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In this work, Zn,,CoFe,Al,O4 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) ferrites were synthesized using the sol-gel
method. XRD analysis was done and confirmed the formation of spinel structure, where the particle size
and lattice parameter decrease with increase of aluminum concentration. This may be attributed to a
shift of the bigger Al* ions, from the tetrahedral to the octahedral sites, interchanging with smaller zZn*
ions and that consequently result to a decreased unit cell size. The Scanning Kelvin Probe Microscopy
(SKPM) showed that the work function average ranges between 200 and 680 mV for the different
concentration of aluminum in the samples. Fractural analysis indicated a small fracture between the
samples of different ratios which can be attributed to the method used to prepare as well as the shifting
of the AI*" ions. The UV-vis spectroscopy showed variation of energy gap with increasing aluminum
concentration, and an increased optical absorbance as the Al** ions were introduced in the samples.
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INTRODUCTION

Nanoparticles have found a wide application due to their
superior electrical and electronic properties. Ferrite
nanoparticles being a class of special oxides have also
been applied in a wide range of applications ranging from
millimeter wave integrated circuitry, to the power handling
techniques, permanent magnets up to the magnetic
recording media (Valenzuela, 2005, 2012). Due to the
evolving data storage techniques in recent times, there
has been reduction in bit's dimension towards the
nanoscale (Larson et al, 2004; Sbhiaa and

Piramanayagam, 2007; Gu et al.,, 2016). Utilizing the
optical and electrical properties of materials, optical
recording has been developed (Gu et al., 2016). For
instance, plasmonic has data storage on metal nano-
structures which has a sharp resonance at a specified
wavelength which depends fully on the size and shape of
the nanostructure (Mansuripur, 2011).

Mansuripur (2011) notes that, the electronic data
storage has been depending on static and dynamic
random access memories (SRAM and DRAM), but of
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recent the Flash Memory has emerged as a contender in
storage technology. Despite of the introduction of the
flash disk there has been an increase in challenges such
as low capacity, have slow data rates and they retain
data for a short period of time which is due to charge
leakage. These have therefore created a field for nano-
volume materials to solve these challenges. Among the
likely candidates of materials that have been used as
core in memory devices and continued to elicit much
research interests in this area of applications are the
ferrites (Priya et al., 2019; Flores-Martinez et al., 2019).
Lot of research is devoted to recognize the possibilities to
improve the electrical properties in order to make it
suitable for applications in electronic devices and
microwave industries. The advocacy of nanomaterials
has been supported by the idea that as the size of the
magnetic materials approaches nanoscale, there is an
increase in surface area and this therefore has led to
novel phenomena (Yao et al., 2007). Ferrites
nanomaterials have also exhibited a high signal-to-noise
ratio and thermal stability (Ozawa et al., 2017; Tada et
al., 2017), properties that should be ideal to data storage
devices.

Al doped cobalt ferrites has been reported as suitable
for high frequency applications and magnetic memory
devices (Priya et al., 2019) among other applications that
requires higher electrical conductivity like in electrodes
for supercapacitors (Bhujun et al., 2016). Aluminum
doping has shown improved electrochemical
performance (Priya et al., 2019). Kumar and Kar (2011)
reported Al doped cobalt ferrites as a potential candidate
for soft magnet applications such as magnetic recording.
Their study observed that aluminum in cobalt ferrites
reduces saturation magnetization, coercivity, remanent
magnetization and magneto crystalline anisotropy
constant, which reveal that the material becomes soft
magnetic material with the AI** substitution. Waghmare et
al. (2017), reported that incorporation of non-magnetic
Al*ions in cobalt ferrite resulted in decrease of saturation
magnetization and coercivity because replacement of
Fe*" by AP’ ions weakens the sub lattice interaction and
lowers the magnetic moment of the unit -cell
Furthermore, more studies have shown improvements of
properties that are important in data memory by doping
Zn ions to cobalt ferrites (Jadhav et al., 2010; Somaiah et
al., 2012: Jamil et al., 2017; Nayeem et al., 2017). Most
of these studies have focused on optimization of the
magnetic properties (Pankhurst et al., 2003; Yao et al.,
2007).

This study sought to investigate the effect of a double
substituted ferrite, the aluminum and zinc doped cobalt
ferrite. The intent has also been refocused to investigate
the effect of such substitution to electronic properties
specifically the work function, energy band gap and
optical properties. The study used sol-gel synthesis
method, which enables use of low temperatures and less
time consuming besides being one of the methods that

has been widely used in production of materials at
nanoscale level (Kahn and Zhang, 2001; Krishna et al.,
2012), and the ease of varying the stoichiometry of the
samples.

