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Abstract

CrossMark

In this work, the synthesis of Ni;_ Mg, Fe,O4 (0 < x < 1.0) nanoparticles by a facile
microwave-assisted combustion method is reported with detailed study of the structural and
optical properties. By employing techniques of x-ray diffraction (XRD) with Rietveld
refinement, transmission electron microscope (TEM, HRTEM, TEM-EDX), Fourier transform
infrared spectroscopy (FTIR) and UV-Visible spectroscopy, the synthesized nanoparticles are
characterized and introduced for further study of size-confined properties. Nanocrystals of a pure
cubic spinel structured phase with average particle size of 20-40 nm were successfully
synthesized in the whole range of x. In consistence with Vegard’s law for a solid solution lattice,
the lattice constant increases linearly with the substitution for Ni*" with the relatively larger
Mg>" cations. The Rietveld analysis of the observed XRD patterns reveals an inversed spinel
structure in NiFe,O,4 nanoparticles with a decreased inversion factor by Mg-substitution. The
results of UV-Visible absorbance indicate a wide energy gap of about 3.6 eV for NiFe,O,
nanoparticles thatmonotonically tuned towards a narrow band gap by Mg-doping.

Keywords: spinel ferrites, microwave combustion, XRD, TEM, optical properties, energy gap

tuning, nanoparticles

(Some figures may appear in colour only in the online journal)

1. Introduction

Spinel ferrites with a general formula of MFe,O, (M is a
divalent metal cation such as Mg2+, Co**, Ni**, Cu®** and
Zn*", locates completely in the tetrahedral A'V-sites fora
normal spinel structure) have attracted much attention due to
the interesting properties wich make them useful in a vast
range of technological applications [1-5]. The physical
properties of spinel ferrites are dependent on the cations
distribution, oxygen vacancy and particle size which all are
influenced by the employed synthesis route. Furthermore,
substitutions among the M divalent cations or by a trivalent
cation (Cr’", Mn>", AP’", Ga®" etc) can easily modify the
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magnetic, dielectric and optical properties of nanostructured
ferrites [6—12]. For example, the chemical and physical
properties of NiFe,O4 can be enhanced by substitution with
divalent ions such as Zn”, Co”, Cu®* and Mg2+ for Ni2+
[13—-16]. Pure Ni-ferrite has been widely investigated as a
candidate for magnetic devices, catalysis in chemical reac-
tions and for drug delivery in biomedicine [17-19]. Incor-
poration of the nonmagnetic Mg®" ion into the composition
of Ni-ferrite makes it promising for further novel technolo-
gical applications including electromagnetic interference
shielding [20], effective photocatalytic performance com-
pared to pure Ni-ferrites [21], anode material for rechargeable
batteries [22] and a good Antibacterial in biomedicine [17].

Due to the synthesis-routes dependence of the nano-
particles properties, many novel synthesis routes such as the
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co-precipitation [23], hydrothermal [24] and sol-gel [25]
methods have been developed in the last decades to prepare
nanocrystalline spinel ferrites. The microwave assisted com-
bustion method has been recently developed and gained much
interest as it is simple, cost effective and productive method
[26]. It requires raw materials which are mostly available
including metal salts, as sources for metal elements and an
organic compound (e.g. glycine, urea, citric acid, alanine or
carbohydras) as a fuel. In this process, the microwave energy
provides a rapid uniform heating at the molecular level, by the
induced motion of molecules inside the material reactants,
which is required to increase nucleation rather than growth of
the synthesized particles. It produces homogenous nanocrys-
talline particles with a high yield within few minutes in
contrast to other conventional synthesis routes which use an
external source of heat (hot plate or muffle oven) and mostly
require longer time resulting in relatively larger particle size.

The present work aims to synthesis Mg-substituted Ni-
ferrite nanoparticles of high crystallinity, by using a facile
microwave combustion method. The synthesized phase and
composition are identified by the XRD Rietveld analysis,
FTIR, TEM and EDX measurements. The microstructure,
crystallinity, particles shape and size are investigated by TEM
and HRTEM and the effect of Mg>" substitution on the
structure and optical energy gap of Ni ferrite nanoparticles is
studied in detail.

