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a  b  s  t  r  a  c  t

Growing  concentration  of  toxic  gases  in the atmosphere  presents  a great  challenge  in the  identifica-
tion  of  suitable  and  novel  gas  sensing  materials,  with  good  selectivity  at room  temperature.  This work
demonstrates  a  facile  synthesis  of  MnFe2O4 nanoparticles  by  solution  assisted  combustion  synthesis.  The
synthesized  materials  are  characterized  by  XRD,  FTIR,  FE-SEM  to  confirm  the  crystal  structure  and  sur-
face  morphology.  The  ferromagnetic  behavior  of prepared  MnFe2O4 at room  temperature  was  revealed
through  VSM  analysis.  The N2 adsorption–desorption  isotherm  and BET  surface  area  analysis  confirms
the  mesoporous  nature  with  the surface  area  of  33  m2 g−1.  The  room  temperature  sensing  behavior  of
MnFe2O4 is  studied  using  impedometric  technique  for  analyzing  ammonia  gas.  The  prepared  MnFe2O4 is
etra ethylene glycol
mpedemetric gas sensor
arrier height

robust  and  shows  a  sensitivity  of  100%  for increasing  concentration  of ammonia  vapor.  The conductivity
increased  in  the  order  of 102 magnitudes  while  increasing  ammonia  concentration.  It  shows  the  high
selectivity  of  83.5%  for  10  ppm  towards  ammonia  over  other  toxic  gases  like  chloroform,  etc.  The  room
temperature  (303  K)  operation,  with  high  sensitivity,  selectivity,  together  with  the  low  cost  suggests
suitability  of  developing  a new, high  power  cost-effective  ammonia  sensor.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The air that we breathe includes different chemical species,
ome of which being advantage, while others are hazardous. The
apid development of human population along with civilization
equires cheaper and reliable methods of measuring the concentra-
ions of the toxic, biological and greenhouse gases. Recently, many
ensors have been utilized which works on various principles and
aterials [1,2]. A chemical gas sensor can be defined as the device
hich upon exposure to the gas species or molecules alters one

r more of its physical properties such as mass, electrical conduc-
ivity and dielectric property in a way that is possible to measure
nd quantify. These changes deliver an electrical signal that is pro-
ortional to the concentration of the gas under test. The sensitivity
f the particular gas depends on the material used. The sensors

nd applications in many important areas, namely environmental
onitoring, domestic safety, public security, automobile applica-

ions, etc. [3]. Several analytical techniques to detect ammonia in

∗ Corresponding authors.
E-mail addresses: leeys@chonnam.ac.kr (Y.S. Lee), selvankram@buc.edu.in
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925-4005/© 2015 Elsevier B.V. All rights reserved.
gas/vapor/liquid stream include the electrochemical method [4],
laser technology [5], mass spectrometry [6] and optical method [7].
These techniques were found to be time consuming and required
sophisticated instruments. Hence a cheap and practical ammonia
sensor would be preferable to our day-to-day applications. Tran-
sition metal oxides are capable as a gas sensing element because
of its strong atmosphere dependent electrical conduction. Ammo-
nia is a highly toxic gas existing in air, soil and water. Ammonia
is produced in many chemical and biological industries, fertilizer
factories, refrigeration systems, food processing and medical diag-
nosis. On the other hand ammonia is produced by the human body,
which makes the ammonia analyzers useful for the diagnosis of
certain diseases [8]. Despite all these facts, even a small leakage
of ammonia can cause huge damage to human health [2]. Occu-
pational Safety and Health Administration (OSHA) established the
maximum recommended exposure level of ammonia to be 25 ppm
beyond which may  cause eye irritation, skin ailments, vomiting,
etc. [9]. Due to this the development of a highly sensitive ammonia
sensor is an active area of research.
One of the first report for ammonia gas sensor was based on the
decrease in the conductance of the conducting polypyrrole on expo-
sure to ammonia gas [10]. So far NH3 sensors were prepared using
various sensing materials such as SnO2 [11], TiO2 [12], MoO3 [13],

dx.doi.org/10.1016/j.snb.2015.04.115
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.04.115&domain=pdf
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cles size was found to be in the range of 30–35 nm.  In addition, the
partial aggregation is also observed. This mixed rough and granular
morphology helps in the conductivity applications of high electron
R.H. Vignesh et al. / Sensors a

