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Abstract

Metal oxide nanomaterials approaching grain size less than the Debye length are potential candidates for highly sensitive
gas sensors owing to their large surface-to-volume ratio. Hence, research efforts are directed towards cost-effective synthesis
of metal oxide nanomaterials for gas-sensor applications. In this context, we report on the facile synthesis and gas sensing
studies of NiO nanoparticles (crystallite size ~ 10 nm), prepared by low-cost co-precipitation (NiO_A) and thermochemi-
cal (NiO_B) methods. XRD and FESEM confirmed the formation of cubic NiO nanoparticles. UV-Vis spectrometry and
photoluminescence studies validated the optical band gap and abundance of defects/vacancies of the NiO nanoparticles.
Gas sensors fabricated by spray coating of these nanoparticles on glass substrates revealed high sensitivity, selectivity and
reversibility for NO, at 180 °C. A plausible sensing mechanism has been suggested based on the interaction of NO, with
nickel vacancies. Higher sensitivity of co-precipitated nanoparticles has been attributed to the abundance of adsorption sites

brought about by the smaller size grains.
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1 Introduction

In the modern era, gas sensors have emerged as vital com-
ponents for safeguarding our environment, home and work
place. Accordingly, gas sensors find extensive use in envi-
ronmental monitoring, medical diagnosis and for regulating
various industrial and chemicals processes. Among the peril-
ous gases, NO, is one of the major air pollutants, which is
considered to be detrimental for our eco-system and human
health. Even at a very low concentration of 0.1 ppm, it can
cause breathing problems especially in those with asthmatic
conditions. Considering the highly reactive and acidic nature
of NO,, over the years the short term exposure limit for
NO, has been lowered from 5 to 1 ppm by Occupational
Safety and Health Administration (OSHA). In recent years,
there is a surge in effort for developing simple, selective,
sensitive, broad range, cheap and reliable gas sensors with
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fast response, pertaining to various applications. As a result,
varieties of low-cost gas sensors have been developed and
are available commercially such as electrochemical sensors,
pellistors and conductometric metal oxide (MOX) sensors
[1]. Among these, MOX sensors are the most extensively
investigated, owing to their ease of synthesis, low cost,
plethora of materials available for gas detection over a wide
range and their compatibility with semiconductor process-
ing. Besides, interest in metal oxide nanomaterials is mainly
ascribed to their unique inherent properties arising from
higher surface-to-volume ratio, dynamic gas-adsorption/
diffusion capability, higher surface energy that aids surface
reactions, ease of use and reproducible response character-
istics [2]. Generally, MOX nanomaterials are classified as
n-type or p-type, based on the majority charge carriers, i.e.
electrons or holes, respectively. A large number of MOX
nanomaterials, namely TiO,, WO;, ZnO, SnO,, CuO and
NiO, have been extensively investigated for their gas sensing
characteristics [3—6]. From the power consumption point of
view, it is generally preferred that the sensor exists in high-
impedance state in clean air. When the sensor is exposed to
the target gas, the surface conductance of the sensor should
increase in proportion to the concentration of the target
gas and revert back to the high impedance state when the
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sensor is exposed to clean air. Therefore, n-type MOX such
as ZnO and SnO, are typically used for sensing reducing
gases like NH;, H,S, CO, where the conductance increases
subsequently upon gas exposure [7-9]. Though some of the
n-type MOX offer good sensitivity for a host of oxidizing
gases, often the change in conductance is beyond the meas-
urable range of simple electronics for commercialization and
in addition, they suffer from high power consumption under
idle state. Accordingly, p-type MOX such as Cr,05, CuO
and NiO are preferred for sensing oxidizing gases. However,
research efforts on p-type MOX are limited as they are con-
sidered to be inferior compared to n-type MOX. It has been
reported that sensitivity of p-type MOX sensor is roughly
equal to the square root of that of an n-type MOX sensor for
similar synthesis and experimental conditions [10]. Never-
theless, it is well known that the gas sensor performance
can be greatly improved by tailoring the size, morphology
and doping of the MOX materials using suitable synthesis
conditions. In addition, the advent in MOX nanomaterials
research has enabled considerable attention towards p-type
MOX sensors. Among the widely used p-type MOX, nickel
oxide (NiO) has gained a lot of attention due to its distinc-
tive electronic nanostructure, wide band gap (3.6-4.0 eV),
remarkable thermal and mechanical stability, low-cost
synthesis and environmental compatibility. Thus, NiO has
emerged as a promising material for a wide array of appli-
cations including catalysis, cathode material for batteries,
electrochromic films, magnetic materials and gas sensors
[4, 11]. It has been reported that NiO gas sensors are not
affected greatly by humidity and the catalytic property of Ni
can aid the heterogeneous catalysis reduction of NO, spe-
cies, thereby improving the selectivity [12].

