
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics 
https://doi.org/10.1007/s10854-020-03830-9

Ni‑doped  WO3 flakes‑based sensor for fast and selective detection 
of  H2S

Hong T. T. Nguyen1,2 · Thi Hien Truong3,4 · Tien Dai Nguyen3,5  · Van Thai Dang3 · Tuan V. Vu1,2 · Son Tung Nguyen6 · 
Xuan Phong Cu7 · Thi Tu Oanh Nguyen8

Received: 5 March 2020 / Accepted: 18 June 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
In this work, we report on the synthesis of Ni-doped  WO3 flakes by the hydrothermal method. The physical and chemical 
properties of the synthesized Ni-doped  WO3 flakes were thoroughly investigated by scanning electron microscopy, trans-
mission electron microscopy, energy-dispersive spectroscopy, Raman spectroscopy, photoluminescence spectrum, X-ray 
diffraction, X-ray photoelectron spectroscopy, and  N2 adsorption–desorption measurement, thereby confirming the effect of 
Ni doping on  H2S-sensing properties. The sensitivity to  H2S gas of Ni-doped  WO3 flakes showed short response/recovery 
times of 17 s/110 s, high stability, good selectivity, and low operating temperature of 250 °C. Due to the increasing surface 
defects and oxygen vacancies with the presence of  Ni2+ ions in the structure of  WO3 flakes, the Ni-doped  WO3 sensor exhib-
ited a better sensing of  H2S gas than the pristine  WO3 sensor. This result indicates that the Ni-doped  WO3 flake structure is 
promising for detecting  H2S gas as a selective, inexpensive, and outstanding sensor materials.

1 Introduction

The development of industry, transportation, and urbani-
zation have increased the emission of toxic gases. Among 
them, hydrogen sulfide  (H2S) is known to have harmful 
effects on human health. In nature,  H2S is often produced 
from the decomposition of organic products in the absence 
of oxygen gas. United States Department of Labor indicated 
an 8-h limit for workers at a maximum concentration of 
10 ppm  H2S. In addition to its high toxicity,  H2S is a highly 
explosive and flammable gas. Therefore, developing  H2S gas 
sensor is an essential requirement for the industry as well as 
for life. Many gas sensors with different principles and mate-
rials for the detection of  H2S gas have been developed [1–7]. 
Among them, metal oxide semiconductor (MOX)-based 
chemoresistive sensor exhibits superiority in chemical sta-
bility, durability, and response. From the aspect of gas-sens-
ing materials,  WO3 is known to be an effective  H2S-sensing 
material for developing chemoresistive sensors [8–12]. How-
ever, like other metal oxides, the  WO3-based sensor remains 
inherent limitations that are high operating temperatures and 
poor selectivity. To enhance performances of the  WO3-based 
 H2S gas sensing, various methods were used. Mixing  WO3 
with carbon material [13], hybrid structures [14], decorating 
with noble metals [15], modifying the morphology [16], and 
doping [17] issues are evaluated to be effective methods. 
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However, some processes can be difficult to proceed in real 
production when sensors are manufactured in an industrial 
section. To date, using the hydrothermal method to modify 
the morphology in combination with in situ doping have 
been found to be a practical approach. The advantages of 
the hydrothermal method are simple equipment, high repeat-
ability, and large-scale production ability. Cr-doped  WO3 
microspheres have been synthesized in a one-step process 
using a simple hydrothermal method as an illustrative exam-
ple [18]. Cr-doped  WO3 microspheres-based sensor showed 
a good response toward  H2S at the operating temperatures 
between 80 and 250 °C. This report indicated that using a 
one-step hydrothermal process can be an easy and efficient 
way to obtain outstanding  H2S gas-sensing properties, even 
at low temperatures. Moreover, the result revealed that high 
porous structure is sufficient to shorten the recovery time 
of the sensor, which was also reported by other authors [4, 
19, 20]. Impressively, we investigated the gas-sensing per-
formances of Ni-doped  WO3 flakes, which were also syn-
thesized by the facial hydrothermal method. The Ni-doped 
 WO3 flakes-based sensor showed a stable, fast (17 s/110 s), 
and selective response toward  H2S at a low operating tem-
perature of 250 °C. Besides that, a comparative study has 
also proceeded between the  WO3 fakes based sensor and 
Ni-doped  WO3 flakes-based sensor to find out the effect of 
 Ni2+ ions on the  H2S-sensing properties of the latter. This 
result indicated that the outstanding  H2S-sensing properties 
of Ni-doped  WO3 flakes in comparison with  WO3 flakes, 
due to the increase of defects and oxygen vacancies on the 
surface of Ni-doped  WO3 flakes.

