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Abstract
We report herein the synthesis of  ZnFe2O4 (ZF) nanoparticles via a simple and eco-friendly green route using lemon juice 
as a reducing agent and fuel. The effect of different calcination temperatures on the particle size and bandgap of grown ZF 
nanoparticles was investigated. The structural, morphological and optical properties of the synthesized nanoparticles were 
evaluated using synchrotron x-ray diffraction (S-XRD), field emission scanning electron microscopy (FE-SEM) and UV-
visible diffuse reflectance spectroscopy (UV-Vis-DRS), respectively. S-XRD confirmed a spinel F-d3m phase in all four 
samples calcined at 350°C, 550°C, 750°C and 1000°C. The crystallite size calculated from the Debye–Scherrer equation 
showed an increase from 14 nm to 20 nm with the increase in calcination temperature. Williamson–Hall (W-H) analysis 
revealed an increase in the particle size from 16 nm to 21 nm and a decrease in the lattice microstrain from 0.913 ×  10−3 
to 0.154 ×  10−4 with the increase in calcination temperature. The optical bandgap of the ZF nanoparticles obtained from 
UV-Vis-DRS decreased from 2.265 eV to 2.225 eV with the increase in calcination temperature. The ZF nanoparticles with 
tunable particle size, lattice microstrain and optical bandgap have  potential application in ferrofluid, electromagnetic shield-
ing, photocatalysis, hyperthermia, dye degradation and other areas.

Keywords ZnFe2O4 (ZF) nanoparticles · green synthesis · characterization · synchrotron-x-ray diffraction (S-XRD) · 
applications

Introduction

Nanomaterials are garnering increasing attention in com-
parison to bulk materials because of their enhanced surface-
to-volume ratio and quantum phenomena.1 Metal ferrites 
are described as  MFe2O4 where  M2+ is a valance metal ion 
such as  Zn2+,  Cu2+,  Mg2+,  Co2+, or  Ni2+.  ZnFe2O4 (ZF) is 
a more versatile material than other metal ferrites because 
of its excellent superparamagnetic, electrical, magnetic and 
biomedical properties.2 Metal ferrites have numerous appli-
cations in the fields of ferrofluid technology and spintronic 
devices,3 microelectronic sensors,4 desulfurization sorbent 
for coal gas,5 electromagnetic shielding,6 photocatalysis and 
dye degradation,4,7 hyperthermia,8 COVID-19 detection,9 
drug delivery,10 in vitro destruction of cancer cells by near-
infrared (NIR) laser irradiation in the presence of a magnetic 
field,11 water splitting in the presence of  sunlight12 and elec-
tromagnetic equipment in the radio-frequency region, as ZF 
not only has greater electrical resistivity, but its permeability 
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is also frequency-dependent.13, 14 In  ZnFe2O4, oxygen atoms 
form face-centered cubic (FCC) packing, while Fe and Zn 
occupy octahedral and tetrahedral sites, respectively. A 
unit cell of a spinel structure consists of a total of 64 sites 
contributed from eight FCC cells, out of which 56 sites are 
occupied and the remaining eight sites are vacant. Depend-
ing on how Zn ions occupy different interstices, a spinel 
structure can be normal or inverse spinel. One unit cell con-
sists of eight molecules of  ZnFe2O4 or 56 ions out of which 
eight are  Zn2+, 32 are  O2− and 16 are  Fe3+. All tetrahedral 
(A-site) interstitial positions are occupied by  Zn2+ ions, and 
all octahedral (B-site) interstitial positions are occupied by 
 Fe3+ in the normal spinel structure of  ZnFe2O4, while half 
of  Fe3+ ions occupy tetrahedral and the other half of  Fe3+ 
and all  Zn2+ ions occupy octahedral sites in an inverse spinel 
structure. The structural, optical and electrical properties 
are determined by Zn ion distribution between tetrahedral 
and octahedral sites, while its magnetic properties depend 
on individual particles and its environment. The size and 
shape of ZF nanoparticles depend on the synthesis route 
and calcination temperature. There are many methods to 
synthesize ZF nanoparticles and its composites, including 
sol–gel,15 micro-emulsion,16 sonochemical,17 microwave,18 
solid  state19,20 co-precipitation,21 high-energy ball milling,22 
and green routes.23,24,25,18 ZF composites, spherical in shape 
and with diameters ranging from 5 nm to 25 nm at calcina-
tion temperatures of 500°C and 700°C, were obtained when 
Moringa oleifera (bael) extract was dissolved in a mixture 
of ferric(III) nitrate nonahydrate and zinc nitrate hexahy-
drate under magnetic stirring.23 ZF nanoparticles were syn-
thesized by dissolving zinc nitrate hexahydrate and ferric 
nitrate nonahydrate in various volumes of bael pulp.24 These 
nanoparticles, with an energy bandgap of 2.36 eV, showed 
strong antimicrobial activity, electrochemical sensing prop-
erties and enhanced removal efficiency for methylene blue 
up to 96% with photocatalytic activity under visible light. 
ZF nanoparticles with an average crystallite size of 4 nm 
were prepared from zinc acetate, iron acetate and Brassica 
napus oil using an ultrasonic cavitation method.25 A mix-
ture of zinc nitrate and ferric nitrate along with Limonia 
acidissima and water, when irradiated in a microwave oven 
for 15 min and calcined at 600°C, resulted in ZF nanopar-
ticles with an average crystallite size of 27 nm.26 These 
nanoparticles were used in the photodegradation of Evans 
blue and methylene blue dyes under visible radiation and 
showed antibacterial activity against foodborne pathogens. 
Extract of Aegle marmelos was added to an aqueous solu-
tion of zinc nitrate and ferric nitrate, and this mixture when 
stirred and later calcined led to the formation of ZF nano-
particles which showed antibacterial activity against gram-
positive bacteria Escherichia coli and Pseudomonas aer-
uginosa and gram-negative bacteria Staphylococcus aureus 
and Bacillus subtilis, and achieved 95% drug delivery of    

