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A B S T R A C T

Humidity dependence of gas sensors is one of the main obstacles for practical application. Through Ru doping
into NiO flower-like microspheres, which are synthesized by a one-step hydrothermal route, the gas sensors
exhibit high stability to humidity changes. The sensors based on 0.5 at% Ru-doped NiO have almost the same
responses to 100 ppm acetone at 200 °C when the relative humidity ranges from 15 % to 90 %. At the same time,
they possess the highest response (∼12 to 100 ppm acetone), which is about 9 times higher than that based on
pure NiO. In addition, the sensors based on 0.5 at% Ru doped NiO sample show good selectivity and good long-
term stability. Gas sensing mechanism for the enhanced gas sensing performance is also discussed. The results
demonstrate that doping Ru into NiO flower-like microspheres is a promising way for designing high perfor-
mance acetone gas sensors.

1. Introduction

Nowadays, gas sensors based on metal oxide semiconductor (MOS)
have been applied in a broad range of application, including toxic and
explosive gas detection, medical diagnosis, food and military security
owing to their outstanding merits of moderate price, reliability, low
power consumption and simplicity of operation [1–3]. Although the gas
sensors based on MOS have many outstanding advantages, the influ-
ence of humidity on the response of the gas sensors based on MOS is
still a great challenge for further expansion of the application field.

N-type MOS gas sensors have gained much attention because they
have high response, short response time and reliable detection to some
typical volatile organic gases, such as acetone, ethanol, toluene, and
formaldehyde etc. The representative n-type MOS are SnO2, In2O3,
ZnO, WO3 and Fe2O3 [4–8]. However, the significant humidity inter-
ference limits them for broad gas detection. Pointing to this issue, Zhu
et al. have fabricated Pt modified In2O3 nanofiber gas sensor and the
response to acetone decreases about 30 % when the relative humidity
(RH) changes from 25 % to 85 % [5]. Yuan et al. have synthesized Au-
Sn doped ZnO through hydrothermal method and reduces the impact of
humidity by catalytic effect of noble metal [9]. Material with little
dependence on humidity of p-type La0.7Sr0.3FeO3 is used by Li et al. to

improve the humidity dependence of In2O3-SnO2 gas sensors [10]. The
sensors still show obvious response deterioration with increase of RH
even though the humidity influence has been reduced. Lee and Barson
et al. have fabricated excellent gas sensors with stability to humidity
changes through doping p-type NiO into SnO2 spheres, and the response
and resistance of the gas sensor almost unchanged in dry and 25 % RH
air respectively [11]. They demonstrate that NiO can act as a strong
humidity absorber and protect SnO2 from the influence of humidity.
However, the work lacks the data about the sensing properties at dif-
ferent RH. The statement above implies that noble metal doping or p-
type MOS protection can reduce the influence of humidity on n-type
MOS sensor to some extent. However, gas sensors with high stability to
humidity changes using gas sensing materials rather than n-type MOS is
still desirable.

Fortunately, p-type MOS gas sensors, which possess the distinctive
oxygen adsorption properties, can be used to design enhanced perfor-
mance gas sensors that exhibit high stability to humidity changes and
fast recovery properties [12]. Lee has pointed out that the gas response
of p-type MOS is equal to the square root of n-type MOS when the
morphology and size of both sensing materials are identical [13], which
leads to the less publications about p-type MOS gas sensors [12]. Thus,
improving the gas response of the gas sensors based on p-type MOS is
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necessary. Nickel oxide (NiO), as a typical p-type MOS, has drawn ex-
tensive attention due to their wide band gap (Eg=3.6–4.0 eV), large
specific areas, eminent structural stability, excellent transportation
properties and high oxygen adsorption capacity [14–17]. However,
pristine NiO without effective modification shows a low response to
tested gases when used in gas sensors as a sensing material [18,19].
Therefore, it is necessary to improve the sensitivity of the gas sensors
based on NiO materials. Sol-gel method has been used to synthesize NiO
particles doped with foreign metal [20,21]. However, the increase of
response is less than 3 times using this synthesis procedure, which
might be due to the agglomeration of nanoparticles and low utility
factor of the sensing body. Spray pyrolysis method has the same pro-
blem as Sol-gel method [22]. Through adding dextrin in the precursor
solution and forming the multiroom structure, the response of the gas
sensors based on Sn-doped NiO towards p-xylene can be increased
about 9 times, which verifies that morphology has great influence for
the gas sensing properties [23]. Hydrothermal method can not only
control the particles size, but also adjust the morphology of the syn-
thesized material via changing the types of surfactants, pH value, syn-
thetic temperature, solution environment, salt concentration and so on
[24–27]. Through doping foreign metal, the response of the gas sensor
can be enhanced far more than 3 times. As for the researches about
humidity influence on gas sensing properties, Zhu et al. have synthe-
sized Al doped NiO porous nanowires and investigated the humidity
effect on gas response [24]. They find that the sensors have the highest
response at 45 % RH due to less exposure of hydroxyl group. The
sensors based on Zn-doped NiO are fabricated by Fomekong et al., and
the baseline resistance will increase greatly with the increase of RH
[28]. Might be inspired by Kim’s work [11], Gao et al. have synthesized
Sn doped NiO microspheres and the gas sensors based on the 1.5 at%
Sn2+-NiO sample exhibit excellent humidity-independent performance
[29]. They ascribe the humidity-independent phenomenon to the de-
fect-rich surface of the sensing material. Therefore, it is still meaningful
and desirable to develop gas sensors with excellent gas sensing per-
formance and high stability to humidity changes based on NiO material.