2. Experimental techniques

2.1. Materials and synthesis

Ferrite nanoparticles with the composition of Ni;_ Mg Fe,O4
(x=0.0 - 1.01in a step of 0.1) were prepared using the micro-
wave combustion method described here. Hydrated metal nitrates
Mg(NOs3),.6H,0, Ni(NO;),.6H,O and Fe(NO3);.9H,O were
used and dissolved in the appropriate ratio with the glycine
((NH,),COOH) fuel in a least amount of distilled water. The
produced solution was introduced into a microwave oven
(Olympic electric, KOR-6Q1B) operating at a maximum power
of 800 W for 20 min. A voluminous and fluffy product that
grades in colour from black to brown with increasing the Mg
content was produced. The product was easily ground to fine
powders for further characterization and prepared for
measurements.

2.2. Characterization and measurements

The synthesized phases were identified by the powder x-ray
diffraction (XRD) technique using a diffractometer (Philips
PW1710, Netherlands) equipped with an automatic divergent slit
and CuK_-radiation (A = 0.154 18 nm) produced by a graphite
monochromator. FTIR spectroscopy have been performed on the
samples using NICOLET FTIR 6700 spectrometer by employ-
ing the KBr pellet method, in the range 400-4000 cm ™.

The microstructure as well as average particles size,
shape and crystallinity have been investigated by the (high-
resolution) transmission electron microscopy (HR)TEM using

- g §G g S g
= o = o = 8§ o, <
= = 3 b
A H . A =10
- A AN x=09]
A [ A = A A x=0.8
A 7l A A A\ x=07
& A A o} wis
< A A A J\L x=0.5
% A A A A x=0.4]
& A A A A (e
A J A %x=0.2
. R P N Y
Ni; Mg,Fe,0,
A JL}L L =00

20 30 40 2@° 50 60 70

Figure 1. XRD patterns of Ni;_,Mg,Fe,0,4 nanoparticles measured
at room temperature.

a JEOL JEM-2100F electron microscope. An attached unit of
energy dispersive x-ray spectroscopy (EDX-TEM) has been
employed to investigate the elemental compositions. The
chemical composition is averaged for the investigation results
for many particles in the measured samples.

The optical absorbance has been measured using a
Thermo Evolution 300 UV-Visible Spectrophotometer. The
absorbance spectra have been collected from a suspension of
1-mg powder sample, added and sonicated for 10 min. in
10ml of the DMSO solvent, in a wavelength range of
200-900 nm.

3. Results and discussion

3.1. Structural properties and crystallite size

Typical XRD patterns of the synthesized Ni-Mg ferrite nano-
powders are shown in figure 1. All the detected peaks of Mg-Ni
ferrite system are solely indexed with the spinel crystal structure
with the space group Fd3m in a good accordance with the
standard ICDD cards, No. 04-015-7027 for Mg ferrite and No.
04-014-8286 for Ni ferrite. There are no extra diffraction lines of
any secondary phases appear over the whole composition range
indicating successful synthesis of a mono-phase samples of the
spinel cubic structure. Further, the noticed shift of reflection lines
to lower Bragg’s angle with the increased Mg content indicates
successful substitution for Ni*™ by Mg”" ions of little larger
divalent ions in a solid solution spinel structure.

Figure 2 shows the Rietveld refinement of the experimental
XRD patterns by assuming the cubic spinel structure, space
group 227 (Fd3m) setting #2, for selected Ni,_,MgFe,0,
compositions. The refinement has performed by employing the
RIETAN-FP system for pattern-fitting structure refinement [27].
Sites 8a (1/8, 1/8, 1/8) and 16d (Y2, Y2, Y4) are assumed for
atoms lie in the tetrahedral A™- and octahedral BVI-sites,
respectively, while the site 32e with refined positions
(x =y =2z=u) is for the oxygen atoms. During the Rietveld
analysis, the lattice constant (a), oxygen position (), occupancies
of atoms (g) and peaks shape parameters (FWHM, position,
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Figure 2. Rietveld refinement of the observed XRD patterns (symbols) of Ni; ,Mg,Fe,O, nanoparticles to the cubic spinel structure at Bragg
reflection angles shown by the vertical bars. Calculated patterns and their deviations from the experimental patterns are shown by solid and
dotted lines, respectively. The corresponding relative reliability factor, S = Ryeighted-profite/ Rexpected, and goodness-of-fit indicator, GofF, are

shown.

