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Pure SnO
2
andNiOdoped SnO

2
nanostructures were successfully synthesized via a simple and environment-friendly hydrothermal

method. X-ray powder diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and
X-ray photoelectron spectra (XPS) were used to investigate the crystalline structures, surface morphologies and microstructures,
and element components and their valences of the as-synthesized samples. Furthermore, planar chemical gas sensors based on
the synthesized pure SnO

2
and NiO/SnO

2
composites were fabricated and their sensing performances to hydrogen, an important

fault characteristic gas dissolved in power transformer oil, were investigated in detail. Gas sensing experiments indicate that the
NiO/SnO

2
composites showed much higher gas response and lower working temperature than those of pure SnO

2
, which could

be ascribed to the formation of p-n heterojunctions between p-type NiO and n-type SnO
2
. These results demonstrate that the

as-synthesized NiO/SnO
2
composites a promising hydrogen sensing material.

1. Introduction

Larger oil-immersed power transformers are costly and
important electrical apparatus in power supply system. Once
faults happened on transformers, the safety and reliability of
the power system would be affected and cause great damage
to the national economy [1, 2]. As hydrogen gas (H

2
) is one

of the most important fault characteristic gases dissolved in
oil-filled power transformers, we can timely and effectively
acquire the running condition of power transformer through
recognition and analysis of dissolved H

2
gas in oil [3, 4].

In recent years, interest in recognition of dissolved H
2
in

transformer oil has been extremely simulated and a great deal
of effort has been devoted to this field [5].

Currently, metal oxide semiconductor (MOS) [6], carbon
nanotube [7], grapheme [8], infrared spectroscopy, and
photoacoustic spectroscopy [9] have been reported for gas
detection. And due to the remarkable advantages of simple
fabrication technology, rapid response and recovery speed,
and low maintenance cost and long service life, metal oxide

SnO
2
has been proved to be the most promising sensing

material for H
2
recognition [10–12]. However, there still

exist some limitations needed to be further improved, for
instance, higher operating temperature, lower gas response,
and poor selectivity and stability. Thus, many scientific and
technological efforts have been done to perfect SnO

2
sensing

performances [5].
Among them three kinds of doping strategies are devel-

oped and reported, doping noble metals [6] or rare earth ele-
ments, using other n-type semiconductors such as ZnO and
TiO
2
to form composites [11, 13], and forming p-n composites

with p-type semiconductors [14] such as CuO and NiO.
For example, Zeng et al. [6] synthesized Pd2+ doped SnO

2

nanostructures by the sol-gel method and investigated their
gas sensing performances to hydrogen and its sensing mech-
anism by the first principles calculation. Tang et al. [15] pre-
pared hollow hierarchical SnO

2
-ZnO composite nanofibers

by an electrospinning method and reported the SnO
2
-ZnO

composite nanofibers exhibited excellentmethanol selectivity
in the presence of ethanol, acetone, formaldehyde, ammonia,
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toluene, and benzene at an operating temperature of 350∘C.
Hieu et al. [16] synthesized p-type NiO nanoparticles deco-
rated n-type SnO

2
nanowires through thermal evaporation

and reported that NiO-decorated SnO
2
NW sensors exhibit

a significantly enhanced H
2
S response with good improved

response and recovery times. Shen et al. [17] synthesizedNiO-
SnO
2
nanofibers via electrospinning and investigated their

sensing performances to ethanol with three types of sensor
structures.

To the best of our knowledge, reports on the syn-
thesis of p-NiO/n-SnO

2
composites through a simple and

environment-friendly hydrothermal method and researches
on their sensing properties for recognition of dissolved H

2

in transformer oil have been rare. Herein, in this study, we
present sensitive H

2
sensors fabricated from p-NiO and n-

SnO
2
nanostructures and measure their gas sensing perfor-

mances toward H
2
. Firstly, pure SnO

2
nanostructures and

NiO/SnO
2
composites were synthesized by a hydrothermal

method. And then the surface morphologies and structural
features of the samples were characterized by X-ray powder
diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectra (XPS), respectively. Finally, chemical
gas sensors were fabricated and their sensing performances
toward H

2
were measured. We interestingly find that the

NiO/SnO
2
composites sensor exhibits excellent H

2
sensing

properties in comparison to the pure SnO
2
based sensor.