On the basis of above, humidity interference is one of the key issues
for the practical application of gas sensors based on MOS. The main
purpose of this work is to fabricate NiO based gas sensors with im-
proved gas response and high stability to humidity changes. In this
work, hydrothermal method is used to fabricate flower-like NiO mi-
crospheres. Moreover, Ru is chosen as dopant in NiO to enhance the gas
sensing performance of NiO-based gas sensors. The comparative sensing
property testes show that the sensor based on 0.5 at% Ru-doped NiO
has the highest gas response, good selectivity and high stability to
humidity changes to the target gas of acetone, demonstrating that
suitable amount of Ru doping into NiO material has potential applica-
tion for a superior acetone gas sensor.

2. Experimental section

2.1. Synthesis of pure and Ru-doped NiO flower-like microspheres

All the relevant chemicals were of analytical grade and used directly
without purification. Pure NiO flower-like microspheres were synthe-
sized utilizing a hydrothermal method. Typically, 1.163 g Nickel nitrate
hexahydrate (Ni(NO3)2.6H2O) and 0.782 g Cetyltrimethyl Ammonium
Bromide (CTAB) were dissolved in a mixed solution which contained
23ml deionized (DI) water and 23ml 1,2-propanediol. Next, 0.2 g urea
and 0.2 g polyethylene glycol (PEG-2000) were added in the above
solution with continuous stirring. After 30min at room temperature,
the mixed solution was then transferred into a 100ml autoclave and
reacted at a fixed temperature of 180 °C for 24 h. After that, the pro-
ducts were collected and rinsed several times using deionized (DI)
water and ethanol alternately for three times. Finally, the precipitates
were dried at 80 °C for 24 h and annealed at 600 °C for 4 h in a muffle
with a heating rate of 2 °C/min. The synthesis of Ru-doped NiO flower-

like microspheres was similar to the above process. A little bit differ-
ence was that vary amounts of (0.004mmol, 0.02mmol, 0.04mmol,
0.06mmol) Ruthenium trichloride (RuCl3.xH2O) were added in the
reaction mixture after adding Ni(NO3)2.6H2O and CTAB. The ratio of
Ru/Ni was set at 0, 0.1 at%, 0.5 at%, 1 at% and 1.5 at%, respectively.

2.2. Characterization

The phase and crystalline information of pure and Ru-doped sam-
ples was collected with the help of the X-ray powder diffraction (XRD)
analysis using a Rigaku D/Max X-ray diffractometer with Cu Ka ra-
diation, which was operated at 40 kV and 200mA in the 2θ range from
20° to 80°. The scanning step size and speed were 0.02° and 10° min−1,
respectively. To better resolve the peak shifts, a reduced scanning step
size (0.0184°) and speed (1° min−1) were applied. The microstructures
and size of the as-prepared materials were characterized by field
emission scanning electron microscopy (FESEM) using a JSM-700 F
(JEOL) microscope, transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) using a JEM-
2200FS (JEOL). The energy-dispersive X-ray spectroscopy (EDS) images
were obtained on the TEM attachment. The X-ray photoelectron spec-
troscopy (XPS) investigations were carried out with the source of Mg Kα
X-ray (1253.6 eV Specs XR50).

