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This work is focused on the field of gas sensor for sensing the toxic gases which is highly harmful to environment.
The semiconductor metal oxide nanoparticles of manganese ferrites and copper doped manganese ferrite
(MnFe;04 and Cu: MnFe;0,) was successfully developed. The characterization like crystal structure, surface
morphology, optical bandgap, elemental composition and functional group analysis for the developed materials
were carried out using X-ray Diffraction (XRD), Scanning electron microscope (SEM), Diffused reflectance
spectroscopy (DRS), Energy dispersive X-Ray analysis (EDAX) and Fourier Transform (FT-IR) studies respec-
tively. The ammonia gas (NH3) was taken as test gas and the sensitivity of prepared samples were analyzed with
different ppm (200-400) of gas molecules at room temperature. The sensing percentage gradually improved with

the increase in Cu®'

concentration also with the increase in ppm of the gas. However, the recovery time of the

material is increased with increase in the ppm.

1. Introduction

In recent decades, the scientific community has been showing much
interest in manganese ferrites as gas-sensitive semiconductor materials,
owing to their superior sensing property at all atmospheric conditions,
high stability with durability cost-effectiveness, and facile fabrication
process [1-7]. The basic mechanism of the gas sensors is, on exposing to
different gas targets these semiconducting materials, can be sense the
gas by the alteration of electrical conductivity with the chemi-absorbed
vapor and/or interactivity with pre-adsorbed anions existing from the
target gas. To synthesis semiconducting manganese ferrite nanopowders
different types of chemical and physical methods have been employed
[8-12]. The gas sensing properties can be influenced by the mode of
preparation because the chemical and physical properties of the nano-
particles highly depend on the method employed. Therefore, under-
standing the growth parameters, such as pH and growth temperature,
etc during the precipitation formation is of prime importance. Further,
the resistivity of the nanopowders depends directly on the particle size;
hypothetically in resistive type gas sensors particle size plays a vital role
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in the gas sensing property. The best way to decrease transient response
of manganese ferrite semiconducting gas sensors is by decreasing the
particle size of the nanopowders. In particular, a multi-functional
semiconductor ferrite, such as, Manganese ferrite (MnFe0y) is a fasci-
nating semiconductor which has drawn considerable interest as a gas
sensing material due to its salient micro-structural, morphological,
chemical, thermal, and electrical properties [13-20].

The use of nanostructured MnFe,;04 for chemical sensors systems has
a strong record which has been under comprehensive study among
several other ferrite gas sensors, as it is seen in the literature, with the
purpose to improve its gas sensing properties. MnFe;04 has previously
been demonstrated for its response to a variety of highly flammable and
toxic fumes/vapors. In comparison, lesser attempts have been employed
to detect reduction gases like, ammonia which is one of the gases that
are toxic, colorless, and aromatic. Recent studies have focused on
enhancing the sensitivity and response time of these gas sensors by
either doping with sufficient dopant or changing the mechanism of
synthesis. Although several techniques were developed for the prepa-
ration of nanoparticles [21-25] earlier, the conventional Co-
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precipitation method gets more attention in the preparation of nano-
powders at relatively low temperature; by retaining its advantages.
Similar to most of preparation techniques, this Co-precipitation method
has its own process parameters and the optimization of grain size with
adequate properties is predicted. In this paper, nanoparticles of
MnFe,0, and Cu?* doped MnFe,04 were prepared first and then coated
over Stainless Steel (SS) substrate using doctor plate method for making
gas sensors. The structural, morphological changes on the MnFe,04 due
to adding Cu®* dopant and the gas sensing properties of MnFe,0,4 and
Cu?* doped MnFe,0,4 nanopowders are investigated.