intensity, etc) were refined. The inversed spinel structure is
revealed for NiFe,O, with an inversion factor 6 = 0.997, as
shown in table 1, so we assumed Ni completely locate in the
BVLsite in the Ni;_ Mg,Fe,O4 whole series [26]. The refinement
resulted in an oxygen position u of about 0.253-0.256 for
Ni;_,Mg,Fe,O, nanoparticles. All structure parameters derived
from the Rietveld analysis are summarized in table 1.

As well as the lattice constant values obtained by the
Rietveld analysis of XRD in the whole range of 26 (table 1), a is

further accurately determined through the Nelson-Riley extra-
polation method using the positions of high-angle peaks (at
260 > 40°) also obtained from the Rietveld analysis. The values
of the apparent lattice constant, apy = W for

cubic structure, obtained from different diffraction planes are
cos?  cos?

a

plotted against Nelson-Riley function, F(6) = S“‘f, and
extrapolated to F(0) = 0 [28]. The obtained values of a for
Ni-Mg ferrites nanoparticles are plotted against Mg>" content (x)



Table 1. Rietveld-refined structural parameters of Ni; Mg, Fe,O4 nanoparticles: chemical formula (A™BY'Fe,0,), inversion factor (), lattice parameter (a) and average estimated values of
density (pxrp), hopping length for the AW=site (L) and BY'site (Lp), internal lattice strain (), crystallite size (dxgp) and TEM-determined particle size (drgm)-

xMg™)  AVBY'o, § a (A) pxep (gem™) Ly A) Ly (A) e x 107" dxgp (0m)  drgy (nm)
0.0 (Nig.003F€0.997)(Nig 490F€0 501)204 0.997(19) 8.318(41) 541 3.60 2.941 4.2 32.04 31
0.1 (Mgo.02Fe0.08)(Mgo 04Ni 45F€0 51)204 0.982(37) 8.324(28) 5.32 3.60 2.943 9.2 45.11

02 (Mo 03Fe0.07)(Mgo 0gsNioaFeo 515:0s  0.971(42)  8.329(34)  5.23 361 2945 57 25.68 2
0.3 (Mg()‘()lFe()‘gg)(Ni()‘35Mg0‘145FCOA505)204 0992(18) 8333(45) 5.11 3.62 2.953 —-1.3 22.73

0.4 (Mgo.0asFe0.055)(Nip 3Mgo.178Fe0.522)204  0.955(42) 8.337(34) 5.06 3.61 2.948 1.1 22.73 29
0.5 (Mo 06Fe0.04)(Nig 2sMgo 22Feq 53204 0.936(41) 8344(32) 4.97 361 2950 6.8 37.13

0.6 (Mg()‘()78FCQ(922)(Ni0'2MgOA26FCOA54)2O4 0922(35) 8346(37) 4.89 3.61 2.951 —-1.2 21.27 27
0.7 (Mgo.098Fe0.002)(Nip.1sMgo 301F€0.549)204  0.902(41)  8.360(36) 4.78 3.62 2.956 13.2 25.41

0.8 (Mo 105Fe0 508)(Nio Mo 30sF€0. 500204 0.808(36)  8.363(33)  4.70 362 2957 27 20.69 27
0.9 (Mgo‘22F€0‘78)(Nio‘05Mg0A34F€0(61)204 0781(36) 8363(32) 4.62 3.62 2.957 2.5 20.72

1.0 (Mgo21Fe0 70)(Mgo 305F€0.605)204 0.794(24) 8.371(73) 4.53 3.63 2.959 =5.1 18.26 29

€18550 (0202) 6 19S "shud

[ejo |ped- 3V V
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Figure 3. Variation of the lattice constant, a, with the Mg content (x)
in Ni;_,Mg,Fe,O, nanoparticles with the solid line is the linear fit.
The inset shows the variation of the inversion factor éwith x and the
dashed line is for guidance.

in figure 3. It is noticeable that the lattice constant linearly
increases with Mg-doping from 0.832nm for NiFe,O, to
0.837nmin a good agreement with Vegard’s law [29]. The
increase of lattice constant with increasing Mg>" concentration
is attributed to the larger size of substituent Mg”" ions
(0.072nmin radius) relative to the replaced NiZ*  ions
(0.069 nm) [30]. The estimated values are consistent with pre-
viously observed values for Ni-Mg ferrite synthesized by a co-
precipitation method [31].