METHODOLOGY
Synthesis

Sol-gel method was used to synthesize Zn;xCoFe,<AlkO4 (x =0.0,
0.2, 0.4, 0.6, 0.8 & 1.0). All the chemicals were of analytical reagent
grade (AR) with 99% purity and supplied by Sigma Aldrich
Laboratory Supplies. The varied stoichiometry of the Ferric Nitrate
nanohydrate  (Fe(NOs);.9H,0), Cobalt nitrate hexahydrate
(Co(NO3)2'6H20), Aluminum nitrate nonahydrate-Al(NO3);-9H,0
and Zinc nitrate hexahydrate-Zn(NO3),-6H,O were calculated into
their masses as shown in Table 1.

The weighed amount of metal nitrates were dissolved in 10 ml of
pure water and stirred viorously using a magnetic stirrer to form a
salt solution. 2 M Citric acid solution was then added to the salt
solution in the ratio 1:1. after heating for 10 min. A red-brownish gel
was formed after vigorous stirring for 3 h at 90°C. Further heating
continued at 95°C until the gel underwent self autocombustion,
leading to formation of a loose massive powder. The product was
grinded to fine powder using an agate motor and pestle and
calcined at 650°C for 4 h to remove any organic impurity.

Characterization

The XRD analysis of the synthesized nanoparticles was done by a
powder XRD (Bruker D2 Phaser Diffractometer) using a CuKa
radiation at A=1.54060 A operating at a voltage of 30 kV and a
current of 10 mA and at a 26 range for 10-90° with a sweeping rate
of 2 °/min. Scanning Kelvin Probe Microscopy (SKPM) was used to
study the work function of the samples. The tip voltage was set
between 2.9515 - 3.000 V and the peak-to-peak voltage V, was
1325.7 mV which was kept constant with mean peak-to-peak
voltage Vyyp of 1422.6 mV. Scanning took place for 200 points in
steps of 1 where the backing potential Vy,. was in the range +5000.
UV-Visible 1800 from Shimadzu was used to obtain the absorbance
of the samples. Part of the sintered powder of the samples of
AlZn;«Co Fe 0, ferrites were dissolved in pyridine and ethylene
glycol in the ratio 1:10 under magnetic stirrer and stirred for 10
minutes for further UV-vis characterization.

RESULTS
XRD analysis

The phase and purity of the synthesized Zn;,CoFe,.
ALO, samples were examined by the XRD. The
observed XRD patterns are shown in Figure 1.

Then normalized diffraction peaks at 26 values 30.405,
35.69, 43.473, 53.620, 57.4281 and 62.766 are indexed
to (220), (311), (400), (422), (511) and (440) reflection
planes of aluminum doped zinc cobalt ferrite respectively.
The patterns match well with the JCPDS card No. 22-
1086 and confirms a spinel of cubic structure which
further shows pure samples were synthesized as no
additional peak was recorded. The sharp peaks indicate



Table 1. Masses of each nitrate.
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Required stoichiometry for Mass (g)
AlxZn; xCoFe;04 Ferric nitrate Cobalt nitrate Aluminium nitrate Zinc nitrate
x=0.0 3.0000 2.1611 0.0000 2.2090
x=0.2 ‘ 3.0000 2.1611 0.5571 1.7672
x=0.4 3.0000 2.1611 1.1142 1.3241
x=0.6 3.0000 2.1611 1.6714 0.8836
x=0.8 3.0000 2.1611 2.2285 0.4418
x=1.0 3.0000 2.1611 2.7856 0.0000

A

Intensity (a.u)

153

| "
J [ -
i TR ‘k../‘ o T (| W -\,"‘\.,/\_J' \ N/ WA A

x=0.8

AN\ [ A

\ x=0.6

"

1 J !v'_ | \
'M_A.tl \__L'(V“ \ﬂ/‘\.l/ | S——— - \‘_f"\_

2 theta (degree)

Figure 1. XRD patterns of AlyZn;.«CoFe,O, for (0=x=1.0) for x = 0.0.,, x=0.2.,, x=0.4., x =
0.6., x = 0.8 and x = 1.0, calcined at 650°C with most intense peak at 35.67° assigned to
311 from which the equation for crystalline size has been calculated.

a high degree of crystallization. The doping cations
therefore, were well incorporated in the precursors. For
the spinel cubic structure, the lattice parameter, a, was
determined from the intense peak (311) reflection on the

; _ _ Adhrl
XRD pattern by the use of the equation, a = T
The crystalline size D was determined from the formula,
0.91
" Bcosd *

Evidently the particle size and the lattice parameter
decreases with increase of Aluminum concentration. This
may be due to the substitution of AI** ions that are
smaller than the Fe** ions (Table 2). It could also be as a
result of cation redistribution and migration of some AI*
ions from the tetrahedral to octahedral sites,
orchestrating some Zn** and Co®* to migrate from
octahedral to tetrahedral sites. This would further cause a
smaller bond between the cations, and hence reduced
lattice constant and smaller cubic spinel structure. Similar

behavior has been also reported for CoAly,Fe; sO4 (Chae
et al., 2004; Ansari et al., 2016).

