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In this study, nickel oxide (NiO) nanofibres were obtained by sol-gel electrospinning process followed by
calcination from an aqueous sol of poly(2-ethyl-2-oxazoline)/nickel acetate tetrahydrate.
Thermogravimetric analysis was used to determine the degradation temperature of the composite fibres,
S0 as to get nickel oxide nanofibres. X-ray photoelectron spectroscopy and X-ray diffraction studies

10 revealed the complete elimination of the organic phase from NiO fibres during calcination. The change in
grain size with calcination temperature was determined by X-ray diffraction. The defects in fibres resulted
in the modification of Raman spectra as compared with that of a single crystal. The magnetic properties
of the fibres were reduced as the calcination temperature was increased,; it is owing to the presence of
non-stoichiometric defects. As the calcination temperature was increased, the amount of defects was

15 reduced, which induced a difference in the band gap energy of the fibres. Sensitivity of the NiO fibres
towards five different alcohols was studied, and the sensitivity towards ethanol was the highest.

Introduction In the third step, the xerogel fibres are calcined above the
degradation temperature of the organic part in the composite
so fibres to get pure oxide nanofibres.

Oxide nanomaterials are continuously gaining interest in the
field of catalysis, 2 battery electrodes,*® dye sensitive solar cells,
™0 hydrogen evolution,'* fuel cells,**** sensors,®*° field
emission  transistors,?>?'  magnetic  materials,???*  bone
regeneration® etc. Oxide materials in nanoscale are stable and the
structural and non-stoichiometric defects that originate from their
size reduction are unique. This in turn will help them to exhibit
exclusive features, which are favourable in the aforementioned
applications. The aspect ratio of the oxide nanomaterials is
e important to overcome the drawback of their semiconducting
nature and contact resistance (when zero dimensional structures
are used), for those applications where electron transport is
involved. A continuous electron path can be offered by
nanofibres, and electrospinning is the only technique for the
production of high aspect ratio nanofibres.

Many metal oxides are excellent sensor materials either in their
pristine form or composite or complex forms. Semiconducting
oxides are potential sensor materials because of their low cost,
high sensitivity, fast response/recovery time, simple electronic
70 interface, ease of use, low maintenance and ability to detect a

large number of gases.®® As functional materials in sensors,
" metal oxide sensors exhibit two functions; they are the receptors
of the target analytes and at the same time they transduce these
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Fabrication of nanomaterials is challenging and always involves
time consumption and high cost during their processing. Ceramic
20 oxide nanomaterials are of special interest, because of their
stability, semiconducting nature and low cost. Combining two or
three processes together can improve the flexibility and reduce
the production cost in many occurrences. For example, the
technique used for the production of oxide nanomaterials by
25 combining electrospinning, a process meant for producing
polymer nanofibres, and sol-gel process, a technique used for
producing ceramic materials, is efficient and cost-effective and it
has several advantages of electrospinnng and sol-gel technique.
There are three steps in sol-gel electrospinning process. The
sol-gel electrospinning starts with the preparation of a spinnable
sol of an appropriate polymer-solvent system and a suitably
selected metal salt of the desired metal oxide. Pechini’s method is
also an alternative for the production of sol.> While preparing the
sol, one has to consider its viscosity, which determines the
suitability of a sol for electrospinning. In the second step, sol is
electrospun to form the polymer/metal salt composite nanofibres.
During this process, the solvent used in forming the sol is
completely eliminated and the thus obtained fibres are called, in
terms of the sol-gel technique, as xerogel fibres.
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commonly used in solid state sensors.

Nickel oxide (NiO) is a p-type semiconductor known for
metal-insulator transition. Also, it is antiferromagnetic in nature.
As functional ceramics, NiO based materials are widely used in
sensors,*® electrochromic devices,*” solar-energy absorbers,®%
lithium-ion  batteries,”®  supercapacitors,**  heterogeneous
catalysts,* hydrogen evolution*® and as magnetic materials.**®

In this study, nanocrystalline NiO nanofibres were fabricated
by calcining electrospun poly(2-ethyl-2-oxazoline)
(PEtOx)/nickel (1) acetate tetrahydrate (NATH) nanofibres. The
use of PEtOx as a sacrificial base for the fabrication of ceramic
oxide was explored by us in an earlier study.”® The adhesive
nature of polymer can improve the final ceramic fibre
morphology; in addition, ease of fibre formation can significantly
help in the yield of fibres. The morphological aspects of the fibres
were explored using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The compositions of
the calcined NiO fibres were determined from energy dispersive
X-ray spectroscopy (EDS) and an attempt has been made to
understand the effect of non-stoichiometry on the magnetic and
optical properties of these fibres. The ability of the NiO
nanofibres to detect reducing molecules was studied by preparing
the sensor elements by direct electrospinning of the NiO fibres on
a quartz substrate. Methanol, ethanol and iso-propanol were used
as the representative reducing target species and the effect of their
molecular weight on the sensor response of the NiO nanofibres
was studied.

