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Abstract
The inverse spinel nanocrystalline pure and doped nickel ferrite particles were synthesized by co-precipitation method. The 
thick films of both pure and doped nickel ferrite nanoparticles were prepared by coating the material on glass substrate via 
screen printing method. The XRD was used to confirm cubic, crystalline nickel ferrites. The scanning electron microscopy 
confirms nanosized, cubic nanoparticles of nickel ferrite, and their morphology was investigated. The energy-dispersive 
spectroscopy was used to comprise elemental composition for pure and doped ferrites. Transmission electron microscopy 
was attributed for investigation of surface morphology, crystal structure identification of nickel ferrites. The FT-IR was used 
to find the vibrational frequencies, symmetric, asymmetric stretching and bending modes of metal oxide linkage. The thick 
films of nickel ferrite were employed for sensing phenomenon of gases such as LPG,  NO2,  CH3-OH,  C2H5-OH,  NH3 and 
petrol vapours. The pure nickel ferrite showed excellent results for ammonia and nitrogen dioxide gases up to 90.42 and 86.42, 
respectively. Manganese- and cobalt-doped ferrites were excellent for ammonia and petrol vapours. Modified nickel ferrite 
effect of dopants cobalt and manganese was investigated. Pure and doped ferrites showed excellent response and recovery 
for ammonia,  NO2, petrol vapours and LPG gases.
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Graphical abstract
The graphical abstract presenting the synthesis process of pure and modified nickel ferrite prepared by co-precipitation 
method. The prepared material ferrite thick films were exclusively utilized for the detection of some pollutant gases.
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Introduction

Material science becomes a promising field of nanosci-
ence, due its remarkable applications in the research. It 
covers wide range of research applications such as sen-
sors [1–3], adsorption, photocatalysis, biosensors, solar 
cells, conducting material, drug distribution, photovoltaic, 
medicinal, agricultural and catalytical applications, sultri-
ness sensors [4–10].Nowadays, enormous incrimination in 
the level of pollution and industrial hazards is the major 
threat for environment. The evolution of toxic substances 
and gases from industries as well as from conveyances are 
the major sources of pollutant gases. These toxic gases 
which are inimical for environment must be detected so 
that the hazards due to gas leakage and gas emission can 

