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ABSTRACT

A comparative study of spray-deposited Ni,Zn;_,Fe;O, (x = 0 to 0.5) thin films
has been performed specifically on their structural and gas sensing properties.
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electron microscopy. The structural and morphological study reveal the for-
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ogy. The Rietveld refinement study shows the crystalline structure and it gives
proper atomic distribution among spinel sites. The gas sensing study indicates
the selectivity of material toward SO, gas. The study of dependence between the
optimal operating temperature and nickel substitution shows a reduction in the
operating temperature of the sensor. The optimized film with composition
Nip 3Zng 7Fe;O4 shows the maximum response to SO, gas at a lower operating
temperature of 130 °C. These results can be applied in designing low energy
consumption SO, gas sensors.
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1 Introduction morphological properties. The physicochemical

properties depend upon the method of synthesis and

The utility of ferrites varies according to their struc-
tural and morphological properties. All these prop-
erties depend on their method of synthesis and
preparative parameters. Many researchers prepared
metal-substituted zinc ferrite and studied their
physiochemical properties. Some particular compo-
sitions of mixed ferrite are found efficient in specific
applications [1-7]. The utility of ferrites varies
according to their composition and structural and

Address correspondence to E-mail: rajpureky@gmail.com

https:/ /doi.org/10.1007 /s10854-022-07802-z

preparative parameters. Many researchers studied
the physicochemical properties of metal-substituted
zinc ferrite. Some particular compositions of such
mixed ferrite were found efficient in specific appli-
cations [1, 2]. The ferrites with the general chemical
formula MFe,O; (M = divalent metal) exhibit the
cubic spinel structure. It consists of two atomic sites
for divalent metal ions and trivalent Fe ions, namely,
tetrahedral (A) site and octahedral (B) site. The

@ Springer


http://orcid.org/0000-0002-4534-6916
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-022-07802-z&amp;domain=pdf
https://doi.org/10.1007/s10854-022-07802-z

6274

distribution of metals among these sites decides the
spinel type, either normal or inversed. If the divalent
metal ions wholly occupy A-site, then it is called
normal spinel, and if they occupy B-site, it is said to
be inverse spinel, while the condition of spinel in
which metals are partially distributed in both sites is
known as random or mixed spinel. Many reports
underlined the effect of site occupancies on the
properties of ferrites. The multicomponent ferrite
shows variety in occupancies, which make them
versatile in technological applications [8].

Many researchers reported the Ni-Zn ferrite as a
potential gas sensing candidate for various gases in
gas sensing applications. Kapse et al. [9] studied gas
sensing properties of Nig¢Zng 4Fe,O4. They prepared
the powder by ethylene glycol-mediated citrate sol-
gel method. The material shows selective sensitivity
toward ethanol at 300 °C. Kazin et al. [10] prepared
fine nanocrystalline powders of Ni,Zn;_,Fe;O, by
spray pyrolysis and studied their NH; gas sensing
properties by virtue of their cation distribution.
Ebrahimi et al. [11] synthesized Nij sZng sFe;O, using
the co-precipitation method and checked their gas
sensing properties toward acetonitrile. Dalawai et al.
[12] prepared Ni.Zn;_,Fe;O, by oxalate co-precipi-
tation method and checked their LPG, Cl,, and
ethanol sensing properties.

In the present work, the study is focused on the
synthesis of nickel-substituted zinc ferrite thin films
Ni,Zn;_,Fe;O4 (x = 0 to 0.5) for gas sensing applica-
tion. The structural properties of the films were
analyzed by Rietveld refinement of their X-ray
diffraction (XRD) patterns. In gas sensing study, the
effect of nickel content on optimal operating tem-
perature and gas response of prepared thin films has
been studied.

2 Experimental
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,O) (98.5%),
ferric nitrate nonahydrate (Fe(NO3);-9H,O) (99%),
and nickel nitrate trihydrate (Ni(NO3),-3H,0) (99%)
were purchased from Thomas Baker Chemicals,
Mumbai (India) and ammonium chloride (NH4CI)
(99%) and conducting silver paste were obtained
from Alfa Aesar, Mumbeai (India). The test gases were
purchased from Spacecryo Pvt. Ltd., Mumbai. All the
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chemicals were used without further purification.
Double-distilled water was used to make solutions
throughout the synthesis process.

