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Abstract— In present communication, nanocrystalline nickel zinc ferrite (NZF) has been prepared by spin - ]_""?E
controlled coprecipitation method in varied proportions to study the alcohol (primary alcohols viz. ethanol, 'll’."-‘.'."pI e
propanol and butanol) sensing behaviour at room temperature. Nanocrystalline nickel zinc ferrite (NZF) g% .
Nii-«ZnxFe;04 (where x = 0.3, 0.5 and 0.7) are subjected to the structural and surface morphological :._‘__ B~ op ;"’E’l
characterizations, porosity and surface activity through Powder X-ray Diffraction (PXRD) and Field E"!“Lb_ %ﬂ
Emission Scanning Electron Microscopy (FESEM). The variations in electrical resistance of Nig.7Zno.3Fe204

(NZF1), NigsZnosFe;04 (NZF2) and Nig.3Zno7Fe204 (NZF3) are measured with the exposure of 500 ppm @@
ethanol, propanol and butanol vapours as a time function at room temperature. 89% sensitivity is detected

by NFZ1 for 500 ppm of ethanol vapour. The sensing response followed the order of ethanol > propanol >

butanol for all the three samples. The increasing trend of VOC (volatile organic substance) sensing

properties by NZFs has been verified through extensive DFT (density functional theory) analysis by adopting

PAW (projector augmented wave) technique. DFT calculation supports the pulling effect of Ni atoms in NZF

nanopatrticles which consequently increases the sensing properties of the NZFs. ELF (Electron localization

function) study also supports the accelerated adsorption capacity of nickel doped nanoferrites.

Keywords— Coprecipitation, DFT study, Nanostructural analysis, NiZn ferrites, room temperature VOC
sensor.

I.  INTRODUCTION Nanostructured materials including metal oxides, carbon
nanotubes, graphene and conducting polymer, nanocarbon
composites are being vigorously explored in sensing of
various organic vapours [1-6]. In spite of poor selectivity
and high working temperature, particularly the
nanostructured metal oxides like SnO», ZnO, Fe;O3; and
WOj; have been widely used in alcohol vapour sensing [7-
11]. Spinel type metal ferrites with formula MFe;O, is
proven to be a reliable sensor material for room

Under volatile organic compounds (VOCs), primary
aliphatic alcohols like ethanol, propanol and butanol are
the most common and widely used harmful toxicants.
Reliable detection of hazardous, harmful and toxic vapours
is now become a major issue in the field of environmental
protection worldwide. For continuous measurement of
these volatile organic substances, inexpensive, sensitive,
easy to operate and stable sensor sdevices are required.
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temperature sensing of both oxidizing and reducing
vapours overcoming the high temperature and selectivity
constrain [12, 13]. Among different ferrite materials, n-
type zinc ferrite semiconductor is a widely adopted for the
detection of ethanol, acetone, hydrogen and H,S [14-18].
Due to thermal stability, low cost and moreover simple
preparation of spinel ferrites, it becomes a high priority
commercially viable electronic material in recent days.
Nanostructured mixed ferrites offer a strong surface
reactivity towards gases and organic vapours due to their
small grain size, high density of grain boundaries and
interfaces. Hence are expected to be more sensitive,
selective and long-term stable sensor provisions [19-20].

The present work reveals a comparative study of the
response behaviour of prepared nanocrystalline nickelzinc
ferrite (NZFs) toward the primary aliphatic alcohols like,
ethanol, propanol and butanol at ambient temperature.
Ethanol, propanol and butanol have been widely used in
various manufacturing units, industries and scientific
laboratories. Ethanol as a hypnotic solvent is widely
applied in the manufacture of wine, medical processes,
food industries and biomarker as well [21]. Propanol is
used as a cleansing solvent for oil. Long term exposure to
propanol can lead to skin irritation and other health
complications [22]. Butanol is widely used as dye diluent
in textile and chemical units. It also finds its application in
the manufacture of biofuels now-a-days. But its toxicity
ranges from eye and skin irritation to the central nervous
system damage on prolonged exposure.

Hence there is a great search for the suitable, selective
and economically viable sensors to monitor VOCs.