be detected very expeditiously. Most commonly, gas sen-
sors are facile material for the detection of minuscule 
concentration of gases at sundry places [11]. Commonly, 
semiconducting metal oxides including ZnO, NiO,  TiO2, 
 SnO2, CuO,  Nb2O5,  ZrO2,  Fe2O3,  Co3O4, etc. are exten-
sively utilized by researchers for catalytical applications, 
whereas class of MFe2O4 (M = Ni, Co, Zn, Mn, etc.), sun-
dry perovskite materials, such as  LaFeO3,  LaCrO3 as well 
as some spinel such as  Mn3O4 and inverse spinel com-
pounds, have been fabricated for sensing purport [12–14]. 
These types of oxides can be utilized for the detection 
of sundry inimical gases. All the nanosensors are highly 
accessible, thermally stable for sundry gases. In particular, 
nickel ferrite is an excellent material for sensing the gases 
such as LPG,  H2S, methane,  Cl2 and  NH3 [15].
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The ferrite members are intensively studied material for 
sundry applications and show sundry types of magnetic 
properties which include ferromagnetism, ferrimagnetism, 
antiferromagnetism which are utilized in many electronic 
contrivances [16]. According to researchers, the ferrimag-
netic comportment of the nickel ferrite is due to magnetic 
moments with spin-paired arrangement that arises spin orien-
tation between  Fe3+ ions located in tetrahedral voids and  Ni2+, 
 Fe2+ located at octahedral voids. Categorically, nickel ferrite 
is a magnetic material with n-type semi-conduction possess-
ing the efficacious band gap 2.5 eV by which this material 
can be employed for many catalytical applications [17, 18]. 
Nickel ferrite possesses plenarily inverse spinel structure with 
λ = 1, where λ corresponds to degree of inversion and can be 
defined as number of tetrahedral sites occupied by  M3+ ions. 
The MFe2O4 are spinel solid materials in which M is divalent 
cation. The inverse spinel can be identified from the distribu-
tion of divalent ions that occupied tetrahedral voids and some 
of the trivalent ions additionally occupy tetrahedral voids in 
integration to octahedral voids. The distribution is attributed 
to gain more crystal field stabilization energy in the case of 
inverse spinels. The stretching and bending modes of nickel 
ferrite individual ions distributed in octahedral and tetrahedral 
voids can be assigned from IR data, which gives the charac-
teristics bands for each distribution. However, in the case of 
mundane spinels structure the divalent stringently occupies 
tetrahedral voids and fine-tuned trivalent ions occupy octa-
hedral voids; transmutations in this distribution result in the 
formation of inverse spinel material [19–21]. There are sev-
eral methods utilized for the synthesis of nickel ferrites such 
as co-precipitation method, hydrothermal synthesis, sol–gel 
method, combustion method, sonochemical synthesis, plasma 
deposition method, electrospinning, high-energy milling, spray 
pyrolysis method, magnetic sputtering, water CTAB method, 
micro-emulsion method, electrochemical method, precursor 
method, etc. [22–24]. According to the literature, the pristine 
phase material, i.e. without doping may show less sensitivity 
for several gases, but in several reports the nickel ferrite doped 
by d-block elements was found to be a very efficient catalyst 
for sensing mechanism. In particular, minute concentration of 
nickel and cobalt can enhance the electrical, optical, mechani-
cal and sensing properties of this material. The Pt-doped nickel 
ferrite showed high sensitivity towards several reductant gases 
such as  NH3 and  H2S. In several cases, coinage metal (Pt, Pd, 
Ag, Au)-doped ferrites showed excellent sensitivity for lique-
fied petroleum gas and petrol vapours. Researchers now coa-
lesce to develop the sultriness sensors and sensors which can 
work at room temperature; this type of research activity is in 
great demand right now. Sultriness sensors can be utilized for 
household and industrial hazards due to gas leakage every-
where. Nanocrystalline nickel ferrite can provide efficacious 
grain size which provides sizably voluminous surface area to 
promote the adsorption of sundry gases [25, 26]. In the present 

research, we investigated the structural and electrical prop-
erties as well as gas sensing performance for pure  NiFe2O4 
and  Co2+,  Mn2+ doped  NiFe2O4 nanocrystalline thick films 
prepared by conventional screen printing method as the metal 
oxide semiconducting materials are very prominent for sun-
dry applications and being utilized by researchers for sensing 
mechanism. We prepared sensors of pristine and doped nickel 
ferrites, and its sensitivity was investigated for LPG,  NO2, 
 CH3-OH,  C2H5-OH,  NH3 and petrol vapours. The research 
article includes synthesis of nickel ferrite and effect of dopant 
nickel and cobalt concentration on functional material nickel 
ferrite. All the data of gas sensing obtained from pristine and 
doped ferrites were interpreted and compared to draw con-
clusions about difference of pure and doped ferrites for the 
detection of culled gases. All parameters examined for pristine 
and doped nickel ferrite are discussed in detail in results and 
discussions section.

Materials and methods

All the chemicals used in the synthesis are of AR grade 
purchased from Modern Laboratories, Nashik, and were 
used without further purification. Chemicals required for 
the synthesis of nickel ferrite are ferric chloride, nickel chlo-
ride, cobalt chloride, manganese chloride, ammonia, double-
distilled water.

Synthesis of nickel ferrite by co‑precipitation 
method

The nickel ferrite nanoparticles were prepared in 1:2 mol 
ratio of nickel chloride and iron chloride, respectively, in 
20 ml of double-distilled dihydrogen monoxide, commixed 
exhaustively at room temperature. The solution was then 
commixed in 200 ml ammonia solution with constant stir-
ring. The pH of the solution was adjusted up to 12 by the 
addition of concentrated ammonium hydroxide solution. The 
resulting nanoparticles were dissevered by centrifugation at 
3000 rpm for 10 min. The product was washed with double-
distilled dihydrogen monoxide and then by ethanol. The pre-
cursor of nickel and iron hydroxide was then kept in oven 
at 70 °C for 30 min. Conclusively, the precursor was trans-
ferred to silica crucible and kept in furnace at 750 °C for 
calcination up to 6 h, and the fine powder brown-coloured 
nickel ferrite nanoparticles were obtained [27].