2.3. Fabrication and measurement of gas sensor

The schematic diagram of the fabricated gas sensor is shown in
Fig. 1a and the fabrication process of a gas sensor can be roughly di-
vided into four steps: Firstly, the as-synthesized powder was mixed with
ethanol to get a uniform slurry. After that, the slurry was coated on an
alumina tube (external diameter: 1.2 mm, internal diameter: 0.8 mm,
length: 4 mm) using little clean brushes. Then, the coated ceramic tube
was sintered at a constant temperature of 300 °C for 3 h in a muffle
furnace. Thirdly, a Ni-Cr alloy was installed through the tube providing
different heating temperatures via the variation of flowing current.
Finally, the resulting device was welded on a hexagon socket. Gas
sensing properties were investigated through a static test system
(Fig. 1b) after aging the well-fabricated sensing device for five days
with an aging current of 90mA at the laboratory conditions (20 °C, 50
% RH). The humidity influence was tested using the programmable
temp. & humi. test chamber. Gas response (S) is defined as the ratio of
the stable resistance of the sensor in target gases (Rg) and the stable
resistance in air (Ra). Respectively, the response and recovery time is
defined as the time required to achieve 90 % of the variation in re-
sistance after the sensor is in target gases and air.

3. Results and discussion

3.1. Structural and morphological characteristics

XRD patterns of pure and Ru-doped NiO powders are presented in
Fig. 2a. It is clearly that all the diffraction peaks of all the samples are
matched well with the face-centered cubic NiO (JCPDS NO.44-1159).
And no other diffraction peaks related to Ru compound or any im-
purities appear in the patterns of 0.1–1.5 at% Ru-doped NiO samples.
Fig. 2b displays the patterns of the high-resolution (200) and (220)
peaks of pure and Ru-doped NiO samples. Obviously, there is a small
shift towards a higher angle in the Ru-doped NiO samples, and the shift
becomes larger with the increase of Ru doping amount, which indicates
the successful incorporation of Ru into the NiO lattice. This behavior
can be attributed to the radii of 6-coordinate Ru3+ ions (0.068 nm) [30]
are smaller than that of Ni2+ (0.069 nm) [23]. Additionally, the de-
tailed crystallite sizes of pure, 0.1 at%, 0.5 at%, 1 at% and 1.5 at% Ru-
doped NiO samples are about 31.9 nm, 28.6 nm, 26.7 nm, 25.6 nm and
23.7 nm, calculated by Scherrer formula (D=0.89λ/βcosθ), where λ is
the X-ray wavelength and β is the peak width at half height. It is clear
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that the crystallite size decreases with the increase of Ru doping
amount. In addition, the changes of crystallite size can reflect changes
in grain(particle) size in some way. And according to the previous re-
ports, reducing particle size improves sensitivity [31]. The morpholo-
gies of pure and Ru-doped NiO samples examined by SEM are shown in
Fig. 3a–e, respectively. It can be found that pure NiO sample exhibits
the flower-like microspheres morphology composed of interweaved
nanosheets with good uniformity and dispersion (Fig. 3a). When only a
small amount of Ru (0.1 at%) is doped into the sample, no obvious
morphology change can be detected (Fig. 3b). When the doping amount
of Ru reaches to 0.5 at%, the petals of the flower-like microspheres

become thinner and denser (Fig. 3c). With the Ru doping amount
reaching to 1 at%, the flower-like microspheres tend to coagulate
(Fig. 3d). The flower-like morphology will be broken into nanoparticles
with further increase of the Ru doping amount to 1.5 at%. SEM images
containing a single microsphere of pure and Ru-doped NiO powders are
displayed in Fig. 3f–i. The insets of Fig. 3f–i show part of the nanosheets
corresponding to each microsphere. It is obvious that the petals of
flower-like microspheres with some small holes on them are consisted
of many nanoparticles. TEM and HRTEM are employed to further ob-
serve the structure information of the pure and 0.5 at% Ru-doped NiO
samples (Fig. 4a–f). As shown in Fig. 4a and d, the size and morphology

Fig. 1. Schematic diagram of the (a) gas sensor (b) static test system.

Fig. 2. (a) XRD patterns and (b) high resolution of (200) and (220) peaks of pure, 0.1 at%, 0.5 at%, 1.0 at%, 1.5 at% Ru-doped NiO flower-like microspheres.
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of the pure and 0.5 at% Ru-doped NiO match well with the results of the
SEM images. High magnification images of pure and 0.5 at% Ru-doped
NiO are displayed in Fig. 4b and e. The rectangle marked areas de-
monstrate the nanosheets of flower-like microspheres are 2D networks
consists of many nanoparticles. HRTEM images of the pure and 0.5 at%
Ru-doped NiO samples are displayed in Fig. 4c and f, from which clear
lattice fringes with 0.147 nm and 0.127 nm can be clearly observed,
corresponding to (110) and (113) lattice planes of cubic NiO. Fig. 4g–j
provide the element mappings of the single microsphere. Obviously, all
the elements (Ni, O and Ru) are detected and distributed uniformly
along the shape of the flower-like microsphere. Besides, the element
mappings with higher magnification also have been tested (shown in
Fig. 4k-n), due to the limitation of the spatial resolution and the ele-
ment content resolution, when element mappings are magnified to the
extent of Fig. 4k–n, the signal of the edge along the shape of flower-like
microsphere becomes weaker. But it can also be founded that the signal
of Ru is much weaker than that of Ni, indicting the small proportion of
Ru doping into NiO sample.