2.2 Deposition of Ni,Zn;_,Fe,O, thin films

Nickel-substituted zinc ferrite thin films Ni,Zn;_,
Fe;O4 (x =0 to 0.5) were deposited on the glass
substrates using the spray pyrolysis technique.
Firstly, the aqueous solutions of 0.1 M nickel nitrate,
zinc nitrate, and iron nitrate were prepared sepa-
rately. These solutions were mixed in volumetric
ratio x:1-x:2, respectively, further 1% w/v ammo-
nium chloride was added in it as porogen [13]. 10 ml
of this mixed solution was sprayed intermittently
over clean glass substrates preheated at 375 °C. After
each successive spray of 10 s, a halt of 30 s was taken.
The carrier gas (compressed air) flowed uniformly at
a constant pressure 0.5 bar, the solution flow rate was
adjusted to 2.5 ml/min, and the distance between the
spraying nozzle and substrates was 30 cm. The
deposited brown-colored uniform thin films were
allowed to cool naturally to room temperature. All
these films were air annealed at 500 °C for 5 h in a
muffle furnace. The films were named as per their Ni
content; the films with fraction x = 0, 0.1, 0.2, 0.3, 0.4,
and 0.5 as NO, N1, N2, N3, N4, and N5, respectively.

2.3 Characterization

The deposited films were characterized by XRD, field
emission scanning electron microscopy (FESEM),
energy-dispersive X-ray spectroscopy (EDX), and
spectroscopic ellipsometry for their structural, mor-
phological, elemental, and thickness study, respec-
tively. The XRD patterns were recorded on Bruker,
D2 Phaser diffractometer in the 20 range from 10° to
90° wusing CuKo radiation having wavelength
1.5418 A. The XRD patterns were refined using Full-
Prof software to get crystallographic information. The
surface morphology was captured on Tescan Mira3
field emission scanning electron microscope. The
elemental composition was studied using Oxford
Instrumentations EDX attached to FESEM. The
thicknesses of the films were calculated on J.
A. Woollam, alpha-SE ellipsometer, by simulating the
data using the B-Spline model in CompleteEase
software. Chemiresistive measurements were recor-
ded using the computer-interfaced Keithley elec-
trometer, 6514/E.
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2.4 Preparation of sensing element and gas
sensing measurements

The sensing elements were prepared by painting two
silver electrodes on prepared films using conducting
silver paste. The sensing elements were placed in the
chamber of a lab-made two probe gas sensing unit
having an inbuilt heating assembly. The contact
probes were connected to an electrometer, where the
real-time resistance of the sensor was recorded. After
confirming proper contact between the silver elec-
trode and probes, the sensor element was allowed to
heat at the desired temperature. When the tempera-
ture reached the desired value, the test gas was
injected into the chamber. Time-dependant resistance
values were used to calculate the gas response using
the formula, [AR/R] x 100%, where AR is a change
in resistance of sensor element upon exposure of test
gas and Ry is its resistance in the air.

3 Results and discussion

3.1 Structural, morphological,
and elemental studies

The Rietveld-refined XRD patterns of nickel-substi-
tuted zinc ferrite thin films are shown in Fig. 1. These
films are polycrystalline and exhibit cubic spinel
structure. The indexed peaks (111), (220), (311), (400),
(422), (511), and (440) of zinc ferrite and nickel-sub-
stituted zinc ferrite samples match with JCPDS Card
Nos. 01-089-4926 and 00-008-0234, respectively. The
positions of diffraction peaks are shifted slightly
toward larger diffraction angles on substitution of
Ni*". The shift arises due to the mismatching of ionic
radii of Ni*" and Zn*". The ionic radius of Ni*" is
lesser than Zn?*. As a result, the substitution of Ni>*
in ZnFe,O, reduces the lattice constant of the crystal.
A similar result was reported by Kumbhar et al.
[14, 15], Surendran et al. [16], Gao et al. [17], and Guo
et al. [18]. The average crystallite sizes of all samples
were calculated using Scherrer’s formula and are
found to be 16 £ 3 nm.