Preparation of  Mn2+ and  Co2+ doped nickel ferrite 
by physical doping method

Five per cent (atomic weight %) dopant concentration of 
cobalt chloride and manganese chloride (0.05 g each) was 
added to 0.6 g of pure nickel ferrite. The inorganic and 
organic ratios were kept constant as 70:30, respectively. 
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The inorganic part consists of the doped nickel ferrite nano-
particles, whereas the organic part considers the 8% butyl 
carbitol acetate (BCA) and 92% ethyl cellulose (EC). All 
these compounds were added in mortar and pestle previously 
washed by acetone and dried. BCA was added drop wise 
to the above mixtures to achieve the proper pseudoplastic 
phase (thixotropic), to get a viscous paste. The paste was 
then applied on previously cut glass substrate (2 × 1 cm), by 
screen printing method. The standard mask size was devel-
oped on the screen by photolithography technique, the films 
were air-dried for 15 min, and then, the films were dried 
under IR lamp for 30 min. Finally, the films were calcined 
under muffle furnace at 750 °C for 4 h. The doped nickel 
ferrites thick films are ready for characterization and further 
use [28].

Synthesis of thick film sensor of pure and doped 
 NiFe2O4 by conventional screen printing method

The thick films of pure and  Mn2+,  Co2+ doped  NiFe2O4 were 
yare by screen printing technique, in which the inorganic and 
organic ratios were kept constant as 70:30, respectively. The 
inorganic part consists of the pure nickel ferrite nanoparti-
cles and doped nickel ferrite nanoparticles, whereas organic 
part considers the 8% butyl carbitol acetate (BCA) and 92% 
ethyl cellulose. All these compounds were integrated in mor-
tar and pestle which was washed by acetone and dried. BCA 
was added drop by drop slowly to the above amalgamations 
to achieve the congruous pseudoplastic phase (thixotropic), 
to get a viscous paste. The paste was then applied on pre-
viously cut glass substrate (2 × 1 cm), by screen printing 
method. The screen of nylon (40 s, mesh number 355) was 
utilized for screen printing. The standard mask size was 
developed on the screen by photolithography technique, the 
films were dried at room temperature for 15 min, and then, 
the films dried under IR lamp for 30 min. Then, these films 
were calcined under muffle furnace at 750 °C for 4 h. The 
pure and doped nickel ferrites thick films are yare for char-
acterization and further use.

Thickness measurement of the films

The thickness of the films was measured by scanning the 
thick film in UV–visible spectrophotometer model number 
Jassco-UV 730 in the range of 300–800 nm. The thickness 
of the films for pure nickel ferrite was observed to be 9.607 
μm (9607 nm), while for the doped ferrite the thickness of 
the glass coated film was found to be 4.101 μm (4101 nm).

Characterization techniques

The typical XRD pattern of the thick films of pure and doped 
nickel ferrite was recorded by using D8 advance Bruker 

AXS GmbH (Germany), Bragg’s scanning angle varying 
from 10° to 80°. The surface morphology and characteristics 
of the material were analysed by using scanning electron 
microscope (SEM), model number S 4800 Type II High 
Technologies Corporation, Japan. The elemental composi-
tion and atomic weight percentage of all the elements in 
the pure and doped nickel ferrite films were investigated by 
using energy-dispersive X-ray spectroscopy (EDAX), model 
number X Flash detector 5030 make Bruker AXS GmbH, 
Germany. Transmission electron microscope (TEM) was 
utilized to find out crystallinity, morphological features and 
crystal type of pure and doped ferrites; model used for TEM 
analysis was CM200 make Philips with operating voltage 
20–200 kV, resolution 2.4 Å which can produce magnifica-
tion up to 1,000,000×. The sample of TEM was analysed 
with the help of copper grid. Both the pure and doped nickel 
ferrite films were analysed by Fourier-transform infrared 
spectroscopy (FT-IR) to find out different stretching and 
bending vibrations of Fe–O, Ni–O, Co–O, Mn–O oxide 
linkages in inverse spinel environment. FT-IR analysis was 
performed by using Spectrum RX-IFTIR, PerkinElmer with 
resolution of 1 cm−1 and scanning range of 4000–250 cm−1.