2  Experimental section

2.1  Synthesis of  WO3 and Ni‑doped  WO3 flakes

WO3 flak (S1 sample) was synthesized by the hydrother-
mal method. A fluorine-doped tin oxide glass (FTO/glass, 
Sigma Aldrich, TEC glass, 7 Ω/sq, 2 mm thick) substrate 
was used to grow  WO3 flakes on the surface. A mixing of 
0.35 g of  Na2WO4·2H2O and 0.3 g of ammonium oxalate 
((NH4)2C2O4) (from Sigma-Aldrich) were dissolved into 
both separated beakers with stirring. Then, two solutions 
were mixed, and an amount of 15 ml of hydrochloric acid 
with 3.0 M was dropped gradually into the mixture. FTO/
glass substrate was cleaned and conducted to the autoclave 
with the precursor solution for hydrothermal synthesis at a 
temperature of 120 °C for 1 h. After cleaning,  WO3 flakes 
were collected by scraping  WO3 from the surface of the 
FTO, using a single edge blade.

Ni-doped  WO3 flakes (S2 sample) were also synthesized 
by the hydrothermal process, according to a reported proce-
dure, elsewhere [21]. A mixing of 3.9 g of sodium tungstate 

dihydrate  (Na2WO4·2H2O, ≥ 99%) and 2.85 g of Nickel(II) 
chloride hexahydrate  (NiCl2·6H2O), ≥ 97%) (from Sigma-
Aldrich) were dissolved in 60 ml of DI water under vigor-
ous stirring condition. Then the solution was poured into a 
Teflon-lined autoclave and heated at a temperature of 160 °C 
for 24 h. The resulting precipitate was cleaned and dried at 
a temperature of 70 °C overnight. To achieve the Ni-doped 
 WO3 flakes, the precipitate was immersed into 4.0 M  HNO3 
for 24 h and stirred. After cleaning with DI water and abso-
lute ethanol, the precipitate was dried and collected for the 
consequence procedures.

2.2  Material characterizations

The morphological and structural characterizations of  WO3 
and Ni-doped  WO3 flakes (S1–S2 samples) were investigated 
by scanning electron microscope (SEM, Hitachi, S-4800) 
and X-ray diffraction (XRD, Bruker-D5005, Cu_Kα radia-
tion (λ = 0.1541 nm). The compositions of samples were 
proved by energy-dispersive spectroscopy (EDS), which is 
integrated with SEM equipment. X-ray photoelectron spec-
troscopy (XPS, VG multi-lab 2000) was used for evaluating 
the contaminant level and the chemical states of elements of 
samples. X-ray source was used in XPS is a monochromatic 
Al Kα radiation (1486.7 eV). The XPS results were cali-
brated with the binding energy peak of adventitious carbon 
(284.8 eV). The deconvolution of O 1s peak was analyzed 
using the Thermo Avantage software, while baseline correc-
tions were fitted using Shirley-type background correction. 
The optical properties of samples were investigated by the 
photoluminescence (PL) spectroscopy using an excitation 
wavelength of 300 nm with PL spectrophotometer (F-7000, 
Hitachi, Japan), and micro-Raman spectroscopy (ANDOR, 
SR-3030i) with an excitation wavelength of 532 nm and a 
power of 100 mW at room temperature. The surface areas of 
the samples were estimated by the Brunauer–Emmett–Teller 
(BET) method in which  N2 adsorption–desorption measure-
ment was conducted using a 3Flex analyzer (ASAP 2420). 
Before measuring, the samples were outgassed at a tempera-
ture of 200 °C for 2 h.

2.3  Fabrication of sensors and gas‑sensing 
measurement

For fabricating sensor, a suitable amount of S1 or S2 powder 
was mixed with absolute ethanol to form a paste.  Al2O3 sub-
strates with integrated Au electrodes were used to fabricate 
the sensors, using the bar-coating method. Then, the sensors 
were annealed in a furnace at a temperature of 500 °C for 
2 h. The obtained sensors were labeled by S1 and S2-500 
sensors, respectively. In order to optimize the annealing tem-
perature, Ni-doped  WO3 sensor was furtherly annealed at 
400 °C (S2-400 sensor) and 600 °C (S2-600 sensor). The S1 
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and S2 powders were also annealed in the same condition 
for the related characterizations.

