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Abstract

Metal ferrite nanomaterials have emerged as promising materials for gas sensor fabrication due to their
high surface area, which provides a large number of adsorption sites for gas molecules. In this research,
a zinc ferrite nanoparticle-based gas sensor was prepared using the solid-state reaction method to achieve
high sensitivity and a fast response time. The powder zinc ferrite was annealed at different temperatures
within the range (500-700) °C for six hours. The optimum temperature for synthesis was 675°C. The
structural properties of the prepared compound were studied using X-ray diffraction. The results showed
that the compound crystallizes in a cubic crystal structure and belongs to the space group Fdsm. The lattice
constant was a = 8.3856 A. The theoretical density of ZnFe,O, has been calculated. The average crystallite
size of the ZnFe;O4 compound was calculated using Scherrer’s formula. The average crystallite size was
29.5 nm. The morphology of the ZnFe,O4 nanoparticles was observed by scanning electron microscopy.
The electrical resistance variations of the ZnFe,O, compound were studied as a function of temperature.
The electrical resistance values decreased with increasing temperature, indicating semiconducting
behavior. The sensing properties of ZnFe,O4-based sensors were studied. The sensing results showed that
the compound is a good sensor for ethanol vapor, where the response and recovery times were 10.115 s
and 81.351 s at an operating temperature of 275 °C for a 100 ppm concentration of ethanol. For acetone
vapor, the response and recovery times were 10.978 and 102.543 s at an operating temperature of 300 °C
for a 100 ppm concentration. Findings indicate that the gas sensor based on zinc ferrite nanoparticles
exhibited a high sensitivity and fast response time to ethanol vapor at a relatively low operating
temperature 275 °C. These findings suggest future work on the nanostructure of zinc ferrite for its
potential use in gas sensing applications.

Keywords: Average crystallite size, Gas sensor, Response and recovery times, Sensitivity, Zinc ferrite.

Introduction

The world is witnessing a remarkable evolution in
electronics and industrial equipment, which leads to
gaseous wastes that cause environmental pollution
and have negative effects on human health!*. This
has led to continuous research to discover new
materials for detecting gases and their vapors. This

has prompted researchers to discover new materials
that contribute to the detection process, including
binary metal oxide semiconductor materials, which
have attracted the attention of many scientists owing
to the remarkable progress made in electronic
devices based on metal oxides®”’. The most important
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of these metal oxides are the ferrite metal oxides of
the spinel structure, which are formed by the mixing
of iron oxide with a divalent metal oxide. The general
formula of these materials is M2*[Fe3*]102~, where
M?* is a divalent metal ion. The type of ferrite
depends on the location of the metal ion in the
tetrahedral or octahedral sites. Normal ferrite given
by the formula M?*[Fe3*]02~, where M?* occupies
the A sites and Fe®" occupies the B sites. Inverse
ferrite given by the formula Fe3*t[M2*Fe3*]0;,
where M?* occupies the B sites and Fe** occupies
both the A and B sites. Mixed spinel ferrite is A
mixture of cations of two divalent metals distributed
between both sites® 9 19,

Ferrite materials possess important physical and
chemical properties that have led to their widespread
use in a wide range of applications, including
magnetic  devices,  high-frequency  devices,
electronics, circuits, catalysts, and high-power
magnetic memories'!213, Additionally, they have
been used in the biomedical 4151 and, more
recently, due to the increasing demand for gas and
vapor detection, they have been extensively used in
gas sensors 1181° This has prompted researchers to
study these materials and their properties extensively
to exploit them in these applications and to develop
and improve them on the nanoscale® %, Pure spinel
ferrite compounds with nanoscale sizes exhibit good
sensing properties towards certain gases and
vapors'® 2122 especially ethanol and acetone vapors,
due to their large surface area to volume ratio and
active surface sites that contribute to the gas vapor
sensing process.

