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Ultra high sensitive room temperature gas sensor based on Ni-doped WO3 nanoparticles(hereafter NPs) has been reported here. The synthesis of
pure and Ni-doped WO3 NPs was done by facile precipitation route. XRD studies revealed the polycrystalline monoclinic structure of the prepared
samples with the preferential growth orientation along (002) crystal plane. Analysis via SEM and FE–SEM was conducted, and the micrographs
showed that the synthesized samples were found to have highly porous structure with excellent dispersibility. The successful incorporation of Ni2+

ions in to WO3 lattice has been confirmed by XPS analysis. The highly improved room temperature gas sensing characteristics of WO3 by Ni
doping is also studied using a high sensitive electrometer. Compared to undoped WO3, 3 mol. % Ni-doped WO3 sensor showed nearly 20-fold
greater sensitivity (2641 – 200 ppm ammonia, room temperature) with rapid response/recovery times of 40/97 s.
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1. Introduction

Over the past few decades, the rapid increase of air pollution due to harmful gases released from various industrial
processes has become a labyrinthine concern, which poses a threat to our environment and serious health issues to
human. Toxic gases are among the vital air pollutants and their short and long term exposure may cause deleterious
health effects in human such as respiratory tract ailments, memory problems, fatigue, asthma and even lung cancer [1].
From a well-being perspective, the detection of toxic gases at their early stage is an urgent demand. Therefore,
toxic gas detection has become a burning topic to monitor such lethal chemical compounds and set a norm for toxic
emissions. It is worth mentioning that the metal oxide semiconductors (MOSs) serve as one of the potential candidates
for detecting toxic gases owing to their distinctive sensing behaviors with lower operating temperatures, availability,
cost-effectiveness and compatibility with micro-electronic processes [2].

WO3 is one such important MOS, which attracts greater attention due to its unique structural, morphological,
and optical properties, which have made it a suitable substance for many real time applications like gas sensors [3],
catalysts [4] and energy storage systems [5]. Besides, transition–metal oxides like ZnO, WO3 or TiO2 with d0 and
d10 electronic configurations exhibit impressive physicochemical properties and stability which are beneficial for gas
sensing applications [6]. The techniques employed for the synthesis of WO3 nanostructures are also manifold. We
have already reported in our previous work [7] that the precipitation method is a flexible technique for preparing
monoclinic WO3 NPs with optimal thermal treatment (823 K). Since pure WO3 contributes to a limited extent; it is
necessary to improve the sensing properties through various strategies. It is believed that doping of WO3 with certain
appropriate metal ions is one of the greatest possibilities to enhance the functional properties and sensing behavior of
the base material.

WO3 can also be effectively deployed as a nanocomposite along with other noble and transition metals. Liu
et al. [8] have investigated the ethanol and methanol sensing properties of intrinsic and Pt-doped WO3 nanorods at
220 ◦C. Qi et al. [9] have fabricated a NO2 sensor based on Sb-doped WO3 nanocomposites at low temperature. Chen
et al. [10] have reported Ag decorated WO3 nanopowder for NO gas detection at 250 ◦C. Li et al. [11] have prepared
the Cr incorporated WO3 nanofibers for xylene sensing. Pristine and Au-doped WO3 nanostructures were employed
as gas sensing material for enhanced H2 sensing [12].

In this context, the present work is targeted to prepare nickel-doped WO3 NPs through a well-engineered precipi-
tation technique and investigate their gas sensing characteristics at room temperature. Nickel is considered as a suitable
dopant material for WO3 as its ionic radius (0.60 Å) is nearly equal to that of W (0.62 Å), which would also effectively
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modify the structural and morphological properties of the base material (WO3) [13]. As far as we know, only a very
few reports are available for room temperature gas sensing properties of Ni-incorporated WO3 NPs via precipitation
method. The room temperature gas sensing behavior of the fabricated sensor was investigated systematically in terms
of selectivity, transient response, repeatability and stability measurements.