Further structural properties such as the theoretical den-
sity, pxrp, and the hopping lengths (i.e. distance between the
magnetic ions) in A and B sublattices, L and Lg, which are
important factors to the magnetic properties of spinel ferrites,
can be estimated from the XRD results of lattice constant a as
[32]:

M
NAa3 '

ey

Pxrp =

Where Z is the number of molecules per unit cell and equal to
8 for spinel ferrites. M is the molecular weight and N, is the
Avogadro’s number. The estimated values are presented in
table 1 which reveal a gradual decrease of d with increasing
Mg concentration. This behaviour is expected due to the
substitution of heavier Ni*" by the lighter Mg®" ions as

d=0.296 nm ~ (hkhy = (220)

10 sipg

P e

|
!
AN,

Figure 4. (a) TEM image of NiFe,O,4 nanoparticles, (b) and (c)
HRTEM image for one selected particle. (d) TEM image of
MgFe,O,4 nanoparticles, (e) and (f) HRTEM image for one selected
particle. Insets of (a) and (d) are the estimated particles size
distribution for NiFe,O4 and MgFe,0, nanoparticles, respectively.

reported previously for Ni-Mg ferrite [31]. L, and Lg, are
estimated as [33] :

a3 a2

Ly = , Lp= . 2
A 1 B 1 @)

The obtained values of L, and Ly listed in table 1 show
an increase with lattice expansion. The elongated hopping
lengths may have influence on the magnetic properties and
suggest a decrease of the exchange coupling between magn-
etic ions by Mg substitution for Ni in Ni; Mg Fe,0,.

Another interesting result of the Rietveld refinement of
the XRD patterns is the indication of cations distribution in a
mixed spinel structure close to a completely inversed one.
The cation distribution of (AIV) and (BVI) sites for all com-
positions are listed in table 1. As well-known fact that Ni*"
ions prefer octahedral sites [26], the inversion factor is the
highest (6 = 0.997) in pure NiFe,O, and systematically
decreases with substitution with Mg>" for Ni*" ions, as
shown in the inset of figure 3. This means that more
Mg>" ions replace for Fe*" in the A"-site and result in
slightly reduced inversion with increasing Mg content in
Ni; _ Mg, Fe,0,4 nanoparticles which of course has an influ-
ence on the magnetic properties [26, 34, 35].

The observed broadening of XRD peaks of the synthe-
sized Ni,_,Mg,Fe,O, compositions indicates the reduced
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Figure 5. TEM images of solid solution Ni; ,Mg,Fe,O, nanocrystals with the estimated particle size distribution shown in the inset of each

figure.

crystallite size to a nanoscale. The crystallite size (dxrp) is
estimated from the broadening of the XRD peaks obtained
using Rietveld refinements and corrected for the internal lat-
tice strain, ¢, using the well-known Williamson—Hall formula
[36]:

Bcosf =4esinf + k)\, 3)

dxrp

where k is a constant depends on the shape of the particle and
almost equals 0.9, A is the x-ray wavelength, 3 is the peak full
width at half maximum (FWHM), and 6 is the diffraction line
Bragg angle. This equation represents a linear relation
between (3 cos # (on y-axis) and sin # (on x-axis) from which
an intrinsic crystallite size, corrected for the internal strains,
can be obtained from the y-axis intersections. The positive
slope indicates the presence of tensile strain, while the
negative slope shows the presence of compressive strain. The
obtained crystallite sizes of the synthesized Ni;_ Mg, Fe,O4
are presented in table 1. The average crystallite sizes of the
microwave-combustion synthesized Ni,_,Mg,Fe,0, varies
back and forwards between 35 and 18 nm.