Il. MATERIALS AND METHODS
2.1. Preparation

Nig7ZnosFe;0s (NZF1), NigsZnosFe:0s (NZF2) and
Nig3Zno7Fe204 (NZF3) have been successfully prepared by
coprecipitation method in varied proportion. Detailed
techniques for nanoferrites synthesis are described in the
previous article [23]. Post annealed samples are regrind
and desiccated for further characterization and analysis.

2.2. Structural characterization

X-ray powder diffraction has been recorded using a
Bruker'D8 Advance’ Diffractometer (funded by UGC-
DRS (SAP-II) DST (FIST-II), at Jadavpur University),
equipped with a Globel mirror using Cu Ko (A =
1.54184A°) radiation. The generator setting was
maintained at 40kV and 40mA.The diffraction patterns has
been recorded at ambient temperature with a counting time
of 2 s/step over a range of 20=20°- 90°.
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The interplane spacing d has been calculated by using
Bragg’s Law equation,
2

d= @

~ 25in0

where O is Bragg’s diffraction angle calculated by equating
2 © with the peak value from XRD pattern, A is wavelength
of Cu Ko (A = 1.54184A°) radiation.

The following equation has been utilised to calculate the
lattice constant a for the NZF samples from the diffraction
planes.

a=dV(h? + k* + 1?) 2

where d is the interplane spacing, h, k, and [ are the Miller
indices of the crystal planes after fitting, the 100 line (311
plane) of the XRD pattern of the prepared NZFs [24].

The theoretical density of the samples is determined from

XRD data by:
8M
Px =y 3)
Where p,the density is calculated from XRD data, M is the
molecular weight, N is the Avogadro’s number, and a is

the lattice constant of the cubic unit cell [25].

The experimental density p,, of the annealed samples is
determined by considering the cylindrical shape of the
pellet by the following equation:

m

nr2h

(4)

Where m is the mass, r is the radius and A is the thickness
of the pellet [26].

Porosity P of the pellet is determined through the relation:

Pm =

p="E"Pm s 100 (5)

Px

Where p,, and p, are the experimental and theoretical
densities respectively [27].

Investigation of surface morphology of the prepared NZFs
have been carried out by the FESEM facility (FEI,
INSPECT F 50) equipped with an energy dispersive x-ray
spectrometer system, (configuration no. QUO-35357-0614
funded by FIST-Il, DST, Government of India), at the
Physics Department, Jadavpur University.

2.3. Measurements

The palletization technique and criteria of the NZF samples
is described in former article [23]. Highly pure silver paste
electrode is used to coat the surface of the pellets. The VOC
sensing behaviours of NZF1, NZF2 and NZF3 is measured
using a static flow vapour sensing set up, developed in our
laboratory Fig 1. Vapour sensing measurements are
performed in a closed test chamber at a static atmosphere
in the ambient temperature. In order to improve the
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stability of vapour sensor the sensing element is kept in the
sensing chamber for more than 12 hours before testing.
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Fig 1: Schematic diagram of static flow vapour sensing

I11. RESULTS AND DISCUSSION
3.1. Material characterizations

XRD pattern of all NZF samples, annealed at 1200° C is
presented in Fig. 2 below. Prepared NZFs are found to form
cubic spinel type structure without any peaks from other
phases. The sharp diffraction peaks indicate a high degree
of crystallization for the obtained metal ferrite compounds.

|NZF 3

Intensity (a.u.)

20 30 40 50 60 70 80
20 (Degree)

Fig.2. PXRD pattern of NZF1, NZF2 and NZF3.
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The sensing response is calculated using the given formula.

S%=(§R ]xlOO

Rair - Rgas
or S% = {R—}xloo
alr (6)

Where Rair and Rgss are resistance in the air and the
presence of test vapours respectively and AR is the
resistance variation. The resistance variation of NZF
samples is recorded at room temperature with different
alcohol vapours. Heater with thermocouple is used here for
resetting of the sensor pellet to perform repetitive
experiments. This is aimed to further study by optimizing
the temperature for different VOCs with varied
concentrations. Some crystalline properties of NZFs are
compared and shown in Table 1. The calculated lattice
constant ‘a’ is seen to increase with increase in zinc
content. The variation in lattice constant can be explained
on the basis of the ionic radii of Zn?* (0.82 A) ions is higher
than that of Ni2* (0.78 A) [28, 29]. Fig.3a. 3b and 3c present
the FESEM micrographs for the prepared samples which
show microstructures with nanosized grains. The low
measured density with open porosity > 60%, thus
satisfying the requirements for materials to be used as
organic vapour sensors. Presence of both nanostructured
grain size and porosity, increases the specific surface area
of the prepared samples and make it suitable material for
vapour sensing applications [30].
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Table 1. Properties of prepared NZF sensors

