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ABSTRACT

In this paper, we have investigated the effect of annealing temperature on the

structural, optical, and Mössbauer properties of nanocrystalline (NC) nickel

ferrites (NFOs) synthesized by the sol–gel auto-combustion method. The NFOs

were characterized by X-Ray diffraction (XRD), Raman spectroscopy, Diffusion

reflectance spectroscopy (DRS), and Mössbauer spectroscopy techniques. The

XRD results show that the average crystallite size increases from 27.5 to 54.3 nm

when increasing the annealing temperature from 200 to 1000 �C. The Ultravio-

let–Visible Diffuse Reflectance Spectroscopy (UV-DRS) measurement is used to

find the optical band gap observed between 1.92 and 1.75 eV for NFOs annealed

at 200 and 1000 �C, respectively. The Mössbauer study confirmed that the

structure transforms from mixed spinel to inverse spinel structure when moving

to higher annealing temperature.

1 Introduction

During the last few decades, nanocrystalline (NC)

spinel ferrites having structural formula AFe2O4

(where A = Mn, Fe, Co, Ni, Zn, Mg, etc.) are the most

studied material due to their wide technological and

medical applications like the microwave devices,

magnetic memory devices, drug delivery, recording

media, gas sensors, biosensors, photo-catalysis,

magnetic resonance, electrodes, converters, ferro-

electric devices, magnetic disks, phase shifters, etc.

[1–19]. Among all the spinel ferrites, nickel ferrites

(NFOs) have been investigated widely due to their

peculiar properties like high chemical stability, cat-

alytic behavior, ferromagnetic behavior, high resis-

tivity, and low coercivity [2–7, 13–18]. Nickel ferrites

have an inverse spinel structure with space group

Fd3m where Fe3? ions are equally distributed in

between the octahedral and tetrahedral site and Ni2?

ion occupies an octahedral site which may be repre-

sented as (Fe3?)T(Ni2?Fe3?)OO2-
4 [3, 5, 7, 14]. In

recent years, several methods have been employed to

synthesize nanocrystalline or nanoparticle NFOs like
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hydrothermal, sol–gel, solid-state reaction, chemical

co-precipitation, plasma deposition, high-energy ball

milling, microwave processing, etc. [9–17]. Among

these methods, the sol–gel auto-combustion method

is an excellent technique to synthesize low-cost, high-

purity, homogeneous, and ultrafine nanoparticle

powder. It is well known that the factors that affect

the physical and chemical properties of nanocrys-

talline ferrites are the synthesis procedure, cation

distribution, annealing temperature, surface spin, etc.

The electrochemical performance of Ni-ferrite as a

supercapacitor electrode has been evaluated by Patil

et al. and their utility for energy storage applications

is highlighted [2]. Wang et al. have studied the pho-

tocatalytic activities of NiFe2O4 3D nanosphere pre-

pared by Glycerol-assisted microwave solvothermal

method [4]. The authors found that the 3D NFO has a

high degradation ability which can rapidly degrade

organic pollutants. The magnetic and biological

properties of NiFe2O4 nanoparticles prepared by the

polymeric precursor method have been evaluated by

Santos et al. [5]. They explore the possibility of

S-NiFe2O4 nanoparticles as drug delivery agents in

targeted cancer therapy. Pottker et al. [7] have

investigated the effect of structural order–disorder on

the optical and magnetic properties of NiFe2O4

nanoparticles synthesized by the co-precipitation

method and calcined in the ambient atmosphere at

700, 800, 900, and 1000 �C temperatures. The syn-

thesis of porous NiFe2O4 microspheres by the one-

step solvothermal method has been reported by

Zhang et al. [16]. The authors show that NiFe2O4

microspheres have promising applications as high-

performance acetone gas sensors. Majid et al. have

investigated the magnetic, structural, and dielectric

properties of NiFe2O4 prepared by hydrothermal and

sol–gel routes [20]. The results show that the syn-

thesis method affects NiFe2O4 properties; therefore, a

suitable method can be used for the desired proper-

ties. Baig et al. have synthesized NiFe2O4/SiO2

nanostructure material for high-rated supercapaci-

tors electrode [21]. Mandal et al. [22, 23] have detailed

morphology studies on NiFe2O4 to enhance their

microwave applications. Nanocrystalline NiFe2O4 is a

soft material with low coercivity and saturation

magnetization. Senthilkumar et al. have synthesized

sub-microns size NiFe2O4 particles by the molten salt

technique at 900 �C with different weight ratios of

NaCl:KCl. The values of saturation magnetization

(MS) were found to be increased from 31.58 to

44.19 emu/g, whereas the value of coercivity (HC)