Results and discussion

X‑ray diffraction (XRD)

The pure and doped  NiFe2O4 thick films calcined at 750 °C 
were characterized by XRD, with model number D8 advance 
Bruker AXS GmbH (Germany).The films were analysed at 
room temperature with MoKα radiations (wavelength 1.54 
Å). The XRD spectrum (Fig. 1) clearly indicates the forma-
tion of crystalline nickel iron oxide as per data obtained. 

Fig. 1  a XRD spectrum of  Co2+ and  Mn2+ doped nickel ferrite. b 
XRD spectrum of undoped nickel ferrite
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Bragg’s reflection peaks are attributed to the formation of 
 NiFe2O4 material with FCC crystal lattice and Fd3m space 
group. The match scan data of  NiFe2O4 show the formation 
of crystalline  NiFe2O4 nanoparticles with JCPDS number 
00-003-0875. Diffraction peaks obtained are 30.273, 35.744, 
43.473, 53.888, 57.559, 62.728, 71.403 that are assigned 
to the reflection of (220), (311), (400), (422), (511), (440), 
(620) planes [29].The lattice constant (a = b = c) for nickel 
ferrite was found to be A = 8.3400, which is found to be 
in the range of standard lattice constant value A = 8.33 
[30]. No additional peaks of any compound or impurity 
were observed in XRD spectrum indicating that the pre-
pared nickel ferrite is pure. All the above-cited diffraction 
patterns confirm the formation of nickel ferrite  (NiFe2O4) 
nanoparticles. The average particle size was calculated by 
using Debye–Scherer’s formula: [D = Kλ/β cos θ], where D 
is average particle size, K is constant (0.9–1), β is full width 
half maxima (FWHM) of diffracted peak, θ is the angle of 
diffraction. The average particle size for pure nickel ferrite 
was found to be 23 nm, and for doped nickel ferrite it is 
found to be 40 nm [31, 32].

Field emission gun scanning electron microscopy: 
(FEG‑SEM)

The surface morphology of prepared ferrite nano-powder 
was analysed by SEM (model number S 4800 Type II High 
Technologies Corporation, Japan) Fig. 2 illustrating the 
SEM micrographs of prepared pure  NiFe2O4 and  Mn2+, 
 Co2+doped  NiFe2O4 nanoparticles showing the spherical 
sphere-shaped nanoparticles agglomerated together to give 
better surface area to prepared material, calcined at 750 °C. 
Figure 2a, b shows that the different-sized nanoparticles 
(~ 1 µm) with regular porous material are very useful for the 
sensing mechanism, as the porous material provides ease to 
adsorb the gas vapours yielding more response for gaseous 
molecule on the surface via chemisorption and physisorp-
tion. The small voids can also be found in SEM images of 
pure and doped ferrites which can act as adsorbent for vari-
ous gaseous moieties [33, 34].

The agglomerated nanocrystalline ferrite nanoparticles 
are seen in Fig. 2b; the doping elements Mn and Co in min-
ute concentrations are found to be agglomerated in doped 
ferrites forming smaller lumps of various nanosized nano-
particles, while in undoped ferrite the small-sized nanoparti-
cles are highly agglomerated to form a homogeneous lattice 
that is seen in Fig. 2a. The SEM results can be comparable 
with XRD data of pure and doped ferrites where the sharp 
peaks in XRD data indicate highly crystalline nickel fer-
rite nanoparticle formation [35]. The specific surface area 
of pure  NiFe2O4 and modified  NiFe2O4 nanoparticles was 
calculated using BET method for spherical particles using 

Eq. (1). The data obtained from BET are represented in 
Table 1.

where Sw is the surface area, 6 (six) is the constant, ρ is the 
composite density of the materials, d is the average particle 
size of functioning material.

Particle size distribution from SEM analysis

The particle size distribution curve (PSD) obtained from 
SEM image of pure and modified nickel ferrite is shown 
in Fig. 2c, d. The PSD gives an idea about the dimensions 
of solid tiny particles distributed in a material sometime 
in the colloidal state. Among the popular methods of PSD 
such as photo-analysis, sedimentation technique and opti-
cal counting technique which involves electron micrograph 
analysis (EMA). Here, EMA was the tool used to investigate 
the PSD of both ferrite materials. Both distribution curves 
of maximum particle size were found to be 10–35 nm which 
is in good agreement with the results obtained from XRD 
and SEM [36, 37].