3.2. TEM results

The microstructure of the synthesized spinel ferrite nano-
particles, i.e. actual particles size, shape and crystallinity, are
studied by transmission electron microscopy (TEM). Figure 4
shows TEM images of the two parent compounds, NiFe,O4

and MgFe,0, nanoparticles with high-resolution transmission
electron microscopy (HRTEM). The particles size varies from
15 to 50nm and its distribution is shown in the insets of
figures 4(a) and (d) for NiFe,O,4 and MgFe,O,, respectively.
The crystals shape and size in some selected solid solution
samples are shown with the particle size distribution in
figure 5. Cubic as well as almost octahedral-shaped crystalline
nanoparticles of averages size of about25 —30nm are
observed. HRTEM images for a selected particle in NiFe,O4
and MgFe,0,4 nanocrystals are shown in figures 3(b) and (c)
for NiFe,O, and in (e) and (f) for MgFe,O4. The single
crystalline structure in the selected particles is revealed. Lat-
tice fringes with interfringe distances of 2.95 and 2.4 A are
observed for the selected particle in NiFe,O, and MgFe,O,
which match the d-spacings of the {220}and {222} planes of
spinel ferrite, respectively. In agreements with the XRD
results of crystal structure and crystallite size, TEM results
explore the success to synthesis the targeted spinel ferrite
nanocrystals.

3.3. Elemental composition

We have employed the electron dispersive x-ray spectroscopy
tool attached to the JEOL TEM microscope (TEM-EDX) to
investigate the approximate chemical compositions. Figure 6
shows the TEM-EDX patterns of selected particles in a
scanning TEM mode for some samples of Ni;_, Mg Fe,O4
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Figure 6. TEM-EDX patterns of the microwave-combustion
synthesized Ni; _,Mg,Fe,0, nanoparticles.

nanoparticles with the indicated nominal compositions. Some
extrinsic peaks of ingredients such as C and Cu in the carbon-
coated copper grids of the sample holder are observed.
Although the TEM-EDX is not accurate enough compared to
SEM-EDX, it reveals a general increase of the Mg on the
account of Ni content with approximate ratio of (Mg+Ni) to
Fe equals to 1: 2. The average atomic ratio of EDX results for
several particles in each sample are indicated in figure 6 for
corresponding samples.

3.4. FTIR spectra

In order to investigate the chemical functional groups in the
synthesized Ni;_,Mg,Fe,0, nanoparticles, FTIR spectrosc-
opy measurements are carried out. The IR transmittance was
measured in a range of 400-4000 cm ' and mainly shows the
characteristic metal-oxygen vibration bands in its spectra. The
spectra are presented in figure 7 in a range of 400-800 cm™".
The two observed essential bands of the M-O bond phonon
modes, !V in the range 560-580cm ' corresponding the
tetrahedral site and ¥ in the range 395-450 cm™' corresp-
onding octahedral site, are the common FTIR bands observed
for spinel ferrites [37]. Unlike the octahedral band frequency
vV, the tetrahedral one !V decreases with increasing Mg
content. The variation of band frequency values is due to
changes in the bond length at the A" and B"' sites probably
due to varied cations distribution. The tetrahedral site has
shorter bond length compared to that of the octahedral site,
that is further related to a stronger bonding of Fe*™ ions at the
A"site in the almost inversed spinel structure of Ni-ferrite

[38]. In consistence with the results of XRD and Rietveld

Table 2. FT-IR bands assignment and optical energy gap for
Ni; _ Mg Fe,O,4 nanoparticles.

Mg content (x) MV, em™ ) [+ 2em ™ E;’”' eV)
0.0 581 3.61(30)
0.2 579 2.57(46)
0.3 574 2.85(48)
0.4 574 2.49(47)
0.5 570 2.32(58)
0.6 569 2.25(41)
0.7 568 2.16(13)
0.8 564, 402 2.17(24)
0.9 564, 403 1.69(49)
1.0 562, 415 1.63(34)

refinement, the inversion factor 6 decreases with Mg-substitution
for Ni and hence Fe>" ions gradually emigrate from the A" -site
resulting in rather weak bond and lower /Y. The low-energy
phonon bands coresponding /¥ are not observed for composi-
tions of x < 0.7 due to our experiment limitation to 400 cm )
however, the spectra clearly show the onset of the octahedral
bands in these samples. The low-frequency band ¥ has been
barely observed for Ni-rich compositions [39, 40]. The band
frequencies, /¥ and 1! observed in the FTIR spectra are listed

in table 2.