As mentioned earlier, the gas sensor response is closely
related to nanoparticle size and morphology, which deter-
mine the active surface area and gas-diffusion rate, thus
affecting the sensor response and selectivity. Since these
structural properties of nanoparticles (size, morphology
and distribution) depend on synthesis techniques, several
methods for synthesizing NiO nanoparticles have been
investigated namely, magnetron sputtering, hydrothermal,
co-precipitation, sol gel, pulsed laser deposition and micro-
emulsion methods [4, 13, 14]. Although a variety of novel
morphologies of nanomaterials (nanosheets, nanowire,
nanorod, etc.) may give good sensing response, they may
not be feasible for large-scale production due to their cost,
lack of reproducibility and complexity of synthesis [15]. In
this paper, we report on the synthesis of NiO nanoparticles
having particle size in range of ~ 10 nm, using two different
methods, i.e. widely used co-precipitation [16] and less com-
monly used thermochemical method [17, 18], utilizing cheap
and readily available precursors. The advantages offered by
these methods are simple solution phase chemistry and bet-
ter control on process conditions, which directly influences
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the size, morphology and purity of the nanoparticles, thus
making these methods attractive for their industrial and tech-
nological applications. Further, these nanoparticles were
thoroughly investigated for their structural, morphological
and NO, sensing properties.

2 Experimental
2.1 Synthesis of NiO nanoparticles

NiO nanoparticles were synthesized using anhydrous nickel
chloride (NiCl,), ethylenediamine tetra acetic acid (EDTA),
sodium hydroxide (NaOH) and ammonia solution (NH;) as
starting materials.

For the synthesis of NiO nanoparticles by co-precipi-
tation method (NiO_A), 1 M solution of anhydrous NiCl,
(50 ml), 0.1 M solution of EDTA (25 ml) and 4 M solution
of NaOH (20 ml) were prepared. Subsequently, the solution
of NiCl, and EDTA were mixed together. Here, EDTA was
used as a capping agent. The resultant clear solution was
stirred at room temperature for ~ 30 min. Afterwards, under
constant stirring NaOH solution was added dropwise to the
mixture until the pH of the solution reached ~ 12, resulting
in formation of greenish precipitate. This green solution was
heated at 70 °C for 2 h, under constant stirring. The result-
ant green precipitate, corresponding to Ni(OH), formation,
was washed several times with distilled water for removing
reaction residues, until pH ~7 was achieved. The obtained
green precipitate was dried overnight in the oven at 90 °C.

In thermochemical method (NiO_B), 3 g of anhydrous
NiCl, was taken in glass beaker and placed in an ice-bath.
Subsequently, ~30 ml ammonia solution was added slowly
(due to exothermic nature of the reaction) over a time-period
of ~45 min, with intermittent stirring. Eventually a bright
bluish coloured clear solution was obtained, resulting in the
formation of nickel ammonia complex. Afterwards, under
constant stirring at room-temperature distilled water was
added to the solution, resulting in formation of green pre-
cipitate, which was washed several times until pH of ~ 7 was
achieved and later dried overnight at 90 °C.

The green precipitates obtained from both the methods
were powdered by grinding and later heated at 350 °C for
3 hin a tubular furnace to obtain of black NiO nanoparticles
in powder form. The schematic diagram of the synthesis
methods is shown in Fig. S1.