Energy‑dispersive X‑ray spectroscopy (EDS)

The energy-dispersive X-ray spectroscopy was acclimated 
to investigate the elemental composition of prepared pure 
nickel ferrite and doped nickel ferrite. Figure 3a, b shows 
the EDS pictures for pristine and doped ferrite materials. 
The sharp peak 6.3, 7.0 keV for iron and 7.5, 8.3 keV in 
pristine EDS spectrum, while in doped nickel ferrite the iron 
is observed in the same scale at 6.3,7.0 keV, the nickel was 
found at 7.5, 8.3 keV. The dopant metal cobalt resolved at 
1.7, 3.7 and manganese at 5.8, 6.3 keV. All the data obtained 
from EDS attest the formation pristine and doped nickel fer-
rite nanocrystals as well as were found to be in good acqui-
escent with the reported data [38].

High‑resolution transmission electron microscopy: 
(HR‑TEM)

The TEM pictures of pure nickel ferrite are shown in 
Fig. 4a–d for doped nickel ferrite which clearly shows the 
typical cubic-shaped nanocrystalline phase for both pure and 
doped ferrites. The particle size observed in TEM images 
is about 20–50 nm in pure nickel ferrite while 50–100 nm 
for doped nickel ferrite. And also minute concentration of 
doped material cobalt and manganese cubic-shaped parti-
cles are clearly seen in TEM images of doped nickel ferrite. 
The particle size obtained from TEM is found to be in good 
agreement with the XRD data [39–41].

(1)Sw = 6∕� × d,
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Selected area electron diffraction (SAED) analysis

The typical SAED pattern of pure and doped nickel fer-
rite can be seen in (Fig. 5a, b) where a clear diffraction 
pattern of pure crystalline nickel ferrite nanoparticles 

and doped nickel ferrite is observed. The pattern can be 
assigned for the typical hkl values or typical characteristic 
planes of nickel ferrite. The SAED data obtained are in 
good agreement with the diffraction data obtained from 
XRD [42].

Fig. 2  a SEM image of pure  NiFe2O4. b SEM image of  Mn2+ and  Co2+ doped  NiFe2O4. c Particle size distribution curve of pure  NiFe2O4. d 
Particle size distribution curve of doped  NiFe2O4

Table 1  Surface area and 
particle size calculated using 
BET method for spherical 
particles from SEM data

Functioning material Firing tempera-
ture (°C)

Crystallite (grain) size, 
D nm (XRD)

Particle size, d 
nm (SEM)

Specific 
surface area 
in  m2/g

Pure  NiFe2O4 750 23 200 2.65 × 102

Doped  Nife2O4 750 40 222 4.85 ×  102
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FT‑IR study

Fourier-transform infrared analysis was performed for both 
pure and doped nickel ferrites (Fig. 6a) showing the FT-IR 
spectrum of pure  NiFe2O4 thick films, whereas FT-IR spec-
trum of doped  NiF2O4 is depicted in (Fig. 6b). Both spectra 
clearly show the various stretching and bending frequen-
cies of functional material nickel ferrite in the inverse spinel 
arrangement as the  Ni2+ and  Fe3+ distributions are in differ-
ent environments, i.e. octahedral and tetrahedral surround-
ing. The different stretching frequencies are attributed to 
this distribution which is found in the range of wave number 
400–1000 cm−1. The two bands below 1000 cm−1 are con-
sidered to be highly characteristic frequencies for nickel fer-
rite. In Fig. 6a, the higher energy band (ν1) in the frequency 
range of 609–650 cm−1 is assigned to tetrahedrally co-
ordinated nickel oxygen stretching, while the lowest energy 
band (ν2) is due to octahedrally co-ordinated metal oxygen 
vibration at 475.2 cm−1 [43]. The slightly curvy and broad 
bands observed in the spectrum are assigned to the absorbed 
and free water distributed in the crystal lattice of nickel fer-
rite as a water of crystallization observed at 3432.7 cm−1 
and 1626.2 cm−1. In the case of inverse spinel nickel ferrite, 
some of the trivalent  Fe3+ ions occupy tetrahedral voids. 
This typical stretch of  Fe3+ and  O2− observed at 1027.4 cm−1 