3.5. Optical properties

The optical properties of Mg-Ni ferrite nanocrystals are stu-
died by analysing the measured UV-Visible absorbance. The
optical band gap can be estimated according to the well-
known Tauc’s relation [41]:

ahv = B(hv — E;’”‘)m. 4)
Where « is the absorption coefficient,v is the frequency of the
incident light, & is planks constant and Eg”p’ - is the optical
energy gap. The m exponent can take the values of 2, 3, 1/2,
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3/2, for transitions described as indirect allowed, indirect
forbidden, direct allowed and direct forbidden transition,
respectively.

After plotting the (o)™ against the incident photon
energy hv for different values of the exponent m, we found
that the best linear divergence of Tauc’s plot occurs for
m = 1/2 indicating optical band gap of a direct allowed
transition type in Ni_,Mg,Fe,O, nanoparticles, that agree
with results previously reported for spinel ferrites [22, 39, 42].
Figure 8 shows the Tauc plots, (o hv)? versus the incident
photon energy (hv), for Ni_ Mg, Fe,0, nanoparticles of dif-
fernt x. The optical band gap (E;p") is obtained by extra-
polating the mostly divergent linear portion of the Tauc plot
to (ahv)? = 0.0, as presented in figure 8 by the solid lines.
The obtained values of Eg”p" are listed in table 2 and its
compositional dependence is shown in figure 9. The obtained
data reveal that the optical band gap decreases from 3.61(30)
for Ni-ferrite to 1.63(34) eV for Mg-ferrite and is almost
lineally tuneable in between by changing Mg concentration,

4.0+ ' ' ' '
351 % Ni; Mg Fe,O, |
30t T, 1
> .
~ 257 +
= ‘B,
0.0 0.2 0.4 0.6 0.8 1.0
Mg content (x)

Figure 9. The variation of the optical energy gap, E,, versus Mg
content (x) in Ni;_,Mg,Fe,0, nanoparticles. Dashed line is linear fit
presented for guidance.

in the uncertainty limits as shown by the dashed line, which is
atributed to the change in the electronic structure. Similar
behavior of E, with the Mg content has been reported for Mg-
Zn ferrites prepared by a microwave combustion method [42].

The slight differences in the band gap of Ni, _ Mg, Fe,O,4
nanoparticles from previous bulk studies may be attributed to
quantum confinment effects and the formation of sub-band
gap energy levels that are induced by the abundant surface
and interface defects in the agglomerated nanoparticles [43].
The red shift for E, from bulk values that increases with Mg
incorporation could also be attributed to an increase in the
internal lattice strain as reported in the earlier publication by
S. Singh et al [44], where the optical band gap of CoFe,Oy4
was found to decrease from 1.84 to 1.67 eV with increasing
the intrinsic strain.

4. Conclusion

Ni; Mg, Fe,0,4 nanoparticles were successfully synthesized
in the whole range of 0.0 < x < 1.0 by a microwave-assisted
combustion route using a glycine fuel. Characterization
measurements by XRD, FTIR, TEM and EDX techniques
confirm the spinel structured ferrite nanocrystals with crys-
talline correlation lengths of 20—40 nm that is comparable to
the particle size observed by TEM. High-resolution TEM
indicated the high crystallinity in the synthesized nanocrys-
tals. Rietveld refinement of the XRD patterns resulted in a
lattice constant of 0.8318 nm for NiFe,O, that linearly
increases with Mg?" substitution for the smaller Ni** ions.
Cations distribution in a highly inversed spinel structure has
been revealed with an inversion factor that decreases with
Mg*" substitution for Ni*". Analysis of the measured optical
absorbance spectra has indicated a wide-to-narrow energy gap
tuning by Mg substitution for Ni.
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