SKPM Line and area scans

The SKPM images of the line and area scans in Figure 2
and 3 respectively shows that a low work function, in the
range of 300-680 meV, which changes with concentration
of the dopant Aluminum. This could be attributed to the
change of electron distribution on the surface of the
samples. There is an increase in the number of electrons
as the concentration of the dopant increases. Much of the
values are having averagely a lower work function which
is an important factor in application in electronics.

Figure 3 shows that doping has an effect on work
function; this is depicted by the variation of the surface
profiles at different concentrations. The surface formation
or reconstruction could be an issue to account for
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Table 2. The approximate particle size for the different concentration.

Concentration of d- Spacing Lattice constant(A) Approximate size (Nm)
Aluminum
x =0.0 0.6379075 2.1157 76.7442
x=0.2 0.6378472 2.1155 63.4800
x =0.4 0.6377568 2.1152 51.8533
x =0.6 0.6377266 2.1151 44.4444
x=0.8 0.6377266 2.1151 38.8889
x=1.0 0.6376362 2.1148 22.2222
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Figure 2. Average line from the area scans which reveals that the work function of the samples (for the different values of
x) in the samples is between 300-680 meV. This makes the material applicable as semiconductors (Horcas et al., 2007).

variation of the work function. This variation may be
caused by a number of factors such as the surface
morphology, chemical composition of the sample and the
structure of the material. For instance, a shift in surface
molecular orientation of a sample or a small amount of
contaminant on the surface can bring a significant shift in
the work function and impact the electronic structure of
interfaces. Much of the values are having an averagely
lower work function as shown in Figure 4, which is an
important factor in application in electronics. From Figure
4, the work function varied as concentration changes
which can be as a result of doping. The line scans work

function is higher due to the distribution of the electrons
on the surface of the material. This is because the line
scan is in one dimension while the area scan is in 2
dimension and therefore the area scan covers a large
surface of scan giving more accurate work function
values. This is therefore a prediction of the further lower
work function of the samples indicating a good
application in transmission storage devices.

The work function against the concentration for the line
and area scans were plotted and represented as in the
Figure 4. The work function seems to takes a drop when
the concentration of Zn** and AI** cations are around
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Figure 3. Area scan work functions of the samples for different values of x (Horcas et al., 2007). As the value of x
increases there is a change of the work function averagely up to a certain point for x=0.4 and x=0.6 where the work
function starts reducing up to the original value. This creates a trend observable due to increase in the number of electrons
up to the optimum value.

stan points

50:50. This could be as a result of the changing ratios of function (4.31) than Aluminum (4.28) (Stossel et al.,
the cations species. Zinc has a slightly higher work 1999).
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Figure 4. Work function against aluminum concentration for both line and area scans for

different samples.

SKPM hole density and fractural analysis

The hole density fractural analysis and the multicellular
observation were calculated and viewed in WSxM 4.0
Beta 9.1 by Horcas et al. (2007) and are shown in
Figures 5 and 6. The holes were averagely a distance of
251.969 nm from each closest neighbor with an average
hole area of 976.562 nm? and hole volume of 489.16
nm®. The hole density is observed to be uniform
throughout the samples which implies that doping does
not influence the hole distribution.

The size of holes also increases with increase in
aluminum content. The multicellular view reveals that the
cell view changes as the value of x also varies from 0.0 to
1.0. The multicellular view and the hole density were
observed by the WSxM 4.0 Beta 9.1 (Horcas et al.,
2007). It can also be observed that there is no big
different in the fracture of the samples as the aluminum
content increase. The average diversion from the neutral
axis is equidistant.

The fractural analysis shown in Figure 6 indicates there
is less fractures formed as the content of AI** increases.
This is can be observed from a small variation of the
fracture graph from the average graph. Which can be
attributed to the smaller ionic radius of 0.675 A of
Aluminum as compared to 0.88 A of zinc, this therefore
indicates that Aluminum ions can substitute zinc, fitting
well in the octahedral and tetrahedral sites (Shannon,
1976).

This is can be observed from a small variation of the
fracture graph from the average graph. The size of holes
also increases with increase in aluminum content; this is
due to the larger ionic radius of Al¥as compared to zinc.
This therefore suggests a good material to be used in
semiconductor devices such as storage devices and
information transmission devices. This is further
supported by the behavior of cobalt being a
semiconductor at some temperatures and a conductor at

some temperatures.

Energy band gap calculations from SKPM

From the Energy Band Diagrams in the Figures 7, it was
realized that as zinc ion are introduced in the sample, the
fermi level E; was observed rising towards the conduction
band E.. It is further observed that the fermi level rises
into the conduction band predicting the super conductivity
of the materials.