XPS measurement was adopted to analyze the surface or near-sur-
face chemical compositions of all the samples. Fig. 5a is the survey scan
of pure and 0.5 at% Ru-doped NiO samples. The Ru 3d XPS spectrum of
0.5 at% Ru-doped NiO is displayed in Fig. 5b. In detail, the peak located
at 282.1 eV can be assigned to Ru3+ 3d5/2, indicating the Ru doping in
NiO crystals [23,32,33]. The high resolution survey scans of Ni 2p are
shown in Fig. 5c–d, in which the peaks present at 855.4 eV can be as-
signed to Ni 2p2/3 [34]. As shown in Fig. 5g–i, the peaks of O 1s are
asymmetric and can be fitted into lattice oxygen (OL), deficient oxygen
(OD)and chemisorbed oxygen (OC) with binding energy about
529.3 ± 0.6 eV, 530.1 ± 0.4 eV and 532.4 ± 0.3 eV, respectively
[35,36], which is discussed in detail in gas mechanism section. Since
halogen contents are also important in the general performance of
catalytic material, the bromine content was also checked by the XPS

measurement. The obtained XPS data shows that the content of bromine
in 0.5 at% Ru-doped NiO sample is about 0.7 at%. But we mainly study
the impact of Ru doping on the gas sensing performance in this paper,
the impact of bromine content will be studied in the next work.

The N2 adsorption/desorption and pore size distribution isotherms
of pure NiO and 0.1–1.5 at% Ru doped NiO are displayed in Fig. 6a–e.
The textural parameters of all the samples from BET analysis are
summarized in Table 1. Clearly, with the increase of the Ru doping
amount, the specific surface areas become higher. The higher specific
surface areas can provide more active sites so as to enhance the gas
sensing performance. Moreover, 0.5 at% Ru-doped NiO sample shows
largest pore volume and average pore size, which are almost three and
two times than that of pure NiO sample, respectively. Thus, the utility
factor of the sensing body will increase, leading to the enhancement of
gas response.

3.2. Gas sensing characteristics

All the sensing performance tests (except for the humid interference
test) were collected under a laboratory conditions (50 % RH, 20 °C),
which was controlled and maintained by a big air conditioner. The
working temperature is an important factor for gas sensing perfor-
mance, and can affect carrier concentration of the sensing body, gas
adsorption and desorption processes of the gas molecules [36]. Hence,
the relationship between gas sensitivity to 100 ppm acetone and
working temperature of the sensors based on pure and 0.1 at%-1.5 at%
Ru-doped NiO samples under the laboratory conditions is shown in
Fig. 7a. Clearly, the response-working temperature curves present vol-
canic shapes. Meanwhile, the optimal operating temperatures for the
0.1–1.5 at% Ru-doped NiO samples are 200 °C, and for the pure NiO
sample is 225 °C, demonstrating the decrease of optimal operating
temperature because of Ru doping. Furthermore, the gas response of the

Fig. 3. (a–e) SEM images of pure, 0.1 at%, 0.5 at%, 1.0 at%, 1.5 at% Ru-doped NiO flower-like microspheres. (f-i) SEM images of single flower-like microsphere of
pure, 0.1 at%, 0.5 at%, 1.0 at% Ru-doped NiO.
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gas sensors based on the pure, 0.1 at%, 0.5 at%, 1 at% and 1.5 at% Ru-
doped NiO samples to 100 ppm acetone at their optimal operating
temperature is 1.3, 3.0, 12.6, 7.4 and 6.8, respectively. Obviously, the
sensor based on 0.5 at% Ru-doped NiO sample possesses the highest gas
response to 100 ppm acetone (12.6), which is about 9.6 times higher
than that based on pure NiO sample. It demonstrates that Ru doping is
an effective way to improve the gas response of the sensors based on
NiO material towards acetone.

Given that selectivity plays an important role for gas sensors in the
practical use [37], the response of the gas sensors based on pure and all
Ru-doped NiO samples to 100 ppm different target gases (acetone,
ethanol, methanol, formaldehyde and benzene) were investigated and
the results are shown in Fig. 7b. It is clear the Ru doping can obviously
increase the gas responses to all of the tested gases. Besides, all the
sensors show higher responses to acetone compared with other inter-
fering gases. Among them, the gas sensor based on 0.5 at% Ru-doped
NiO shows the highest response to 100 ppm acetone and about 1.8–6.3
times as high as that of other target gases, but the ratio of the sensor
based on pure NiO is only about 1.03–1.17, indicating the improved
selectivity property to acetone through Ru doping. To better reflect the
selectivity of the sensor, the cross-selectivity is defined as the ratio
between the response values to target gas and that to the highest in-
terfering gas [38–40]. The responses to 100 ppm acetone and 100 ppm

ethanol at different operating temperature are shown in Fig. 7c. Sig-
nificantly, the response to acetone is higher than that to ethanol all the
time at the wide temperature range. And the cross-selectivity is ana-
lyzed and plotted in Fig. 7d. Clearly, the selectivity to acetone is about 2
times towards ethanol at 200 °C, the selectivity value is quite good for
metal oxide-based sensors [41].

