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ABSTRACT: In this work, pure SnO, and Ni-doped SnO, nanorods were synthesized
through a one-step template-free hydrothermal method and then used to detect
isopropanol. Sensors fabricated with the Ni-doped SnO, nanocomposites showed the
best gas sensing performance when the Ni doping amount was 1.5 mol.%. The response
reached 250 at 225 °C, which was approximately 8.3 times higher than that of the pure
Sn0O, nanorods. The limit of detection for isopropanol was as low as 10 ppb at the
optimum working temperature. In addition, it also displayed good selectivity and excellent
reproducibility. It is believed that the enhanced isopropanol sensing behavior benefit

from the increased oxygen defects and larger specific surface area by Ni doping.
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1 Introduction

Isopropanol is an important volatile organic compound
(VOC) that is used to produce ketones, ethers, and esters
by oxidation and catalysis. Isopropanol can undergo
many reactions with lower alcohols, making it an
important chemical intermediate and high-value
organic chemical raw material and organic solvent [1].
As a result, isopropanol is widely used as a solvent,
disinfectant, pharmaceutical, cosmetic and lubricant [2]. It
is also a biomarker in human breath that can be monitored
to rapidly screen for diseases such as bile acid diarrhea,
liver disease, chronic obstructive pulmonary disease
(COPD), and lung cancer [3—4]. However, isopropanol
decomposes into toxic gases at high temperatures, which
pollute the environment and cause harmful effects on
human health [5]. Thus, an effective method is needed to
monitor isopropanol.

In the past, gas chromatography and mass spectrometry
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were common choices for detecting VOCs, but they
are limited by high costs, complex manufacturing
processes, and the inability to perform in-situ and
continuous measurements. Fortunately, metal-oxide semi-
conductor (MOS) gas sensors provide a promising
alternative for VOCs monitoring and detection due to
their good sensing capabilities and suitability for mass
production. Common MOS materials include SnO, [6-7],
TiO, [8-9], ZnO [10-11], InyO5 [12-13], CuO [14-15],
and Fe,O3 [16-17]. Among them, SnO, is a typical
n-type semiconductor metal oxide with a wide band gap of
3.62 eV that has been widely used to detect many kinds of
gases [18].

Although the original SnO, nanostructure shows good
performance as a gas sensor, it is still limited by defects,
such as a high operating temperature and low sensitivity. In
recent years, many researchers have prepared SnO,
materials with new structures to improve their gas-sensing
performance. One-dimensional (1D) SnO, nanostructures
(e.g., wires [19], rods [20], tubes [21] and belts [22]) are
promising candidates for highly sensitive gas sensors due
to their unique morphology, structure and surface area.
Another common technique for enhancing the performance
of gas sensors is to introduce dopants. Although noble
metal dopants such as Au [23], Ag [24], Pt [25] and Pd [26]
greatly improve the gas sensing properties of SnO,, the
high cost restricts their potential practical applications.
Thus, it is essential to explore less-expensive alternatives
such as common transition metals (e.g., Fe, Co, Ni, and Cu)
to reduce the cost while enhancing the sensing perfor-
mance. Among those alternatives, Ni-doped SnO, has been
investigated extensively because of its comparable sensing
performance to SnO, doped with noble metals. Li et al.
prepared Ni-doped SnO, hollow microspheres by a
hydrothermal method, which demonstrated a high sensi-
tivity and selectivity to ethanol [27]. Das et al. used a low-
temperature polyol route to synthesize Ni-doped SnO,
nanoparticles with excellent SO, and NO, gas sensing
performance [28]. Despite these studies, there are few
studies on performance improvement for isopropanol gas
sensing using Ni-doped SnO, nanorods.

In this work, pure SnO, and a series of Ni-doped SnO,
nanorods were synthesized by using a one-step hydro-
thermal method without a template. The results showed
that Ni; 5-SnO, exhibits better properties than those of the
undoped SnO, nanorods, including better response to
isopropanol, detection limit, and selectivity. The corre-
sponding gas sensing mechanism is also discussed.

2 Experimental

Na,SnO;-4H,0 was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China), and NiCl, - 6H,0 was
provided by Macklin Biochemical Co., Ltd. (Shanghai,
China). All chemical reagents were of analytical grade and
were used as received without further purification.