Table 1 gives the Rietveld refinement factors, such
as chi-square (3%, weighed profile factor Rwp),
expected weighed profile factor (Reyp), Bragg factor
(Rp) and crystallographic factor (Rg), cell parameter
(a), cell volume (V), and density (p) of Ni,Zn;_,Fe;O4
thin films. The agreement factor > is defined as the
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Fig. 1 Rietveld-refined XRD patterns of Ni,Zn;_,Fe,O4 (x =0
to 0.5) thin films

square of the ratio of weighed and expected R factors
as > = Ruwp/ Rexp)z. In this study, this factor was
found to be varied from 1.05 to 1.31. The refinement
confirms a reduction in lattice constant (a) and hence
the shrinking of lattice upon substituting Ni*" ions.
The increased density of substituted films is also a
consequence of reduced lattice size. Substitution of
Ni*" ions in ZnFe,O, host lattice affected cation dis-
tribution from both lattice sites. All the Ni*" ions and
a maximum number of Zn*" ions from tetrahedral
A-site occupy octahedral B-site in the N1 sample. In
other cases, only a small amount of Ni** and Zn*"
occupies A-site. The occupancy of Ni-A and Zn-A
increased from 0 to 0.03 and 0 to 0.05, respectively, in
nickel-substituted films. The result tells that the Zn
ions combined with Ni ions have a maximum ten-
dency to occupy B-site in spinel lattice.

The position coordinates and refined occupancies
of elements in Ni,Zn;_,Fe,O; are summarized in
Table 2. The cation distribution calculated from
Rietveld refinement is given in Table 3. The atomic
arrangements in N3 are shown in Fig. 2.
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Table 1 Rietveld refinement

factors of Ni,Zn, _,Fe,O, thin Rietveld refinement factors NO N1 N2 N3 N4 N5

films 72 1.06 1.09 1.05 1.08 1.17 131
Rg 6.49 5.41 6.80 4.54 3.96 6.07
R 7.39 5.61 7.95 3.98 3.70 5.82
Rup 50.5 56.6 65.8 64.8 49.3 53.2
Rexp 49.08 5426 64.25 62.21 45.65 46.48
a(A) 8.4475 84462 84447 84434 84422 84413
V (A% 602.82 60254 60222  601.94  601.68  601.49
p (gfem’) 5313 5.409 5.452 5.554 5.66 5707

The surface morphologies of prepared films are
depicted in Fig. 3. The film NO and N1 show grains of
different sizes and shapes with intergranular pores.
Film N2 also shows the same morphology, but the
grains are indistinctive. Film N3 shows a rough
morphology of distinct grains, while films N4 and N5
show interconnected morphology, like lichen. The
roughness and porous nature of films afford a high
surface-to-volume ratio which helps to enhance the
interactions between gas molecules and surface
[20, 21]. The ellipsometric simulations gave the
thickness of all films around 500 nm. Figure 4 shows
the EDX spectrum of the N3 sample; it indicated the
presence of O, Fe, Ni, and Zn as principal elements.
The EDX result confirms the composition of the
prepared sample with ratios close to the theoretical
values (Table 4).

3.2 Gas sensing properties

The gas response of the metal oxide semiconductors
depends on the operating temperature and the com-
position of the sensing material. The gas response of
prepared thin films of various compositions Ni,
Zn;_,Fe;O4 (x = 0 to 0.5) toward SO, gas was studied
as a function of operating temperature.

Figure 5 shows the responses of prepared films
with respect to operating temperature. Each film

Table 3 Cation distribution in Ni,Zn;_,Fe,O4 thin films

Sample

Cation distribution

NO
N1
N2
N3
N4
N5

(Feg.74Zn0 26Nig.0)a[Fe1 26Zn0.74Nig 01804
(Feo.97Zn0,03Nig.0)a[Fe1.03Zn0 87Nio.10]804
(Feo.97Zn0,02Nig.01)AlFe1.03Zn0.78Nio 19]804
(Feo.99Zng 0oNig.01)a[Fe1.01Zn0 70Nig 20]804
(Feo.93Zng,05Nig.02)a[Fe1.07Zn0 55Nig 38]804
(Feo.90Znp,0sNio.03)a[Fe1.08Zn0.45Nio 47]804
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Fig. 2 Atomic arrangements of N3 drawn in VESTA software