Fig. 7e displays the dynamic sensing transients of the sensors based
on pure and 0.5 at% Ru-doped NiO samples to 5−500 ppm acetone at
their optimal operating temperature. It shows that the responses of both
sensors increase in steps with the increase of the gas concentrations,
and the responses of 0.5 at% Ru-doped NiO-based sensor are higher
than that of pure NiO-based sensor to the different concentrations of
acetone gases. In addition, both sensors exhibit good response/recovery
properties and reversible performances. The responses of both sensors
as a function of different acetone concentrations at their respective
optimal operating temperature are shown in Fig. 7f. It can be found the
response of 0.5 at% Ru-doped NiO-based sensor shows a rapid increase
at low acetone concentration (from 5 ppm to 70 ppm). Then the re-
sponses increase slowly when the sensor is exposed to high con-
centration of acetone (from 100 ppm to 500 ppm), but the response
doesn’t tend to saturation. These results indicate that 0.5 at% Ru-doped
NiO-based sensor has a wide test range and is a promising candidate for
real-time monitoring of acetone gas.

Fig. 4. (a, b) Typical Tem images and (c) HRTEM of pure NiO. (d, e) Typical Tem images and (f) HRTEM of 0.5 at% Ru-doped NiO. (g–j) Scanning TEM (STEM)
images and corresponding elemental mapping images of 0.5 at% Ru-doped NiO sample. (k–n) Scanning TEM (STEM) images and corresponding elemental mapping
image of 0.5 at% Ru-doped NiO sample with higher magnification.
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The four detailed response recovery curves to 100 ppm acetone of
the sensor based on 0.5 at% Ru-doped NiO sample at 200 °C are shown
in Fig. 8a. It can be discovered that the resistance increase immediately
when exposed to 100 ppm acetone, and become saturated quickly. The
resistance will go back to previous value when exposed back to air,
revealing the typical characteristics of sensors based on p-type MOS.
The response and recovery times of the 0.5 at% Ru-doped NiO-based
sensor calculated by the four curves are 72 s, 72 s, 70 s, 68 s and 22 s,
25 s, 21 s, 24, respectively. So the average response and recovery time
are 71 s and 23 s. Fig. 8b displays five reversible cycles of response and
recovery curves to 100 ppm acetone of the sensor based on 0.5 at% Ru-
doped NiO sample at 200 °C. Clearly, there are no obvious decrease of
the gas responses, which demonstrates the excellent reproducibility and
repeatability of the 0.5 at% Ru-doped NiO-based sensor. Fig. 8c displays
the initial resistance in air of the sensors based on pure and 0.1–1.5 at%
Ru-doped NiO samples at different working temperatures. The re-
sistances of all the sensors decrease with the increase of the working
temperature, indicating their semiconductor properties. In addition, the
resistances will increase with the increase of Ru content at the same
working temperature. The long-term stability test of the sensor based on
0.5 at% Ru-doped NiO sample to 100 ppm acetone was carried out in 14
days and the result is shown in Fig. 8d. It can be seen that the initial
resistance and the response just have a slight change in a small range
and the average resistance and response is ∼1.4 MOhm and 11.6. The
result indicates that the 0.5 at% Ru-doped NiO gas sensor has good

long-term stability, which is crucial in the practical application.
As humidity is a negative factor to influence the sensing perfor-