2.1 Materials synthesis

In a typical synthesis, 1 mmol of Na,SnO;-4H,0 and
different amounts of NiCl,-6H,O were separately dis-
solved in 80 mL of a mixed solution of ethanol and
deionized water (1:1 by volume). The mixture was
vigorously stirred for 60 min to obtain a suspension.
Then the mixed solution was transferred into a 100 mL
Teflon-lined stainless-steel autoclave, and a hydrothermal
reaction was carried out at 180 °C for 48 h. After naturally
cooling the mixture to room temperature, the products were
repeatedly centrifuged several times with deionized water
and anhydrous ethanol. The centrifuged products were
dried at 80 °C overnight. According to different molar
ratios of n(N1i)/n(SnO,) at 0%, 0.5%, 1.0%, 1.5%, 2.0% and
2.5%, the products were hereafter labeled as SnO,, Nij 5-
SnO,, Ni; (-SnO,, Ni; 5-SnO,, Ni, ;-SnO, and Ni, 5-SnO,,
respectively.

2.2 Fabrication and test of the sensor

The structures of the sensor device and the measurement
system are identical to those in our previous work [29-30].
Firstly, a certain amount of the prepared material was added
to an agate mortar, followed by ethanol. Then, the mixture
was mixed and thoroughly ground for 30 min to form a
paste. The paste was dropped and spot-coated onto an
Al,O3 ceramic plate substrate (dimensions of 10 mm X
20 mm x 0.635 mm), onto which a pair of Au
interdigitated electrodes (IDEs; width of 0.18 mm and
gap width of 0.18 mm) was previously printed. Afterwards,
the resulting chip was dried at 60 °C for 2 h, and
subsequently annealed at 400 °C for another 2 h. The final
sensor was obtained after aging at 200 °C for an additional
24 h. Finally, the gas sensing properties of the sensors were
tested by a static measurement system produced by CGS-
1TP (Beijing Elite Tech. Co., Ltd., China). The test
chamber volume was 18 L. The measurements were
performed using a static process in a test chamber with an
ambient relative humidity of about 35% and at room
temperature (near 25 °C). The gas analyte was injected into
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the test chamber, and the sensor was placed into the
chamber to measure the sensing performance. When the
resistance reached a constant value, the upper cover of the
test chamber was removed, and the sensor began to recover
in air.

In this work, the sensitivity of the sensor was defined as
S = R./R, (the reducing gas) or Ry/R, (the oxidizing gas),
where R, is the resistance of the sensor after stabilizing in
the air, and R, is the resistance after it stabilized when
exposed to the target gas. The response and recovery times
were defined as the time required for the sensor to reach
90% of the total resistance change when it was exposed to
the target gas and to return to 90% of the total resistance
when it was re-exposed to air, respectively [31].

2.3 Characterization

The crystalline structure of the samples was characterized
by X-ray diffraction (XRD; Bruker, D8 Advance). The
morphology and microstructure of the samples was studied
by field-emission scanning electron microscopy (FESEM;
ZEISS Gemini 300) equipped with an energy-dispersive X-
ray spectrometer (EDS). The detailed structure of the
prepared samples was further studied using transmission
electron microscopy (HRTEM; JEOL JEM 2100F). X-ray
photoelectron spectroscopy (XPS; Thermo Fisher, ESCA-
LAB XI) was used to analyze the chemical composition of
the products. The specific surface area and the pore size
distribution of the samples were determined using a
Micromeritics ASAP 2460 specific surface area and
porosity analyzer.

3 Results and discussion
3.1 Structure and micromorphology characterization

XRD was used to examine the crystal structure of the
hydrothermally synthesized samples with different doping
ratios, as shown in Fig. 1(a). Strong and sharp diffraction
peaks were observed, which indicate that the samples are
highly crystalline. All peaks were assigned to typical
tetragonal rutile SnO, (JCPDS No. 41-1445) [32]. No
peaks of Ni or other crystalline phases were found,
probably due to low amounts of the Ni dopant below the
detection limit of the XRD or the homogeneous distribu-
tion of the dopant. More importantly, even when the Ni
concentration was as high as 30 mol.%, all peaks in the
XRD pattern of Ni-SnO, corresponded to those of
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Fig. 1 (a) XRD patterns of bare SnO, samples with 0 mol.%,
0.5 mol.%, 1.0 mol.%, 1.5 mol.%, 2.0 mol.% and 2.5 mol.% Ni
doping. (b) High-resolution XRD patterns of (1 1 0) and (1 0 1)
peaks for different samples.

tetragonal SnO, [33-34]. The diffraction peaks corre-
sponding to (110) and (1 0 1) crystal planes underwent no
shifts (Fig. 1(b)) because Sn*" and Ni** had the same ionic
radius (0.69 A) [35].