[19] using Rietveld-refined parameters

Table 2 Atomic coordinates

and occupancies from Rietveld Atoms  Lattice sites ~ Atomic coordinate ~ Occupancy

refinement of XRD of x=y=z NO N1 N2 N3 N4 N5

NiZn, _,Fe;04 thin films
Fe A 0.125 0.74 097 0.97 0.99 0.93 0.92
Fe B 0.5 0.63 0.515 0.515 0505 0.535 0.54
Zn A 0.125 026 0.03 0.02 0.00 0.05 0.05
Zn B 0.5 037 0435 0.39 0.35 0.275  0.225
Ni A 0.125 0.00 0.00 0.01 0.01 0.02 0.03
Ni B 0.5 0 0.05 0.095 0.145 0.19 0.235
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Fig. 3 FESEM image of Ni,Zn;_,Fe,04 thin film
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Fig. 4 EDX spectrum of Nig3Zng 7Fe,O4 (N3) thin film

Table 4 Elemental ratio from EDX

Elemental ratio Observed Expected
Ni/Zn 0.415 0.429
(Ni + Zn)/Fe 0.548 0.5
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showed increasing response up to a particular tem-
perature above which it declined. The temperature at
which the films showed the highest response is taken
to be their optimal operating temperature. The reac-
tion between analyte gas molecules and surface-ad-
sorbed oxygen species at lower temperatures is too
slow to give a high response. But as the operating
temperature increases, the analyte gas molecules
activate enough to overcome the activation energy
barrier to react with more oxygen species. Further, at
higher temperatures, some gas molecules escape
from the sensor surface before reaction due to their
enhanced activation, so at higher temperatures, the
adsorption and diffusion of gas are limited; therefore,
the response decreases [22-24]. The temperature at
which the film showed maximum response was
considered as its optimal operating temperature.
The films NO, N1, N2, N3, N4, and N5 show their
optimal operating temperature to be 150 °C, 140 °C,
130 °C, 130 °C, 140 °C, and 140 °C, respectively. It
proves that the substitution of the Ni** ions by
replacing Zn®'* improves the sensing behavior.
Among all the thin films, N3 shows the highest
response at minimum operating temperature. It
shows a 64% response at 130 °C operating tempera-
ture. This enhanced gas sensing activity is a conse-
quence of appropriate Ni** substitution, catalytic
activity, and the porous morphology of film [25].
According to the accepted mechanism, the oxygen
molecules from surrounding air are adsorbed on the
film surface and up to 150 °C they transform into
Oy(a45) loNic species by capturing electrons from the
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Fig. 5 Variation of responses of thin film for 100 ppm SO, gas
with respect to operating temperature
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bulk of the material. The SO, gas molecules react
with these active oxygen species on the sensor sur-
face and convert them into SO; by donating electrons
to the conduction band of the sensing material. The
mechanism is given below [26, 27]:

Physisorption : Op(gas) — O (ads), (1)
Tonosorption : Oy(yqq) + €~ — O5q45) (2)
250; + Oygy) — 2503 + ¢ (3)

The conversion of SO, to SOz requires a higher
temperature, but in the presence of a catalyst, the
efficient conversion occurs at lower temperatures
[28]. In fact, without the catalyst, the oxidation of SO,
is very hard, even at higher temperatures [29]. In the
S0, gas sensing process, the sensor material acts as a
catalyst for the conversion of SO, to SOs.

The reported operating temperatures of ferrite-
based SO, gas sensors are given in Table 5. Various
forms of sensor design, like thin film, thick film,
pellet, of these materials, have been reported. Yang
et al. [30] reported the 650 °C operating temperature
for NiFe,O, thick-film gas sensor. Van Hoang et al.
[31] and Hsiao et al. [32] reported SO, response at
temperatures above 300 °C in the case of reduced
graphene oxide (RGO)-loaded ZnFe,O, and Fe;O,,
respectively. Palimar et al. [33] and Queralt6 et al.
[34] reported the lanthanum ferrite-based bulk
materials as efficient SO, sensors working below 300
°C. Aranthady et al. [35] reported SO, sensing prop-
erties of LagCap4FeO; in pellet and thin-film form.
They found different optimal operating temperatures
in both cases; the pellet form of the sensor showed
the highest response at 160 °C, while the thin-film
form showed 120 °C. With this brief survey, one can
conclude that the thin-film architecture of the mixed
material composition of metal oxides can show the
enhanced gas response at lower temperatures.