2. Materials and methods

2.1. Synthesis of pristine WO3 NPs

Pure WO3 NPs were prepared according to our previous work [7], as well as the detailed preparation process
has been explained as follows. In a facile precipitation technique, sodium tungstate dihydrate (Na2WO4 · 2H2O) and
calcium chloride dihydrate (CaCl2 · 2H2O) were used as a precursor. Initially, Na2WO4 · 2H2O and CaCl2 · 2H2O
were dissolved separately in 100 ml of de-ionized water (DI) to obtain 1.2 and 2 mM respectively. Later these two
solutions were transferred to a beaker and stirred vigorously (∼ 900 rpm) for 45 minutes using a magnetic stirrer at
room temperature. Then the settled white precipitate (CaWO4) was collected and washed several times with ethanol,
acetone and DI. Subsequently the precipitate has been placed in hot air oven and dried at 333 K for 16 hours, followed
by a soaking process in 50 ml of conc. nitric acid (HNO3, Emplura, India) for 48 hours. At the end of soaking
process, the colour of the precipitate was changed from white to rich yellow, which indicates the formation of tungstite
(WO3·H2O) compound. Then the filtered precipitate was cleansed several times with ethanol, acetone and DI, and
followed by a thermal calcination at 823 K for 2 hours, resulting in WO3 NPs.

2.2. Synthesis of Ni-doped WO3 NPs

The experimental procedure for the synthesis of Ni-doped WO3 NPs is as follows: For the preparation of 1 mol. %
of Ni-doped WO3 samples, 100 ml of 0.01 M aqueous NiCl2 · 6H2O solution was added to 100 ml of 0.99 M precip-
itation precursor (CaWO4) solution. These solutions were mixed under constant magnetic stirring for 45 minutes at
room temperature. Then the precipitate was filtered, washed, dried and soaked in HNO3 as described in Section 2.1.
Finally, the substance was calcined at 823 K for 2 hours to obtain Ni-doped WO3 samples. A similar procedure was
followed to prepare 3 and 5 mol. % of Ni-doped WO3 NPs. The WO3 NPs synthesized using 0, 1, 3, and 5 mol. % of
Ni dopants were named as WN0, WN1, WN3 and WN5 respectively.

2.3. Characterization techniques

XRD analysis (PANalytical X’pert–pro Diffractometer equipped with CuKα radiation) was employed to deter-
mine the crystal structure of the prepared samples. The surface morphology behavior of the synthesized NPs was
analyzed using SEM (ZEISS–SEM) and FE–SEM (FE–SEM, FEI Quanta 250 FEG–SEM) images. EDAX (Bruker)
analysis was employed to reveal the elemental composition of the prepared samples. The surface chemistry of the
prepared NPs has been investigated with the help of XPS (XPS-Thermo Fisher Scientific Inc., K Alpha, USA) spec-
tra. The presence of functional groups in the NPs were determined using FTIR (Perkin–Elmer Spectrum Two, USA)
spectra. The conventional BET and BJH methods (Nova 3200, Quantachrom Instrument Corporation, USA) were
employed to measure the specific surface area and pore volume of the prepared samples respectively. The NPs were
degassed at 150 ◦C for 3 h prior to the BET investigation. To disclose the defect states in the samples, PL spectra were
recorded (room temperature, λex = 325 nm) using fluorescence spectrophotometer (Varian Cary Eclipse, USA).

2.4. Gas sensing setupand measurements

The systematic evaluation of sensing performance of the prepared NPs was done using a customized gas sensing
setup as described in our previous work [7]. In order to construct a sensing material the synthesized NPs were mixed
with certain amount of isopropyl alcohol; subsequently dispersed on a glass substrate. In which a pair of copper
electrodes were used to supply a DC potential of 10 V and the whole sensing process was achieved in an evaporation
chamber of 1 Litre. Sensing measurements were taken using a computer controlled high resistance electrometer
(Keithley 6517B, USA) towards various target gases at room temperature. The following relation is used to measure
the sensitivity in terms of variation in sensor resistances.