mance of a gas sensor, the corresponding tests were finished to in-
vestigate the effects of humidity on gas sensors under different RH. For
the humidity test of the sensor, a humidity chamber (Shanghai ESPC
Environment Equipment Corporation, China) which worked at a con-
stant temperature (20 °C) was used to provide different humidity at-
mospheres for the 1 l test chamber. The Fig. 9a shows the dynamic
response-recovery curves of the 0.5 at% Ru-doped NiO based gas sensor
to 100 ppm acetone at 15, 30, 50, 60 and 90 % RH. Clearly, all the real-
time resistances of the sensor increase quickly when exposed to
100 ppm acetone, and decrease rapidly back to its original value when
exposed to air. The responses of 0.5 at% Ru-doped NiO-based sensor in
relation with RH to 100 ppm different target gases (acetone, ethanol,
methanol, formaldehyde and benzene) at 200 °C are shown in Fig. 9b.
Apparently, the responses to all of these VOC gases are almost un-
changed, and the gas sensor still has the highest response to 100 ppm
acetone among the tested VOC gases, indicating the stable selectivity
under different RH. The response and resistance of 0.5 at% Ru-doped
NiO-based sensor to 100 ppm acetone at 200 °C versus various RH are
plotted in Fig. 9c. The responses under 15, 30, 50, 60 and 90 % RH are
11.26, 12.35, 12.58, 11.28 and 11.55, respectively. We can see that the
change of response and baseline resistance can be ignored under var-
ious RH. In brief, humidity has almost no influence on the gas response,
baseline resistance, selectivity and response recovery characteristics.

Fig. 5. (a) XPS survey scan (b) Ru 3d XPS spectra of 0.5 at% Ru-doped NiO flower-like microspheres. (c, d) the high resolution scans of pure and 0.5 at% Ru-doped
NiO for Ni 2p3/2. (f–g) O 1s XPS spectra of pure, 0.1 at%, 0.5 at%, 1.0 at%, 1.5 at% Ru-doped NiO flower-like microspheres, respectively.
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The sensing performance of the gas sensor in this work and other
reported acetone gas sensors [42–51] are compared and shown in
Table 3. Apparently, the gas sensor based on our 0.5 at% NiO shows a
higher response at a relative low operating temperature. A low oper-
ating temperature is beneficial to practical application and is environ-
ment-friendly because of energy saving. Furthermore, the ratio of the
gas response under a high humidity condition and that under low hu-
midity condition could reflect the influence of humidity to the sensing
performance. In this work, the ratio of the gas sensor based on 0.5 at%
Ru-doped NiO sample is 0.97, indicating the negligible influence of
humidity. Hence, it could be concluded that the gas sensor based on 0.5
at% Ru-doped NiO sample has improved sensing performance with a
high response at a low operating temperature, high stability to hu-
midity changes and large improved ratio.

3.3. Gas sensing mechanism

For the MOS resistive gas sensor, the generally accepted sensing
mechanism is the change of electrical conductivity caused by the che-
mical reactions between the surface chemisorbed oxygen species and
the target gas [52]. Therefore, it’s necessary to investigate the change of
carrier concentration and the distribution of oxygen species in the
sensing materials. The substitution of Ru3+ at the site of Ni2+ can be

compensated by the two different charge compensation mechanisms:
electronic compensation and ionic compensation [53,54]. The two
charge compensation mechanisms can be explained as follows:

⟶ + ′ + +
×Ru O Ru e O O g2 2 2 1

2
( )

NiO
Ni o2 3
•

2 (1)

⟶ + + ″×Ru O Ru O V2 3
NiO

Ni O Ni2 3
• (2)

In the electronic compensation mechanism, the electrons are gen-
erated to compensate the substituting of Ru3+ into Ni2+ site as dis-
played in Eq. (1), which neutralizes holes in NiO and lead to the in-
crease of Ra. It is consistent with the results as shown in Fig. 8c. If the
charge compensation is attributed to the ionic species like ″VNi, the hole
concentrations will not change much. Accordingly, the increase of the
resistance of sensor by Ru doping suggest the electronic compensation
mechanism is more plausible. The Ni3+/Ni2+ ratios of the pure NiO
and 0.5 at% Ru-doped NiO samples are calculated to be 0.92 and 1.26,
respectively (shown in Fig. 5c and d). According to the literatures
[55,56], the Ni3+ can be formed by negatively charged oxygen on the
surface of NiO and/or by the excess of negatively charged interstitial
oxygen (Oi

"). Therefore, the increase of Ni3+ / Ni2+ ratio caused by Ru
doping can be attributed to the conversion of oxygen molecules gen-
erated by the reaction in Eq. (3) into negatively charged oxygen at the
surface or inside the lattice, which also indicates the incorporation of
Ru3+ into the NiO crystals.

+ ⟶ ″ ″ + +
×O NiO O orO Ni O1

2
2 ( ) 2 2

NiO
surf i Ni O2

2 •
(3)

The charge carrier concentration of oxide semiconductors in air is a
key point for gas response [57]. The gas response can be defined and as
shown in Eq. (4), where Rg, Ra and pg, pa are the resistances and the
hole concentrations of gas sensor in the target gas and in air, and

= −p p pΔ a g is the variation of hole concentration exposed to reducing
gas [53,58]. Obviously, for the p-type MOS, a higher response can be

Fig. 6. (a–e) N2 adsorption and desorption isotherms of pure, 0.1 at%, 0.5 at%, 1.0 at%, 1.5 at% Ru-doped NiO samples, respectively.