carfilzomib,    a cancer drug.27 Ferrous sulfate solution in 
alkaline medium of 10%  NH3.H2O when mixed with pure 
extract of Petroselinum crispum and stirred until reaching 
pH > 9 resulted in ZF nanoparticles of 100 nm.28 Suspen-
sion of these nanoparticles in various concentrations of 
 10−3 and  10−5 M enhanced the germination rate and cell 
viability of wheat Triticum vulgare up to 23%.28 Extract of 
stirred aqueous solution of Piper nigum powder in water, 
when mixed and stirred with zinc nitrate hexahydrate and 
hydrated ferric nitrate and further heatied at 120°C in an 
autoclave followed by microwave exposure for 15 min, led 
to the formation of ZF nanoparticles of 60–80 nm which 
were utilized in effective photocatalytic degradation of 
methylene blue in visible light.29 Extract of Ginkgo biloba 
leaves at pH of 8.0 dissolved in a saturated aqueous solu-
tion of zinc nitrate hexahydrate [Zn(NO3)2.6H2O] and iron 
nitrate nonahydrate [Fe(NO3)3.9H2O] stirred at a constant 
temperature led to the formation of ZF nanoparticles with 
a diameter of 12.6 nm estimated from W-H plots, and these 
nanoparticles were used for wastewater treatment.30 ZF 
nanoparticles with crystallite size of 11–15 nm used for 
hyperthermia applications were prepared using magneti-
cally stirred homogeneous extract of Allium cepa mixed with 
zinc nitrate hexahydrate [Zn(NO3)2.6H2O] and iron nitrate 
nonahydrate [Fe(NO3)3.9H2O] and calcined at 900°C.31 The 
average size of the ZF nanoparticles was found to increase 
with the increase in the calcination temperature from 400 to 
900°C.32 The particle size of ZF nanoparticles was found 
to increase with a reduction of microstrain of ZF nano-
particles at 300°C, 500°C33 and900°C34 estimated by the 
Debye–Scherrer and Williamson-Hall (W-H) plot methods. 
 MFe2O4 (where M=Zn, Ni and Cu) nanoparticles with crys-
tallite sizes ranging from 15 nm to 66 nm were prepared 
using extract of Aloe vera plant mixed with metal nitrates 
and iron nitrate and calcined from 600 to 900°C.35 The 
crystallite sizes of all obtained samples increased with the 
increase in calcination temperature. The diverse preparation 
methods and different calcination temperatures and expo-
sure times resulted in ZF nanoparticles of varying crystallite 
size, energy bandgap and microstrain.36,37 We synthesized 
ZF nanoparticles using a simple, safe, nontoxic, eco-friendly 
and cost-effective green route in order to encourage sustain-
able processes,38 as chemical and physical techniques are 
costlier, use toxic chemicals and are harmful to the environ-
ment. Extract of lemon juice mixed in a saturated solution 
of zinc nitrate and iron nitrate was utilized for the synthesis 
of the ZF nanoparticles. The structural, morphological and 
optical properties of the obtained nanoparticles calcined 
at different temperatures were investigated by synchrotron 
x-ray diffraction (S-XRD), field emission scanning electron 
microscopy (FE-SEM) and UV–visible diffuse reflectance 
spectroscopy (UV-Vis-DRS), respectively.
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Experimental Details