Zinc ferrite nanoparticles are considered one of the
most important normal spinel ferrite materials®* %,
Fig 1 represents its crystal structure and the
distribution of ions on the octahedral and tetrahedral
sites of the latticel. It is an n-type semiconductor
metal oxide with high magnetic permeability? and a
narrow band gap 1.92eV 2#%, In addition, it exhibits
phase stability!* 2 2 and high electrical
conductivity?®, making it a promising material for
use in gas sensing applications, magnetic devices,
and in the biomedical field? 2°,

@ Octahedral sites ()Tetrahedral sites © Oxigen

Figure 1. The crystal structure of zinc ferritel

M. Mabharjan et al. prepared zinc ferrite nanoparticles
by the citrate-gel method with an average grain size
in the range (25-30) nm., they studied the sensing
properties of the prepared material towards acetone
and ethanol vapors, and the study showed excellent
sensing properties at an operating temperature of
350°C%,

Ya Li Cao et al. also prepared zinc ferrite compounds
by the solid-state synthesis method at room
temperature conditions and in the presence of
PEG600 solution. The prepared material was tested
as a gas sensing material for 9 gases, and the study
showed the best sensitivity to ethanol and H,S gas at
332°C and 240°C receptively®.

Chen et al. prepared four types of spinel ferrites with
the formula MFe,0, ; M(Cu,Zn,Cd,and Mg) by
the chemical co-precipitation method in the form of
powder. The prepared samples were tested as gas
sensing materials towards H,, CO, LPG, C;H, and
C2Hs0OH gases. The study showed that the zinc ferrite
had the best sensitivity at 350°C, and the sensors
showed the best performance towards alcohol,
acetone, acetylene, and LPG3.

Kapse V.D. synthesized nanocompounds with the
formula MFe,0, ; (M:Zn,Ni, Mg) with an average
grain size in the range (8-35) nm. The prepared
materials were tested for the alcohol, ammonia, LPG
and H.S gases. The study showed that the
magnesium ferrite compound exhibits a higher
response and good selectivity and fast response and
recovery times for ethanol at 325°C compared to
other gases®.

Abdullah M. Al-Enizi et al. prepared W-substituted
zinc ferrite, with nominal compositions of ZnFe,.
2 W04 (0.0 <x<0.15) by sol—gel technique. Among
all the synthesized samples, the 0.15W-ZnFe204 NPs
demonstrated the highest sensitivity towards acetone
gas at 350 °C*,

M.l.  Nemufulwi et al. synthesized ZnFe;O4
nanoparticles (NPs) as a volatile organic compound
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sensing platform derived from a microwave-assisted
hydrothermal method using KOH, NH4OH, and
LiOH as base precursors. Findings pointed out that
the ZnFe,O4 NPs sensor based on the NH4OH base
precursor with the largest particle size demonstrated
the highest gas sensing capabilities as well as
improved selectivity to 40 ppm ethanol at 220 °C and
good reproducibility®,

This research aims to prepare a zinc ferrite
nanosensor and study its structural and electrical
properties, as well as its sensing properties towards
ethanol and acetone vapors to determine the best
operating temperature and selectivity of the sensor to
these vapors.

Materials and Methods

The ZnFe,0, compound was prepared by solid-state
reaction method, which involves mechanical mixing
of the two primary nano oxides, ZnO (99% VWR
International Ltd.) and Fe-Os; (99.99%, M/s Sigma
Aldrich. Ltd) in a weight ratio of 1:1 based on the Eq
1

Zn0 + Fe,03 — ZnFe,0,

Initially, 1.688g of zinc oxide and 3.312 of iron oxide
were weighed to prepare a 5g sample of zinc ferrite
in a 1:1 mole ratio based on Eq 1. 1ml of acetone is
added to the mixture during the grinding process,
which is carried out in a pestle mortar. The grinding
process is repeated at least three times to obtain the
best homogeneity of the mixture. The grinding
process continues until the acetone dries each time.
The resulting powder was then dried by heating it to
100°C for some time to remove moisture. Then, the
powder was placed in a porcelain crucible and
annealed at different temperatures within the range
(500-700) °C for six hours. The prepared samples
were characterized by X-ray diffraction (XRD)

technique (Philips-PW-1840, ACok“ = 1.78894°) to

study their crystal structure. The morphology of the
ZnFe;O4 nanoparticles was observed by scanning
electron microscopy (SEM).