was decreased from 246.7 to 86.7 Oe with increasing

the NaCl:KCl ratio from 4:0 to 0:4 [24]. Gao et al. have

studied metal–organic frameworks (MOFs)-derived

magnetic porous carbon microspheres constructed by

core–shell Ni@C structure and found similar mag-

netic properties like NiFe2O4 naoparticles [25]. The

values of MS and HC were found between

21–25 emu/g and 19.5–26.3 Oe, respectively [25].

In the present study, nanocrystalline nickel ferrites

were synthesized by the sol–gel method following

different annealing temperatures. The structural,

optical, and Mössbauer properties of annealed

nanocrystalline nickel ferrites were evaluated and

correlated with crystallite size, lattice parameter, etc.

The Mössbauer spectroscopy measurements assessed

the effect of annealing temperature on the cations

distribution.

2 Experimental work

Nanocrystalline (NC) nickel ferrites (NFOs) were

prepared by the sol–gel method using SRL high-pu-

rity nickel nitrate (purity C 99%) and ferric nitrate

(purity C 98%), and citric acid (purity C 99.7%) as

starting material and fuel, respectively. The raw

material for NFOs was prepared by dissolving stoi-

chiometric amounts of the metal nitrates and citric

acid in the same molar ratio (1:1). The raw materials

solution was stirred at 50 �C for half an hour using a

magnetic agitator with a hot plate. After that, the

temperature was raised to 100 �C to get the gel form

of a solution which produces powder of NFOs by

achieving the auto-combustion. This powder was

ground in an agate mortar and then annealed at

different temperatures i.e., 200 (hereafter referred to

as NFO-01), 400 (referred as NFO-02), 600 (referred as

NFO-03), 800 (referred as NFO-04), and 1000 �C (re-

ferred as NFO-05) for 6 h.

The crystal structure of annealed NFOs was con-

firmed by using Cu-Ka lines (wavelength

k = 1.540 Å) of Rigaku Ultima IV X-Ray diffrac-

tometer (XRD) with a step size of 0.02� in the 2h range

between 20 and 70�. The Confocal Raman spectrom-

eter (STR-500) with 5 mW optimized laser power of

532 nm DPSS laser was carried out to study the

electronic properties of annealed NFOs. The optical

properties of annealed NFOs were carried out using

UV–Vis DRS spectroscopy measurement in the
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wavelength range 200–800 nm. The room tempera-

ture Mössbauer spectra of NFOs were recorded in

transmission geometry using a constant acceleration

mode Mössbauer spectrometer with 57Co source in

Rh matrix of 5 mCi strength. High-purity 57Fe metal

foil was used for velocity calibration. The Win-Nor-

mos site fitting program was performed to fit all the

Mössbauer spectra.

Fig. 1 a X-ray diffraction pattern of nanocrystalline Ni-ferrite

annealed at different temperature i.e., 200 (NFO-01), 400 (NFO-

02), 600 (NFO-03), 800 (NFO-04), and 1000 �C (NFO-05).

b Variation in crystallite size (D) and surface area (S) with

increasing the annealing temperature. c Variation in strain (n) with
band gap energy (Eg) with increasing the annealing temperature

Table 1 Structural parameters

like lattice parameter (a),

crystallite size (D), surface

area (S), dislocation density

(d), strain (n), and band gap

energy (Eg) of nanocrystalline

NFOs annealed at different

temperature

Parameters Sample (annealing temperature in �C)

NFO-01 (200) NFO-02 (400) NFO-03 (600) NFO-04 (800) NFO-05 (1000)

a (Å) 8.345 8.346 8.341 8.339 8.340

D (nm) 28 30 34 46 54

I220/I222 1.67 1.908 1.786 3.563 3.926

I420/I222 0.72 0.89 1.593 1.098 1.367

d 9 1015 (m-2) 1.32 1.14 0.87 0.47 0.34

n 9 10-3 1.31 1.22 1.07 0.79 0.67

Eg (eV) 1.92 1.91 1.88 1.77 1.75
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3 Results and discussion