The response-recovery curve of the N3 sample
upon exposure of 100 ppm SO, gas at 130 °C is
shown in Fig. 6. It attained 90% of the maximum
response value in 30 s. On venting the target gas, the
response reduced steadily and reached 10% of the
initial response in 150 s. Variation of NO and N3 film
response upon exposure of 5 to 600 ppm SO, gas at
150 °C and 130 °C, respectively, are shown in Fig. 7.
The response of NO film found increased linearly up
to 200 ppm, but in the case of N3, the linear response
is found only up to 100 ppm gas exposure; further,
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the response found saturated. N3 showed a 2.8%
response for 5 ppm and 64% response for 100 ppm
exposure. Furthermore, the increment in response
slowed down and reached only up to 88%, even at
600 ppm of SO, exposure.

Figure 8 shows the selectivity plot comparing the
responses of acetone, ethanol, LPG, and SO, gases at
100 ppm exposure concentration. The selectivity
measurements were performed at 100 ppm exposure
of these gases at 130 °C operating temperature. The
film response toward the LPG, ethanol, and acetone
is around 20-25%, but it showed good selectivity
toward SO, with almost three times higher response
than the other gases. The order of response is SO,.
>> acetone > ethanol > LPG. Cyclic exposures of
100 ppm SO, gas to the better responding film N3 at
its optimal operating temperature 130 °C showed
nearly 9% decrement in response after 100 repeated
exposures, as shown in Fig. 9.

4 Conclusion

Porous nanocrystalline Ni,Zn;_,Fe,O, thin films
having approximately 500 nm thickness were
deposited using the spray pyrolysis technique. The
average crystallite size of prepared samples was
found to be nearly 16 nm. The drastic change in the
atomic distribution of A and B spinel sites was con-
firmed from the Rietveld refinement of XRD. The
structure of highly responding N3 films was found
almost inverse spinel, as 0.99 fractions of divalent Zn
and Ni atoms occupied the octahedral site. The
FESEM study confirmed the rough and porous nat-
ure of Niy3Zng;Fe;O4 thin film. The irregular distri-
bution of random-sized grains on the film surface-
enhanced sensing performance as it increases the
surface area of the film. The substituted Ni content
effects on optimal operating temperature and
responses, it reduced the operating temperature of
ZnFe,O, film. The N3 sample in which 30% of Zn>*
ions were replaced with Ni** ions found better
response to SO, gas at lowered 130 °C operating
temperature. The response and operating tempera-
ture of Nip3Zng7Fe,O4 thin film were significant over
previous SO, sensing reports.
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Table 5 Operating temperatures of Fe-based SO, gas sensing materials
Material Sensor form Operating temperature ( °C) Response References
NiFe,04 Screen-printed thick film 650 AV [30]
~ 15mV
320 ppm
RGO-loaded ZnFe,O, Electrospun nanofibers on chip 350 % [31]
1.8
1 ppm
Fe;0, Dip-coated film 300 2 x 100 [32]
<2%
1.2 ppm
LaFeO; Pellet 275 AR 5 100 [33]
35%
3 ppm
Lay sCag 2Fe03 95 50%
3 ppm
LaFeO; Electrospun nanofibers on chip 250 % x 100 [34]
90%
1 ppm
LaO,6Ca0_4FeO3 Pellet 160 % x 100 [35]
3.6%
5 ppm
Thin film 120 % % 100
7.6%
3 ppm
Nig 3Zng 7Fe;0y4 Sprayed thin film 130 % x 100 This work
2.8%
5 ppm
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Fig. 6 Response-recovery curve of N3 film at 130 °C
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Fig. 7 Variation of the gas response of NO and N3 films upon

exposure of 5 to 600 ppm SO, gas at their optimal operating
temperature
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Fig. 9 Response of N3 sample for repetitive exposures of
100 ppm SO, gas at 130 °C
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