After preparing zinc ferrite nanoparticles, the powder
was then pressed using a hydraulic press into pellets
with a pressure of (10ton/m?) and a radius of 0.5cm.
Copper wires were shaped into electrodes and coated
with silver to improve conductivity. The

Zinc ferrite can be prepared by several methods,
including the sol-gel method®, hydrothermal
synthesis®, the co-precipitation method®®, the
solution combustion synthesis, and the solid-state
reaction method®?°, Solid-state reaction is a common
method for synthesizing ferrite materials and
substituting one element for another because it is
easy to work with it. It involves grinding high-purity
primary materials that are part of the compound to be
formed in the required weight ratios and mixing them
to obtain a chemically homogeneous mixture using
simple preparation equipment. It does not take a long
time to obtain the desired compound, and it is also
low-cost>?°.

temperatures were measured using a thermal sensor
placed inside an electric heating furnace connected
to a computer program to measure the temperature.
Fig 2 shows the device used to measure the electrical
resistance as a function of temperature.

Figure 2. The electrical measurement device.

The sensing properties are measured in the
laboratory by gas sensor sensitivity measurement
apparatus. The gas sensor is placed in the
measurement chamber. The gas source is turned on
and the gas flow is adjusted to the desired level to
expose the zinc ferrite gas sensor to the desired gas
for a period of time. Fig 3 shows the gas sensing
apparatus.
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Figure 3. The gas sensing apparatus.

Results and Discussion

Structural properties

The ZnFe;O4 compound that prepared by mixing of
the starting ZnO and Fe,O3 oxides was annealed at
different temperatures within the range of 500°C to
700°C to determine the optimum temperature of
synthesis for this compound. Fig 4 shows the XRD
patterns of ZnFe,O4, which were annealed in the rang
500°C to 700°C for 6 hours.

*--Fe,O, +--ZnO o--ZnFe,0O,

— 7ooo°c | o ©
+ 4+ 0 0 q
[o) [o]
)
—— 675°C , o
o
o] + o \ 1 9

Intensity (a.u)

20I30I4OI50 60I70I80
20

Figure 4. XRD patterns of the prepared and

annealed samples at different temperatures.

The sensor sensitivity is determined by the Eq 222 %
34

R

g
For the n-type of semiconductor material, where
Ra represents the resistance in the presence of air and
Ry represents the resistance in the presence of test
gas. The sensitivity of the sensor is determined by the
type of semiconductor material (n or p type) and the
type of gas (reducing or oxidizing).

All the diffraction peaks are indexed and compared
with the standard JCPDS data of the starting ZnO and
Fe,0; oxides and ZnFe,O4 compound of the numbers
36-1451, 33-0664 and 22-1012 respectively. It was
found from Fig. 4, that the most intensive diffraction
peaks were attributed to the ZnFe,O4 compound for
the sample annealed at 675°C, where the reaction
between primary materials was completed
approximately. This indicates that the optimum
temperature for ZnFe;Os compound synthesis is
675°C. Fig 5 shows the XRD pattern of ZnFe;Os,,
which was annealed at 675°C for 6 hours because
that is the optimum temperature for ZnFe;O4
compound synthesis.

ZnFe,O,
675°C

(31)

Intensity (a.u)
(220)

20 3IO 4I0 5I0 6IO 7I0 8IO

20
Figure 5. XRD pattern of ZnFe,O. compound
annealed at 675°C.

Miller indices of diffraction peaks were determined
for ZnFe;O, compound. These peaks indicate that the
ZnFe;04 has a cubic structure and belongs to the
space group Fm3m. From X-ray diffraction
measurements of ZnFe,O,4, the distance between
crystal lattices d were calculated using Bragg's law®:
nd = 2d sin 6, where 1 = 1.78894° is the x-ray
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wavelength and 0 is the diffraction angle. Then the
values of the lattice constant are determined using the
relation of the distance between parallel crystal plans
in the case of the cubic crystal structure that is given
by the Eq 3%:

2
dhkl -

Where a s lattice constant. The values of the distance
between parallel crystal plans and lattice constant of
ZnFe,04 for each diffracting peak are presented in
Table 1.

Table 1. Diffraction peaks, inter planar distances,
lattice constant, broadening of diffraction peaks,
crystallite size and Miller indices.