S =
Ra
Rg

(Ra � Rg). (1)

Since Ra and Rg are the resistances of the fabricated sensor in air and gas respectively.
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3. Results and discussion

3.1. Structural, morphological and elemental studies

X-ray diffraction (XRD) patterns of the pure and nickel-doped WO3 NPs calcined at 823 K were displayed in
Fig. 1(a). All the characteristic XRD peaks could be indexed according to the monoclinic (space group P21/n(14))
crystal structure and are agreed with the standard JCPDS card no. 043-1035. Three major diffraction peaks for pure
WO3 were obtained from (002), (020) and (200) crystal planes which correspond to the angles 2θ of 23.02, 23.61 and
24.25◦ with lattice parameters; a = 7.297, b = 7.539, c = 7.688 Å, and β = 90.91◦. For Ni-doped samples, these
high intense peaks were slightly shifted towards higher angles as shown in Fig. 1(b). This can be associated to the
smaller size of dopant ion (0.60 Å for Ni2+) as compared to the host W6+ ion (0.62 Å) [13]. It is also observed that,
all the samples exhibited the preferential growth orientation along (002) plane. The average crystallite size of all the
prepared NPs can be estimated by Debye–Scherrer relation as shown in Eq. (2) and the values are given in Table 1.

FIG. 1. (a) XRD patterns of the pure and Ni doped WO3 NPs and (b) Magnified spectra of (002),
(020) and (200) peaks

TABLE 1. Results obtained from XRD studies

Sample 2θ FWHM (deg.) Crystallite size (nm)

WN0 23.0230 0.2234 36.3

WN1 23.1231 0.2302 35.2

WN3 23.3731 0.2596 31.2

WN5 23.4731 0.2753 29.5

Average crystallite size

D =
K · λ
β cos θ

, (2)

where K is the Scherrer constant, λ is the wavelength (1.5406 Å), β is the full width at half–maximum and θ is the
Bragg angle.

The average crystallite size was observed to be decrease with the increase of Ni dopants. This trend may be due to
the effect of Ni doping, which leads to lattice distortion and associated crystal imperfections. Surprisingly, the XRD
patterns of the Ni-doped WO3 NPs exhibit no apparent peaks related to nickel oxides like NiO, NiO2 and Ni2O3, or
any WO3/Ni ternary oxides were found, which confirms that there is no additional phase formation in the prepared
samples and also indicated that Ni doping was within in the solubility limit.These results confirm the formation of
nickel-doped WO3 nanocrystallites without changing the monoclinic structure.

Figure 2 (a–d) illustrates the SEM images of the pristine and Ni-doped WO3 samples. A significant morphological
change influenced by Ni doping was observed. The presence of Ni ions can increase crystal defects in the host material
and thus induce notable changes in morphology. A decreasing trend has been observed in grain size, which may be
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FIG. 2. (a – d) SEM images and (e – h) FE–SEM micrographs of the pristine and Ni doped WO3 samples

ascribed to the grain growth inhibition nature of nickel ions [14]. A uniformly aligned nanogranular morphology with
highly distributed pores were found in Ni-doped samples. In order to gain more insight into the surface morphology of
the prepared NPs, FE–SEM analysis was conducted and the micrographs were displayed in Fig. 2(e–h). The obtained
FE–SEM images clearly disclosed that the grains were distributed randomly with quasi-spherical shape and their
dimension is further diminished upon Ni doping. We may also infer that the prepared samples have more open space
with loosely packed structure. These observations are fairly consistent with the XRD studies.

The elemental composition of the prepared samples was identified through EDAX spectra as shown in Fig. 3.
Fig. 3(a) reveals the presence of W and O atoms in the WN0 sample and also confirmed the formation of WO3 NPs
without any impurities. Fig. 3(b) depicts the EDAX spectrum of WN3 sample, which ascertains the co–existence of
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Ni and W elements in the sample. In addition, a peak found at ∼ 0.85 keV of the WN3 sample is attributed to the
emitting energy level (Lα) of nickel atom, confirmed the successful incorporation of Ni species in WO3 NPs.