The morphology of undoped and 1.5 mol.% doped
samples was characterized by SEM images (Fig. 2),
demonstrating that both pure SnO, and Ni; 5-SnO,
nanorods were stacked on the surface of spheres.
Figures 2(b) and 2(d) reveal their respective partially
enlarged views. For original SnO,, well-separated nano-
crystalline nanorods were observed (Fig. 2(b)). The sample
with a doping ratio of 1.5 mol.% (Fig. 2(d)) had a similar
structure to that of pristine SnO,, but the particles displayed
some aggregation. These nanorods were of about 16—
20 nm in diameter and 50-80 nm in length. Although the
XRD patterns do not show the existence of Ni, the EDS
result of the Ni; 5-SnO, sample confirms its presence (inset
of Fig. 2(d)), implying that Ni ions were successfully
doped into SnO,. Then, the inner crystal structures of the
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Fig. 2 Typical SEM images of as-obtained nanorods: (a)(b) pure SnO,; (c)(d) Ni; 5-SnO,. The inset shows EDX spectrum of
Ni1_5-Sn02,
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Fig. 3 (a)(b)(c)(d) TEM images, (e)(f)(h)(i) HRTEM images, and (g)(j) SAED patterns of SnO, (in panels (a), (b), (e), (f) and (g)) and
Ni; 5-SnO; (in panels (c), (d), (h), (i) and (j)).
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synthesized samples were investigated by TEM, as shown
in Fig. 3. The morphology was consistent with the SEM
observation, and Ni-doped SnO, nanorods were more
transparent than pure SnO, nanorods. The HRTEM
observation presented lattice fringes with interplanar
spacings of 0.334 and 0.264 nm (Fig. 3(f)), corresponding
to (110) and (101) planes of rutile SnO,, respectively,
while the interplanar spacing of 0.209 nm was ascribed to
the (200) plane of NiO [27,36] (Fig. 3(i)). The selected
area electron diffraction (SAED) analysis showed that the
observed diffraction rings or spots belong to (110) and
(101) planes of SnO, and the (2 00) plane of NiO.

XPS analysis of the pure SnO, and Ni; 5-SnO, nanorods
was conducted to further determine surface chemical
compositions and valence states of the products (Fig. 4).
All spectra were calibrated to the C 1s peak (284.6 eV).
The full-scan spectrum of Ni; s-SnO, is shown in Fig. 4(a),
which shows that Sn, O, Ni and C existed in the Ni; 5s-SnO,
nanorods, and no other element peaks were observed. The
C element may be attributed to the sample handling or the
absorption of organic molecules prior to XPS measure-
ments; therefore, the Ni; 5s-SnO, nanorods were composed
of only Sn, O and Ni. The high-resolution XPS spectrum of
Ni 2p is shown in Fig. 4(b). The peaks at 856.04 and
873.37 eV were resolved into Ni 2p3, and Ni 2p,,
respectively [37-38]. The Ni 2p;/, peaks were assigned to

Ni** ions in Ni; 5-SnO, [39]. The spin-orbit components
(3d3,, and 3ds),) of the Sn 3d peak were observed in both
pure SnO, and Ni; 5s-SnO,, as shown in Fig. 4(c). The
Sn 3d spectrum contained two peaks located at binding
energies of 495.12 and 486.69 eV for pure SnO,, which
were related to the presence of Sn*™ in the SnO, crystal
lattice and correspond to Sn 3d;, and Sn 3dsj.,
respectively. In the Sn 3d survey spectrum of Ni; 5-SnO,,
two peaks were observed at binding energies of 494.99 and
486.56 eV, which correspond to Sn 3d;, and Sn 3ds),
respectively [40]. The Sn 3d peaks shifted towards a lower
binding energy due to the substitution of Sn*" by Ni**,
resulting in increased oxygen defects [35,41]. Figure 4(d)
shows the high-resolution O 1s XPS spectra of pure SnO,
and Ni; 5-SnO,. The low binding energies (530.56 eV for
SnO, and 530.41 eV for Ni; 5-SnO,) were attributed to the
lattice oxygen of SnO,, while the high binding energies
(531.28 eV for SnO, and 531.01 eV for Ni; 5-SnO,) were
due to chemisorbed oxygen species [36]. The peak areas of
the chemisorbed oxygen species belonging to Ni-doped
SnO, increased.

Information about the specific surface areas and the pore
size distributions of SnO, nanorods and Ni; 5-SnO,
nanorods were obtained by measuring N, adsorption—
desorption isotherms (Figs. 5(a) and 5(b)). According to
the TUPAC classification, both SnO, nanorods and
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Fig. 4 XPS results: (a) full spectrum of Ni; 5-SnO,; (b) Ni 2p spectrum of Nij 5-SnO;; (¢) Sn 3d spectra of SnO, and Ni; 5-SnO;

(d) O 1s spectra of SnO, and Ni; 5-SnO,.