H2S-sensing performances were investigated by recording 
real-time resistance of the sensors under the dry air and gas 
mixture of dry air and  H2S gas. The response of the sensor 
(S) is defined by S = Ra/Rg, where Ra and Rg are the resist-
ance values of the sensor in the dry air and gas mixture, 

respectively. The temperature of the sensor was controlled 
by using an external heater, whereas the dry air and  H2S 
flow rates were controlled by mass flow controllers (MFC). 
The total flow rate in all the gas-sensing measurements was 
maintained at 300 sccm.

Fig. 1  a Low and high magnifi-
cation SEM images of a, b  WO3 
and c, d Ni-doped  WO3. The 
inserts show the cross-sectional 
views of respective sensors. 
Energy-dispersive spectra 
(EDS) of e  WO3 and f Ni-doped 
 WO3
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3  Results and discussion

3.1  Morphological, structural, and optical 
properties

Figure 1 shows the morphologies of S1 and S2 samples 
with the flake structure. The SEM images of the top view 
of both  WO3 flakes samples show the thicknesses with alike 
and roughly 45 nm, which are approximately two times the 
Debye length of  WO3 [22]. The samples are expected to 
get an outstanding gas-sensing response due to its optimum 
crystal size [22, 23] and high porosity. It is noted that the 
surface of the S2 sample is smoother than the S1 sample, 
whereas that of  WO3 was decorated with  WO3 nanoparti-
cles. The inserts are the corresponding cross-sectional SEM 
images of samples which revealed the thicknesses of both 
samples are approximately 1 µm. Figure 1e, f presents the 
EDS results of S1 and S2 samples. The EDS spectrum con-
firms that the presence of the only W and O elements with-
out other impurities in both samples. Besides that, the EDS 
observed a peak at approximate 0.85 keV of the S2 sample, 
which is ascribed to the emitting energy level of Lα of Ni 
atom, proved the appearance of Ni.

Figure 2 shows XRD patterns of S1 and S2 samples with 
similar diffraction peaks. The peaks at 2θ = 23.12°, 23.57°, 
24.35°, 26.71°, 28.92°, 34.2°, 36.24°, 42.89°, 47.30°, 
49.99°, 54.80°, and 55.89° are ascribed to the atomic planes 
of (0 0 2), (0 2 0), (2 0 0), (1 2 0), (1 1 2), (2 0 2), (2 1 2), (0 
3 2), (0 0 4), (1 4 0), (2 4 0), and (1 4 2) of the monoclinic 
 WO3 structure (JCPDS 43-1035) [24]. The XRD patterns of 

S1–S2 samples also indicate no peaks of the new phase that 
can be detected within the resolution ability of the diffrac-
tion equipment. As a result, we can conclude that the Ni ions 
have doped into the crystal lattice of  WO3 without format-
ting a new phase on it. Besides that, the ionic radius of  W6+ 
(0.06 nm) and  Ni2+ (0.069 nm) are a favorable condition for 
the doping process can be taken place [25]. The substitution 
of  W6+ ion by  Ni2+ ion led to a delight disturbance in the 
crystalline structure of  WO3, which resulted in an intensity 
decrease of the peaks in the large diffraction angle region 
(from 50 to 60°) in the XRD pattern of S2 sample.