FIG. 3. EDAX spectra of (a) WN0 and (b) WN3 samples

3.2. Functional groups

To examine the vibrational modes on the surface of the NPs, FTIR spectra were recorded in the 400 – 4000 cm−1

range as displayed in Fig. 4. The peak found at 431 cm−1 belongs to the W–O group. The stretching vibrational
mode of O–W–O group is located at 607 cm−1 [15]. The other vibration modes appeared at 1381 and 1613 cm−1 are
ascribed to W–OH bond and these bands have lower absorption intensities suggesting that a very small hydration of the
synthesized samples. The peak found at 3300 – 3600 cm−1 is due to the stretching vibrational mode of O–H groups
in H2O [15]. As a result of Ni doping, these peaks were slightly shifted to greater wave number which probably due
to the fact that the change in size of the Ni-doped WO3 NPs [16]. It is also observed from Fig. 4 that, no signal related
to Ni or NiO were found, indicating the high purity of the synthesized NPs. These findings are corroborate well with
the results received from XRD.

FIG. 4. FTIR spectra of the synthesized samples

3.3. Surface analysis

In order to disclose the chemical composition and metal ionic states in the prepared samples, XPS technique has
been employed. Fig. 5 depicts the XPS spectra of WN0 and WN3 NPs. Fig. 5(a) shows the survey scan spectrum of
WN0 and WN3 samples. The survey scan spectrum of WN0 confirms the presence of W, O and C elements in the
sample. All the peaks of WN3 sample have been observed to be similar as identified for WN0 except the presence of
Ni 2p peaks (encircled) [17]. The high resolution core level XPS spectrum of W4f has been shown in Fig. 5(b); as
we can see the presence of two peaks related to W4f7/2 (at 35.8 eV) and W4f5/2 (at 38 eV) has demonstrated that the
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existence of W6+ chemical state in the sample [18, 19]. Furthermore, the W4f peaks of the WN3 sample (Fig. 5(b))
were shifted toward lower binding energy and this may be due to the effect of electronegativity of Ni ions present in
the sample [18, 19]. The doping of Ni ions was also responsible for the distribution of oxygen ions on the surface of
WO3 and the density change of oxygen vacancies in the sample [19, 20], which has a crucial effect on promoting the
gas sensing properties.

FIG. 5. (a) Survey scan spectrum of WN0 and WN3 samples (b) W4f spectra (c) XPS Ni 2p spectra
and (d) O 1s spectra of WN0 and WN3 samples

The core level XPS spectrum of Ni could be fitted in to two characteristic peaks with binding energies at 872 and
855.1 eV, which correspond to Ni 2p1/2 and Ni 2p3/2, respectively (Fig. 5(c)). This result clearly demonstrates that
Ni ions exist in the form of Ni2+ ionic state in the WO3 sample [13,19]. The O 1s spectra of WN0 and WN3 samples
were displayed in Fig. 5(d) have been fitted with three peaks such as lattice oxygen (OL peak at 530.4 eV), oxygen
vacancy (OV peak at 531.8 eV) and chemisorbed oxygen species (OC peak at 533 eV) [21–24]. The O 1s peaks of
WN3 NPs were shifted to lower binding energy, indicating the incomplete W–O binding via Ni addition or highly
defective nature of the samples [25].