The XRD patterns for nanocrystalline NFOs synthe-

sized via the sol–gel method and annealed at a dif-

ferent temperature from 200 to 1000 �C are shown in

Fig. 1a. The intensity peaks of the XRD pattern con-

firm the formation of the single phase cubical spinel

structure of nickel ferrite with space group Fd3m,

which is in good agreement with the JCPDS card 74-

2081. The crystallite size (D) was calculated using the

Debye–Scherrer formula as in the following equation

[26, 27]:

D ¼ 0:94k=b: cos h ð1Þ

where k the wavelength of X-Ray and b is broadening

of the peak (311) at a diffraction angle (h), while the

theoretical X-Ray density (dx) and dislocation density

(d) were calculated using the following equations

[27]:

dx ¼ 8M
�
NA:a

3 ð2Þ

d ¼ 1
�
D2 ð3Þ

where M is the compound’s molecular weight and

NA and a are Avogadro’s number and the lattice

Fig. 2 Raman spectra of

nanocrystalline Ni-ferrite

Table 2 Raman modes of

nanocrystalline NFOs

annealed at different

temperature

Sample (annealing temperature in �C) Raman modes (cm-1)

T2g (1) Eg T2g (2) T2g (3) A1g (1)

NFO-01 (200) 188 310 453 543 674

NFO-02 (400) 194 303 459 554 674

NFO-03 (600) 203 322 471 557 687

NFO-04 (800) 207 323 477 557 687

NFO-05 (1000) 207 332 481 567 697
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parameter, respectively. The crystallite size calcu-

lated using the most intense peak and the lattice

constant, density, and strain are tabulated in Table 1.

The XRD result confirms the formation of nanocrys-

talline material. The XRD results show that the

crystallinity increases with the annealing tempera-

ture as the intensity of the most intense diffraction

peak increases and peak width decrease with

increasing annealing temperature which shows an

enhancement in the phase crystallinity of annealed

NFOs [28–36]. The crystallite size increases from *
28 to 54 nm with an increase in annealing tempera-

ture from 200 to 1000 �C, respectively, while strain

decreases with an increase in annealing temperature

(Fig. 1b, c). Almessiere et al. have studied [Ni0.4-

Cu0.2Zn0.4](Fe2-xTbx)O4(x B 0.1) nanospinel ferrites

and found the crystallite size to be increased from 12

to 19 nm, whereas there is no such trend in the

average particle size and it fluctuated between 19 and

70 nm [37]. The small particles combined to form

larger grain boundaries under the re-crystallization

process (reduce interparticle distance) as increasing

annealing temperature decreases the lattice strain

and defects (indicates an improvement in the crys-

tallinity). The slight variation in lattice parameters

with increasing annealing temperature may be due to

ordering in unit cells. The present pattern/trend of

XRD results are in good agreement with the earlier

reported data [28, 29].

In mostly cubic spinel ferrites XRD data, the peaks

(220) and (422) belong to tetrahedral sites (8a), while

the peak at (222) belongs to octahedral sites (16d) and

we can get the cationic distribution ratio by using

these peaks intensity or area. Thus, the ratios I220/I222

and I220/I222 are an indication of the A- and B-sites

occupation. The experimental relative intensities I220/

I222 and I422/I222 of NiFe2O4 as a function of annealing

temperature are given in Table 1. The observed val-

ues (I220/I222) lie between 1.67 and 3.93, and show an

increase with the sintering temperature. The

observed values of I220/I222 are compatible with the

reported values (0.8–3.6) [38]. The increase in the

I220/I222 ratio with annealing temperature indicates

that the cation concentration in the A-site increases

when compared to that of the B-site, this suggests the

formation of a inverse spinel structure from a mixed

spinel structure.