Zinc nitrate hexahydrate [Zn(NO3)2.6H2O] and iron nitrate 
nonahydrate [Fe(NO3)3.9H2O] were taken in their stoichio-
metric ratios and dissolved in an adequate amount of water 
to prepare ZF nanoparticles using a sol–gel auto-combustion 
method. The reducing agent, primarily citric acid present in 
lemon juice, was used as fuel for auto-combustion. Aqueous 
solutions of zinc nitrate and iron nitrate were prepared sepa-
rately and heated on a magnetic stirrer for 5 min at 40°C, and 
then both were mixed with the lemon juice. This mixture was 
heated at 85°C on a magnetic stirrer until combustion took 
place, and then dry ZF nanomaterial was obtained as shown 
in Fig. 1. The as-synthesized ZF nanomaterial was sintered 
at 100°C in a muffle furnace for 4 h to remove any moisture 
content and then further sintered for 4 h at varying calci-
nation temperatures of 350°C, 550°C, 750°C and 1000°C 
in order to obtain ZF nanoparticles of varying particle size 
and energy bandgap values. Synchrotron radiation with a 
wavelength of 0.49 nm from the S-XRD (Beamline-11) of 
the Raja Ramanna Centre for Advanced Technology, Indore, 
India, was utilized to characterize these ZF samples, and the 
obtained S-XRD data (see supplementary Figure S1) were 
converted to Cu-Kα range to compare the results with the 
available JCPDS files as shown in Fig. 2. The converted 
S-XRD data were used to compute the crystallite size and 
microstrain. UV-visible diffuse reflectance spectroscopy 
(UV-Vis-DRS) was used to obtain the optical absorption 
spectrum in a wavelength region from 200 nm to 800 nm 
for ZF nanoparticles synthesized at four different calcination 
temperatures of 350°C, 550°C, 750°C and 1000°C.

Field emission scanning electron microscopy (FE-SEM) 
investigations were performed by dissolving and sonicating 
ZF nanoparticles in isopropyl alcohol (IPA) for 15 min for 
proper mixing, and this homogeneous solution was spread 
over a Si-wafer and sputtered by Cr and then finally fastened 
on carbon black paper to adhere on the sample holder which 
was scanned by FE-SEM (Carl Zeiss, model).

Results and Discussion

S-XRD profiles converted to a Cu-Kα range of ZF nanoma-
terials at calcination temperatures of 350°C, 550°C, 750°C 
and 1000°C are shown in Fig. 2. The phase of ZF nanoma-
terial with a trace of ZnO at ~ 32° was found with varying 
crystallite sizes at different calcination temperatures, and the 
obtained results were found to be similar to those previously 
reported. 26 39 40 41

The crystallite sizes were calculated from the full width at 
half maximum (FWHM) of the intense diffraction peaks using 
the  Scherrer42 formula (1) as follows:

Here, D = the crystallite size (nm), k = shape function = 0.9, 
λ = x-ray wavelength, θ = angle of diffraction and β = FWHM 
of the considered peak. The calculated crystallites sizes of 
various samples are plotted with the calcination temperature 
in Fig. 3 and are shown in Table I. An increase in crystallite 
size with increased calcination temperature was noted.

The crystallite size and tensile microstrain at different calci-
nation temperatures were also estimated from the more precise 
W-H plot method.43 Peak broadening appears because of the 
crystallite size effect (kλ/(D cosθ)) and self-prompted micro-
strain (4ε tanθ), where ε is microstrain, and the other param-
eters have their usual meaning as discussed above.33 W-H plots 
were constructed from the following equation:

� cos � versus 4 sin� is plotted in Fig. 4. The intercept of 
Eq. 2 on the y-axis gives the average crystallite size, and 
the slope of the fitted straight line fixes the nonuniform 
tensile microstrain. The value of inhomogeneous tensile 