3.4. BET analysis

BET specific surface area (SSA) measurements and corresponding BJH pore size distribution of bare and Ni-
doped WO3 NPs were calculated using adsorption–desorption analysis and are depicted in Fig. 6(a–d). According to
the IUPAC classification, it is observed that both pure and Ni-doped WO3 NPs show a classical IV–type N2 adsorption
isotherm with a H3–type hysteresis loop confirming the formation of mesoporous structure. The determined SSA
of 10.946, 14.631, 22.508 and 31.679 m2/g with an average pore diameter of 33.981, 21.567, 16.687 and 11.28 nm
are observed for the samples WN0, WN1, WN3 and WN5 respectively. It is very clear that the doping with Ni ions
ultimately increases the SSA of WO3 as well as make the pore-size distribution on the surface of the sample more
uniform. This larger SSA with abundant pores may assist in increasing the active sites and enhance the adsorption of
gas molecules which are advantageous for sensing process.
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FIG. 6. N2 adsorption and desorption isotherms of (a) WN0 (b) WN1 (c) WN3 (d) WN5 samples
with their corresponding pore-size distribution (inset)

3.5. PL signatures

PL spectra were further employed to investigate the surface processes including photo-generated electron hole
pairs. PL spectra of the synthesized NPs were displayed in Fig. 7. The recombination between the electron occupying
the resonant defect state in conduction band and a hole in the valence band is related to the peak cited at 378 nm (NUV
emission). The peak located at 411 nm may be due to the recombination of free excitons and is generally known as
near band edge (NBE) emission. The rapid electron hole pair separation is associated with the peak found at 445 nm.
The blue emission at 490 nm is attributed to oxygen vacancies accompanied with defect level in the band gap for its
electron transition [26].

FIG. 7. Room temperature PL spectra of pure and Ni doped WO3 NPs
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Interestingly, no evidence for new PL phenomena can be found after the addition of Ni dopant to the host material.
However, a decrease in excitonic PL intensity of WO3 is observed which may be attributed to the electronic capture
of Ni2+. By capturing an electron, Ni2+ gets transformed to Ni+ which is stable to some degree with a half–filled
or full–filled outermost electronic configuration. Since, the capability in capturing the photo induced electrons is
greater for Ni2+ than compared to surface oxygen vacancies and defects, therefore a degeneracy in the production of
excitons is occurred [13]. This results lower the excitonic PL intensity of Ni-doped WO3 samples and is ascribed to
the lower recombination rate of the photo-generated electrons and holes, which is mainly affected by the greater defect
density [13]. PL investigations were in glad agreement with the XPS results.

3.6. Gas sensing studies

Selectivity of the prepared samples was investigated in the presence of 200 ppm of acetone (C3H6O), formalde-
hyde (CH2O), ammonia (NH3), xylene (C8H10), ethanol (C2H5OH), acetaldehyde (C2H4O), toluene (C7H8) and
n-butanol (C4H10O) gases at room temperature as shown in Fig. 8. An interesting phenomenon is noticed in Fig. 8; all
the samples were highly selective towards NH3 vapor and showed a lower sensitivity to other gases. However, a con-
siderable sensitivity is observed for acetaldehyde (S = 98) and formaldehyde (S = 66) gases. It is also evident from
Fig. 8, the sensitivity of the pure WO3 NPs was found to be increased with further addition of Ni dopants and reaches
a maximum value at WN3, indicating that the transition metal Ni remarkably improves the sensing properties of the
WO3 NPs. In addition, the WN3 sample showed ultra-high selective behavior towards ammonia vapor (200 ppm) and
its sensitivity (S = 2641) is nearly 20 times higher than that of WN0 (S = 137) sample. Hence all the subsequent
investigations were carried out with the WN3 sample.

FIG. 8. Selectivity studies of the synthesized pristine and Ni doped WO3 samples towards 200 ppm
of different gases