is governed to the migrated  Fe3+ ions in tetrahedral voids 
[44]. In Fig. 6b,  Mn2+,  Co2+ doped nickel ferrite shows the 
characteristic wave number for all metal oxide vibrations. 
The typical H–O–H stretch for absorbed or free water is 
observed at 3321.3 cm−1 and 2340.2 cm−1. The water defor-
mation peak is observed at 1433.4 cm−1 in doped nickel 
ferrite crystal lattice [45],while 1035.3 cm−1 wave number 
is assigned to trivalent iron atoms migrated in tetrahedral 
voids. The additional wave number at 600  cm−1 is assigned 
to doped cobalt oxide, while the band at 464.6 cm−1 is con-
cerned with doped  Mn2+–O2− [46].

Electrical properties

The pure and doped nickel ferrites prepared by co-precip-
itation method, adhered on the glass substrate by utilizing 
screen printing, were analysed for electrical characteriza-
tion and gas sensing measurements. The gas sensing per-
formance was measured by home-made gas sensor assem-
bly. Typically, the DC resistance of the thick films was 
measured by using half bridge method, in the atmosphere 
of different temperatures. The film was fixed at the base 
where chromel–alumel thermocouple was set to sense the 
temperature of the films sensor. The temperature sensed 
by thermocouple was digitally recorded by temperature 

Fig. 3  a EDAX image and 
elemental composition of pure 
 NiFe2O4. b EDAX image and 
elemental composition of  Mn2+ 
and  Co2+ doped  NiFe2O4
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recorder model number PEW-202/PEW-205. The gas 
concentration in ppm level is introduced inside the glass 
chamber sensing device at the base of apparatus via inlet 
pipe. The length of the pipe valve ends near the film sen-
sor so that the contact between film sensor and gas should 
be maximum. The fixed DC voltage was applied to the 
circuit. The resistance of the films was measured by using 
output voltage digital multimeter model number CIE Clas-
sic 5175. At each cycle of gas introduced inside the glass 
chamber, gas residue was withdrawn by lifting the glass 
chamber and fixed temperature was supplied to remove the 
gas residue of the film. The oxygenated air was allowed 
to pass through the chamber at each gas sensitivity cycle. 

The electrical resistance of the thick films in the presence 
of air (Ra), as well as in the presence of gas (Rg), was 
measured to calculate the gas response or sensitivity (S) 
given by equation.

The sensitivity of the nickel ferrite thick film sensor 
was investigated on the gases such as LPG,  NO2,  CH3-OH, 
 C2H5-OH,  NH3 and petrol vapours at the optimum tempera-
ture of 50–350 °C. The parts per million (ppm) concentra-
tions of the selected gases were 500 ppm. The electrical 
resistance, selectivity, sensitivity, response recovery time 
were investigated for the thick film nickel ferrite sensors as 

(2)S% = Ra − Rg ∕Ra × 100.

Fig. 4  a, b HR-TEM image of pure  NiFe2O4 thick films. c, d HR-TEM image of  Mn2+ and  Co2+ doped  NiFe2O4
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well as for the modified ferrite sensors. The typical block 
diagram for gas sensing mechanism is shown in Fig. 7.

Electrical resistivity and temperature effect 
on ferrite sensors

The gas sensing properties of pure and modified nickel fer-
rite were investigated at different elevated temperatures from 
350 °C to room temperature. The electrical resistance of the 
thick film sensor was measured in the presence of air without 
interpolation of any other gases in the glass-domed chamber 

with the regular set-up as depicted in Fig. 7. The typical 
semiconducting nature of pure and modified nickel ferrite 
is as shown in Fig. 8, where with a gradual decrease in tem-
perature the change in resistance of the film was recorded. 
Resistance increases sharply at initial stage and step by 
step with a series of temperature resistance decreases. Fig-
ure 8a, c shows lower resistance with increase in temperature 
because of increasing flow mobility of the charge moving or 
due to lattice vibrations associated with growing tempera-
ture, where the atoms often come closely sufficient for the 
transfer of the rate carriers and the conduction is initiated 