2O5 [14], In2O3 [15], conducting polymers [12], reduced graphene
xide [16], etc. Among these, transition metal oxides is one of the
lternative class of inorganic solids for ammonia sensors, due to its
ariety of crystallographic structures, properties, low cost, strong
tability in chemical and thermal atmosphere [3]. This creates a
reat demand for novel materials as sensors with highly improved
roperties. Spinel’s of the type M2+M2

3+O4 attract the research
nterest because of their versatile practical applications. In case of

3+ = Fe the resulting spinel ferrites having a general chemical com-
osition of MFe2O4 (M = Mn,  Mg,  Zn, Co, Cd, etc.) is widely used as
agnetic materials. Presently, this is a topic of increasing interest to

tudy the gas sensing properties of ferrites. Particularly gas sensing
t room temperature is of great interest [17]. Here MnFe2O4 is being
sed as the sensing material because of its multiple valence states
f Mn  and eco-friendly properties. To the best of our knowledge
or the first time MnFe2O4 is being used as the ammonia sensing

aterial.
The sensitivity of the material depends on its microstructural

roperties along with its method of preparation. The later plays
 very important role in determining the chemical and structural
roperties of a spinel ferrite [18]. Different methods are available
or the synthesis of nanosized magnetic spinel ferrite MnFe2O4
anoparticles, such as co-precipitation [19], hydrothermal method
20], solid state reaction [21], thermal decomposition [22],
olvothermal method [23], etc. However, there is no report avail-
ble for the synthesis of MnFe2O4 nanoparticles by tetra ethylene
lycol [TEG] assisted combustion method. This method is cost effec-
ive, single step easy method to obtain metal oxides with high phase
urity, crystallinity, particle homogeneity and surface area [24].
nFe2O4 is tested as novel materials for gas sensing applications,

articularly for toxic gas like ammonia, which have major roles in
ur day to day life. The main purpose of this research is to find the
lectrical properties as well as to explore MnFe2O4 as an ammonia
etecting element. The conductivity is found to vary in the order
f magnitude of 102 with varying concentration of ammonia. It
xhibits good sensitivity for the toxic NH3 gas.

. Materials and methods

.1. Synthesis of MnFe2O4 nanoparticles

The materials used in the preparation are Mn(NO3)2·4H2O,
e(NO3)2·9H2O, and glycine. For the typical synthesis, the sto-
hiometric quantities of Mn(NO3)2·4H2O (1.633 g), Fe(NO3)2·9H2O
5.255 g) and of glycine (0.488 g) are dissolved in 2, 3, and 10 mL
f distilled water separately. All the solutions are simultaneously
oured into the desired amount of tetra ethylene glycol (TEG) con-
ained quartz crucible. Then the mixed precursor solution is heated
t 80 ◦C for the dehydration reaction. Subsequently, the obtained
ried gel is kept at electric heater and maintained the temperature
f around 300 ◦C for igniting combustion reaction. Once the com-
ustion reaction started, the fire starts from the surface and extends
o the interior. After completion, the obtained foamy black powder
as ground well using mortar and pestle. It was  stored for further

haracterization without any high temperature calcination.

.2. Material characterization

Phase formation and morphology analysis was carried out
sing the powder diffractometer 5635 (Siemens D500 advance)
ith CuK� radiation and high magnification with a field emis-
ion scanning electron microscopy (FESEM) on a Zeiss Ultra FEG
5 instrument at 20 kV operating voltage. Bruker Tensor 27 FT-
R Instrument is used for FTIR Studies. Magnetic properties were

easured using the VSM (Lakeshore, USA; Model 7404). The
tuators B 220 (2015) 50–58 51

surface area, pore size, pore distribution of the samples are deter-
mined using the nitrogen adsorption–desorption experiment at
77 K (micrometrics ASAP 2010 surface area analyzer) and calibrated
by the BET and BJH method respectively. The conductivity change
of the sample in gas atmosphere was  analyzed using an LCR meter
(HIOKI 3532 LCR).