2. Experimental

2.1. Preparation of Pure SnO
2
and NiO/SnO

2
Composites.

The sensing materials in this study, that is, pure SnO
2
and

NiO/SnO
2
composites, were synthesized with a simple, facile,

and environment-friendly hydrothermal method. All chem-
icals were analytical-grade reagents purchased from Beijing
Chemical Reagent Co., Ltd. and used as received without any
further purification. The detailed synthesis processes were
represented as follows.

In a typical synthesis process of NiO/SnO
2
composites,

firstly 2.0mmol SnCl
4
⋅5H
2
O, 0.10mmol Ni(CH

3
COOH)

2
⋅

4H
2
O, 3mmol ammonium carbonate ((NH

4
)
2
CO
3
), 0.1 g

of citric acid, 30mL absolute ethanol, and 30mL distilled
water were mixed together with intense magnetic stirring
in a 100mL capacity beaker. Then the mixed solution was
transferred into a 100mL Teflon autoclave, sealed, and heated
at 180∘C for 24 h in an electric furnace. After reaction,
the autoclave was cooled to room temperature naturally,
and the product was harvested by centrifugation, washed
with distilled water and absolute ethanol four times, respec-
tively, and dried at 80∘C in air for further use [6, 18]. For
comparison, pure SnO

2
nanomaterials were prepared in a

similar synthesis process mentioned above except that no
Ni(CH

3
COOH)

2
⋅4H
2
Owas added to the precursor solution.

2.2. Structural Characterization of Pure SnO
2
and NiO/SnO

2

Composites. The crystalline structures of the as-prepared
samples were performed by X-ray powder diffraction (XRD,
Rigaku D/Max-1200X, Japan) with Cu K𝛼 radiation operated
at 40 kV and 200mA and a scanning rate of 0.02∘ s−1 from

20∘ to 80∘. Surface morphologies and microstructures of
the as-prepared nanostructures were observed with a Nova
400 Nano field emission scanning electron microscope (FE-
SEM, FEI, Hillsboro, OR, USA) equipped with an energy
dispersive X-ray spectroscopy (EDS). Element components
and their valences of the powders were investigated by the X-
ray photoelectron spectra (XPS) performed on an ESCLAB
MKII using Al as the exciting source.

2.3. Fabrication and Measurement of Pure SnO
2
and NiO/

SnO
2
Based Sensors. Planar chemical gas sensors were fabri-

cated with screen-printing technique and the planar ceramic
substrates were purchased from Beijing Elite Tech Co., Ltd.,
China. The planar chemical gas sensor was made up of
three main components: the sensing material, the Ag-Pd
interdigital electrode, and the ceramic substrate [2, 19]. The
length, width, and thickness of the planar ceramic substrate
were 13.4, 7, and 1mm, respectively. And five pairs of Ag-
Pd interdigital electrodes have been preplaced on the planar
ceramic substrate with a width of 0.2mm. Firstly, the as-
synthesized sensing materials were mixed with absolute
ethanol and distilled water in a weight ratio of 8 : 1 : 1 to form a
paste, whichwas subsequently screen-printed onto the planar
ceramic substrate to form a sensing film, and its thickness is
about 50𝜇m [2, 19]. Then the sensing film was dried in air
to remove the unwanted impurities, and a certain amount
of antipollution solution was coated onto the surface of the
sensing film as a protective layer. Finally, the fabricated sensor
was aged in an aging test chamber at 80∘C for 48 h.

Gas sensor properties of the fabricated sensors to H
2

were performed on a CGS-1TP (Chemical Gas Sensor-1
Temperature Pressure) intelligent gas sensing analysis system
(Beijing Elite Tech Co., Ltd.) [2]. This gas sensing analysis
system can automatically record the electrical resistance,
sensitivity, and working temperature of the gas sensor as well
as the humidity and temperature of environment. The gas
response value of the sensor was designated as the ratio of
sensor resistance in air to that in a mixture of H

2
gas and

air [19, 20]. The response and recovery times were defined
as the time taken by the sensor to achieve 90% of the total
resistance change in the case of adsorption and desorption,
respectively [21, 22]. All measurements were repeated several
times to ensure the repeatability and stability of the sensor
[23].