In general, the fermi level E; found at the middle point
of the conduction band E; and the valence band E, when
impurities are introduced in the sample, the fermi level
shift either towards or away from the conduction band
depending on the conductivity nature of the dopant
(Akhtar et al., 2015).

UV-visible analysis

Figure 8 shows the UV-vis absorption spectrum (in the
range of 280 nm-800 nm) of the sol-gel synthesized
nanocrystals of Aluminum doped zinc cobalt ferrites
which is a function of wavelength in nanometers (nm).
The spectrum for different samples is characterized by
1 to 2 major peaks which are in the range of 304-340 nm.
There is observed shift of the wavelength from 340-304;
this is attributed to the decrease in particle size
(Gharibshahi et al., 2017). There are strong absorption
peaks seen as the content of Aluminum is increasing
from 304 nm among the samples with a high absorbance
is at 340 nm which has the highest content for the Al
ions absorbance (Akhtar et al., 2015). The maximum
absorbance is well explained by Mie theory both
classically and traditionally. In metal nanoparticle,
electrons in the conduction band or near the surface are
excited an effect called surface Plasmon response (Desai
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Figure 4. The hole density and the multicellular simulations plots at a magnification of 200 nm (Horcas
et al., 2007). The hole density was found to be 16 holes per multiple cell analysis.

et al., 2012); the optical absorption of metal nanoparticles
can be described quantum mechanically due to intra-
band interactions emulating the interaction of light energy
on metal surface through Compton scattering and
photoelectric effect (Gharibshahi et al., 2017). Aluminium
has a higher plasma frequency which finds application in
surface plasma responses. It can be observed that as the
aluminum content was being increased there was a
reduction in absorbance as depicted by spectra of x=0.0
and x=1.0. This can be attributed to the cation distribution
in the sample.

Absorbance against the energy absorbed was found to

be as in Figure 9. From the spectrum the energy
absorbed is inversely proportional to the wavelength.

The samples were observed to be between 1.85 to 4.2
eV; this is because the spectrum starts to rise from these
region (Holinsworth et al., 2013). The samples start
absorbing energy from 1.85 eV, this is due to the indirect
band gap of O-Fe-O present in the sample (Holinsworth
et al., 2013). At the 2.86 eV value, there is a direct band
gap which is associated with the CoFe,O,4 present in the
sample. As seen from the spectrum in Figure 9, there is a
strong energy gap as absorbance increases; this is
attributed to the continued combination of the Aluminum
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Figure 9. Absorbance verses electron volt showing the energy absorbed by the samples when they are subjected to the

ultraviolet radiations.

ions with the cobalt and ferric ions (Holinsworth et al.,
2013). The excitation within 3 eV are attributed to the O
2p to Fe 3p charge transfer excitations (Rai et al., 2012);
the Co?* (3d)’ shifts to the octahedral sites while the Fe
¥(3d)° t are shifts to occupy the tetrahedral site and
octahedral sites equally (Rai et al., 2012). Generally,
there is high absorbance which decreases as the AI**
ions increases. This is attributed to the crystal structure of
ferrites formed. The sample x=0.2 has the highest
absorbance followed by the sample x=0.0. The sample
with x=1.0 had the lowest absorbance which is due to the
absence of the zinc ions in the sample. There was
negative absorbance which could be attributed to the
noise in the measuring instrument or light source exciting
the samples to excite larger energy emissions which
could cause emergent emissions exceeding the incident
light and can also be due to differences in refractive index
(Ji et al., 2016). This gives the samples x=0.0, 0.2 and
0.6 candidature for the application in storage devices.
This predicts their ability for the device to absorb
information either in magnetic or optical nature.

CONCLUSION AND RECOMMENDATION

The electronic and optical properties of Aluminum doped
zinc cobalt ferrite nanoparticles were studied using the
Scanning Kelvin Probe Microscopy and the UV-vis
spectroscopy. The work function from the area and line
scans from the kelvins probe was found to be reduced
from 680 to 300 meV with sample of x=0.6 recording the
lowest work function. Likewise, the absorption from the
UV-vis was also found to be in the range of 304-340 nm
in wavelength range. The energy absorbed when the

ultra violet radiations are directed to the sample was
found to range from 1.85-4.08 which was attributed to re
alignment of the aluminum, ferric and cobalt ions as well
as zinc and oxygen ions in the sample to A and B sites.
The addition of aluminum did not cause a significant
fracture in the alignment of the ferrite particles; the
increase in the size of the hole as the aluminum content
increases can be attributed to the larger ionic radius of
the aluminum ions. The hole density was maintained
making the ferrite a better candidate for application in the
storage, recording, transmission and memory devices. It
is therefore clear aluminum doping in ferric nanoparticles
bring about change in the energy absorbed, band gap
and the work function as well as making the ferrite
applicable in a wide range of electronic devices.
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