2.3. Sensor fabrication and measurements

Ammonia sensor is fabricated using a thin pressed pellet
of MnFe2O4 nanoparticles (600 mg). The pellet was affixed in
between two stainless steel electrodes and the whole setup was
placed in a glass chamber of volume 150 mL for sensing the ammo-
nia gas. The set up was  left in the air until a steady baseline
resistance was  reached and then measurements are made in ammo-
nia atmosphere. The gas sensing experiments were conducted at
room temperature. The volume of ammonia (V) required to achieve
the specific vapor concentration in ppm inside the test chamber was
obtained using Eq. (1) [24].

V = CVaM(
2.46 × 107

)
× D

(1)

where C is the concentration of sensing gas (ppm), V is the required
liquid volume (�L), D is the density of ammonia (g m �L–1), Va is
the volume of air which is equal to the volume of test chamber (mL)
and M is the molecular weight of ammonia (g mol–1). The sensing
behavior was  studied by injecting the desired amount of ammo-
nia into the glass chamber. Measurements were made at suitable
intervals of time.

3. Results and discussion

3.1. Structural and morphological properties

Fig. 1(a) shows the XRD pattern of MnFe2O4 nanoparticles. The
high intensity and well defined peaks infers the good crystallinity
of the MnFe2O4 nanoparticles. The observed diffraction peaks at
30.10◦, 35.42◦, 43.10◦, 53.72◦, 56.94◦ and 62.46◦ corresponds to
the lattice planes of (2 2 0), (3 1 1), (4 0 0), (5 1 1), (4 4 0) and (4 4 4),
respectively. It is well concord with standard JCPDS (No. 10-0319).
No other oxide (Fe2O3) or impurity peaks were observed which
infers the phase purity of the MnFe2O4. In addition, the calculated
lattice constant of 8.420 Å reveals the cubic structure of MnFe2O4.
The calculated lattice density and lattice volume is 5.12 g cm−3 and
597 Å3, respectively, which are well agreed with standard values.
Using Scherrer’s equation [25], the calculated grain size is 20 nm for
the high intensity (3 1 1) plane. This smaller grain size, enhances the
surface free energy which in turn helps in more adsorption of gas
molecules on the surface. The FT-IR spectrum (Fig. 1(b)) shows the
two characteristic vibration bands of MnFe2O4 located at around
576 and 389 cm−1 corresponds to the vibrational modes of tetra-
hedral and octahedral sites [26], respectively. No other metal oxide
bands are identified between 400 and 1000 cm−1, which further
confirms the single phase formation of MnFe2O4. The FE-SEM image
(Fig. 1(c)) evidenced that the particles are having almost spherical
like morphology. Using SCION image software the average parti-
transfer. As well as the smaller sized nanoparticles improves the
specific surface area, which enhances the adsorption of gaseous
molecules on the surface of the sample thereby increasing the con-
ductivity.



52 R.H. Vignesh et al. / Sensors and Actuators B 220 (2015) 50–58

(c) FE

3

t
g
i
m
b
u
t
m
p
s
o
s
s
n
t
C
t
n

3

a
f
i
c
i
r
p
p
e
h
t

Fig. 1. (a) XRD, (b) FT-IR spectrum and 

.2. Magnetic properties

In order to identify the field dependent magnetic properties of
he MnFe2O4 nanoparticles, the VSM analysis is carried out and is
iven in Fig. S1. The obtained hysteresis loop shows that MnFe2O4
s a soft ferrite and having ferromagnetic behavior. The saturation

agnetization (Ms) is found to be 46 emu/g, which is lower than the
ulk counterpart (80 emu/g) and comparable with the reported val-
es [27–29]. This lower saturation magnetization may  be attributed
o several reasons such as particle size, crystalline nature, arrange-

ent of particles, as well as the adsorbed layer of molecules on the
article surface, the existence of random canting of particle surface
pins [30–32]. In addition, it also depends upon the concentration
f divalent and trivalent cations in the octahedral and tetrahedral
ites, respectively [33]. Similarly, for the nanosized particles, the
urface to volume ratio is high, which decreases the saturation mag-
etization [34]. The obtained coercivity is low, i.e.,  64 G indicating
hat all of them accorded with properties of soft magnetic material.
oercivity represents the strength of the magnetic field necessary
o overcome the anisotropy barrier and allow magnetization of the
anoparticles following the magnetic field orientation.