2.2 Characterization of NiO nanoparticles

X-ray diffraction (XRD) analysis of the NiO nanoparticles
was accomplished using a Philips powder X-ray diffrac-
tometer (Model PW 1071) with Ni filtered Cu-Ka radiation
(1.5418 10\). Field emission scanning electron microscope
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(FESEM) (Carl Zeiss, Model: Auriga 4553) was employed
for morphology studies, while energy-dispersive X-ray
spectroscopy (EDX) studies were simultaneously carried
out using an additional attachment of FESEM (Oxford,
Model: X-Max). Transmittance/absorption characteristics
were recorded by UV-visible spectrophotometer (JASCO
V-650), and room-temperature photoluminescence spectra
were studied by fluorescence spectrometer (FLSP 920, Edin-
burgh Instruments).

2.3 Gas sensing studies

For the gas sensing studies, measured quantities of NiO
nanoparticles were dispersed in methanol and sonicated
for ~30 min. The supernatant was used to prepare thin
films of NiO nanoparticles by spray coating at room tem-
perature on glass substrates using syringe pump (Holmarc
model no. HO-TH-04BT). The films were dried at 50 °C
for two hours on a hot plate. Gas sensors were fabricated
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by thermal evaporation of gold interdigitated electrodes on
the thin films. Gas sensing studies were performed in a cus-
tom built static system interfaced with computer for data
acquisition (Fig. S2). The SS sensing chamber (volume ~ 1 1)
has ports for injecting a known volume of target gas and a
temperature controlled heating stage for adjusting the operat-
ing temperature of the sensors from RT to 300 °C. The gas
sensor response () for NO, was calculated as R/R,, where
R, and Rg were the sensor resistance in air and in test gas,
respectively [10].

3 Results and discussion
3.1 Structural and optical characteristics
Figure 1 depicts XRD diffractograms obtained for both as-

prepared and calcined samples. The XRD pattern of as-pre-
pared samples is characterized by six dominant diffraction
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Fig.1 XRD patterns of as-prepared and calcined NiO_A (a and b) and NiO_B (c and d)
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peaks corresponding to (001), (100), (011), (012), (110)
and (111) crystalline planes of hexagonal phase Ni(OH),
(JCPDS No. 73-1520). The calcined samples are featured
by well-defined crystalline planes (111), (200) and (220),
corresponding to the cubic phase of pure NiO (JCPDS No.
04-0835). Both co-precipitation (NiO_A) and thermo-
chemically (NiO_B) synthesized samples showed similar
XRD patterns though NiO_B showed higher diffraction
peak intensities. The absence of additional peaks related to
impurity/defects ascertains high purity of the prepared sam-
ples. The average crystallite size of the NiO nanoparticles is
determined using Scherrer’s formula:

0.91

" Pcosd’

where A is the X-ray wavelength and f and 6 represent the
full width at half maximum (FWHM) and diffraction angle
of the peaks. Considering instrumental broadening, the par-
ticle sizes of NiO samples prepared by co-precipitation and
thermochemical methods are estimated as ~7 and 10 nm,
respectively.

FESEM images of spray-coated NiO_A and NiO_B films
on glass substrates are shown in Fig. 2. It is seen that both
the samples are homogeneous and porous with randomly

Fig.2 FESEM images of a
NiO_A and b NiO_B. ¢ Repre-
sentative EDX spectrum of NiO
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WD = 55 mm

Signal A = SESI
Mag= 10.00 K X

distributed cauliflower like structures. Particles in NiO_B
seem to be more agglomerated, which may reduce the effec-
tive surface area. Nevertheless, it is obvious that the particles
are in the nanometer regime for both the films as confirmed
by XRD. The EDAX spectrum of both the films yielded
similar patterns (Fig. 2c). It is observed that the oxygen con-
tent showed higher contribution in both the films.

Figure 3 shows the transmittance and Tauc plots of the
films. Both NiO_A and NiO_B films exhibit > 70% transmit-
tance in the visible region. The optical band gap for both is
calculated from Tauc’s plot (Fig. 3b) using the relation [19]:

(ahv)’ = A(hv-E,), 1)

where a, hv, A and Eg are absorption coefficient, photon
energy, dimensional constant and optical band gap, respec-
tively. The estimated values of E, are 3.59 and 3.39 eV for
NiO_A and NiO_B, respectively, which are in accordance
with the typical band gap value of NiO [19]. Slightly lower
value of E, for NiO_B could be attributed to the larger grain
size than that of NiO_A.