Transient resistance response of WN3 sample was studied towards 5 – 200 ppm of NH3 vapour at room tempera-
ture and is displayed in Fig. 9(a). It is worth mentioning that, WN3 sample shows outstanding responses to NH3 even
at lower concentrations. The sensing response values of the WN3 sensor are 50.4, 62.8, 416, 717, 1118.3, 1316.8,
1680.3 and 2641.3, respectively when it is exposed to 5, 10, 25, 50, 75, 100, 150 and 200 ppm NH3. The sensor
also exhibits a satisfying response trend towards varying concentrations of acetaldehyde and formaldehyde gases as
depicted in Fig. 9(b). The WN3 sensor was tested in the range 5 – 1100 ppm of NH3 and exhibited a linear response
till 1000 ppm as shown in Fig. 10(a). Beyond 1000 ppm, there is no considerable improvement in sensitivity was ob-
served. Therefore the WN3 sensor was saturated at 1100 ppm, and it could be attributed to the coverage of active sites
by NH3 species. Moreover, the sensor is almost insensitive below 0.5 ppm of NH3, hence this concentration could
be considered as lower detection limit of WN3 sample. It is noteworthy that, the sensor exhibits better sensitivity to
lower concentration of NH3 vapour even after exposure to 1100 ppm of NH3, suggesting that the sensor has very good
reversibility.

Figure 10 (b) shows the response and recovery trend of WN3 NPs towards 200 ppm of NH3. The sensor resistance
undergoes a dramatic decrease and reaches a saturation point (Rg) under NH3 environment, and recovers almost to its
initial baseline value (Ra) after the removal of NH3 vapor. The response and the recovery time of WN3 sensor are
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FIG. 9. (a) Transient resistance response of WN3 sample towards 5 – 200 ppm of NH3 vapour at
room temperature and (b) Transient response trend of WN3 sample towards varying concentrations
of acetaldehyde and formaldehyde gases at room temperature

FIG. 10. (a) Response trend of WN3 sample towards different concentrations (5 – 1100 ppm) of
NH3 vapour at room temperature (b) Response-recovery profile of WN3 sample towards 200 ppm
of NH3 (c) Repeatability and (d) Stability of WN3 sample towards 200 ppm of NH3 vapour at room
temperature

evaluated as 40 and 97 s, respectively, which suggests that the rate of adsorption was faster than rate of desorption.
Repeatability and long–time stability have been also measured at room temperature. The sensor shows a nearly
constant signal over the three evaluation cycles towards 200 ppm of NH3, confirming the good repeatability as shown
in Fig. 10(c). The stability was found to be good towards 200 ppm of NH3 over a period of 50 days in the interval of
10 days as displayed in Fig. 10(d). There was no significant drift found in the stability measurements and the change
in sensitivity for the duration of 50 days was observed only 3.04 %, indicating that the high stability behavior of the
sample.

Based on all the above considerations, the reported sensor has excellent figure of merits such as the capability
of operating at room temperature, prompt sensing response to NH3 with quick response/recovery times, higher active
detection range and long–term stability.
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3.7. Sensing mechanism

In general, the gas sensing behavior of MOSs especially n-type WO3 sensor can be explained in terms of the
interaction between the surface chemisorbed oxygen and the gas molecules to be detected. When WO3 NPs were
exposed to air, the oxygen molecules (O2, below 100 ◦C) were chemisorbed on the sensing surface and form oxygen
ions (O−

2 ) by capturing the conduction band electrons as given in Eq. (3). This leads to the formation of a depletion
region resulting in higher resistance (Ra) of the NPs. Whereas, under a reducing gas environment such as NH3,
the interaction between O−

2 and NH3 molecules results in the liberation of electrons and are transported back to the
conduction band of WO3 as given in Eq. (4). This increases the electrical conductivity of the material and thus reduce
the width of the depletion region. As a result of this reaction, the sensor reaches a steady state resistance (Rg) [7].

O2(atmosphere) + e−(WO3 surface) → O−
2 (WO3 surface), (3)

4NH3 + 3O−
2 (WO3 surface) → 2N2 + 6H2O+ 6e−. (4)

The high selective response behavior to NH3 might be due to the following factors: (i) NH3 has the least kinetic
diameter (0.36 nm) than other vapors, lower bond dissociation enthalpy and ionization energy which might have
supported the improved surface interactions [27]. (ii) Obviously, the electron donating behavior of NH3 at effective
surface regions (the areas in which the sensing layer can develop contacts with target gas) causes further increase in
the density of free electrons to enhance the electrical conducting nature of the sensing material. This in-turn selective
response towards NH3 [28].