3. Results and Discussion

3.1. Structural and Morphological Characterizations. Figure 1
shows the typical XRD patterns of pure SnO

2
and NiO/SnO

2

composites. As shown in Figure 1 both the as-synthesized
pure SnO

2
and NiO/SnO

2
composites samples are polycrys-

talline in nature. It can be clearly seen in Figure 1(a) that
the prominent peaks at 26.6∘, 33.9∘, and 51.8∘, which can
be well indexed as (110), (101), and (211), respectively, and
other smaller peakswell correspond to the standard spectrum
of rutile SnO

2
given in the standard data file (JCPDS File

number 41-1445). Similar XRD patterns are observed for
the as-prepared NiO/SnO

2
composites samples as shown in

Figure 1(b), and (111), (200), (220), and (311) peaks could
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Figure 1: XRDpatterns of (a) pure SnO
2
and (b)NiO/SnO

2
compos-

ites.

be attributed to nickel oxide. These results are consistent
with other XRD characterizations reported in some similar
publications [16, 17].

The surface structure and morphology characteristics of
the as-synthesized samples were performed by field emission
scanning electron microscopy and shown in Figure 2. As
shown in Figure 2 the overview images of pure SnO

2
and

NiO/SnO
2
composites nanostructures are uniform in size

and shape with spherical structure. The diameters of pure
SnO
2
nanostructures are ranging from 40 to 50 nm and from

38 to 46 nm forNiO/SnO
2
samples.These results indicate that

in this study NiO dopant only has a slight influence on the
structures and morphologies of pure SnO

2
nanostructures

except for an evidently inhibitory effect on its crystalline
growth.

Energy dispersive X-ray spectroscopy measurement was
performed to make clear the element components of the as-
synthesized samples and check whether Ni element has been
successfully doped into the prepared SnO

2
nanostructures.

Figure 3 is the EDS spectrum of the synthesized NiO/SnO
2

composites nanostructures, where Sn, Ni, and O element
peaks are observed and the atomic ratio of Ni element to
Sn element is calculated to be about 8.9 at%. Therefore, we
could draw a conclusion thatNi element has been successfully
incorporated into the SnO

2
nanostructures.

X-ray photoelectron spectra measurement was further
conducted to investigate the compositions and chemical
states of the elements existed in the as-prepared prod-
ucts. Figure 4 shows the survey spectrum of pure SnO

2

and NiO/SnO
2
composites nanostructures. As shown in

Figure 4(a) only Sn and O spectra are observed and no
spectrum from Ni element has been measured, while in
Figure 4(b) spectra for Sn, O, and Ni element are found.

Figure 5 shows the high-resolution spectrum of Sn 3d, O
1s, and Ni 2p for the synthesized NiO/SnO

2
composites. As

shown in Figures 5(a) and 5(b) the spin orbit components of
the Sn 3d

5/2
and Sn 3d

3/2
peaks are measured at 487.1 eV and

495.4 eV, and the peak of O 1s is located at 531.9 eV, which

300nm

(a)

400nm

(b)

Figure 2: SEM images of (a) pure SnO
2
and (b) NiO/SnO

2
compos-

ites.
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Figure 3: EDS spectrum of NiO/SnO
2
composites.

are both well indexed to Sn4+ and O2− in a tetragonal rutile
SnO
2
structure. And in Figure 5(c) the peaks at 850.1 eV and

861.7 eV are defined as Ni 2p
3/2

and Ni 2p
1/2

, which could be
assigned to Ni2+ ions in the synthesized samples. Meanwhile
these Ni 2p

3/2
and Ni 2p

1/2
peaks ruled out the existence

of Ni and Ni
2
O
3
in the as-prepared NiO/SnO

2
composites

[24]. Based on these results, we could draw a conclusion
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Figure 5: High-resolution spectrum of (a) Sn 3d, (b) O 1s, and (c) Ni 2p peaks.

that the synthesized samples are composed of NiO and SnO
2

nanostructures.

3.2. Gas Sensing Properties. Firstly, the sensors fabricated
from the synthesized pure SnO

2
and NiO/SnO

2
composites

were exposed to a certain concentration of H
2
gas at various

working conditions to find out the optimum operating tem-
perature. Figure 6 shows the gas responses of the prepared
sensors to 100 𝜇L/L of H

2
gas as a function of operating

temperature ranging from 150 to 450∘C. For each sensor,
its gas response increases quickly firstly and obtains its
maximumgas response value and then decreases rapidly with
further increasing temperature. As shown in Figure 6 the
optimum operating temperature of NiO/SnO

2
composites

was suggested to be 325∘C and 375∘C for pure SnO
2
samples,

where the sensor exhibits the maximum gas response value
at this condition. Simultaneously, at the optimum working
condition, the corresponding H

2
gas response is 45.23 for

NiO/SnO
2
composites and 13.12 for pure SnO

2
samples.