.3. Surface area analysis

Fig. 2(a and b) shows the N2 adsorpsion–desorpsion isotherm
nd pore size distribution curve of MnFe2O4 nanoparticles. It is
ound that the adsorption–desorption isotherm belongs to type III
sotherm in the Brunauer classification [35]. Absence of micropores
an be identified by the fact that there is no steep increase in the
sotherm at low relative pressure. The gradual increase in the low
elative pressure region shows the presence of developed meso-
ores with narrow pore size distribution. Vertical tail at the high

ressure region indicates the presence of macro pores. The pres-
nce of slit like and the ink-bottle type pores are known by the H3
ysteresis at the high pressure region. According to the Kelvin equa-
ion the ink-bottle type pores possesses larger pore size in the bottle

Fig. 2. (a) N2 adsorption–desorption isotherm an
-SEM image of MnFe2O4 nanoparticles.

body which gives hysteresis in the high relative pressure region
[36,37]. The total specific surface area (SSA) is estimated using the
Brunauer–Emmett–Teller (BET) and is found to be 33.479 m2 g−1

with total pore volume of 0.1609 cm3 g−1. The average pore diam-
eter is 19.23 nm.  The pore size distribution which is particularly
important for many pore size dependent applications was calcu-
lated using the Barrett–Joyner–Halenda (BJH theory). It is found
that the majority of the pores are found to be in the region of
10–50 nm range with the peak at 28.07 nm indicating the meso-
porous nature.

3.4. Impedimetric gas sensor

The AC impedimetric study is suitable and non-destructive
method for analyzing the electrical process taking place in the
material. It is a useful tool to study defects, electrical conductiv-
ity and the surface chemistry of materials including dielectrics,
ionic conductors, aqueous solutions and the adsorbate–adsorbent
interfaces [38,39]. It is well known that the AC impedimetric plot
consists of single or double semicircles which depend on the con-
duction mechanism. The appearance of single semicircle at high
frequency region represents the bulk conduction of the materi-
als. Subsequently, the semicircle appeared at low frequency region
indicates the role of grain boundary conduction in electrical pro-
cess [40] Based on the above mentioned concept, for the first time
the NH3 gas sensing behavior of MnFe2O4 nanoparticles is stud-
ied over a wide range of concentrations from 10 to 1000 ppm.
Fig. 3(a–e) shows the impedance spectra of the MnFe2O4 nanopar-
ticle measured at room temperature under various concentrations
of ammonia. It is observed that the gradual evolution of the semi-
circular arc at high frequency due to the effect of gas concentration.
The similar type of observations has already been reported for �-

Fe2O3 compound [24].

This semicircle helps in visualizing the equivalent circuit for
electrical process occurring within the materials and their corre-
lation with the micro structural properties. The bulk resistance

d (b) BJH curve of MnFe2O4 nanoparticles.
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Fig. 3. (a-e) Cole-Cole plot of MnFe2O4 at different ammonia concentration

Rb) is found by extrapolating the semicircle and finding its inter-
epts on the real axis (Z′) at low frequency region. This gives the
seful information about the electrical properties of the system.
ach semicircle can be represented as the parallel combination of
apacitance and resistance [41]. A single semi-circle arc is observed
hen the concentration of ammonia is less than 30 ppm (Fig. 3(a))

nd the intersection on the real axis is shifted towards the lower
requency region. It reveals the decrease of resistance or increase
f conductivity with respect to gas concentration. While further
ncreasing the concentration from 40 to 1000 ppm (Fig. 3(b–e)), the
econd semi-circular arc starts to appear, which indicates the exist-
nce of both bulk and grain boundary conductivity [40]. Fig. 3(f)
hows the obtained bulk resistance (Rb) of MnFe2O4 at different
oncentrations of ammonia. Huge decrease of Rb with increasing
oncentration of ammonia reveals the good sensitivity of MnFe2O4.
he conductivity is calculated using the following equation (Eq. (2)),
nd found to increase with increase in the ammonia concentration.