Experimental details
Materials

PEtOx (Fig. 1) with a molecular weight (Mw) of 500,000
obtained from Alfa Aesar, Lancs, U.K, and NATH (assay 98%)
procured from Sigma Aldrich Corporation, Bangalore, India,
were used without further purification as the precursors to
fabricate the NiO nanofibres. Methanol, iso-propanol, 1-propanol
and 1-butanol were obtained from Nice chemicals, Cochin, India,
Ethanol procured from Changshu Yangyuan Chemical co., Ltd,
Jiangsu, China and silver paste purchased from Siltech
corporation, bangalore, India were used for the sensor studies.

gz
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Fig. 1 Structure of poly-2-ethyl-2-oxazoline
Preparation of electrospinning solution

To prepare the spinnable sol, 2 g of PEtOx was
dissolved in 10 mL of demineralized water by continuous stirring
for 12 h in a closed vial. 2 g of NATH was added to the aqueous
PEtOx solution and that mixture was stirred vigorously for 6 h to
ensure uniform mixing of NATH in the polymer solution. The
polymer to ceramic precursor ratio was maintained as 1:1
throughout this study.

Fabrication of precursor nanofibres

s0 The PEtOX/NATH composite nanofibres were fabricated using
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the electrospinning technique. The precursor sol was loaded to a
10 mL syringe attached to a hypodermic needle chamfered at the
tip (inner diameter: 0.5 mm and outer diameter: 0.8 mm). The
syringe with the sol was loaded to a vertical electrospinning unit
(E-Spin Nano, made by Physics Equipments Co., Chennai, India)
and the viscous precursor solution was allowed to drip through
the needle at a predetermined flow rate. When a high DC voltage
was applied in between the metal spinneret (needle) and a
grounded metallic collector plate covered with an aluminium foil.
At a certain point, the surface tension of the sol was overcome by
the electrostatic forces on the solution droplet, nanosized jets
were formed from the solution at the spinneret. These nanosized
jets were dried out during their travel from the spinneret to the
collector plate to form nanofibres and were collected as nanofibre
mat on the collector plate.

The applied voltage and flow rate during the electrospinning
process were varied to optimize the fibre diameter and
morphology. The concentration of the polymer solution was fixed
to be 20 w/v % and the tip to collector distance was also kept
constant as 25 cm. The applied voltage was varied as 15, 20 and
25 kV and the flow rates as 100, 300 and 500 pL h™. To optimize
the electrospinning conditions, average fibre diameter, the
diameter distribution and yield of the electrospun fibres were
considered.

Preparation of ceramic nanofibres

To obtain NiO nanofibres from the electrospun precursor fibres,
the precursor fibre mats, peeled off the aluminum foils were
calcined in a programmable high temperature furnace (Indfur,
Chennai, India) with a controllable heating rate in air. A heating
rate of 4 K.min™ was used, followed by a dwell period of 2 h.
The minimum calcination temperature was determined as 673 K,
from thermogravimetric analysis (TGA) of the composite fibres.
The calcination of the composite samples was performed at 673,
773 and 873 K with the same heating rate and dwell period as
mentioned above.

Characterization of nanofibres

Thermogravimetric analysis (TGA) (EXSTAR 6000 TG/DTA
6300, Japan) of the composite fibres were performed in a
nitrogen environment at a heating rate of 10 K min™. The
morphology of the electrospun fibres before and after calcination
was examined using SEM (JEOL JSM-6380LA, Japan). The
samples were pasted directly on the sample holder using a carbon
tape and prior to the imaging, the specimens were gold sputtered
(JFC 1600 autofine coater, JEOL, Japan). The TEM (Hitachi S-
5500) images of the fibres were obtained at an accelerating
voltage of 30 kV. Sample for TEM analysis was prepared by
placing 10 pL drop of nanofiber dispersion in acetone on a 300
mesh Cu TEM grid (Electron Microscopy Sciences) and dried
completely before imaging. The compositions of the nanofibres
was studied using EDS (Link 1SIS-300 Micro-analytical System,
Oxford Instruments, UK) attached with the SEM. An image
processing software, ImageJ,*” was used for finding the average
fibre diameter from the SEM micrographs. The finer morphology
of the fibres was obtained from their transmission electron
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micrographs (S-5500, Hitachi, Japan). FTIR spectra (Jasco FTIR
4200, Japan), in transmission mode by KBr pellet method, was
recorded in a wave number range of 400 - 4000 cm™ for PEtOX,
PEtOX/NATH composite and NiO nanofibres for an average of
532 scans. The X-ray diffractograms (XRD) (JEOL X-ray
diffractometer, DX-GE-2P, Japan) were obtained for samples
calcined at three different temperatures, using CuK, radiation
within a range of 20-90°, at a scanning rate of 0.5 ° min. X-
ray photoelectron spectra (XPS) were recorded at 25 °C, using
10 monochromated Al K, radiation (15 keV) for excitation (Axis
165, X-ray Photoelectron Spectrometer, Kratos Analytical, UK)
and a spherical mirror analyzer. The analyzed area of the sample
by XPS was approximately 300 pm in diameter. UV-Vis-NIR
spectra (Varian, Cary 5000 UV-Vis-NIR, USA) of the ceramic
1s fibres were recorded in the diffused reflectance mode in the
wavelength range of 215-2400 nm. Micro Raman spectra (inVia,
Renishaw, UK) were collected for the nickel oxide samples
prepared at different calcination temperatures, in the wave
number range of 60-2000 cm™ using an Argon ion laser source
20 with a power of 100 mW and a wavelength of 514 nm. The
magnetization—demagnetization curves of NiO nanofibres were
recorded at 25 °C using a vibrating sample magnetometer (7404,
Lake Shore Cryotronics, Inc., USA).