20 dpy(CA) a(°A) B(C) D(mm) (hkl)
21375 4823 83540 05904 159  (111)
35188 2959  8.3698 02952 328  (220)
41466 2527 83800 02952 334  (311)
43391 2420 83819 02952 336  (222)
50486 ~ 2.097 83898 03936 259  (400)
62889 1715 84000 02952 366  (422)
67.169 1617 84023 02952 375  (511)
74010 1486 84068 0.2952  39.1  (440)

The average lattice constant of ZnFe,O. was listed in
table 2 and its value was found to agree with the
study of Abbas et al®’. The unit cell volume was also
calculated by the Eq 4%:

The unit cell volume of zinc ferrite is listed in table
2. The crystallite size of the ZnFe,O4 compound was
calculated using Scherrer’s Eq 5 3% 40:

0.91

Where B is the full width at half-maximum (FWHM)
of diffraction peaks (radian), A is the x-ray
wavelength (1.78897A°) and 8 is the Bragg’s angle.
The estimated values of crystallite size for each
diffracting peak of ZnFe,O, compound are listed in
Table 1. The average crystallite size was 29.5nm, so
the prepared compound had nanostructure. The
theoretical X-ray density for prepared zin ferrite has
been calculated by the Eq 6%

Where Z is number of formulae in the unit cell and it
is 8 for the spinel lattice, M is molecular weight of
the zinc ferrite, Na is Avogadro’s number and V is
unit cell volume. The theoretical X-ray density of
ZnFe;O4 compound was listed in table 2.

Table 2. Lattice constant, unit cell volume, grain
size, theoretical density and activation energy of
ZnFe,O4 compound.
aCA) vead)) Dpmm) piw@/ 03 Ea(eV)
8.3856 589.6547 295 5.43 0.875

The morphology of the ZnFe,O4 nanoparticles was
observed by scanning electron microscopy (SEM).
Fig 6 shows the SEM image of ZnFe;O.

nanoparticles that prepared by solid state reaction. It
can be seen from fig 6 the agglomeration of the
nanoparticles which consisting of nano fine
crystallites with spherical shapes.

H Det | Pressure
0 ETD 500nm

iure 6. The SEM image of ZnFe;O4
nanoparticles.

Fac. of Science AlBaath Unv.

Electrical properties

The electrical resistance variations of ZnFe;O.
compound were studied as a function of temperature
within the range (470 — 700)°K. Fig 7 shows
electrical ~resistance variations of ZnFe;O.
compound as a function of temperature.
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Figure 7. Electrical
ZnFe204 compound as a
temperature.

It was found from Fig 7 that the electrical resistance
values decreased with increasing temperature,
indicating semiconducting behavior within the
studied thermal range. The decrease in resistance
with increasing temperature is attributed to the
increased mobility of charge carriers. Conductivity
in ferrites mainly occurs due to hopping between
Fe?* and Fe® ions at octahedral sites, and the
probability of this hopping depends on the inter-ionic
distance and the activation energy associated with
the mobility of charge carriers’?. To extract the

activation energy, the data were analyzed by Eq 74>
43.

R = Ryexp kB_T ......... 7

Where R is electrical resistance at T temperature, R,
is electrical resistance at T, temperature, E, is the
activation energy, T is the absolute temperature and
Ky is the Boltzmann constant. Fig 8 shows variation
of In(R) as a function of 1/T for ZnFe;O.
compound.

= Ln(R)=f(1/T)
Linear Fit

Adj. R-Square 0.99505
20 | Adi- R-sa

B

18

Ln(R)

16

(]
14 A -

T T T T
0.0014 0.0016 0.0018 0.0020 0.0022
UT(L/K)

Figure 8. Variation of In(R) as a function of 1/T
for ZnFe,O4 compound.

The value of activation energy E, was calculated
from the slope of In(R) versus 1/T plot. The
calculated value of activation energy is E, =
0.875eV.

Sensing properties

In this work the sensitivity of zinc ferrite
nanoparticles was investigated to ethanol and
acetone vapors within 175-400 °C range. The
electrical resistance variation of the zinc ferrite-
based sensor was studied as a function of temperature
to determine the sensor's operating temperature,
sensitivity and response and recovery times. When a
zinc ferrite-based sensor is exposed to air, oxygen
molecules are adsorbed on the sensor surface. These
adsorbed oxygen molecules capture free electrons
from the conduction band to form oxygen anions* 4
4, The formation of these anions depends on the
operating  temperature. At low  operating
temperatures (below 147°C), oxygen anions 0O;
transferred to O~ . With increasing temperature, these
oxygen ions transform into O* and an electron
depletion layer (n-type) is formed on the
semiconductor surface due to the loss of electrons.
This results in an increase in the resistance of sensor
material® 24 2%, When the sensing material is exposed
to the target gas, the depletion region decreases,
which in turn decreases the resistance of the sensing
material. The resistance reaches its optimal value
with increasing operating temperature. When oxygen
adsorption and desorption reach a dynamic
equilibrium, the sensor exhibits a maximum response
to the target gas® 2. The transfer of electrons from
the conduction band of zinc ferrite to adsorbed