 = l

ARb
(2)

here ‘l’ is the thickness of the sample, Rb is the resistance obtained
rom the plot and A is the area of the pellet (�r2). The maximum
btained (Fig. S2) conductivity is 8.177 × 10−5 S cm−1 at 1000 ppm,
hich is approximately 102-fold higher than conductivity of
nFe2O4 in the absence of NH3 atmosphere (4.98 × 10−7 S cm−1).

t reveals the good NH3 sensing behavior of MnFe2O4 even at lower
oncentration of 10 ppm. Further, the effect of NH3 concentration
n the bulk capacitance is calculated using the equation (Eq. (3))

b = 1
2�Rb�max

(3)

here Cb is bulk capacitance, Rb is bulk resistance, �max is max-

mum frequency. The calculated capacitance is in the range of
0–5 pF. It was  clearly seen from the above equation that the capac-

tance was inversely proportional to the frequency. The higher
apacitance at lower frequency was due to the fact that at lower
1000 ppm) and (f) Variation of bulk resistances with concentration of NH3.

frequency the charge carriers have the time to follow the changes
in the electric field. Under this condition the response of the sensor
is largely affected by the NH3 gas. At higher frequencies the change
of electric field becomes very fast that it becomes difficult for the
charge carriers to adjust to it [42], which enumerates the variation
of bulk capacitance with respect to NH3 concentration.

Under the application of the ac field, frequency dispersion or
dielectric relaxation is observed due to a number of polarization
mechanisms. Each relaxation process was characterized by the
relaxation time which describes the decay of polarization with
time in the periodic field. These relaxation time can be calcu-
lated from (a) loss spectrum or (b) Nyquist plot, which convey
the same meaning [39,44]. This relaxation process gives raise to
the unique relaxation frequency in the Nyquist plot. The variation
of the relaxation frequency and relaxation time with respect to
ammonia concentration are given in Fig. 4(a). It evidenced that the
concentration of ammonia greatly alters the relaxation frequency.
Subsequently, the bulk relaxation time is calculated using the fol-
lowing equation

� = 1
2�fmax

(4)

where, fmax is the relaxation frequency obtained from the Nyquist
plot [43]. The calculated relaxation time at 1000 ppm is 102 times
lesser than the relaxation time at 0 ppm. This shows that more
electrical properties are taking place within the material due to
migration of the immobile species/defects. All these data is found to
be in great agreement with the above results. The decrease of resis-
tivity in two orders of magnitude shows that MnFe2O4 is suitable
for sensing ammonia gas.

Fig. 4(b–f) shows relation between the imaginary part of

impedance and frequency of MnFe2O4 in different NH3 concen-
tration. This spectra provides the useful information about the
relaxation process of the MnFe2O4 in the presence of NH3 gas. It
can be seen that upto 20 ppm (Fig. 4(b)), there is no evidence for
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Fig. 4. (a) Variation of relaxation frequency (fmax) and relaxation time (�) with 

he formation of relaxation peak. It indicates that the nil possibility
f relaxation process in the measured frequency range. On the other
and, at higher concentration of NH3 (Fig. 4(c–f)), the presence
f peak broadening and peak shifting is noticed, which indicates
he occurrence of concentration dependant relaxation process in

nFe2O4. There is an asymmetric peak broadening which sug-
ests the process of electrical phenomenon in the material with the
pread of the relaxation time. In general, the electrical relaxation
rocess is carried out by the presence of electrons/immobile species
44,45]. Finally, the concentration dependent relaxation process
oncludes that MnFe2O4 is suitable material for sensing NH3 even
t low concentration of 10 ppm.