Sensitivity of NiO fibres

s The sensitivity of NiO nanofibres for the detection of ethanol,
methanol and isopropanol were evaluated. The sensing element
consisted of a quartz substrate (10 mmx10 mm x1 mm) on which
the NiO nanofibres were aligned in parallel to each other. To
fabricate aligned fibres on the quartz substrate, the substrate was

3 pasted on the drum collector and the electrospinning of
PEtOX/NATH composite nanofibres was carried out under the
optimum operating conditions. Then the composite fibres were
calcined at the respective calcination temperatures. The sensor
was connected to silver electrodes using silver paste, which cross

35 links at 150 °C. Then the elements were heated in a hot air oven
up to 300 °C to achieve stability. The architecture of the sensor
element is shown in Fig. 2.

SEM image

Silver paste

NiO
nanofibers

Quartz substrate

Fig. 2 The architecture of the sensor element

2  The sensor elements were exposed to alcohol vapours in a
custom made test setup as shown in Fig. S1 (supporting
information). The vapours with known ppm were prepared by
evapourating the corresponding alcohol in a chamber with a
known volume. The change in resistance was measured using a

s multimeter (81K, MECO Meters Pvt. Ltd., Mumbai, India), as the
sensor response. The sensor responses were monitored in the
temperature range of 50-275 °C. The measurements were made

after achieving a steady resistance at each testing temperature.
The sensitivity was measured as the ratio Ry/R,, where R, and R,

so are the resistance of the sensor in air and in the presence of target
molecules, respectively.

Results and discussion
Characterization of precursor composite fibres

TGA analysis
ss The TGA curves of both neat PEtOx and PetOx/NATH
composites are shown in Fig. 3. PEtOx showed a complete
degradation in two steps and the complete degradation took place
near 673 K, whereas, PEtOX/NATH showed many steps of
degradation before it was completely turned to NiO. The first step
s0 near 373 K in both the curves is attributed to the removal of water
content. The several steps in the degradation of PEtOX/NATH
recognized the complex degradation in PEtOX/NATH composite,
where the degradation of PEtOx and NATH occur
simultaneously. The degradation products of NATH, especially
es the acetic acid released at the early stages, greatly influences the
degradation of PEtOx and it resulted in the accelerated
degradation of composite as compared with that of pristine
PEtOx. The second step in the degradation profile of
PEtOx/NATH composite near 600 K is due to the catalytic action
70 Of acetic acid on degrading the polymer as in Eqn. 1. The third
and fourth steps are attributed to the conversion reactions
depicted in Egns. 2 & 3.%

Normalized weight (%)
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Fig. 3 (a) TG and (b) DTG plots of SAN and SAN/CATH composite
75 fibres

Ni(CH;CO0),4H,0( 0 86Ni(CHCOO), 0.14Ni(OHY) ()
Ni(CH;CO0),(OH)y ) —> NiCOy) + CHCOCH )+ Hy0,  (2)

NiCOz) — NiOg)+CO;(, 3
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SEM results
The SEM micrographs of the PEtOX/NATH composite
nanofibres obtained at different applied voltages and flow rates
are shown in Fig. S2 (supporting information). At all the applied
voltages and flow rates, the fibres were continuous, uniformly
distributed and randomly spun on the aluminium foil, because,
the concentration used here was above the critical entanglement
concentration of the agueous PEtOx solution.* The fibre
uniformity was quantified by standard deviation (SD) and fibre
10 uniformity coefficient (Cry). The values of SD, Cg, and
histogram of fibre diameters obtained at different applied
voltages and flow rates are presented in Fig. S2. Cgy is a measure
of fibre size distribution and it approaches unity when the
distribution is uniform,*

15 Cru =Au/An 4

Where,
A=Y /3 ©
M:Znidiz/Zni d; (6)

As the applied voltage was increased, regardless of the flow

» rate, the average fibre diameter of PEtOX/NATH composite

decreased. That is because of the increase in the charge carrier

concentration on the solution droplet at the needle tip.*® When the

applied voltage is increased above a certain point, i.e, above 20

kV, corona discharge was observed, therefore, no significant

2 change in the fibre diameter was observed at those voltages,™
therefore, 20 kV was chosen as the optimum applied voltage.