In metal oxides, the photoluminescence emission is
strongly influenced by various defect states such as metal
deficiency and oxygen vacancy. If the material is relatively
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Fig.4 Room-temperature photoluminescence spectra of NiO_A and
NiO_B

free of defects, only a strong near band edge (NBE) emis-
sion will be seen. Figure 4 shows the room-temperature
PL spectra of NiO_A and NiO_B under an excitation
wavelength of 325 nm. Both the films feature two over-
lapping peaks in the UV region around 368 and 390 nm.
These peaks represent the NBE emissions resulting from
the 3d®-34® transition of Ni** ions as reported by many
researchers [20, 21]. Emission bands in the visible region
(>400 nm) are generally associated with various defect
states and/or impurities. Accordingly, the broad emission
tail extending from 420 to 580 nm could be attributed to
the radiative transitions from Ni interstitial (Ni,), doubly

Temperature (°C)

Fig.5 Response of NiO_A and NiO_B sensors as a function of tem-
perature for 5 ppm NO,

ionized Ni vacancy (VNiz_), nickel and oxygen vacancies
[22, 23].

3.2 Gas sensing studies

The spray-coated NiO sensors are subjected to the evalu-
ation of 4 s parameters (sensitivity, speed, selectivity and
stability) which determine the figure of merit for any gas
sensor. As these parameters are temperature dependent,
it is crucial to find the optimum operating temperature.
Figure 5 shows the response of both the sensors for an
exposure of 5 ppm NO, as a function of sensor temper-
ature. It is evident that both the sensors show optimum
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response for an operating temperature of ~ 180 °C. Below
and above 180 °C, the response tends to deteriorate; hence,
detailed studies are carried out at an operating temperature
of 180 °C.

The dynamic response and recovery characteristics of
both sensors for different concentration of NO, at 180 °C
are depicted in Fig. 6a and b. Both sensors exhibit fast
response upon gas exposure and recover back to the base
current, when exposed to air. For 5 ppm concentration,
the response (fy,) times are 70 and 50 s for NiO_A and
NiO_B, respectively. Similarly, the recovery times (¢,)
are estimated as~ 15 and 11 min for NiO_A and NiO_B,
respectively. Figure 6(c) shows the comparison of response
as a function of NO, concentration. The response of
chemiresistive MOX gas sensor generally follows power
law as given by [24]:

_ a
S—ch

where Pg is the gas concentration and ¢ and « are constants,
which depend on the physico-chemical properties of sensor
material and reaction with the target gas. It is seen from
Fig. 6¢ that the response of both the sensors obeys the power
law. Nevertheless, it is clear that the response of NiO_A is
superior though NiO_B has slightly faster dynamics.

Repeatability and reversibility tests of the sensors are
carried out for four sensing cycles of 5 ppm of NO, at
180 °C (Fig. 7). The variation in response between each
cycle is found to be < 10%, and after each cycle, the sensor
current reversed back to the base line.

Selectivity is an important parameter which enables the
sensor to distinguish the target gas in the presence of other
intrusive gases as in the case of real time applications.
Figure 8 illustrates the response of NiO_A and NiO_B for
5 ppm of various gases at 180 °C. It is seen that both the
sensors are highly selective to only NO,. Stability of the
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Fig.7 Repeatability and reversibility of a NiO_A and b NiO_B for 5 ppm of NO, at 180 °C
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sensing response validates the feasibility for long-term use
of the sensors in real-time applications.

Figure 8b shows the sensor response measured over
a period of one month for 5 ppm of NO, at 180 °C. It is
seen that the response is very stable, substantiating the
good long-term stability of the sensors.

Fig.9 Schematic diagram and air

energy band model for NO, s O o
sensing mechanism when \
exposed to a air and b NO,