Fig. 5  a Selected area electron 
diffraction (SAED) pattern of 
pure  NiFe2O4, b SAED pat-
tern of  Mn2+ and  Co2+ doped 
 NiFe2O4

Fig. 6  a FT-IR spectrum of pure  NiFe2O4 thick films. b FT-IR spectrum of  Mn2+ and  Co2+ doped  NiFe2O4 thick films
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with the aid of lattice vibration [47, 48] (Table 2). Figure 8b, 
d shows the plot of log R against 1/T form which the activa-
tion energy has been investigated for low- and high-tempera-
ture region. The resistivity of the pure and doped thick films 
was calculated by using Eq. (3). 

where ρ is the resistivity of the film, R is the resistance at 
room temperature, b is the breadth of film, t is the thickness 
of the film, L is the length of the film.

The activation energy of pure and doped nickel ferrite 
material was calculated by using Eq. (4).

R is the resistance varied at different temperatures, R0 is 
the resistance at 0 °C, ΔE/T is the variation of energy with 
temperature, i.e. activation energy, ΔE = 2.303 × K × 
slope (calculated from graph), K is the Boltzmann constant 
(8.61733 × 10−5 eV K−1).

Sensitivity and selectivity of pure and modified 
nickel ferrites for the selected gases

The sensitivity of various gases against temperature is shown 
in Figs. 9 and 10. The typical selectivity curves of pure and 
doped nickel ferrite are shown in Fig. 11a, b. The sensors 
of pure nickel ferrite and  Mn2+,  Co2+ doped nickel ferrite 
were tested for selected gases such as LPG,  NO2,  CH3-OH, 
 C2H5-OH,  NH3 and petrol vapours at the fixed concentration 

(3)� = R.b.t ∕L,

(4)R = R0e
−ΔE∕KT ,

of 500 ppm. By supplying temperature to the sensor in the 
presence of particular gas, the sensitivity and selectivity can 
be calculated. Once the selectivity and sensitivity are calcu-
lated, one can conclude on the sensing ability of a material 
for the gas and construction of a sensor economically for the 
monitorization of the gases (Table 4). The gas sensing prop-
erties were strongly affected by the type of adsorption by the 
sensor surface. Depending on the type of adsorption, gas 
sensing adsorption may vary in metal oxide base semicon-
ducting materials. The data collected from the selectivity of 
the gases indicate that pure nickel ferrite showed maximum 
selectivity for  NH3 gas 100% at 50 °C followed by  NO2 gas 
showed selectivity 95.86% at 250 °C, for petrol vapours the 
selectivity is found be 79.76% and LPG selectivity by pure 
nickel ferrite was found to be 55.33%. Most of the research-
ers worked on the nickel ferrite sensor for LPG and revealed 
that ferrites are excellent material as an LPG and  NH3 sen-
sors. But interestingly, the pure ferrite showed very good 
selectivity for  NO2, which is very rarely reported. Further, 
the manganese- and cobalt-doped nickel ferrite showed some 
variation in the selectivity results probably due to effect of 
dopants. Here, the modified ferrite (5%  Mn2+,  Co2+ doped 
nickel ferrite showed the highest selectivity for  NH3, i.e. 
100% at 150 °C for petrol vapours 94.02% at 100 °C, selec-
tivity of  NO2 gas 93.96% at 100 °C and enhanced selectivity 
was observed 82.36% for LPG at 50 °C, while methyl alco-
hol vapours showed 68.23% selectivity at 50 °C. The com-
parative study for pure and modified gases and maximum 
response shown by the selected gases is listed in Table 3.  

Fig. 7  Block diagram of a typical gas sensing apparatus



105Journal of Nanostructure in Chemistry (2019) 9:95–110 

1 3

Fig. 8  a Variation of resistance with temperature for pure nickel ferrites. b Variation of resistance with temperature for doped nickel ferrites 
750 °C. c, d Plots of Log R against 1/T for activation energy of pure and doped nickel ferrite

Fig. 9  Plots of sensitivity verses 
temperature for pure nickel fer-
rite (PNF) for various gases
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Response and ppm variation for pure and doped 
ferrite

The maximum response for pure and modified nickel ferrite 
against the ppm variation is shown in Fig. 12a, b, where 

the percentage response and gas concentration in ppm were 
studied for ammonia,  NO2 gas, petrol vapours. For both 
the materials, the response of the gases was found to be 
enhanced with elevation in gas concentration probably due 
to accumulation of more gas molecules on the surface of 

Fig. 10  Plot of sensitivity verses 
temperature for doped nickel 
ferrite (DNF) for various gases

Fig. 11  a Maximum selectivity 
of various gases for pure nickel 
ferrite sensors. b Selectivity of 
various gases for doped nickel 
ferrite sensors
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sensors. The typical adsorption of reacting gaseous mol-
ecules on sensor surface is responsible for incrementing the 
response of gases (Table 2).