2. Materials and methods:
2.1. Preparation of MnFe;04 and Gu”* doped MnFe;04 powders

The nanoparticles of Manganese ferrites with the formula Cuj.
MngFe,04 (x = 0, 1, 3 and 5 wt%) were developed by the facile
chemical co-precipitation route. In this method, the constituents of the
chemical precursors were metal nitrates such as (Fe(NO3)3-9H0) Iron
(III) nitrate nonahydrate, (Cu(NOs);-3H,0) Copper (II) nitrate trihy-
drate and (Mn(NO3),-4H,0) Manganese (II) nitrate tetrahydrate and the
solvent is Double Distilled (DD) water. Manganese and iron precursors
are taken in 1: 2 ratios and dissolved in DD water, the precipitation agent
used here is sodium hydroxide (NaOH) for preparing MnFe;O4 nano-
particles. The above procedure was repeated for making Cu doped
MnFe,04 nanoparticles by adding the copper precursor in appropriate
amount and reducing the corresponding amount of manganese salt. The
reaction was maintained with a pH of 11 by adding NaOH in consider
quantity into the solution of metallic nitrates. Then, obtained slurry
precipitate is centrifuge for several times and dried at 80 °C for 12 h. The
obtained flakes of slurry were crushed into powder and the powder was
air annealed at 700 °C for 4 h. The samples are denoted as MFO
(MnFe04), CMF1 (Cu;Mny.1Fes04), CMF2 (CusMny.3Fex04), and CMF3
(CusMny sFe;04), in following sections.

2.2. Characterization techniques

XRD (Bruker D8 Advance) instrument used for examine the crystal
structure of the nanopowders and the spectra was recorded in 26 range
from 15° to 80°. SEM instrument (Model: JSM-6701F) was utilized for
morphological observation of the nanostructured materials. The optical
absorption properties of the synthesized nanopowders were analyzed by
using Shimadzu UV-Vis spectrophotometer between 300 and 800 nm.
Jasco FTIR Spectrometer is used to analysis the various bonding present
in the samples. The reducing gas sensing properties of manganese fer-
rites and nickel doped manganese ferrites were studied in a home-made
gas sensor setup consisting of a 1.5 L volume gas chamber and furnace
with temperature controller. The temperature control of the system was
ranges from room temperature to 500 °C, and the resistance of the
sensing materials in presence of relevant test fume ammonia and in air
was measured using two-probe DC measurement technique. Ohmic
contacts on the samples are made by conducting silver paste contact.

The gas response percentage is calculated as:

S(%) = [(Ry — Ry)/Ra] x 100 [¢})

where Ry material resistance in presence of gas and R, is material
resistance in air.

3. Results and discussion
3.1. Structural analysis
The structure and the phase purity of pure and copper doped

MnFe,0,4 were revealed by X-ray diffraction (XRD) analysis. The XRD
patterns of doped Mn; (CusFe;04samples prepared at various Cu*
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Fig. 1. XRD Diffraction of Copper doped Manganese Feirite Nanoparticles.

Table 1
Crystallite Size and Lattice Parameter of the MnFe,O4 and Cu Doped MnFe,04
nanoparticles using Debye Scherrer formula.

Materials Lattice constant (A) Particle size, D (nm)
MnFe,0, 8.475 53.36
Mnj00.156CuzseFesOs 8.467 48.35
Mnyg0-3% CusseFes04 8.458 41.18
Mnjo0.5%CusseFes0a 8.454 36.35

concentrations (a (MFO), b (CMF1), ¢ (CMF2), d (CMF3)) shown in
Fig. 1. The observed peaks at 20 = 30.2831, 35.5521, 43.2431, 53.5981,
57.0721, 62.7541 and 71.121 were indexed (JCPDS card No. 10-0319)
[26] associated with planes (220), (311), (400), (422), (511), (440)
and (533) respectively. After the indexing of diffraction patterns, it is
evident that synthesized nanoparticles exhibited single phase cubic
spinel structure. The addition of copper dopant to the manganese ferrite
had not affected the crystal structure as well as no other secondary phase
composites were formed in the process of making nanoparticles. In the
XRD diffraction pattern the peak at 26 = 35.5521 showed maximum
intensity, which was from (311) Bragg planes. This peak has been
considered for calculating the degree of crystallinity of the synthesized
nanoparticles. To calculate the average crystallite size of Copper doped
manganese ferrite samples Debye Scherrer formula was used.

D = 0.894/fcosd 2

where A the incident wavelength, D is the average crystallite size, p re-
fers full width half maximum (FWHM), and 6 refers angle of diffraction.

The copper dopant in MnFey,O4 retained the single-phase cubic
structure of the nanoparticles but showed varying crystallite size in the
synthesized nanoparticles. The average crystallite size calculated for
MFO, CMF1, CMF2, and CMF3 samples ranging from 52.36 nm to 36.35
nm. The growth in crystallite size with the incorporation of Cu dopant
revealed descending value from 52.36 nm to 36.35 nm with increasing
Cu?* concentration. But comparing the crystallite size of the pure
MnFe;04 with Cu doped MnFe,04 nanoparticles it revealed that the
higher values of Cu concentration resulted in decreasing value of crys-
tallite size. This behavior is due the incorporation of Cu?* with smaller
ionic radii (0.73 A) in the Mn* (0.82 A) lattice sites during nucleation of
grown nanoparticles Table 1.