Table 1
The textural parameters of all the samples from BET analysis.

Samples Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore size
(nm)

Pure NiO 16.40 0.06 23.87
0.1 at% Ru 20.97 0.13 38.37
0.5 at% Ru 26.15 0.20 47.61
1.0 at% Ru 26.51 0.12 28.28
1.5 at% Ru 30.06 0.10 21.98
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achieved from a lower hole concentration. As shown in the Fig. 10, the
Ru replaces the sites of Ni, which can release electrons in the process
(shown in eq 1). Therefore, the decrease of the hole concentration can
lead to the enhanced gas response due to Ru doping into the NiO
crystals.

= = =
−

+S R
R

p
p

Δp
p Δp

1a

a

g

g a (4)

In addition, the relative percentages of OL, OD and OC in all the samples
are summarized in Table 2 obtained from Fig. 5e–i. It could be found
the 0.5 at% Ru-doped NiO sample has the highest defect oxygen per-
centages (52.1 %), which is almost 2.57 times higher than that of pure
NiO (20.3 %). The defect oxygen consists of two kinds of oxygen:
oxygen vacancies and oxygen interstitials, which can provide more
active sites for the gas adsorption and reaction [59,60]. Moreover, the
increase of chemisorbed oxygen means more oxygen participate in the
gas reaction [61]. Therefore, the sum of defect oxygen and chemisorbed
oxygen can reflect the gas properties of the gas sensor. The sum of
defect oxygen and chemisorbed oxygen of pure NiO and 0.1–1.5 at%
Ru-doped NiO are 36.2 %, 42.8 %, 79.2 %, 70 % and 61.8 %, respec-
tively, which are in agreement with their corresponding gas response.
Clearly, the 0.5 at% Ru-doped NiO-based gas sensor shows the highest
OC and OD sum and the highest gas responses. Thus, the large percen-
tage of defect oxygen and chemisorbed oxygen are thought to be the
second reason for the gas response enhancement.

The reasons of enhanced gas sensing performance after doping can
be further explained by chemical sensitization mechanism of Ru

[62,63]. Ru additive can serve as a catalyst and activates a target gas to
facilitate its reaction with adsorbed oxygen on the semiconductor. Thus
the additive increases the sensitivity as it increases the rate of the
chemical reaction [64]. Furthermore, it is reported that the addition of
noble metals can reduce the optimal operating temperature, this be-
havior arises from the increase in the rate of the target gas oxidation
due to the catalysis of the noble metal [65]. Therefore, the decrease of
the optimal operating temperature from 225 °C to 200 °C after Ru
doping (Fig. 7a) can also verify the catalytic effect of Ru.

As for the high stability to humidity changes of the sensor based on
0.5 at% Ru-doped NiO sample, the defect-rich surface of NiO sample
might be the main reason. A water -oxygen reaction can be expressed as
follows:

+ + + ↔ − +
− + + +O H O Ni h Ni OH S2 2( )ad gas Ni Ni( ) 2 ( ) (5)

In the Eq. (5), −O ad( ) stands for an ionosorbed oxygen species, H O gas2 ( )
is a water molecule, NiNi describes a surface-Ni site, +h is consumed
hole, S is an active site on the surface for the chemisorption of oxygen
and −

+ −Ni OHNi is the formed terminal hydroxyl group [66]. It can be
founded in this formula the water molecule in atmosphere will compete
oxygen species with the target gases, which can reduce the gas re-
sponse. The 0.5 at% Ru-doped NiO is rich in defects and has high
percentage of defect oxygen (52.1 %). When in a humid atmosphere,
the water molecules will absorb on the site of defects in NiO so that
fewer water molecules compete for chemisorbed oxygen with target
gases [67,68]. Therefore, the impact of humidity to gas response will be
decreased with the defect-rich surface. In addition, the catalytic effect

Fig. 7. (a) Gas responses of the sensors based
on pure, 0.1 at%, 0.5 at%, 1.0 at%, 1.5 at% Ru-
doped NiO samples vs operating temperature
exposed to 100 ppm acetone. (b) Gas responses
of five sensors to 100 ppm various target gases
(acetone, ethanol, methanol, formaldehyde,
benzene). (c) Gas response of the 0.5 at% Ru-
doped NiO sensor to 100 ppm acetone and
ethanol at various working temperature. (d)
Relative responses of acetone to ethanol
(100 ppm) at various working temperatures.
(e) Dynamical response curves of the sensors
based on pure NiO and 0.5 at% Ru-doped NiO
samples. (f) Gas response of the sensors based
on pure NiO and 0.5 at% Ru-doped NiO sam-
ples as a function of the concentration of
acetone at 200 °C.
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of Ru is also beneficial for the anti-humidity properties due to the in-
creased surface adsorbed oxygen ions and the catalytic effects on the
gas reaction. Both of them will decrease the impact of RH on the re-
sistance and facilitate the gas reaction with the surface of the sensing
body. Thus the RH contribution to the total resistance change will be
reduced.