(1)D = k
�

� cos�

(2)�cos� = k
�

D
+ 4�sin�

Aqueous solution 

of Zinc Nitrate

Aqueous solution 

of Iron Nitrate
Lemon Juice

Stirred and heated 

at 40˚C for 5 

minutes

Stirred and heated 

at 40˚C for 5 

minutes

Mixture of Zinc Nitrate, Iron 

Nitrate and Lemon Juice

Stirred and heated at 85˚C 

until combustion

Dry ZF Nanomaterial

Fig. 1  Block diagram for synthesis of ZF nanomaterial.
Fig. 2  XRD pattern of ZF nanoparticles synthesized through green 
route at different calcination temperatures (Color figure online).
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microstrain decreases with the increase in calcination tem-
perature, which is consistent with the values of 1.49 ×  10−3 
and 1.00 ×  10−3 for ZF nanoparticles synthesized by the co-
precipitation method and at relatively different calcination 
temperatures of 300°C and 500°C, respectively, as reported 
by Singh,33 and this was due to the substitution of lower-
ionic-radius  Zn2+ by higher-ionic-radius  Fe2+ at tetrahedral 
sites.

The values of crystallite size and inhomogeneous ten-
sile microstrain obtained from Fig. 4 and Eq. 2 for all four 
samples are shown in Fig. 5. The crystallite size is found 
to increase with an increase in calcination temperature, as 
higher temperature produces zinc or oxygen defects at grain 
boundaries, which leads to merging of ZF nanoparticles 
due to coalescence.44 Inhomogeneous tensile microstrain 
decreases with an increase in temperature because surface 
effects dominate due to smaller particle size and larger sur-
face area.33 The values of microstrain reported here are in 
relative agreement with the literature,31 33 36 as the reducing 
agents and the calcination temperatures of the ZF nanopar-
ticles were different.

Field Emission Scanning Electron Microscopy 
(FE‑SEM)

The micrographs obtained by FE-SEM for the four samples 
of ZF nanoparticles calcined at 350°C, 550°C, 750°C and 
1000°C are shown in Fig. 6, in which spherical agglomer-
ated nanoparticles are visualized for all cases. The particle 
size was estimated from the micrographs using ImageJ soft-
ware, and the particle size distribution is shown in Fig. 7. 
The particle size increased with the increase in calcination 
temperature.

UV‑Visible Diffuse Reflectance Spectroscopy 
(UV‑Vis‑DRS)

The optical bandgap was investigated using UV-Vis-DRS. 
The acquired UV-Vis-DRS spectrum was converted to equiv-
alent absorption spectrum by employing the Kubelka–Munk 
function as follows 45;

where F(R) = Kubelka–Munk function, R =  (Rsample/
Rstandard),  Rsample = diffuse reflectance of the sample and 
 Rstandard = diffuse reflectance of the standard, α = absorption 
coefficient and S = scattering coefficient. Figure 8 shows 
the Kubelka–Munk function with respect to wavelength for 
ZF nanoparticles at different calcination temperatures. The 
Kubelka–Munk function F(R) is proportional to the absorp-
tion coefficient (α) as follows:

In the above equation, n = 2 for direct-bandgap transition, 
whereas n = 1/2 for indirect-bandgap transitions. Here, n = 2 
is taken to find the optical energy bandgap of ZF, as it was 
selected as the direct-bandgap material.46 The absorption 

(3)F(R) =
�

S
=

(1 − R)2

2R

(4)F(R) ∝ � ∝

(

h� − Eg

)
1

n

h�

(5)(�h�)n ∝
(

h� − Eg

)

Fig. 3  Crystallite size of ZF nanoparticles versus calcination temper-
ature.

Table I  Data obtained from XRD analysis, UV-Vis DRS spectroscopy and FE-SEM

SN Calcination tem-
perature (°C)

D (from Scherrer 
formula in nm)

D (from W-H 
plot in nm)

Lattice 
parameter 
(Å)

Inhomogeneous 
tensile microstrain

Optical bandgap in eV 
(from UV-Vis-DRS)

Particle size 
(from FE-SEM 
in nm)

1 350 14 16 8.4283 0.913 ×  10−3 2.265 51
2 550 16 17 8.4492 0.213 ×  10−3 2.251 54
3 750 19 20 8.4494 0.374 ×  10−4 2.245 57
4 1000 20 21 8.4454 0.154 ×  10−4 2.225 61
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coefficient (α) is changed into the Tauc equation as indicated 
in the insets of Fig. 8.