Response and recovery for pure and doped nickel 
ferrite

Figure 13 represents the graphs for response and recovery 
of pure and doped nickel ferrite. The effectiveness of all 
the sensors depends on the important parameters such as 
response, recovery, stability and reproducibility, sensitivity 
of the base material sensor. All these properties are very 
effective for nickel ferrite as it contains good surface area, 
and hence, gas adsorption on its surface was found to be very 
effective due to physisorption and chemisorption phenom-
enon. The response and recovery time for pure and doped 
nickel ferrite were estimated, and the following observations 
were recorded and are shown in Table 4

Conclusions

1. Nanocrystalline inverse nickel ferrite and manganese- 
and cobalt-doped nickel ferrite (5% atomic weight) were 
prepared by a conventional co-precipitation method. The 
thick films of both pure and doped ferrites were pre-
pared by screen printing method. The main aspects and 
important conclusions can be fetched from the all data 
and calculation of the present research according to the 
following summary.

2. The pure  NiFe2O4 thick sensor was sensitive for  NH3 up 
to 90.42 at 150 °C, and for  NO2 sensitivity was 86.68 at 

Table 2  Grain size, resistivity and activation energy for pure and 
doped nickel ferrites

LT lower temperature, HT high temperature

Functional material 
calcined at 750 °C

Grain 
size 
(nm)

Resistivity (Ω m) Activation 
energy (eV)

LT HT

Pure  NiFe2O4 23 12.032 ×  105 0.1564 0.3717
Doped  NiFe2O4 28 5.368 ×  103 0.20139 0.2299

Table 3  Summary for gas 
response in pure and modified 
nickel ferrite

S. no. Gases (500 ppm) % response for pure 
nickel ferrite (PNF)

% response for doped 
nickel ferrite (DNF)

Maximum 
response (T 
°C)
PNF

Maximum 
response (T 
°C)
DNF

01 NH3 90.42 80 50 150
02 NO2 86.68 75.17 250 100
03 CH3-OH 37.52 54.59 250 50
04 C2H5-OH 26.28 40.79 300 150
05 LPG 50.03 65.89 50 50
06 Petrol vapours 72.12 75.25 150 100

Fig. 12  a Maximum response for  NH3 and  NO2 gases with ppm vari-
ation for pure nickel ferrite. b Maximum response for  NH3 and petrol 
vapours with ppm variation for doped nickel ferrites
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100 °C.
3. In most of the gas sensing study, pure nickel ferrite 

showed good response for LPG vapours. In the present 
research, we interpreted the results and found that pure 
as well as doped nickel ferrite was sensitive for LPG 
gas. Maximum response shown by pure nickel ferrite 
for LPG was found to be 50.03 at 50 °C, and enhanced 
response was observed for doped nickel ferrite 65.89 at 
50 °C.

4. For doped nickel ferrite, maximum response shown by 
 NH3 and petrol vapours was found to be 80.0 and 75.25 
at 150 °C and 100 °C, respectively.

5. The effect of dopant concentration has been investigated 
to visualize any change in response of gas due to dopant 
addition to the base material nickel ferrite. In the obser-
vations, it is found that doped nickel ferrite is very sensi-
tive to petrol vapours as well as to ammonia and LPG.

6. The ppm variation for pure  NiFe2O4 for  NH3,  NO2 
was investigated from 100 to 500 ppm, and a steady 
increased response was observed for increase in concen-
tration of gases.

7. The gas sensing procedure for selected gases with usual 
mechanism was set up successfully for prepared sensors.

8. Response and recovery time were found to be very effec-
tive for ammonia,  NO2, LPG and petrol vapours as men-
tioned in Fig. 13.
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