Composition a(A) px(g/ce) pm(g/cc) P (%)
Nio.7Zno 3Fe204 8.338001 5.41645 1.99096 64.16546
Nio.5Zno.sFe204 8.386085 5.35393 1.99137 62.80534

Nio.3Zng.7Fe;04 8.434177

5.29248

2.01233

61.97756

Fig. 3a. Fig. 3b.

Fig. 3c.

Fig. 3a. FESEM micrographs of NZF1, Fig. 3b. FESEM micrographs of NZF2, Fig.3c. FESEM micrographs of NZF3

3.2. Alcohol sensing characteristics
3.2.1 Transient response study

Initially, the behavioral pattern of the vapour sensing by
NZF pellets for different alcohol vapours are studied in the

2.04

Resistance (MQ)

1.0 4

VAPOUR OUT

0 sS00 1000 1500 2000

Time (min)
Fig. 4a. Transient response of NZF1 for 500 ppm
ethanol (blue), propanol (green) and butanol (pink)

at room temperature.
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ambient temperature. The transient response of NZF1,
NZF2 and NZF3 towards the vaopurs of 500 ppm ethanol,
propanol and butanol with respect to time are shown in Fig.
4a, 4b and 4c respectively.

2.0+ VAPORROLT
0 S00 1000 1500 2000 2500
Time (min)

Fig. 4b. Transient response of NZF2 for 500 ppm
ethanol (blue), propanol (green) and butanol (pink)

at room temperature.

136


https://dx.doi.org/10.22161/ijeab.96.18

Mukherjee et al.
Room Temperature VOC Sensing Material

Green Synthesis and DFT study of Nickel Zinc Ferrite Nanoparticles: A Highly Sensitive

VAPOUR IN

Resistance (M)

VAPOLROUT

S00

L
1000

A A L
1500 2000 2500

Time (min)

Fig. 4c. Transient response of NZF3 for 500 ppm ethanol (blue), propanol (green) and butanol (pink) at room temperature.

The electrical resistance by the sensor pallet is measured in
presence of air before introducing any test vapour in the
dome chamber. A quantity of 10 ml of test vapour is
inserted in the chamber every time. As soon as the alcohol
vapours are inserted, the NZF pellets exhibits lowering of
the resistance responses and thus an increasing vapour
sensing response is observed in all cases. After a steady

Time (sec)
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» >
= To}F P
z Ne z
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b —a (S2,1680) 184 2
A
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2 (40,1440) R 1*
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N A M A %0
1200 1400 1600 1500
Time (see)

Fig. 5: Sensitivity response of NZF sensors with the
response time

NZF1 (blue): ethunol (89,780), propanol (89, 1130) and
butanol (85, 1260)

NZEF2 (green): ethanol (58, 1120), propanol (55, 1380) and
butanol (52, 1680)

NZF3 (pink): ethanol (42, 1200), propanol (40, 1440) and
butanol (38, 1800)

1.2.2. Sensitivity study

Fig.5 shows the sensitivity response of NZF1, NZF2 and
NZF3 towards 500 ppm of ethanol, propanol and butanol
vapours in accordance with the response time in the
ambient temperature. The response and recovery time of
the NZF nano samples towards different alcohol vapours
are estimated from the respective resistance variation data.
From the comparative study, the sensitivity is found to
follow an order of NZF1 > NZF2 > NZF3 with average
sensitivity value of 88%, 55% and 40% respectively
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response, alcohol vapours are removed from the closed
dome by opening the lid and the response pattern is
recorded again. The observations show a pretty stable and
highly reproducible sensor responses by the samples even
at room temperature.
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Fig. 6: Selective sensitivity of NZF1 (blue), NZF2
(green) and NZF3 (pink) towards 500 ppm ethanol,
propanol and butanol at room temperature.