The room temperature Raman spectroscopy mea-

surement has been carried out to interpret vibrational

and structural properties of nanocrystalline NFOs

[28–31, 39]. The Lorentzian line shape least square-

fitted Raman spectra of NFOs in the range of

160–800 cm-1 are shown in Fig. 2. The five or more

active Raman modes in the Factor group analysis

confirm the spinel structure formation of NFOs

[28, 29]. The measured Raman modes of NFOs are

tabulated in Table 2. Earlier reports on Raman spec-

troscopy analysis of spinel ferrites show that Raman

modes in the region 660–720 cm-1 and 460–640 cm-1

explored the nature of the tetrahedral and octahedral

sites [28–31]. The symmetric stretching vibrations of

the Metal (M)—Oxygen (O) bond at the tetrahedral

site creates A1g mode, while Eg mode is produced by

the symmetric bending of the M–O bond. The T2g(2)

and T2g(3) modes are due to the asymmetric stretch-

ing of M–O ions and bending of oxygen ion, respec-

tively, at the octahedral site, while the translation

movement of the metal ion together with four oxygen

atoms at the tetrahedral site attribute to T2g(1) mode.

A double-peak-like structure of A1g mode (splitting

of A1g mode into doublet like peak) in all NFOs may

be due to the distribution of Fe/Ni–O bond length (as

ionic radii of Fe and Ni ions are different), where one

peak corresponds to the Fe–O bond and the other one

is due to the mixing of Fe and Ni ions band with

oxygen. Thus, Raman spectroscopy analysis confirms

the formation of mixed spinel structure of NFOs. The

present result shows that Raman mode shifts toward

high wavenumber as increasing the annealing tem-

perature, indicating that mixed spinel structure

Fig. 3 UV-DRS diffuse reflectance spectra of nanocrystalline Ni

ferrites
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moves toward the inverse spinel structure with

increasing the annealing temperature.

To understand the influence of annealing temper-

ature on the optical properties of the nanocrystalline

NFOs, the Ultraviolet–Visible Diffuse Reflectance

Spectroscopy (UV–Vis DRS) measurement has been

performed. The UV–Vis DRS results are shown in

Fig. 3, which shows a significant change in absor-

bance spectra with the annealing temperature. The

spectroscopy data were analyzed using the Kubelka

Munk function using the reflectance and absorption

data such as follows[6, 39–44]:

FðRÞ ¼ a ¼ 1 � Rð Þ2
.

2R
n o

ð4Þ

where F(R) is the Kubelka–Munk function, a is the

absorption coefficient, and R is the reflection coeffi-

cient. The energy bandgap of all the NC NFOs is

calculated using the Tauc equations such as the

following[6, 43, 44]:

ðahmÞn ¼ Aðhm� EgÞ ð5Þ

where ht, n, Eg, and A are photon energy, index of

the optical transition, bandgap energy, and constant

depending on the material, respectively. The index

(n) value could be 2 or 1/2 depending on the direct or

indirect optical transition, respectively. Figure 4

shows the energy bandgap for all annealed NC

NFOs. Our results show that the bandgap of NFO-05

(1.75 eV) is narrower than that of NFO-01 (1.92 eV).

The estimated band values of NFO-01, NFO-02, NFO-

03, NFO-04, and NFO-05 were 1.92, 1.85, 1.81, 1.75,

and 1.75 eV, respectively. This shows that the energy

band of nanocrystalline NFOs has shifted toward the

lower energy side (redshift) with increasing the

annealing temperature. It is found that the energy

bandgap value can be affected by various factors like

annealing temperature, preparation method, doping,

crystallite size, etc. [39–45]. Researchers have repor-

ted that the band gap energy decreases with an

increase in annealing temperature [41, 46]. The

decrease in bandgap values with increasing anneal-

ing temperature may be due to the grain growth (re-

crystallization process) and the presence of the

Fig. 4 Optical band gap

energy determination of

nanocrystalline Ni ferrites by

plot of {F(R) 9 hv}2 vs energy

(hv)
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defects. Our result also shows similar behavior for

annealed nanocrystalline NFOs.