3.2. Morphological studies

The Fig. 2(a, b, ¢, d) reveals the SEM photographs of undoped and Cu
doped MnFe;04 nanopowders. The surface of MnFe,04 has no definite
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Fig. 2. (a, b, ¢, d) SEM images of Pure MnFe;04, 1 wt%Cu:
EDAX spectrum.
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Fig. 3. (a) Absorbance spectra of undoped and Cu-doped MnFe,04 nanopowders (b) Tauc’s plot of Undoped and Cu doped MnFe,0, nanopowders.

morphology and with smaller grains. Figure b represents the surface of 1

wt% Cu doped MnFey04 from no definite morphology (undoped
MnFe;04) to well defined spherical structure has been observed. The
MnFe;04with 3 wt% Cu doped sample manifest surface morphology, as

it was expected with spherical particles which were shown in Fig. 2(c).

Well defined sphere like surface morphology is obtained for 5 wt% Cu
doped MnFe,04 sample. Fig. 2(al, b1, c1 & d1) shows the EDAX spec-

trum of MFO, CMF1, CMF2, and CMF3 respectively.
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Fig. 4. FTIR spectrum of Cu doped MnFe,04 nanopowders.

3.3. UV-Visible spectroscopy

Absorption spectra of the Cu doped MnFe;O4 nanopowders were
prepared by pure and various dopant (Cu) concentrations of 1, 3 and 5
wt%. The spectra are recorded between 200 and 800 nm range and are
illustrated in the Fig. 3(a). This figure demonstrating the dependence of
wavelength and absorbance property for undoped MnFe,0,4, and Cu
doped MnFe,04 for 1% Cu: MnFe;04 and 3% Cu: MnFe,04 and 5% Cu:
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MnFe,04 respectively.

The optical band gap (Eg) of the developed materials were deter-
mined by using the Tauc’s plot between hv and («hv)? which is the linear
extrapolation of the absorption curve as represent in the Fig. 3(b). It is
noted from the Tauc’s plot as the Cu doping concentration increases the
Eg value is also increases. In the case of the semiconductor like MnFe,04,
the coefficient of absorption a(v) follows the corresponding spectral
dependent absorption as a function of hv (photon energy) for direct band
transitions, which can be derived from the Mott and Davis theory and is
given below.

 B(w—Eg)" .

Where n represents the character of the inter band transition of elec-
trons, and B refers proportionality constant.

The optical band gap of the fabricated nano materials was measured
using above relation. The band gap energy for pure MnFey04 is calcu-
lated to be 2.0 eV, which slightly increases to 2.15 eV for 1 wt% Cu:
MnFey0y4, to 2.29 eV for 3 wt% Cu: MnFeyO4and to 2.37 eV for 5 wt%
Cu: MnFey04, with a similar decrease in band gap been reported pre-
viously. The observed rise in the band gap may be attributed to the
prelude of defects inside the band structure of the Cu?>* dopant ions. The
fact is confirmed by the rise in the linear portion of the slope of the curve
with the rising concentration of Cu* is found in the present work.
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3.4. FTIR studies

A significant technique used to detect the presence of metal-oxygen
bands due to ion movements in the crystal lattice is FTIR spectroscopy.
Fig. 4 shows the FTIR spectra of undoped and Cu doped MnFeyO4
nanopowders. For the powder samples, the transmission peaks in the
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range (581.7-639.6 cm’l) and (462.1-576.7 cm’l), are the two main
metal-oxygen bands were observed which is corresponding to Mn-O and
Fe-O vibrations at octahedral and tetrahedral sites, respectively, [27].
The shift in the location of the bands owing to Cu-doping can be related
to the reduction in lattice constant values. Related findings were ob-
tained with Co-doped MnFe,;04 nanoparticles. For all the samples,
broader peaks emerged in the range (3441.2-3447.7 em™Y), are corre-
sponding to the stretching mode vibration of H-O-H bands of surface
adsorbed water molecules present in the samples. [28]. In addition, the
peaks observed at (1638.2-1640.1 cm’l) range was related to the
stretching mode of the C=0 band.