Similarly, as the flow rate was increased from 100 to 500 L.

h?, the average fibre diameter of the composites increased,

o

because of the excess of solution available at the spinneret. The
30 highest average fibre diameter is observed at a flow rate of 500
uL h; therefore, this flow rate is omitted from the optimization.
When the yield of the fibres is considered, at 300 uL h™ it is
higher than that obtained at 100 uL h™. There was no appreciable
difference in the average fibre diameter when the flow rate was
s increased from 100 to 300 pL h™. Therefore, an applied voltage
of 20 kV, a tip to collector distance of 25 cm and a flow rate of
300 puL h™* were taken as the optimum electrospinning conditions
for the fabrication of precursor fibres.
FTIR spectroscopy
2 To understand the interaction between PEtOx and NATH, the
FTIR spectra of NATH, PEtOx and PEtOX/NATH composite
were compared (Fig. S3, supporting information). There are a
couple of new peaks in the PEtOX/NATH composite spectrum,
which are considered as the interactive peaks of PEtOx and
s NATH. These peaks are at 1486 and 1287 cm™, which are
attributed to the C-O stretching and COO stretching, respectively.
The increased intensity of theses peaks in PEtOX/NATH
composite and the appearance of new peaks give an indication of
a good interaction between PEtOx and NATH.

s0 Characterization of the nickel oxide nanofibre mats

The complete elimination of the organic part from the fibre
was confirmed by TGA analysis of the NiO fibres calcined at
lowest calcination temperature i.e., 673 K. There was no
significant weight loss from NiO fibre till a temperature of 1273

ss K (Fig. S4, supporting information) other than moisture at 373 K.
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Fig. 4 SEM micrographs and histograms (50 fibres) of electrospun PEtOX/NATH fibres at different applied voltages (15, 20 and 25 kV) and flow rates
(100, 300 and 500 uL.h™). The insets in histogram represent average fibre diameter (AFD), fibre uniformity coefficient (CFU) and standard deviation in

6o fibre diameter (SD).
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SEM results of NiO naofibres

The SEM micrographs of NiO nanofibres obtained at different
calcination temperatures and the respective histograms are shown
in Fig. 4. The fibre diameter was reduced as the calcination
temperature was increased; it is due to the densification of grains
in the fibres with an increase in calcination temperature. The NiO
nanofibres have a lower AFD than the precursor composite fibres
due to the complete degradation of the organic phase and the
resultant shrinkage. Nanofibres of AFD lower than 100 nm were
obtained at a calcination temperature of 873 K.

TEM results

The TEM micrograph of the NiO nanofibre obtained at a
calcination temperature of 873 K is shown in Fig. 5. The serrated
edges of the fibre in Fig. 5a reveal the numerous nanosized grains
that constitute the fibre. The selected area electron diffraction
(SAED) pattern (Fig. 5b) is indexed to the planes of diffraction
that correspond to NiO. The polycrystalline nature of the fibre is
revealed from Fig. 5c, where different planes of orientation in
neighbouring grains are seen. Fig. 5d shows the lattice fringes
corresponding to the (111) plane of NiO.

XRD results

XRD patterns of the NiO nanofibres obtained at different
calcination temperatures are shown in Fig. 6. The sharp well
defined peaks in the diffraction pattern correspond to crystalline
NiO, and these patterns were compared with the standard JCPDS-
01-1239 line diffraction pattern of NiO. The intensity of the
diffraction patterns were increasing as the calcination
temperatures were increased. It is due to the grain size
enlargement and densification of the fibres as the calcination
temperature is increased. No evidence of secondary oxides such
as, Ni,O,, Ni,O; etc. were found from the XRD analysis, since
there were no characteristic peaks with the respective standard

35

I
S

55

JCPDS line diffraction patterns.

The approximate crystallite size or grain size (D) of the oxide
fibres is obtained by the modified Scherrer relation introduced by
Williamson and Hall®? (see supporting information) The increase
in the grain size with the calcination temperature is not linear.>
The difference in the grain size is reduced as the calcination
temperatures are increased to 773 and 873 K, because the
diffusion of atoms/ions across grain boundary with temperature
has size dependence. As the size of the grain increases and the
sizes of the grains are above a certain critical size, the surface
energy of grains is decreased and the chance of diffusion will be
negligible.

Similar to Oswald ripening in solutions, the bigger grains in
the nanofibres are grown at the expense of smaller ones. In
general, atoms/ions move from the surface with a small curvature
to a surface with large curvature across the grain boundary. The
atoms at the surface with low curvature have high surface energy,
as in the case of small grains. The influence of temperature on
grain size can be corroborated by Arrhenius equation (see
supporting information): The obtained and calculated grain sizes
of the fibres are presented in Table 1.