Figure 3a shows XPS spectra of S1 and S2 samples, 
which confirmed the contaminant level in these samples. A 
small peak of Ni element was detected in the survey spec-
trum of the S2 sample. The high-resolution XPS spectrum 
of Ni revealed more clearly that Ni element exists at  Ni2+ 
state with characteristic peaks of Ni 2p3/2 and Ni 2p1/2 at 
856.45 eV and 873.97 eV, respectively, as shown in Fig. 3b 
[26]. The peaks of W 4f7/2 (at 35.72 eV) and W 4f5/2 (at 
37.9 eV) can be ascribed to the existence of  W6+ chemical 
state in  WO3 [26], as shown in Fig. 3c. Due to the presence 
of  Ni2+ in the  WO3 crystalline structure, the peaks of the 
S2 sample were shifted peaks toward lower binding energy 
[18, 25]. The effect of electronegativity due to the presence 
of  Ni2+ is considered as a reason for the binding energy 
shift of W 4f [27]. Therefore, this result is good evidence, 
which proved the doping of Ni into the crystal lattice of 
 WO3. The doping of  Ni2+ in  WO3 also led to the density 
change of oxygen vacancies, as well as the distribution 
of oxygen ions on the surface of  WO3 [25], which has a 
strong effect on gas-sensing properties. In Fig. 3d, the O 1s 
peak was deconvoluted into oxygen in stoichiometric  WO3 
(peak N° of 1 at 530.9 eV), oxygen in non-stoichiometric 
 WO3−x (peak N° of 2 at 531.8 eV) and oxygen in the surface 
hydroxyl group (peak N° of 3 at 532.8 eV) [28–31]. The O 
1s peak at 531.8 eV can be used as an indirect estimation to 
evaluate the oxygen vacancy level on the surface of the S2 
sample [29]. The S2 sample showed a significant increase in 
peak N° of 2, which indicated that the S2 sample contains a 
larger amount of oxygen vacancies in comparison with that 
of  WO3. The amount of Ni in the S2 sample was 2.52 at.% 
calculated from the area ratio of characteristic peaks of the 
elements, using Thermo Avantage software. The calculating 
process was calibrated with relative sensitivity factor (RSF) 
of each element.

Figure 4a shows the photoluminescence (PL) spectrum 
of S1–S2 samples at room temperature. There was a peak 
at 450 nm (2.75 eV) of both samples, which be attributed 
to the recombination of free excitons and ascribed to near 
band edge (NBE) emission [32]. There was no shift of the 
NBE peaks that would be observed between two samples, 
thereby no significant difference in the bandgap. Accord-
ing to our acknowledgment, the bandgap of semiconductor 

Fig. 2  X-ray diffraction spectra of  WO3 and Ni-doped  WO3
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materials strongly depends on the size when the dimension 
of materials down to nano-size [33]. This result confirmed 
that the similar dimension of S1–S2 samples again (Fig. 1). 
The lower PL intensity of Ni-doped  WO3 (S2 sample) is 
attributed to the lower recombination rate of the photo-gen-
erated electrons and holes, which is strongly affected by the 
higher defect density [34]. This result is consistent with the 
results received from XPS. The surface defects and oxygen 
vacancies are essential factors that significantly impact on 
the surface reaction between  H2S and pre-adsorbed oxygen 

ions, as well as the direct absorption of  H2S on the  WO3 sur-
face. As a result, the change of these factors will create a sig-
nificant change in the response of the sensor [35]. The effect 
of surface defects and oxygen vacancies of Ni-doped  WO3 
on the Raman spectrum was also investigated, as shown in 
Fig. 4b. The Raman spectrum of  WO3 includes four modes 
at 256.2, 319.8, 708.7, and 802.5 cm−1 corresponding to 
the Raman active of the monoclinic  WO3 structure. Two 
higher Raman peak positions at 708.7 and 802.5 cm−1 are 
attributed to the W–O–W stretching frequencies, while two 

Fig. 3  a X-ray photoelectron spectroscopy (XPS) spectra of  WO3 and Ni-doped  WO3. b, c High-resolution spectra of Ni 2p and W 4f. d O 1s—
level XPS deconvolution spectra of  WO3 and Ni-doped  WO3
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weaker peaks at 256.2, 319.8 cm−1 are assigned to bending 
vibration modes in  WO3 [36, 37]. There is a significant shift 
in Raman spectrum of S2 sample comparing to that of  WO3 
due to the surface defects, oxygen vacancies, and the re-
arrangement of oxygen ions on the surface of S2 samples to 
obtain charge neutrality [38–41]. Due to the increase of the 
surface defects and oxygen vacancies, which have a strong 
effect on the number of active sites for  H2S adsorption, the 
number of pre-absorbed oxygen ions, as well as its distribu-
tion on the surface of  WO3. These changes play an important 
role in the enhancement of the number of  H2S molecules 
that can be absorbed, thereby improving the detection of 
 H2S gas of S2 sample as shown later. Furthermore, it should 
be noted that the dimension of flakes in S1 and S2 samples 
are similar, whereas the S2 sample are further decorated by 
 WO3 nanoparticles with diameters of 10–20 nm, as shown 
in Fig. 1a–d. Therefore, the improved Raman intensity of 
S2 sample should be considered under the surface reactions 
instead of the difference in the surface area between S1 and 
S2 samples.