Figure 7 represents the gas responses of the NiO/SnO
2

composites as a function of H
2
gas concentration with sensor

working at its own optimum working condition mentioned
above. Compared with pure SnO

2
samples, the NiO/SnO

2

composites sensor exhibits an obvious H
2
sensing enhance-

ment in the whole range of concentrations. Furthermore,
the gas response curve of the NiO/SnO

2
composites based

sensor demonstrates a quasilinear relationship with H
2
gas

concentration in the range of 1–50𝜇L/L. These results imply
that the NiO dopant can not only increase the gas response
of pure SnO

2
nanostructures but also lower its working

temperature with a high linearity of 0.991 in the range of 1–
50 𝜇L/L.

A possible sensing mechanism is depicted as follows to
understand the sensing behaviors of fabricated SnO

2
based

gas sensors toward H
2
and get an insight into how the

NiO particles improve the sensing properties of SnO
2
based

sensor. As we know SnO
2
is a typical n-type semiconducting

sensing material and a large number of oxygen vacancies
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exist in its crystal lattices, and its sensing behaviors are
predominantly controlled by the surface resistance of sensing
materials [5]. In ambient air, free oxygen molecules are
absorbed on SnO

2
surface and capture electrons from the

conduction band of SnO
2
to form chemisorbed oxygen ions,

such as O
2

−, O2−, and O− [6]. When exposed to a reducing
gas ambient (H

2
in this study), H

2
gas molecules react with

chemisorbed oxygen ions. The trapped electrons are released
back to the conduction band of SnO

2
, resulting in an increase

of the carrier concentration and electron mobility; thus a
decreased resistance is measured.

The enhanced H
2
gas response and decreased working

temperature of NiO/SnO
2
based sensor in the present inves-

tigation may be attributed to a p-n heterojunction effect
between NiO and SnO

2
surface. A similar p-n heterojunc-

tion system has been proposed to explain the enhanced
gas sensitivity of CuO-SnO

2
heterostructures to hydrogen

sulfide [17, 25]. Figure 8 depicts the energy band structure

Hole
Electron

Depletion layer

n-type SnO2

p-type NiO

EC

EF

EV

EC

EF

EV

Figure 8: Energy band structure diagram of NiO/SnO
2
p-n hetero-

junction (𝐸
𝐶
: lower level of conduction band, 𝐸

𝐹
: Fermi level, and

𝐸

𝑉
: upper level of valence band).

diagram of NiO/SnO
2
p-n heterojunction. As NiO and SnO

2

have different election affinities and work functions, a p-
n heterojunction structure emerges at the surface between
NiO and SnO

2
, which leads to a band bending in the

depletion. Then the holes transfer from oxygen-excess NiO
to oxygen-deficient SnO

2
and the electrons transfer from

oxygen-deficient SnO
2
to oxygen-excessNiOuntil the system

obtains an equalization in the Fermi levels between NiO and
SnO
2
[16, 17]. This process will lead to a wider depletion

layer, and more chemisorbed oxygen ions are absorbed
on NiO/SnO

2
heterojunction system. Thus more electrons

are released back into the conduction band of NiO/SnO
2

composites in H
2
sensing reaction, and lower optimum

working temperature and higher gas response are measured
for NiO/SnO

2
composites to H

2
.

4. Conclusion

A simple and environment-friendly hydrothermal method
was employed to prepare pure SnO

2
and NiO-doped SnO

2

nanostructures. The crystalline structures, surface and mor-
phology characteristics, and compositions and chemical
states were characterized by XRD, SEM, EDS, and XPS
measurement, respectively. Chemical gas sensors were fab-
ricated based on the synthesized samples and their sensing
performances toH

2
were performed on aCGS-1TP intelligent

gas sensing analysis system.TheNiO/SnO
2
composites based

sensor demonstrates a lower optimumoperating temperature
of 325∘C and higher gas response than those of pure SnO

2
,

which could be ascribed to the formation of p-n heterojunc-
tions between p-type NiO and n-type SnO

2
. Furthermore,

the NiO/SnO
2
composites based sensor exhibits a quasilinear

relationship to H
2
gas with concentration ranging 1–50𝜇L/L.

All results indicate that the prepared NiO/SnO
2
composites

a promising sensing material for recognition and analysis of
dissolved H

2
gas in transformer oil.
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