Table 1 Crystalline parameters of NiO nanofibres calcined at 673, 773,
and 873 K

Grain size from

ti ?ri;cjlerlzttllj)rr; Crystzzgl)te size La_ttice Arrher_1ius
(K) (m) Strain (%) equation
(nm)
673K 19.30 0.00001 19.3
773K 28.32 0.003 24.85
873 K 44.76 0.0034 30.20

500nm

Fig. 5 TEM images of NiO nanofibre calcined at 873 K (a) TEM image of the fibre with serrated edges, inset shows a magnified image (b) SAED pattern
60 of NiO nanofibre. (c) high magnification image with grains oriented in different directions (d) the lattice fringes of NiO corresponding to (111) plane.
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Table 2 EDS results of nickel oxide obtained at various calcination temperatures

Mass percentage (%) Atomic percentage (%)
Element 673 K 773 K 873 K theoretical 673 K 773 K 873 K theoretical
Nickel 71.69 76.64 7851 78.58 40.83 47.19 49.89 50
Oxygen 28.31 23.36 21.49 21.42 59.17 52.81 50.11 50
12000 ; The spectra of Ols and Cls (Fig. S6&S7, supporting
1 & JCPDS 01-1239 ss information) also support the nature of peaks observed in Ni2p
10000 Q spectrum. In O1s spectrum, the peak at 529.62 eV corresponds to
the O-1s core level of the O% anions in the NiO. The peak at
= 80004 -~ _ 531.39 eV can be attributed to oxygen in the defect sites within
g 5 8 the oxide crystal ** or adsorbed oxygen®™ * or hydroxide
g b - s0 species.”® In the C-1s spectrum of carbon, the peaks represent the
2 presence of atmospheric carbon, which is very likely and, in fact,
a it is often used to calibrate peak positions.
:
ﬂ A . 5004 [—=—Ni2p)| NiZp, (NiO)
. i 673K JL A
30 40 5§H(degm;n 70 80 ?400— Ni?Pn satellite ¢§"
5 Fig. 6 X-ray diffraction patterns of NiO nanofibres calcined at 673, 773 3300_ Ni2p,, (Ni0) E* E ;
and 873 K along with JCPDS 01-1239 line plot of NiO. The planes g (Ni0) . \
corresponding to each peak are shown in brackets. = NiZp satellite ﬂu L \
= 200 G a/ M a3 P |
EDS results 2 (N‘Omﬁ Y \
T:_;lble 2 compares the theoretical mass and atomic percentage of = 00- &5 ;.? \ \
10 NiO with the SEM-EDS results of NiO nanofibres obtained at p e / \
different calcination temperatures. The atomic and mass o * ) \ ¢
percentages of nickel and oxygen are approaching their o0 883 880 895 80 sts | 860 8% ss0

theoretical values as the calcination temperature is increased. The
rate of oxygen adsorption on a p-type material is higher than that
15 of an n-type material such as TiO,, due to the presence of holes in Fig. 7 Ni 2p XPS of the NiO nanofibers calcined at 673 K
p-type oxides. As the calcination commences, this adsorbed
oxygen, will occupy the lattice sites and thus increases the
oxygen content in fibres. As the calcination temperature increases
the stability of these oxygen molecules may decrease and they
20 Will be detached from the surface thereby maintaining a

L - - corresponding to the organic part of the precursor composite
f;ﬂ:;?rg:]?;;y close to that of a perfect crystal at high calcination eo fibres disappeared due to calcination. Peak intensification and

broadening was observed as the calcination temperature was
XPS results - o e o
increased, which is due to the densification and grain size
enhancement of fibres as the calcination temperature is increased.

Binding energy (eV)

ss FTIR, Raman and UV-Vis-NIR spectroscopy
FTIR spectra of the NiO nanofibres obtained at different
calcination temperatures are shown in Fig. 8. The peak at 463
cm? is due to the nickel-oxygen covalent bond. The peaks

S

The XPS spectral peaks of Ni 2p were deconvoluted by Gaussian
25 curves and the spectrum comprised of two regions representing
the Ni 2p3/2 (850-865 eV) and Ni 2p1/2 (870-885 eV) spin-orbit
levels. This double peak of Ni (2p), corresponds to the Ni (2p3/2) 100
and Ni (2p1/2) located at a binding energy of 854.88 and 872.1
eV, respectively as in Fig. 7. The shake-up satellite peaks were
% observed at ~6.4 eV and ~7.13 eV higher binding energy than
that of Ni (2p3/2) and Ni (2p1/2) peaks, respectively. The peak of
Ni (2p3/2) at a binding energy of 854.88 with their concomitant
shake-up satellite peaks at 861.28 indicated the presence of Ni?*
cations and not of Ni** cations and the same is observed for Ni
3 (2p1/2) peak also. This observation confirmed the NiO fibre
composed of pure NiO phase.®* * Especially, the absence of
multiplet splitting of the peaks at 854.88 eV, which corresponds
to the oxidation state of Ni%*confirms the formation of NiO alone
rather than any other oxidation states of nickel. The observed 20 ‘ . ‘ . ‘ . .
40 energy separation between Ni (2p3/2) and Ni (2p1/2) peaks are 4000 3500 3000 2500 2000 1500 1000 500
17.22 eV, which also supports the existence of NiO alone rather
than any other oxide of nickel phase as per earlier reports.*®