https://doi.org/10.21123/bsj.2024.11346

Published Online First: October, 2024
https://doi.org/10.21123/bsj.2024.11346
P-1SSN: 2078-8665 - E-ISSN: 2411-7986

S

Baghdad Science Journal

oxygen molecules can be expressed according to the
following reactions:

02(gas) < 0,(ads)
0,(ads) + e~ & 05 (ads)
05 (ads) + e~ & 07 (ads)
0~ (ads) + e~ & 0% (ads)

G(ads) + 0~ - GO + e~
< 397°C

147°C<T

The last equation was written in the presence of

vapors as following: In the presence of ethanol
vapor!

C,HsOH 4+ 60~ - 2C0, + 3H,0 + 6e~
While in the presence of acetone vapor® 24 46
C3Hg0 + 80~ — 3C0, + 3H,0 + 8e~

The sensitivity of the gas is affected by the operating
temperature of the sensor, the concentration of the
gas and the humidity, in addition to factors related to
the morphology of the prepared zinc ferrite
compound such as the specific surface area, the
contact area, the porosity, the particle size, and the
agglomeration. The characteristic properties of the
spinel structure of zinc ferrite have contributed to its
good sensitivity to the studied vapors. Fig 9 shows
the sensitivity of zinc ferrite nanoparticles to
temperature change for both ethanol and acetone
vapors at a concentration of 100 ppm.

—=a— Ethanol
—e— Aceton
10 4
8
2
=
8
e 6
7}
(%2}
4 -
2
T
150 200 250 300 350 400

T(°C)

Figure 9. Sensitivity of zinc ferrite nanoparticles
to ethanol and acetone vapors at a concentration
of 100 ppm.

It was obvious from Fig 9, that the operating
temperature of the prepared zinc ferrite sensor for a
concentration of 100 ppm of ethanol vapor is equal
to 275°C, and the sensitivity value was recorded as
10.731. It is noted that at this temperature, the
reaction rate between the gas molecules and the
adsorbed oxygen and the surface of the nanoparticle
is very large. Therefore, the gas molecules can
overcome the energy barrier and interact with the
surface of the particle, and we obtain the best
operating temperature for the sensor’’. The
sensitivity value was recorded for the same amount
of acetone vapor and this 10 at an operating
temperature of 300°C, as shown in Fig 9. Fig 10
shows the gas response curve as a function of time
on consecutive exposure to 100 ppm ethanol vapor
with 3 cycles at 275°C.

-m-B
30 1 ExpDecayl Fit of B
ExpGrowl Fit of B
25
20 - / g
~ = : -
o] L} | | - !
= L f . »
& 159 ] .
24 \ - F
| .
" H [ =
L}
10 .
o Y |
V
5
T T T T
0 200 400 600 800 1000
time(s)

Figure 10. The response curve as a function of
time of ZnFe,O4 sensor on consecutive exposure
to 100 ppm ethanol vapor with 3 cycles at 275°C
(Reproducibility).

It is observed from Fig 10 that the prepared ZnFe;O4
sensor has good reproducibility after being exposed
to ethanol vapor for three consecutive times. The
response and recovery times of ZnFe,O4 sensor to
100 ppm ethanol vapor were determined by doing an
exponential fit to the response data for the first cycle.
The values of response and recovery times are listed
in table 3. Fig 11 shows the gas response curve as a
function of time on consecutive exposure to 100 ppm
acetone vapor with 3 cycles at 300°C.
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Figure 11. The response curve as a function of
time of ZnFe,O,4 sensor on consecutive exposure
to 100 ppm acetone vapor with 3 cycles at 300°C
(Reproducibility).