towards alcohol vapour in the ambient temperature is
summarized in Table 2. It took several minutes to recover
the original resistance after removal of test vapours from
the closed chamber. A long time recovery observed at
room temperature is due to the agglomerated nature of the
sensing element revealed by FESEM microstructure.
When the NZF pellet is exposed to analyte vapours it goes
deeper into the pellet and it comes out slowly at room
temperature which results in a longer recovery time [31].
The stability data of the three alcohol sensors are obtained
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under similar conditions at room temperature over a period towards alcohol vapour than NZF2 and NZF3 at ambient
of 30 days to confirm the reliability of the measurements. temperature. The selectivity study of the annealed NZF
pellets has been carried out repeatedly through the
exposure of 500 ppm of ethanol, propanol and butanol
maintaining the similar ambient condition every time
which has been clearly revealed from Fig.6.

1.2.3. Selectivity study

Selective detection of VOC is a big challenge for any
commercial sensor. It is seen that, NZF1 is more selective

Table 2. Comparison of ethanol, propanol and butanol sensitivity characteristics of NZF sensors at room temperature.

Type of Test Concentration Maximum Response Recovery
Sensing vapours (ppm) response time(min) time(min)
Materials (%)
NZF1 Ethanol 500 89 13 05

Propanol 500 89 18 16

Butanol 500 85 21 18
NZF2 Ethanol 500 58 18 15

Propanol 500 55 23 16

Butanol 500 52 28 18
NZF3 Ethanol 500 42 20 13

Propanol 500 40 24 14

Butanol 500 38 30 15
1.2.4. Sensing mechanism 0,(ads) + 2e < 0% (ads)
It is observed that the resistance of the sensing element The dropping of the electrical resistance occurs due to the
decreases when exposed to reducing vapours like ethanol, release of more and more electrons back into the
propanol and butanol which suggest that NZF sensors conduction band of ferrite as a result of the surface
behave as n-type semiconductor. The vapour sensing interaction between alcohol vapours attached with ferrites
mechanism of the metal ferrite is a surface controlled and the surface adsorbed oxygen. The reaction between
phenomenon that is based on the surface area of the pellet ROH vapours and adsorbed oxygen ions can take place as;

sensor at which the vapour molecules adsorb and react with

Alcohol: ROH, + 0%, - RO;, +OH_,
pre-adsorbed oxygen molecules. As the prepared metal vap © Tad ad ad

ferrites are highly porous, the oxygen chemisorptions ROzq = R0+ Ogq + €™
centers like oxygen vacancies, localized donor and ROH,q, + 027 + hole— CO, + H,0 +
accepter states are formed on the surface during synthesis. vy

These centers are filled by adsorption of oxygen molecules

from air. After some time, equilibrium state is achieved (Where vy is a doubly charged oxygen vacancy)

between oxygen of metal ferrite and atmospheric oxygen. These reactions divert electrons back to the conduction
At room temperature, it took some time to give a stabilized band of the sensing ferrites leading to an increase in
resistance which is known as resistance of air (Ra). The electron concentration and a decrease in resistance [34].
ferrite interacts with oxygen by trapping the electrons from After input of test vapours, due to liberation of electrons,
the conduction band to adsorbed oxygen atom, resulting in the resistance of sensing ferrites decreases drastically at
the formation of ionic species such as O, , 0% and O". The beginning because of rapid adsorption and afterwards it
transferring of electrons from conduction band of the decreases slowly and finally become saturated. Because
sample ferrite to adsorbed oxygen atoms may occur OH- group is present on surface of ferrite nanostructure,
through the following reactions [32, 33]. which can form hydrogen bond with isolated electron pair

at oxygen atom. Hence, the physical adsorption to alcohol
vapour of ferrite is taking place. In this case, electrons are
0;(ads) + e < 0; (ads) drawn from the oxide which intensifies the charge in
05 (ads) + e~ & 207 (ads) conduction band of the ferrite and hence increases the

0,(air) « 0,(ads)
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conductivity. The difference in the sensing response to
different vapours might be due to the difference in
adsorption pattern and reaction mechanism [35].