3.2  Gas‑sensing characteristics and sensing 
mechanism

The gas-sensing properties of Ni-doped  WO3 sensor (S2 
sample) are firstly investigated with various operating tem-
peratures from 150 to 350 °C. In Fig. 5a, b,  H2S-sensing 
results indicated that the response and recovery speed of 
the S2-500 sample are faster than those of the S1 sample 

at an operating temperature below 250 °C. However, there 
is almost no difference between them when the operating 
temperature rises. Generally, the fast response/recovery of 
S1 and S2-500 sensors was contributed to the high porosity 
of the flake structure that caused the quick diffusion of  H2S 
and  O2. It is noted that the S2-500 sensor shows outstanding 
responses in comparison with the S1 sensor at all operat-
ing temperatures, as shown in Fig. 5c. This result can be 
understood due to surface defects and oxygen vacancies, as 
discussed in the previous section. The presence of  Ni2+ in 
the crystal structure of  WO3 caused the change of defect and 
oxygen vacancy density and distribution, thereby leading to 
the change of activated energy to adsorption and desorption 
processes of  H2S molecules on the surface of S2 sample.

Therefore, when the operating temperature is low, ther-
mal energy is more useful for the S2 sample, which was 
proved by the faster response-recovery process and the 
higher response of the S2 sample at the temperature below 
250 °C. At the higher operating temperatures, thermal 
energy exceeds the necessary limit required for effective 
adsorption–desorption process for both sensors. There-
fore, response–recovery speeds of sensors were observed 
to be no different in the high-temperature region. Figure 5d 
compares the responses between  WO3 and Ni-doped  WO3 
sensors operated at 250 °C toward 10 ppm  H2S, which indi-
cate the outstanding sensing-behavior of the latter. Figure 6 
shows the results of  N2 adsorption–desorption measure-
ment, which evaluated the effect of surface area on gas-
sensing properties. The insignificant difference between the 

Fig. 4  a Photoluminescence spectrum and b Raman spectra of  WO3 and Ni-doped  WO3 at room temperature
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Fig. 5  a Transient resistance vs time curves of a  WO3 and b Ni-
doped  WO3 sensors toward 10  ppm  H2S measured at the different 
operating temperatures from 150 to 350  °C, c the comparison of 
responses between  WO3 and Ni-doped  WO3 sensors at different oper-

ating temperatures, d the response and recovery times of Ni-doped 
 WO3 sensor estimated from the dynamic response curves at the oper-
ating temperature of 250 °C
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BET surface areas revealed that the surface area was not a 
key factor leading to different responses between two sen-
sors. These results further confirm the effect of Ni doping 
on the outstanding sensing performance of the Ni-doped 
 WO3 sensor.

In this study, we also optimized the annealing tempera-
ture for detecting  H2S gas, and the results are shown in 
Fig. 7. The result indicated that the S2-500 sample shows 
a higher response than others. When annealing tempera-
ture is raised, the crystallinity of the  WO3 flake becomes 
better, which will enhance the charge mobility. Disloca-
tion and point defects in  WO3 were decreased through the 
diffusion process at high temperature [42–45], thereby 
reducing the lattice strain. As a consequence, electron 
mobility is enhanced, which reported by several authors 
[46, 47]. Because of that, the electron-support rate to the 
surface of  WO3 for  NO2 adsorption (response process) and 
 O2 adsorption (recovery process) become faster. There-
fore, the response of the sensor will increase, whereas 
response-recovery time will decrease. However, when the 
annealing temperature is too high, the surface defects and 
area are reduced significantly. As a result, the response 
of the S2-600 sensor will decrease with the decrease in 
the number of active sites for  H2S absorption. In Fig. 7d, 
the  H2S-sensing results revealed that S2-500 reached the 
highest responses at all examined concentrations of  H2S 
in comparison with others [9, 12, 13, 48–52]. Notably, the 
response of the S2-500 sensor toward 10 ppm  H2S was 17 