The intersection point on the energy axis of linear fit-
ting from the Tauc equation, 47, 48, 49  as shown in the inset 

of Fig. 8, results in the optical energy bandgap values. The 
obtained optical energy bandgap decreases with an increase 
in calcination temperature, as shown in Fig. 9. The value 
obtained for ZF nanoparticles is 2.251 eV at 550°C, which 
closely agrees with the value of 2.2 eV at 600°C reported 
in the literature.50

The optical absorption of nanomaterials depends on 
quantum confinement effects, leading to an increase in the 
optical energy bandgap with a reduction in crystallite size, 
and on surface effects, which result in a decrease in the opti-
cal energy bandgap with the reduction in crystallite size.51 
Taking the quantum confinement effects into account, the 
optical energy bandgap of nanomaterials can be given by 
the following  equation52;

Here, Eg(bulk) is the optical energy bandgap of the bulk, 
E∗
RY

 is the bulk excitation energy, h is Planck’s constant, r is 
the radius of the crystallite, and m∗

e
 and m∗

h
 are the effective 

(6)Eg(nanomat.) = Eg(bulk) +
h2

8r2

(

1

m∗
e

+
1

m∗
h

)

− 0.24E∗

RY

Fig. 4  W-H plot of ZF nanoparticles synthesized via a green route at calcination temperature of (a) 350°C, (b) 550°C, (c) 750°C and (d) 1000°C.

Fig. 5  Crystallite size and microstrain from W-H plot versus calcina-
tion temperature.
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mass of electrons and holes, respectively. Eg(nanomat.) with 
respect to  1

r2
 is plotted in Fig. 10, and a second-order poly-

nomial is fitted, as it is not possible to fit the straight line, 
which confirms that the quantum confinement is absent.46 
The bandgap of the system is primarily derived from Fe 
3d eg and t2g levels (transitions between d-d levels). The 
separation between d levels is a function of the intensity 
of the crystalline field surrounding the ion. The bandgap 
is modified toward greater or lower energy values with the 
increase or decrease in the crystalline field, respectively. 
Therefore, the variation in bandgap is directly related to the 
local distortions in the ordered average crystal lattice. When 
the material is annealed at different temperatures, it modifies 
the local distortions in the ordered average crystal lattice. 
This is directly reflected in the microstrain parameter. These 

distortions produce a change in the hybridization of metal 
3d with O 2p levels or intensity of the crystalline field sur-
rounding the ion, which mirrors the change in the bandgap.

The average crystallite size from Eq. 1, W-H plot, lattice 
parameter, tensile microstrain, optical bandgap from UV-
Vis-DRS and particle size obtained from FE-SEM at dif-
ferent calcination temperatures are summarized in Table I.

It is clear from the table that both the crystallite size and 
the particle size of the ZF nanoparticles synthesized via the 
green route increased with the increase in calcination tem-
perature, while the inhomogeneous tensile microstrain and 
optical bandgap decreased with the increase in calcination 
temperature, which is consistent with the literature. 20, 31, 

33, 50

Fig. 6  FE-SEM micrographs of ZF nanoparticles at calcination temperatures of (a) 350°C, (b) 550°C, (c) 750°C and (d) 1000°C.
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Conclusion

The S-XRD measurements demonstrate the presence of 
cubic phase of ZF nanoparticles synthesized at calcina-
tion temperatures of 350°C, 550°C, 750°C and 1000°C 
via a green route utilizing lemon juice as a fuel and reduc-
ing agent. The average crystallite size of ZF nanoparticles 
obtained from both Scherrer and W-H plots increased with 
the increase in calcination temperature, while the inhomo-
geneous tensile microstrain was found to decrease with 
increasing calcination temperature. Agglomerated parti-
cles were seen in the micrographs obtained from FE-SEM 

images. The optical bandgap obtained from Tauc plots 
by employing UV-Vis-DRS spectroscopy decreased with 
the increase in calcination temperature as a result of the 
increase in crystallite size obtained from S-XRD measure-
ments. The small variation in the bandgap of this system is 
due to confined distortions in the ordered average crystal 
lattice as seen in the microstrain parameter, which results 
in hybridization of metal 3d with O 2p levels, leading 
to a change in the bandgap, and not because of quantum 
confinement.

Fig. 7  Particle size distribution for ZF nanoparticles at calcination temperatures of (a) 350°C, (b) 550°C, (c) 750°C and (d) 1000°C.
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Fig. 8  Kubelka–Munk function versus wavelength at calcination temperatures of (a) 350°C, (b) 550°C, (c) 750°C and (d) 1000°C for determina-
tion of the bandgap using the Tauc equation (inset).

Fig. 9  Optical bandgap versus calcination temperature. Fig. 10  Eg(nanomat.) versus 1
r2

.
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tary material available at https:// doi. org/ 10. 1007/ s11664- 022- 09813-2.
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