3.5. Ammonia fumes sensing properties of the fabricated materials

The fumes sensitivity property of prepared nanopowder samples
were examined using the home-made gas sensing set up. Fig. 5 (a, b, ¢, d)
shows the relationship between change in resistance of the material for
different ppm (200-400) of NH3 gas response of pure and Cu doped
MnFe;04 nanoparticles. For every sample the sensitivity response to-
wards ammonia improved with increase in ppm, and then saturated
between 300 and 400 ppm. Sensitivity is the device feature of perceiving
a difference in the sensing material’s physical and/or chemical proper-
ties under exposure to gas. Using Eq. (1), the responsiveness of the
nanoparticles that were coated as a film was determined. The maximum
response percentage of 5 wt% Cu doped MnFe,04 material is achieved to
be 78% at moderate operating temperature (room temperature), which
is the highest sensing response when compare to all the other prepared
materials 3 wt% Cu: MnFe,04(59%), 1 wt% Cu: MnFey04(50%) and
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Fig. 7. Transient response characteristics of pure and Cu doped MnFe,0, towards 200-400 ppm of ammonia at room temperature.
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pure MnFey04 (36%) respectively. The response percentage corre-
sponding to different ppm of NHj3 gas for all the samples is shown in
Fig. 6. As the thermal energy of gas molecules not enough to make re-
action with the O, species adsorbed on the surface at low temperatures,
the sensing response of the material to NH3 gas is limited due to the
speed of the chemical reaction. In fact, a possible barrier to transport
charges is formed during the adsorption of atmospheric oxygen to the
surface of the film. Copper species would be uniformly distributed
throughout the surface if the Cu?* species are in sufficient amount and is
incorporated in the surface of the MnFe,04 material. Hence, the initial
resistance of the material becomes low, and this property would effec-
tively promote the catalytic reaction, so that the overall differences in
the resistance of the material on the exposure of NHg gas give rise to an
increase in the sensitivity. If the quantity of Cu®* species on the material
surface is less than the optimum value, the surface dispersion may be
weak and the sensitivity of the material will decrease respectively.

3.6. Response and recovery times

The transient response characteristics of pure and Cu?* doped
MnFe,04 films exposed to different ppm of ammonia at an operating
temperature of 32 °C are shown in Fig. 7 (a, b, ¢, & d). In these exper-
iments, different ppm of NH3 gas was injected into the sealed glass tube
and the resistivity of the sensors was measured with respect to time in
the air and in the exposure of ammonia gas. From the figure it is clear
that the sensing performance is gradually improved with the increasing
concentration of Cu®>* on MnFe,04, which is ascribed to a change in
morphology and a remarkable decrease in the crystalline size of the
doped samples, which considerably increase the oxygen absorption of
the material. These oxygen adsorption increases the resistance of the
sensor material owing to the electron transport from the conductive
band to the adsorbed oxygen, and the electron is returned to the
conductive band when this absorbed O, reacts with the test fume NHs,
leading to decreased in the resistance of the material. The 5 wt% Cu
doped MnFe;04 exhibited fast response and recovery time for ammonia
gas. On the other hand it is noticed that all the samples shows fast re-
sponses but slow recovery at higher ppm of ammonia gas. The ammonia
vapour highly reactive with adsorbed oxygen present in the Cu®* sites
on the sensor surface and also due to the high porous nature of the
material, the faster response and recovery time for Copper doped
manganese ferrites become possible. Fast and facile diffusion of gas into
grain boundaries would allow the gas to be immediately oxidized, which
in turn providing a rapid response.

4. Conclusion

Cu doped MnFe,04 nanopowders were prepared using a chemical co-
precipitation method. Cubic spinel structure formation was shown by
XRD patterns of the samples, which showed variance in (311) peak
intensities with Cu doping. The SEM analysis showed alteration of the
surface morphology of MnFe,04 due to Cu doping. Optical properties
were strongly affected by the change in doping concentration. It is found
that, the 5 wt% of Cu doped with MnFe,O4 showed an enhanced
response to ammonia. The response and recovery times are good from
200 ppm of ammonia and are saturated between 300 and 400 ppm were
observed for the sample with 5 wt% Cu doping at room temperature
indicating promising material for ammonia detection.
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