4. Conclusions

In summary, pure and Ru-doped (0.1, 0.5, 1.0, 1.5 at%) NiO flower-
like microspheres are synthesized through a one-step hydrothermal
method. A systematic and comprehensive test of gas sensors fabricated
from the above samples reveal that the 0.5 at% Ru-doped NiO-based
sensor shows the highest gas response to 100 ppm acetone. Besides, the
baseline resistance, gas responses and selectivity of the gas sensor are
almost unchanged at different RH ranging from 15 %–90 %. The

Fig. 8. (a) Four response and recovery char-
acteristics of the sensor based on the 0.5 at%
Ru-doped NiO sample to 100 ppm acetone at
200 °C. (b) Five dynamic response curves of the
0.5 at% Ru-doped NiO sensor to 100 ppm
acetone at 200 °C. (c) The dependence of the
resistances in air on the doping amount of Ru
for the sensors at different temperature. (d)
Initial resistance and gas response to 100 ppm
acetone of the 0.5 at% Ru-doped NiO sensor in
the 14-day test at 200 °C.

Fig. 9. (a) Dynamic response curves of the 0.5
at% Ru-doped NiO sensor at various humidity
(15–90 % RH) at 200 °C. (b) Gas response of the
0.5 at% Ru-doped NiO sensor as a function of
relative humidity to 100 ppm various target
gases (acetone, ethanol, methanol, for-
maldehyde, benzene) at 200 °C. (c) Initial re-
sistance and gas response to 100 ppm acetone
of the 0.5 at% Ru-doped NiO sensor as a func-
tion of relative humidity.
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enhanced gas response can be attributed to the increase of relative
percentages of OD and OC, resistance of the sensing body through Ru
doping. The property of high stability to humidity changes can be as-
cribed to the defect-rich surface of the sensing body after Ru doping. By
the way, the catalytic effect of Ru has the contribution to both the gas
enhancement and the independence on humidity. This work indicates
that Ru doping can not only enhance the gas response but also reduce
the impact of humidity on performance of NiO-based gas sensors
through proper synthetic process.

CRediT authorship contribution statement

Man Yang: Conceptualization, Methodology, Writing - original

Fig. 10. Schematic illustration of sensing mechanism.

Table 2
The percentages of three different O 1s components in the five samples.

sample Lattice oxygen
OL(%)

Defect
oxygen
OD(%)

Chemisorbed
oxygen
OC(%)

Sum of OD

and OC (%)

Pure NiO 63.8 20.3 15.9 36.2
0.1 at% Ru 51.8 25.2 23 48.2
0.5 at% Ru 20.8 52.1 27.1 79.2
1.0 at% Ru 30 42.6 27.4 70
1.5 at% Ru 38.2 45.7 16.1 61.8

Table 3
Comparison of acetone sensing performance between gas sensor in this work and previously reported results.

Sensing
Materials

T
(°C)

Conc. (ppm)
&RH (%)

RH (%) test range Rg/Ra or Ra/Rg SH% RH/
SL% RH

Improved
Ratio

Ref.

Pd-ZnO NSs 340 100&- – 70 – 1.87 [43]
Al-doped ZnO NPS 450 10&Dry Dry-90 245 0.10(S90% RH/

SDry)
19 [44]

23 wt% C-doped WO3 300 2&18 18-90 7.5 0.41(S90% RH/
S18% RH)

– [45]

1 wt% Ru-loaded WO3 300 1.5&- – 7.3 – 5 [46]
NiO/SnO2 hierarchical structures 300 50&- – 20.18 – 3.3 [47]
0.25 at% Au/In-ZnSnO3 200 50&23 23-75 19.3 0.68(S75% RH/ S23% RH) 2 [48]
2 at% Sb-doped In2O3 240 50&- – 64 – 5 [49]
Fe3O4-ZnO hierarchical structures 475 50&- – 47 – 2.4 [50]
10 at% Si-doped WO3 400 0.6&Dry Dry-90 4.6 0.33(S90%RH

/SDry)
– [51]

0.5 at% Ru-doped NiO 200 100&50 15-90 12.58 0.97(S90% RH/
S15% RH)

9.6 This work

SH% RH/SL% RH: the ratio of gas responses tested under a high humidity condition and in a low humidity condition.
Improved ratio: the ratio of gas responses between the modified gas sensor and untreated sensor under the same condition.
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