=]
(=]
1

—873K
— 773K
— 673K

[=)]
=]
1

% Transmittance (a.u)

I
<
1

463

-1
Wavenumber (¢cm )

65 Fig. 8 FTIR spectra of NiO nanofibres obtained by calcination at 673, 773
and 873 K.
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Raman spectra of the NiO nanofibres calcined at different
temperatures are shown in Fig. 9. The peaks below 600 cm™ are
due to first order scattering, and the ones above 600 cm™ are due
to second order scattering. The forbidden phonon scattering is

s also present in NiO nanofibres and those peaks are assigned to
1-phonon scattering (83.6 and 198.1 cm™), which are absent in
NiO single crystal.” These phonon scattering are due to the
presence of lattice defects, that lower the symmetry around the
atoms normally participating in the formation of phonons in a

10 perfect single crystal; and the non-stoichiometry in the
composition of oxygen is considered to be the major reason
behind this phenomena.®® NiO is an antiferromagnetic material; it
has two types of magnons associated with the spin of electrons in
two types of atoms; one with spins up and the other with spins

15 down. The nature of magnons depends on the structure of NiO at
ground state.*® The disappearance of 2-magnon peak (1401 cm™)
is attributed to the complete transition from antiferromagnetic to
ferromagnetic nature of NiO nanofibres obtained at 673 K. The
intensity of the peaks is increasing with the calcination

20 temperature, which may be attributed to the grain growth and
densification of fibres with calcination temperature. The intense
peak at 506 cm™ has originated from the defects, which is absent
in the case of a perfect NiO crystal.”’

14000
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10000 1 T
8000 -

6000

Intensity (a.u)

4000+

2000+

0

T T T T T T T T
2000 400 600 800 1000 1200 1400 1600 1800

Raman shift (unf'}
25 Fig. 9 Raman spectra of NiO fibres calcined at 673, 773 and 873 K.
UV-Vis-NIR spectra of NiO nanofibres obtained at
different calcination temperatures are shown in Fig. 10. The
absorbance peaks of NiO as in Fig. 10 are due to the internal
transitions of Ni?*. The singlet transition (3T1g(p)_>3Azg(|:)~ 24000cm™)

w0 is stronger than the triplet-triplet transition of Ni?* at 14900 cm™
(31,1~ (7) @Nd 8700 cM™ (37, (F)3A,,(F) ) in NiO single

crystals. The peak at 8700 cm™ has disappeared in the
synthesized NiO nanofibres because of the non-stoichiometry of
nickel and oxygen.*® A slight shift in the transition peaks was
35 observed as the calcination temperatures was increased, which is
due to the improvement in the stoichiometry at high calcination
temperatures, as observed in EDS results.
The optical band gap energy and Urbach energy of the fibres
obtained at different calcination temperatures were estimated
w0 (Fig. S8, supporting information) and are presented in Table 3.
The band gap energy is increasing as the calcination temperatures
are increased. The change in band gap energy with calcination
temperatures is attributed to the non-stoichiometry in the
composition of nickel and oxygen in the obtained fibres. The
«s difference in stoichiometry was revealed by the EDS results and
this factor is anticipated to affect the magnetic properties of the

NiO nanofibres. The difference in band gap energy is due to the
modification of the band gap in the presence of defects, which is
termed as the Urbach energy;® ® and Urbach energy is an

so indirect way of specifying the amount of defects present in an
oxide system. From the Urbach energy calculation, it is
concluded that the maximum amount of stoichiometric defects
are observed in the fibres calcined at 673 K.

Table 3 Band gap energy and Urbach energy of the NiO nanofibres
s5 calcined at 673, 773, and 873 K.