.5. Sensing mechanism of MnFe2O4 nanoparticles

It is familiar that the surface controlled mechanism is respon-
ible for sensing mechanism in the metal oxide based gas sensors
46]. The NH3 gas sensing mechanism of MnFe2O4 nanoparticles
s schematically represented in Fig. 5 at various stages. In stage
, more free electrons are presented in the conduction band of
nFe2O4. The atmospheric oxygen molecules (O2) are adsorbed

n the surface of the pellet (Stage 2), while exposing the MnFe2O4
ellet in to air atmosphere. Here, the electrons from the conduction
and are captured by these adsorbed oxygen, making MnFe2O4 to
ave many surface adsorbed oxygen ion species like O–, and O2–,
here O2– forms the majority of the adsorbed species. These ions
lay a vital role in the gas sensing process [24]. Further, the electri-
al properties of the MnFe2O4 nanoparticles are tuned, as the gas
dsorbs on the broken or weakened bond on the surface, which act
s the active sites for gas adsorption. A depletion layer is formed
t the surface of the individual particles and inter-granular regions
hen the electrons in the conduction band are restricted in their

otion by the oxygen species. This is the rate determining step

or the sensing mechanism. The surface resistance reaches a stabi-
ized value when the chemisorpsion of oxygen at the surface attains
quilibrium, forming the baseline resistance for the calculation of
oncentration and (b-f) loss spectra of MnFe2O4 at different NH3 concentration.

sensitivity (resistance in the presence of air) [47]. Here the meso-
porous nature of MnFe2O4 would help in the effective gas diffusion
and adsorption by increasing the inner and outer surface area. This
causes more oxygen species get adsorbed on the material surface
[stage 2]. The ionization of the oxygen can be expressed as [48–50]

O2(gas) = O2(ads) (5)

O2(ads) + e− = O2(ads)
− (6)

O2(ads)
− + e− = 2O(ads)

− (7)

O(ads)
− + e− = O(ads)

2− (8)

where the subscripts ‘gas’ and ‘ads’ indicates the gaseous and
adsorbed oxygen [51]. Upon exposure to reducing gases like ammo-
nia, these molecules get oxidized with the adsorbed oxygen ions,
by following a series of intermediate stages, producing NO and H2O
molecules. The resulting O atoms in non-lattice positions are more
likely to attract the H atoms from neighboring NH3 molecules, and
as a result water formation takes place. The energy released during
the decomposition of ammonia molecule would be sufficient for the
trapped electrons to jump into the conduction band of MnFe2O4
resulting in an increase in the conductivity of pellet of MnFe2O4
[stage 3]. This shows n-type conduction mechanism which is sim-
ilar to other metal oxide semiconductors reported in the literature
[52,53]. The best response is produced with a large amount of
ammonia gas favoring the reaction between the adsorbed reduc-
ing gas and the oxygen species [stage 4]. Three types of reactions
are proposed for ammonia oxidation on metal oxides [24,54].

2NH3 + 3 (O) = 3H2O + 6e− (9)

2NH3 + 4 (O) = N2O + 3H2O + 8e− (10)
2NH3 + 5 (O) = 2NO + 3H2O + 10e− (11)

The symbol O denotes the oxides in regular oxygen sites and
it can be substituted by appropriate amounts of chemisorbed
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Fig. 5. Schematic representations for the conduction mechanism of MnFe2O4 in NH3 atmosphere.
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increasing concentration of ammonia indicating the n-type conduc-
Fig. 6. (a) Variation of gas response with NH3 concen

2
− and O− species. The significance of this observation is in the

ery low detection of ammonia at room temperature.