times, while those are 13 and 11 for S2-400 and S2-600, 
respectively. Therefore, the S2-500 sensor was chosen for 
further investigations. In order to highlight the result of 
this study, the  H2S-sensing properties of  WO3-based gas 
sensors from the literature are summarized in Table 1. 
Obviously, Ni-doped  WO3 flakes-based sensor showed a 
significant response with a fast response-recovery time at 
a lower operating temperature. The fact that the stability 
and selectivity of the sensor are important factors. There-
fore, we also investigated those characterizations of the 
S2-500 sensor, as shown in Fig. 8. The sensor showed 
good short-time stability and selectivity. It should be noted 
that the response of comparative gases is neglectful. How-
ever, the concentrations of  H2,  CH4, and CO gases are 25 
times larger than that of  H2S gas. A small response was 
detected to 10 ppm of  NH3 gas. However, the response 
is minimal in comparison with the response of  H2S gas. 
The sensing performance of S2-500 after 6 months was 
measured to evaluate the long-term stability of the sensor. 
Figure 9a displays the response curves of the S2-500 sen-
sor and S2-500 after 6 months, whereas the correspond-
ing responses are shown in Fig. 9b. Clearly, the response/
recovery times are alike, but the response of the sensor 
was slightly decreased after 6 months. Besides, a slight 
shift of base resistance was observed, which could be 
due to the contact. The reason for the reduction in the 
response is unknown and needs further investigations. It 
is worth that the response of the S2-500 sensor still shows 

Fig. 6  N2 adsorption–desorption curves of a  WO3 and b Ni–WO3
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excellent linearity. Therefore, it will be an advantage for 
the calibration of a real device. Furthermore, the sensor 
also exhibited excellent short-term repeatability after 
6 months (Fig. 9c). The reproducibility was also inves-
tigated with three sensors, as shown in Fig. 10a. Those 

sensors indicated that the transient response curves are 
similar to an insignificant distribution of the base resist-
ance, as shown in Fig. 10b. The responses between the 
three sensors also exhibited a small distribution. A small 
difference in response and baseline between these sensors 

Fig. 7  a–c  H2S-sensing transient of the Ni-doped  WO3 flake sen-
sor annealed at different annealing temperatures from 400 to 600 °C 
measured at an operating temperature of 250 °C, d Summaries of the 

response of the sensors toward various  H2S concentrations. e Typi-
cal response-recovery time of the sensors measured at 250  °C and 
10 ppm  H2S
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is derived from limitations in precisely controlling a 
thickness of the sensors. However, this limitation can be 
resolved with the industrial processes, which are always 
controlled strictly.

4  Conclusion

In conclusion, Ni-doped  WO3 flakes have synthesized by 
the hydrothermal method for detecting  H2S gas with sta-
ble, fast, and selective. The Ni-doped  WO3 sensor showed 
an outstanding gas-sensing property in comparison with 

the pristine  WO3 sensor, which is supported by the 
increase of surface defects and oxygen vacancies due to 
the presence of  Ni2+ ions in the  WO3 structure. High sta-
bility, simple, repeatable fabrication method, and short 
response/recovery times (17 s/110 s) of the Ni-doped 
 WO3 sensor are remarkable properties at a low operating 
temperature of 250 °C. However, the effect of environ-
mental humidity on the performance of the sensor needs 
to be further investigated for the development of a real 
 H2S sensor.

Table 1  H2S-sensing properties 
of  WO3-based gas sensors

Materials [H2S]/ppm T (°C) Response tres/trec References

WO3 nanowires 100 300 1.84 −/− [48]
CuO–WO3 nanowires 100 300 6.72 −/− [48]
3D rGO/h-WO3 1 330 10.8 −/− [13]
Cu2O–WO3 nanoneedles 5 390 27.5 2 s/684 s [49]
CuO–WO3 thin film 10 300 534 5 s/24 min [50]
CuO/WO3 composite 5 100 223 70 s/450 s [12]
WO3 nanowires 10 400 104 −/− [51]
WO3 nanorods 10 350 20 2.6 min/18.5 min [9]
Ru/WO3 nanorods 10 350 192 0.8 s/11 min [9]
WO3 nanoparticles 1 250 3.5 −/− [52]
Ni-doped  WO3 flakes 10 250 17 17 s/110 s This study

Fig. 8  a Short-time stability and b the selectivity of S2-500 sensor underexposing  H2S gas
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