2. Density Functional Theory (DFT) Analysis

To investigate alcohol and acetone sensing behavior of
NZF, the projector augmented wave (PAW) technique [36]
has been adopted as implemented in Quantum Espresso’s
package to perform periodic density functional theory
(DFT) calculations on the zinc ferrite and nickel doped
zinc ferrite (001) surfaces. In the present study, zinc ferrite
(001) surface is chosen since previous studies reported that
this surface is stable and mostly studied [37-38].
Furthermore, Rodriguez et al within a DFT+U scheme
studied the electronic properties and the stability of (001)
surface and sowed that between the two terminations, one

(2) (b)

Green Synthesis and DFT study of Nickel Zinc Ferrite Nanoparticles: A Highly Sensitive

is fully Zn-terminated surface (Zn2) and the other that
“exposes” O and Fe atoms which is suitable to study the
sensing behavior [38]. For optimization, the convergence
threshold on the total energy of 1076 (a.u.) and the force of
1078 (a.u.) has been set. Wavefunctions were given a
kinetic energy cutoff of 100 Ry, while charge density was
given a cutoff of 400 Ry. The simulation was
accomplished by utilizing the approximate generalized
gradient method (GGA) with Perdew-Burke-Ernzerh
(PBE) [39] and the Marzari-Vanderbilt smearing technique
with a smearing threshold of 0.02 and a 1x1x1 k-point
mesh [40]. In this computation, the lattice parameter
a=8.46 is utilized as described previously [37]. During the
simulation within the GGA+U formalism exchange and
correlation effects were accounted as describe in
previously literature [37].

JH
DC
Qo
P Ni
& Zn
e Fe

(c) (d)

Fig. 7. Adsorption of alcohol and acetone on the Fe-O terminated zinc ferrite (001) surface. (a) Methanol adsorbed zinc

ferrite (001) surface (b) Acetone adsorbed zinc ferrite (001) surface (c) Methanol adsorbed Ni- doped zinc ferrite (001)

surface (d) Acetone adsorbed Ni-doped zinc ferrite (001) surface. Red, gray, white, green and orange color represents
oxygen, carbon, hydrogen, nickel and iron atoms respectively.

To reduce the computational costs simple alcohol viz.
methanol and acetone have been chosen for adsorption and
build a unit cell of 001 surface with 5.96A thickness.
During optimization, the bottom two atomic layers were
kept frozen while the remaining layers were completely
relaxed during the calculations. A vacuum zone having
thickness larger than 30 in the ¢ direction to ensure no
contact between the slabs has been optimized and further
used for both alcohol and acetone adsorption calculations.
To study the nickel doping half of the Zn atoms have been
replaced with Ni atoms.

The energy minimized ground state geometries of
methanol and acetone adsorbed on (001) surface is
illustrated in the Fig.7. The undoped (001) surface the iron
atoms showed very weak interaction with methanol and
acetone as suggested by the long Fe-O bond distances of
2.39 A and 2.57 A respectively. With nickel doped (001)

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.)
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surface iron atom strongly interacts with methanol and
acetone yielding very short Fe-O bonds of 2.06 A and 1.85
A respectively. The higher adsorption due to the presence
of nickel doping can be explained by the electron pulling
effect of Ni atoms which thereby increase the sensing
behavior against alcohol and acetone.

In order to address how doping affect the overall
electronic distribution of the zinc ferrite (001) surface,
the electron localization function (ELF) is analysed as
shown in the Fig. 8. The ELF study revealed that nickel
doping slightly decreases the electron density on the
surface and thereby accelerates the absorption of acetone
and methanol.
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() h)

Fig. 8. Electron localization function (ELF) of Acetone
adsorbed (a) Undoped and (b) Ni-doped zinc ferrite (001)
surface.

IV. CONCLUSION

When NZF sensors are exposed to the saturated alcohol
vapours, electrical resistance is shown to vary strongly
with a wide variety of response magnitudes with time
showing n type conductivity. It is seen that bulk density
decreases and the porosity increases progressively with
increase in nickel proportion within the ferrite. This
confirms that increased proportion of nickel in NZF results
in dedensification of the prepared nanomaterial and
consequently the sensing response increased many fold. In
addition, the DFT calculation also support the pulling
effect of Ni atoms in NZF nanoparticles which
consequently increases the sensing properties of the
prepared NZF nanomaterials. Furthermore, the ELF study
backed the accelerated adsorption capacity of nickel doped
nanoferrites due to slight decrease of electron density on
the surface. Hence, high sensitivity of 89% and quick
response towards ethanol vapour at room temperature
indicating NZF1 as an excellent material in the
manufacture sector of alcohol vapour detector, or
electronic nose.
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