T T
00 1000

The response and recovery times of ZnFe,O, sensor
to 100 ppm acetone vapor were determined and listed
in table 3. The concentration of ethanol vapor was
increased to 150 ppm and 200 ppm, and an increase
in the sensitivity of the prepared gas sensor was
observed  with  increasing ethanol  vapor
concentration. Fig 12 shows the sensitivity curve as
a function of temperature at different concentrations
of ethanol vapor.

30

25

20

Sentisivty
&
1

10

150 260 ZéO 360 3%0 460
T(°C)

Figure 12. The sensitivity curve as a function of

temperature at different concentrations of

ethanol vapor.

The sensitivity curve for acetone vapor at different
concentrations was also plotted in Fig 13.

16 —=— 100ppm
1 —e— 150ppm
—4— 200ppm

14 4

12

104

Sentisivty
fes]
1

150 260 2&0 360 SéO 460
T(°C)

Figure 13. The sensitivity curve as a function of

temperature at different concentrations of

acetone vapor.

Table 3. Working temperature, Sensitivity,
Response time and recovery time of ZnFe204
compound for 100 ppm of ethanol and acetone

vapors.
Target . L Response  recovery
vapors T(°C)  Sensitivity time (s) time (s)
ethanol 275 10.73 10.12 81.35
acetone 300 10 10.98 102.54

A linear fitting was done for the sensitivity with
different concentrations. It was observed that the
sensitivity of the studied vapors increased with
increasing vapor concentration as shown in Figs 14
and 15. This is attributed to the increased number of
active sites that it is reacting with in the gas vapor.

50

= B
Linear Fit of Sheetl B

uuuuuu

w
o
1

Sentisivty

20

10 4

100 120 140 160 180 200
concentration(ppm)
Figure 14. The sensitivity as a function ethanol
vapor concentrations.
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Figure 15. The sensitivity as a function acetone
vapor concentrations.

The table shows a comparison of the results of this
work with some of the scientific work related to this
work

Table 3. A comparison of the results of this work with some of the scientific work related to this work.

Materials Materials Annealing Target  Sensitivit Operation Response  Recovery ref
preparation Temperature y temperature time time
ZnFe204 powders (50  Crited Sol-gel 600°C ethanol 9.1 325°C 40s 72s [3]
ppm)
ZnFe204 film (100 Solid state < 100°C ethanol 215 332°C 4s 14s [5]
ppm)
Bulk ZnFe204 film Solid state < 100°C ethanol 5.1 325°C 25s 70s [5]
(100 ppm)
ZnFe204 powders Solid state 600°C ethanol 29.1 300°C 5s 18s [29]
(1000 ppm)
ZnFe204 hydrothermal 400°C ethylene 10.2 160°C 53s 65s [22]
nanoparticles glycol
(100ppm)
ZnFe204 solvothermal 400°C acetone 3.20 175°C 60s 231s [48]
nanoparticles (10ppm)
acetone
ZnFe204 powders (30  hydrothermal 180 — 550°C  acetone 26 200°C 19s 35s [28]
ppm)
ZnFe204 powders Solid state 675°C ethanol 10.73 275°C 10.12 81.35 This
(100 ppm) work
ZnFe204 powders Solid state 675°C acetone 10 300°C 10.98 102.54 This
(100 ppm) work
Conclusion

Zinc ferrite nanoparticles were synthesized from zinc
ferrite using the solid-state synthesis method as a
Nano gas sensing material for both ethanol and
acetone vapors. X-ray diffraction analysis showed
that the prepared compound was obtained at a
calcination temperature of 675 °C and with an
average crystallite size of 29.5 nm. Scanning electron
microscopy (SEM) confirmed the nanostructure of
zinc ferrite. The sensitivity results showed that the
prepared sensor exhibits higher sensitivity to ethanol
vapor at a lower operating temperature T = 275 °C.

This is attributed to the higher number of active sites,
the natural spinel structure of zinc ferrite
nanoparticles, the electrical conduction mechanism
involving electron hopping between Fe** and Fe®*
ions, their distribution on the tetrahedral sites in the
spinel structure, and the lower operating
temperature. Also, the gas sensor based on zinc
ferrite nanoparticles showed a fast response and
recovery time of 10.12 s and 81.35s for ethanol
vapor, and revealed higher stability over 3 cycles.
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This finding makes it a candidate for gas sensor
applications involving ethanol vapor.
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