.6. Effect of NH3 concentration on barrier height

The variation of conductivity with frequency is represented in
he conduction spectra (Fig. S3). It consists of two regions such as
.c. region and a.c. region. The frequency independent conductivity
egion is called d.c. region. Similarly the frequency dependent con-
uctivity region is called the a.c. region. The conducting mechanism
an be explained based on the hoping mechanism model. According
o this model, at higher frequency region the electrons are having
ower relaxation time. Hence the electrons are back to its original
attice within a short time, which leads to the increase in the con-
uctivity at higher frequency region. At low frequency region, the

ons having enough time for back to its original site which leads
o the d.c. conductivity [55]. Hence the total conductivity obtained
an be calculated using the formula,

TOTAL = �AC (ω) + �DC (12)

The �AC (ω) is the polarization conductivity which depends on
he frequency as

AC (ω) =  A(ω)s (13)

Here A is the constant, ω is the angular frequency and s is
n exponential power of frequency. Here �AC (ω) value increases
ith increasing frequency. The s value is obtained by taking slope

f a.c. values from Fig. S3. The s value varies from 0.8 to 0.5
or 10–1000 ppm at room temperature. By using this s value, the
oulomb well barrier of charge carriers (wm) is calculated using the
ollowing equation,

 = 1 −
{

6kT

Wm

}
(14)

m = 6kT

1 − S
(15)

The calculated value of wm is found to decrease with increasing
H3 concentration at room temperature. It shows that the barrier
eight decreases as the concentration increases (Fig. S4), which can
e attributed to increase in the conductivity.

.7. Gas response and selectivity

Further, the sensitivity of MnFe2O4 nanoparticles is calculated

sing the equation

as Response = Z ′′
air − Z ′′

ammonia
Z ′′

air
(16)
n and (b) gas response of MnFe2O4 in various gases.

where Z ′′
air and Z ′′

ammonia are the magnitudes of the imaginary
impedance at the relaxation frequency in the impedance plots
under air and ammonia atmosphere respectively [24]. The sensi-
tivity is found to be an increasing with increasing concentration of
ammonia and reaches a value of 99.8% whose values are shown in
Fig. 6(a). Initially the sensitivity increases with increasing concen-
tration of ammonia until 90 ppm. This may  be due to the uniform
distribution of smaller grains on the surface and the increased sur-
face to volume ratio of these nanostructures. After 90 ppm the
sensitivity reached a saturation, due to formation of multilayer
on the pellet surface by ammonia vapor. This reduces the active
site for interaction of ammonia molecules [55]. It is promising that
the MnFe2O4 is having high sensitivity and can be able to detect
even at low concentration of 10 ppm. It is lower than the Occupa-
tional Safety and Health Administration (OSHA) established level
of ammonia (25 ppm).

The air around us has lot of chemical species in it. Hence the
selectivity of the sample towards the particular gas becomes a key
parameter in gas sensing applications. For testing the selectivity
of the MnFe2O4 sample, vapors of different gases like chloroform,
petrol and ethanol was introduced into the test chamber. The sen-
sitivity was tested at two different concentrations namely 10 and
100 ppm which is shown in Fig. 6(b). The selectivity of the sample is
in the order of Ammonia > Ethanol > Petrol > Chloroform. The selec-
tivity towards ammonia at 10 ppm is 83.5%, whereas for ethenol,
petrol and chloroform it is 68%, 2.4% and 0.68% respectively.
Selectivity is found to increase for increasing value of concentra-
tions.

4. Conclusion

MnFe2O4 was  synthesised by the simple and cost effective
polymer assisted combustion method. XRD analysis reveals the
cubic structure and phase purity of MnFe2O4 sample without
any impurity peaks. FTIR confirms the presence of functional
groups. The FE-SEM images show that the particles had an aver-
age size of 30–35 nm.  The saturation magnetization and coercivity
of the sample was found using Vibrating Sample Magnetome-
ter (VSM). The mesoporous nature of the sample was  given by
N2 adsorption–desorption isotherm. Gas sensing properties are
measured using the Impedimetric technique. It shows that both
grain interior and grain boundary contribute to gas sensitivity
at various concentrations. Further the resistance decreased with
tion mechanism of the sample. The sensor shows good sensitivity
and selectivity towards ammonia. All these observations demon-
strate the promise of using MnFe2O4 as ammonia gas sensor in the
industrial and environmental monitoring.
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