Calcination

Temperature Band gap Urbach Energy
(K) (eV) (eV)
673 3.12 0.36
773 3.14 0.35
873 3.16 0.33

1.4

873K

_LIT3K

STM(P]A"AJE(F)

T, (F)'A, (F)
0.8

Absorbance (a.u)

0.6

0.4

T T T T T
30000 25000 20000 15000 10000

A
Wavenumber (cm™)

Fig. 10 UV-Vis-NIR spectra of NiO fibres calcined at 673, 773 and 873 K

T
40000 35000

Magnetic properties
The magnetic properties, at room temperature (Table 4), of the
e fibres obtained at different calcination temperatures were
obtained by the magnetization-demagnetization curves, which are
shown in Fig. 11. The fibres are of nanoscale in diameter and the
majority of the atoms composing the fibres are on their surfaces;
therefore, the electronic and magnetic properties of the fibres are
es determined by the properties of the atoms on their surfaces. The
size of the hysteresis loops were waning as the calcination
temperatures were increased. The reduction in the magnetic
properties of the fibres with increasing calcination temperature
can happen because of two reasons. The first is due to the non-
70 stoichiometry of the elements in the fibre and the second is due to
the growth of the grains. As the calcination temperature is
increased the stoichiometric ratio approaches the theoretical
values as observed in EDS analysis (Table 2). Under oxygen rich
condition, the dominant defect in NiO is Ni vacancies and it can
75 influence the magnetic properties of NiO based on the ionization
state of the vacancy.®® The decrease in magnetic properties with
grain size can be attributed to the splitting of magnetic domain in
the crystals with sizes above the critical single domain size.® The
2-magnon peak in the Raman spectrum of the NiO fibres obtained
0 at 673 K, which corresponds to the antiferromagnetic properties
of NiO, is diminished as compared with that of fibres obtained at
the higher temperature.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



RSC Advances

S)

a

a

Table 4 Saturation magnetization of NiO nanofibres at 25 °C.

Calcination L
Remanence Coercivity
temperature (emulg) ©)
(K)
673 15.15x10™ 136.21
773 4.54x10" 89.3
873 2.83x10™ 80.27
0.008 4
:g" 0.004 4
B
z
g 0.000 4
8 873K _ 0.006] =
5 0,004 /Mm:
= _7_7254_ 0.0001 -
-0.1K|\:
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Fig. 11 Magnetization-demagnetization curves at 25 °C of the NiO
s nanofibres calcined at 673, 773 and 873 K.

Sensitivity of NiO fibres towards alcohols

The critical sensing temperature of NiO nanofibres was obtained
from the sensor response-temperature plot of NiO fibres obtained
at 673 K shown in Fig. 12, the concentration of target vapours
were 100 ppm. The change in resistance of the fibres in the
presence of the alcohols was considered as the sensory response.
The sensory response of the fibres toward alcohols is a function
of temperature; and the sensitivity was increasing as the
temperature was increased and reaches maximum at a certain
critical value. This critical temperature was changed as the target
vapours were changed, since the reducing abilities of the
molecules used in the present study are different. The maximum
sensing temperature for each target molecule is shown by an
arrow in Fig. 12.

16+ 100 ppm 1§
14| [EZZ 1so-propanol
[0 Methanol
124 Ethanol m
101 \
" gl 17
n |
61 7
VA
17
44 ]
8 1
0-LE A7) 3 J

50 75 100 125 150 175 200 225 240 250 275
Temperature (°C)

Fig. 12 The sensor response-temperature plot of NiO nanofibres obtained
at673 K

The gas-sensing mechanism is based on the changes in the
conductance of the sensing layers of the semiconductor catalytic
material NiO. The conductance of the oxide-based sensor is
mainly influenced by the oxygen adsorbed on the surface of the
materials, and the affinity of oxygen towards p-type materials is
more than that of an n-type material. The sensitivity is

o

o

@

determined by the chemical reaction of this adsorbed oxygen with

3 the target vapour/gas, which can be either oxidation or reduction.

Therefore, the efficiency of vapour/gas sensing mainly depends
on the surface properties of the catalytic oxide material, nature of
the gas to be detected and the operating temperature.®® The
operating temperature also has a great influence on the sensitivity

3 towards gas. With increasing temperature in air, oxygen will be

adsorbed on the surface of the catalytic sensing material, which
subsequently undergoes the following reactions (Fig. 13a).

(a) Oy

OZ(ads)

0-2 (ads)
e :

NiO surface (p-type)

Osg~e7Oaay

-

Ouag) 7 Oty
[Eiisiaiais

NIO surface (p-type)
(b)

Reducing
target species
(R) Electron-hole
recombination RO

O(J@ds) _()-(ads) ()-(nds) ; \ -
00 o MO o o
0 09

NiO surface

=3
‘.(3/

Ni(i ;nri‘au-
Fig. 13 (a) Interaction of the NiO nanofiber surface with oxygen at

various temperatures (b) mechanism of response at critical
temperature

The electrical conductivity of the p-type semiconductor
materials increases (or decreases) with the adsorption of
oxidizing (or reducing) gases on their surfaces and is just
opposite in the case of n-type materials.® The oxygen species
capture electrons from the conduction band of the p-type
semiconductor sensing material, that is NiO, leading to the
increased hole concentration. These holes can improve the
conductivity of the material in p-type semiconductors. Then the
reducing gas can react with the oxygen adsorbed on the surface of
the sensor and a typical interaction is explained in Fig. 13b.%%¢

During the oxidation of alcohol by the adsorbed oxygen on the
catalytic surface, electrons are generated. These electrons are
combined with the holes in the fibres, as a result, the hole
concentration decreases, which results an increase in the
resistance. Since holes are the major charge carriers in p-type
semiconductors, the decrease in number of holes will result in the
decrease of conductivity, in other words, an increase in
resistance. This change in the electrical conductivity is nothing
but the sensitivity of the NiO based sensor to alcohols. The
surface is completely saturated with adsorbed oxygen gas at any
sensing temperature; hence, the possibility of reaction between
the reducing gas and lattice oxygen is neglected.

