 -10000 0 10000 20000 30000
Magnetic Field (Oe)

[

]
g8
tiomicmug)

//”

Magnetization(emu/g)
=

]
.
M

agnelication|cmu

n
Mapmetic Field (Oe)

-30000 -20000 -10000 0 10000 20000 30000
Magnetic Field (Oe)
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The calculated ng value of DCZ1, DCZ3 and DCZ5 samples is 2.48 pg, 1.80 pgand 0.19 pg,

24 of 40 18-06-2024, 15:38



Rietveld refined structural, morphological, Raman and magnetic investi... https://link.springer.com/article/10.1007/s00339-021-04603-9

respectively. The estimated magnetic parameters of NPs are given in Table 6. The value of He
and M, approaches to zero, which is the typical feature of the superparamagnetic behavior of
magnetic NPs as reported by Aravind et al. [51]. The NPs having superparamagnetic nature are
the essential condition for their applicability in the biomedical field (such as magnetic
hyperthermia and drug delivery). From the VSM analysis, it is clear that prepared NPs possess
superparamagnetic behavior at room temperature and these nanoparticles are very useful for

biomedical applications.

Table 6 Magnetic parameters values of the saturation magnetization (M), coercivity (Hc),
remanence magnetization (M), remanence ratio (M;/Mg), magneton number (ng) and
blocking temperature (Tg) calculated from M—H loop and ZFC—FC curves of DCZ1,DCZ3 and
DCZ5 samples

3.5.2 M-T analysis

Field-cooled (FC) and zero-field-cooled (ZFC) plots of DCZ1, DCZ3 and DCZ5 NPs were
measured under applied magnetic field 5000e and between the temperature range of OK and
350 Kas shown in Fig. 10. The ZFC curve was recorded in two steps: First, without the
presence of exterior magnetic field, nanoparticles were cooled down, and then, under 5000e
external applied magnetic fields, the magnetization (MZFC) of NPs was recorded during the
increase of temperature from O to 350 K. Later, in the presence of 500 Oe applied magnetic
field samples were cooled down, after that recorded magnetization (MFC) of nanoparticles
during heating up to 350 K. The evaluation of the magnetic performance of the sample from
FC-ZFC curve can be easily explained with the help of two physical properties such as blocking
temperature and irreversibility temperature. The ZFC measurement results reveal that in the
initial stage, with increasing temperature, magnetization also increases. The specific
temperature at which magnetization reaches its maximum value is known as blocking
temperature (Tg), whereas the temperature at which FC and ZFC curves split from each other
is called irreversibility temperature (Ti) [52, 53].

Fig.10
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ZFC—FC curves of DCZ1, DCZ3 and DCZ5 samples under applied magnetic field 500 Oe

The calculated blocking temperature of DCZ1, DCZ3 and DCZ5 nanoparticles from the FC-ZFC
curve is 299 K, 108 K and 40 K, respectively, as shown in Table 6. The blocking temperature of
samples shifted toward a lower temperature with incrementing Zn content in cobalt ferrite
because of the effect of the particle size on the temperature. DCZ1 curve indicates that cobalt
ferrite NPs show ferromagnetic at lower temperature and superparamagnetic behavior above
300 K. Ahmad et al. have reported that the ferromagnetism and superparamagnetism of the
NPs are the characteristic property of Ty, which depends on the applied magnetic field at
which measurement is carried out and also on the particle size [54]. An FC-ZFC measurement
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of DCZ3 and DCZ5 samples indicates irretrievable magnetic nature underneath the
temperature, which is known as irreversibility (Tj;) temperature. DCZ3 and DCZ5 samples
show superparamagnetic behavior because it is the characteristic of superparamagnetic
material; the magnetization monotonically decreases with increasing temperature above the
Tp in the unblocked region. The comparative study of results obtained from M—H and M—T
analysis indicates that DCZ3 sample shows some excellent properties of magnetism as
compared to the remaining two samples, which are necessary in the case of biomedical

application.

4 Conclusion

DCZ1, DCZ3 and DCZ5 NPs with phase pure cubic spinel structure were prepared by a cost-
effective co-precipitation route. Thermal studies revealed the minimum total weight loss
observed during the formation of the spinel phase and also superior stability of the prepared
sample at a higher temperature range. Apart from Rietveld refinement of NPs that verified the
monophasic cubic structure, there are also no other new phases observed. The 2 value for all
analyzed samples is found to be closer to 1, suggesting the goodness of fit. The crystallite size
of samples calculated by both Scherrer’s formula and W—H methods was found to be in good
agreement with each other. The crystallite size of samples has been observed to be increased
from 22 to 29 nm with Zn doping perhaps because Zn2* has larger ionic radii as compared to
Co2*. The FE-SEM analysis reveals agglomeration between the particles, which decreases
after zinc incorporation. Best-fitted Raman spectra verified the spinel structure of prepared
NPs. The values of Raman modes were observed to be increased after the incorporation of zinc,
which revealed that the particle size and the values of Raman mode show direct
proportionality. The magnetic parameters such as Mg, H¢, M, M;/Ms and ng decreased with
increasing Zn doping. The FC and ZFC curve of samples reveals that the blocking temperature
of samples decreases with increasing zinc concentration in Co-ferrite NPs. The study of both
FC-ZFC and M-H loop indicates the samples 0.5 <x <1 show superparamagnetic behavior at
room temperature. The result of all characterization techniques in this paper concluded that
the structural, morphological and magnetic properties of cobalt ferrite nanomaterials can be
suitably modified by doping with Zn2+. Hence, these materials are promising and also good
candidates in the case of biomedical application; particularly, these ferrites are desirable
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material for magnetic hyperthermia applications.
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