Compared to bare WO3, the ultra high sensing response of Ni-doped WO3 samples was probably due to various
factors as follows, (i) The transition metal Ni is not only responsible for providing specific adsorption sites in the WO3

matrix but typically most of the Ni2+ ions could also perform as catalysts. It is accepted that, the p-type behavior of Ni
ions actively improve the rate of oxidation owing to greater oxygen adsorption and thus exhibit high catalytic activity
to toxic gases, hence the sensing reaction is promoted. (ii) The Ni2+ ions were allowed to displace from the co-
ordinate center to the oxygen vacancy along the z-axis. This phenomenon can induce a deformation in the host lattice
(as discussed in Section 3.3). The imperfections and dislocations have greater strain energies, which accommodate
more active sites for adsorption of O2 and NH3. (iii) The smaller crystallite size would also helped in greater oxygen
adsorption onto the NPs surfaces. (iv) The Ni-doped WO3 samples might have improved the inner grain interaction
with analyte vapor resulting in notable switch-like change in the width of the depletion layer. (v) The large specific
surface area facilitates more potential reaction sites on the surface of the sample thereby improving the performance
of the sensor. (vi) Such a mesoporous structure of Ni-doped WO3 samples (as observed from SEM and BET studies)
may be helpful to enhance the target-receptor interface and be in favor for the diffusion of gas molecules during the
gas sensing process, which are advantageous to enhance the sensing properties of Ni-doped WO3 samples. Despite
that, the excess amount of Ni dopants (WN5) will suppress the sensing characteristics of the sensor by reducing the
available adsorption sites between the sensing surface and the analyte vapor [29]. Table 2 summarizes the NH3 sensing
performance of our WN3 sensor in the present work and those reported in the literatures [30–34].

TABLE 2. Comparison of various sensing performances of NH3 gas sensors

Preparation
technique

Dopant
material Response

Concen-
tration
(ppm)

Response
time (s)

Recovery
time (s)

Operating
Tempera-
ture (K)

Ref.

Precipitation Ni (3 mol.%) 2641a 200 40 97 303 This work

Chemical method PANI 4.75b 1000 15 45 303 [30]

Hydrolysis Ag (3 molar %) 25.1a 10 150 600 303 [31]

Screen printing Ru (0.37 wt.%) 386b 1000 18 960 523 [32]

Screen printing Mn (0.01M) 100b 50 10 50 303 [33]

Hydrothermal Pd (1 M) 45.7a 50 3 9 623 [34]

aS =
Ra
Rg

, bS =
(Ra −Rg)

Ra
× 100.
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4. Conclusion

In summary, pure and Ni-doped WO3 NPs were successfully prepared by a facile precipitation technique. The
XRD discloses a polycrystalline monoclinic crystal structure of the NPs. The SEM and FE–SEM images revealed
that the samples composed of well-dispersed smaller grains with a mesoporous morphology. XPS study confirms the
successful incorporation of Ni2+ ions into the WO3 lattice. BET and BJH analyzes demonstrate that the Ni-doped
samples contain large surface area and higher textural porosity. It could be inferred from the room temperature gas
sensing investigations that, the Ni doping has remarkable impacts on enhancing the sensing properties of WO3 NPs.
However, the sensitivity of WO3 NPs was highly improved with lower Ni doping level. Notably, the sensor fabricated
based on WN3 sample (3 mol. % Ni/WO3) exhibited a superior sensitivity (S = 2641 for 200 ppm NH3) with a
detection limit down to 0.5 ppm. Smaller grain size with huge surface area, abundant pores, rich adsorption sites,
improved catalytic activity and excellent charge transport would make the Ni-doped WO3 NPs as excellent sensing
material for gas sensing applications and the WN3 sample can be a highly promising candidate for NH3 detection in
practice, particularly in medical diagnosis systems and food sectors.
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