3.3 NO, sensing mechanism

It is widely reported that the n-type or the p-type semicon-
ductivity in metal oxides arises due to abundance or defi-
ciency of metal ions in the material. Accordingly, when
oxygen anions adsorb, an electron depletion layer (EDL)
is formed near the surface of n-type MOX, whereas a hole
accumulation layer (HAL) is formed in case of p-type semi-
conductor [10]. The extent of charge carriers depends on
various conditions such as synthesis method, morphology,
dopant concentration and operating temperature. In addi-
tion to ionization as holes, the metal cation defects in p-type
MOX act as favourable adsorption sites depending on the
gas and the MOX material. However, it has been reported
that adsorption of oxidizing gases is not favoured generally
by p-type MOX materials as the analyte gas has to extract
electrons from the valence band [23]. Nonetheless, non-
stoichiometry plays an important role in MOX sensors;
specifically in case of NiO, abundance of vacancies at Ni**
sites enhances the adsorption as well as sensitivity towards
NO, [26]. These nickel vacancies form a shallow acceptor
level above the valance band of NiO [27]. Based on our
experimental results, the probable sensing mechanism for
NO, is pictorially depicted in Fig. 9. When the NiO sensor
is exposed to ambient air, the adsorption of oxygen anions
attracts few electrons from the valance band and create a
hole accumulation layer near the surface of NiO nanopar-
ticles (Fig. 9a). The surface conductivity depends on the
hole concentration, which in our case is found to be more
in co-precipitated NiO nanoparticles. When the sensor is
exposed to NO,, the analyte gas molecules are physisorbed
on the surface and extract electrons from the acceptor level
created by nickel vacancies (Fig. 9b). The adsorption of NO,
is dominant due to its higher electron affinity (~2.28 eV)
compared to that of oxygen (~0.43 eV) [28]. Accordingly,
the adsorbed molecules oxidize the Ni** to Ni** and expand
the HAL by releasing holes, thereby increasing the surface
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conductivity [29]. The adsorption of NO, and the release of
holes are governed by the following reactions [28]:

NO2(gas) And NOZ(ads)

NO,uq < NOy__ o + 7

2(gas)

Using DFT calculations, Wang et al. have computed the
adsorption energies of NO,, H,S, and NH; molecules on
NiO (100) surface and found the interaction of NO, mol-
ecule was stronger with NiO surface [30]. Zhang et al.
[26] have demonstrated by in situ DRIFT studies that the
abundance of nickel vacancies led to greater sensitivity for
NO, in mesoporous NiO nanosheets. They concluded that
the strong interaction of doubly charged nickel vacancies
with NO, further facilitated the ionization of neutral nickel
vacancies, thus providing more adsorption sites for NO,.
Additionally, Ni has superior catalytic properties which can
also greatly aid NO, reduction on NiO surface, resulting in
enhanced gas sensitivity [31]. In the present study, the broad
emission in the visible region of photoluminescence spectra
of both NiO_A and NiO_B confirms the presence of various
defects and vacancies. For the same sensor configuration, the
surface conductivity of NiO_A is found to be higher which
is mainly determined by the extent of nickel vacancies.
Hence, the superior sensitivity of NiO_A could be attrib-
uted to substantial amount of nickel vacancies as compared
to NiO_B. For nanoparticles synthesized by co-precipitation
method (NiO_A), the precipitation process occurs at much
faster rate, as compared to that of thermochemical method
(NiO_B). As slower precipitation rate affords higher crystal-
linity, NiO_B displays higher crystallinity as evident from
the XRD patterns (Fig. 1). Besides, the lattice parameters
calculated for both the samples showed a deviation of 0.4%
(NiO_A, 4.185 A) and 0.27% (NiO_B, 4.179 A) from the
ideal crystal lattice parameter of NiO (4.168 A). This devia-
tion could be attributed to existence of crystal defects and
the non-stoichiometric composition of the sample, which is
higher for NiO_A [32]. The resultant smaller size grains of
NiO_A can provide more adsorption sites, higher surface
energy and fast diffusion rates, leading to enhanced sensitiv-
ity for NO,.

4 Conclusions

Facile synthesis of NiO nanoparticles was carried out by co-
precipitation (NiO_A) and thermochemical (NiO_B) meth-
ods. Structural, morphological and optical characterizations
confirmed the formation of nanocrystalline NiO particles
with non-stoichiometric defects and vacancies. Gas sensing
measurements corroborated the high sensitivity, selectivity
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and reversibility of both NiO_A and NiO_B nanoparticles
for NO, at a moderate operating temperature of 180 °C.
Probable sensing mechanism for NO, was proposed based
on the photoluminescence studies, which confirmed substan-
tial amount of nickel vacancies. Further, the smaller size
grains of co-precipitated NiO nanoparticles resulted in better
NO, gas sensitivity.
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