The effect on sensitivity with increasing vapour concentrations
was studied by monitoring the changes in resistance of the NiO
nanofibres at critical temperature. The response from the sensor
based on the fibres obtained at 673 K is the highest and the
difference is appreciable at a high concentration of the targeted
species. In the present study, the amount of adsorbed oxygen is

8 | Journal Name, [year], [vol], 00—00
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the highest in the NiO fibres calcined at 673 K (Fig. 14). The
NiO nanofibres obtained at 673 K are composed of smaller grains
as measured from the XRD results. The good sensing efficiency
of materials with a small grain size and a large specific area is
s attributed to their increased rates of adsorption of oxygen and the
gas to be detected (reducing or oxidizing gas).®® The nanofibres
obtained at 673 K are porous and as the calcination temperature is
increased the porosity of NiO nanofibres decreases. As a result,
the average diameter of the NiO nanofibres decreases as the
10 calcination temperature is increased. Since the porosity of the
fibres obtained at 673 K is the highest for which the grain sizes
are also less, the Debye length (Ap) — a measure of the field
penetration into the bulk (electron depletion region), of these
fibres are the highest.®® As the grain size decreases, the Debye
15 length increases and matches with the dimensions of the grains;
then, the electronic properties of the materials are affected by the

The sensitivity of NiO fibres toward ethanol vapour is more as
compared with that of methanol and iso-propanol at all the
20 temperatures (Fig. 12) and concentration (Fig.15) used. The
greater sensitivity is towards ethanol vapours followed by
methanol and isopropanol vapours, because, primary alcohols
with a higher number of (-CH,-) groups are more easily
decomposed and oxidized or reduced.”®™ As a result, ethanol,
s which has the highest number of CH, groups, is easily
decomposed and caused the largest changes in free carrier density
within the NiO nanofibres than methanol. Secondary alcohols are
less prone to oxidation and decomposition as compared with
primary alcohols; hence, the NiO nanofibres exhibit the lowest
30 sensitivity to isopropanol. To confirm the dependence of
sensitivity on the number of —CH,— groups in alcohols, the
sensitivity of NiO nanofibres towards 1-propanol and 1-butanol
were also estimated and an aforementioned trend is observed in

adsorption/desorption of molecules on the surface. the sensitivity of those alcohols also (fig. 15).
30
25
20
o 15
& I
o o] —=— 673K
10 «— 773K
54 —— 873K
0 . | ‘ : | 0 : | ; . ‘
0 100 200 300 400 500 0 100 200 300 400 500
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0 : ‘ ‘ : ;
0 100 200 300 400 500
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Fig. 14 The response-concentration plots of NiO nanofibres obtained at different calcination temperature for (a) ethanol at 225 °C, (b) methanol at 240 °C

and (c) iso-propanol at 250 °C.

35
30+ P
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20
m:n ]
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104 o Enol
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5 7 1- Propanol
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0 . . | | |
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40 Fig. 15 A comparison on sensor response of NiO nanofibres calcined at
673 K to ethanol, methanol, 1-propanol, 1-butanol and iso-propanol
vapours.

Conclusions

In summary, NiO nanofibres were successfully fabricated by sol-
s gel electrospinning method, using PEtOX/NATH composite
precursor fibres. AFD of the precursor composite fibres
decreased as the applied voltage was increased from 15 to 20 kV;
but, above 20 kV the reduction in fibre diameter was not
appreciable because of the corona discharge. A flow rate of 300
so uL.h™ at 20 kV was the optimum electrospinning condition for
the fabrication of PEtOX/NATH composite fibres. TEM images
revealed that the NiO nanofibres are polycrystalline in nature.
The grain sizes of the NiO nanofibres increased with an increase
in the calcination temperature. The reduction in the magnetic
ss properties of the NiO nanofibres with calcination temperature is
attributed to the improvement in stoichiometry of nickel and
oxygen in the fibres. The difference in oxygen content affects the

This journal is © The Royal Society of Chemistry [year]
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band gap energy of the fibres, as observed in the UV-vis-NIR
analysis. The presence of defects modified the Raman bands of
the fibres as compared with that of the single NiO crystal. The

65 22.
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