Mössbauer spectra for annealed nanocrystalline

NFOs were recorded at room temperature using a

Mössbauer spectrometer operated in constant accel-

eration mode (triangular wave) in transmission

geometry shown in Fig. 5 and the analysis results are

given in the Table S1. The Mössbauer spectra of NFO-

01 and NFO-02 are fitted with three sextets, whereas

Mössbauer spectra of NFO-03, NFO-04, and NFO-05

are fitted with two sextets. The two sextets are orig-

inated due to the tetrahedral and octahedral envi-

ronment of Fe ions, while the third sextet (with less

hyperfine field area) in NFO-01 and NFO-02 may be

due to the canted Fe3? spin ions due to comparatively

small particles [18, 34, 36, 47, 48]. The various

hyperfine interaction parameters like isomer shift (d),

quadrupole splitting (D) magnetic hyperfine field

(Hf), relative area (RA), outer line width of sextets (U),

and average outer line width of sextets (\U[)

obtained from Mössbauer spectra and the variation in

these parameters with annealing temperature are

shown in Fig. 6a–e, respectively. Earlier studies show

that the room temperature Mössbauer spectra of

NFOs nanocrystalline are typically a superposition of

quadrupole doublet and magnetic sextets [18, 48]. In

contrast, in the present study, we have observed only

sextets. Our results show that the intensity of sextet’s

increases and the average values of outer line width

(\C[) absorption spectra become sharper with

increasing the annealing temperature (Fig. 6e). This

sharpness is due to the increasing crystallite size and

distribution of Ni2? and Fe3? ions at B-site creating a

hyperfine field at A-site. The isomer shift (d) for

octahedral Fe3? ions (sextet B) is more than that for

the tetrahedral Fe3? ions which shows that Fe3? ions

are more covalent at the tetrahedral site [49–52].

The value of isomer shift of Fe3? ions at A- and

B-sites remains nearly constant as increasing

annealing temperature which shows a small migra-

tion of Ni ions from A-site to B-site (Fig. 6a). The

values of isomer shift for the tetrahedral site are

found between d = 0.23–0.26 mm/s and for the

octahedral site they are found between

d = 0.34–0.68 mm/s with respect to a-Fe

(d = 0.0 mm/s) foil. The range of isomer shift values

indicates Fe ions are in Fe3? valence state with high

spin state configuration [53–56].

The magnetic hyperfine field of the A-site is less

than that of the B-site may be due to the covalent

nature of the tetrahedral site. The relative area ratio

under the resonance curve of Mössbauer spectra is

used to determine the Fe sites occupancy and cations

distribution in the prepared samples [48, 57]. Cation

distribution derived from Mössbauer study of

nanocrystalline NFOs heated at different tempera-

tures is shown in Table 3. Our result indicates that the

Ni concentration at B-site increases as increasing

annealing temperature. This demonstrates that

nanocrystalline NFOs structure transforms from

mixed spinel to inverse spinel structure when mov-

ing to higher annealing temperature. The sample

annealed at 1000 �C is showing a pure inverse spinel

structure. Thus Mössbauer study supports Raman

spectra results.

Fig. 5 Room temperature Mössbauer spectra of NiFe2O4 spinel

ferrites synthesized heated at various temperatures
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Fig. 6 Variation in different Mossbauer parameters with sintering

temperature; a isomer shift, b quadrupole splitting, c hyperfine

field (Hf), d relative area of tetrahedral and octahedral sites, and

e outer line width of each sites and the average value of outer line

width (\C[)
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4 Conclusions

The influence of annealing temperature on the

structural, optical, and Mössbauer properties of

nanocrystalline NFOs synthesized via the sol–gel

method has been investigated in this study. The XRD

results revealed that the value of crystallite size

increases from 28 to 54 nm with increase in annealing

temperature. The Raman spectra of nanocrystalline

NFOs confirm the formation of spinel structure with

five Raman active modes. The Raman mode shifts

toward high wavenumber as increasing the anneal-

ing temperature indicates that mixed spinel structure

moves toward the inverse spinel structure with

increasing the annealing temperature. Using UV-DRS

spectra, the optical bandgap energy of nanocrys-

talline NFOs was calculated between ranges 1.75 to

1.92 eV. Results show that the energy band shifted

toward the lower energy side (redshift) to increase

the annealing temperature. In Mössbauer spectra, the

value of isomer shift of Fe3? ions at sites A and B

remains nearly constant with increasing annealing

temperature, which shows a minimal migration of Ni

ions from A-site to B-site which indicates structure

transformation from mixed spinel to inverse spinel as

increasing annealing temperature.
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