Ni; 5-SnO, nanorods exhibited type IV isotherms with a
type H3 type hysteresis loop, which indicates the
mesoporous material [42-43]. The Brunauer—-Emmett—
Teller (BET) surface areas of SnO, nanorods and
Ni; 5-SnO, nanorods were 40.8575 and 60.8299 m*-g',
respectively, after calculations. The increase in the BET
surface area may be attributed to a decrease in the grain
size. Insets in Fig. 5 showed that the average pore
diameters of pure SnO, and Ni; 5-SnO, were 14.9123
and 11.5127 nm, respectively, as calculated from the
desorption branch of the N, isotherm by the Barrett—
Joyner—Halenda (BJH) method. A larger specific surface
area is conducive to the gas adsorption and diffusion,
which further improves the gas sensing performance [44—
45].

3.2 Gas sensing properties to isopropanol

The presence of ionized oxygen species (O,, O, or O%)
on the surfaces of semiconductors is closely related to the
temperature, which changes the sensor response. Hence,
the working temperature with the maximum response value
is defined as the optimum working temperature. The
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temperature—response curve of the samples to 100 ppm
(1 ppm = 107°) isopropanol with different doping ratios is
shown in Fig. 6(a). When the operating temperature
increased from 150 to 350 °C, the response of all samples
first increased and then decreased. These results show that
Ni; 5-SnO, showed better gas sensing performance at
225 °C for 100 ppm isopropanol than samples with other
doping ratios. For example, the sensor based on Ni; 5-SnO,
had the highest response among all sensors, whose
response reached 250 at 225 °C, which is 8.3 times higher
than that of the undoped sample. The resistance change
curves of the sensors to 100 ppm isopropanol gas at 225 °C
are represented in Fig. 7(b). All sensors exhibited typical
n-type gas-sensing behavior, and Ni-doped SnO, exhibited
a higher resistance in air and a lower resistance in
isopropanol compared with pure SnO,. This should be
favorable for enhancing the response to the reducing gases
(Ro/Ry).

The dynamic response—recovery characteristics of
as-obtained sensors toward various concentrations of
isopropanol vapor were tested at the optimal operating
temperature to measure the current detection ability.
Figure 7(a) shows the dynamic response-recovery curves
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of the pure SnO, sensor with an isopropanol concentration
range from 200 ppb (1 ppb=10") to 500 ppm. The inset
shows the dynamic response-recovery curves with an
isopropanol concentration range from 200 ppb to 1 ppm.
Figure 7(b) shows the dynamic response-recovery curves
of the Ni; 5-SnO, sensor with an isopropanol concentration
range from 10 ppb to 500 ppm. The inset shows dynamic
response—recovery curves with an isopropanol concentra-
tion range from 10 ppb to 1 ppm. The Ni; 5-SnO, sensor
showed a greatly enhanced detection limit and response to
isopropanol. Furthermore, the detection limit of the Nij s-
SnO, sensor was as low as 10 ppb, which is about 1.16.
The response-recovery time of the sensors were explored
next. According to the definitions of the response time and
recovery time, we calculated the response-recovery time of
SnO, and Ni; 5-SnO, sensors, and the results are shown in
Figs. 7(c) and 7(d). Values of the corresponding response—
recovery time were 7/200 s and 4/196 s towards 100 ppm
isopropanol at their optimal temperatures. The response
and recovery times were very similar.

Figure 8 shows the selectivity of the sensors to 100 ppm
of different VOC vapors (isopropanol, acetone, ethanol,
toluene, methanol, and dichloromethane) at the optimum
operating temperature. The sensors’ response to isopropa-
nol was better than that to other VOC vapors, indicating

Fig. 8 The response of SnO,, Niys5-SnO,, Nij (-SnO,, Nij 5-
SnO,, Niy (-SnO,, and Ni, 5-SnO, sensors toward various 100
ppm test gases at the optimal operating temperatures.

that they have good selectivity to isopropanol.

To survey the reproducibility of the sensor response, six
reversible response-recovery cycles for the Nij 5-SnO,
sensor to 100 ppm isopropanol vapor are displayed in
Fig. 9. After six testing cycles, the sensors had only small
fluctuations and maintained a high response (about 250),
which indicates their good reversibility.

The stability reflects the service life of a sensor. To
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Fig. 9 Cyclic response curve of the sensor based on Ni; 5-SnO,
to 100 ppm isopropanol at the optimal operating temperature.

determine stability data of the Ni; 5-SnO, sensor, 100 ppm
of isopropanol was tested for 15 d at the optimal operating
temperature, and the results are shown in Fig. 10. The
response did not significantly change, indicating that the
sensors were stable, further demonstrating their potential
application prospects.

300
~ —e— Ni, -0,
g 250 —t— —
o
3
200 T T T T
0 4 8 12 16
Time/d

Fig. 10 Long-term stability of the Ni; s-SnO, sensor to
100 ppm isopropanol at the optimal operating temperature.

Table 1 compares the isopropanol sensing performance
in this work and previously reported literature [5,46—53].
The Ni; 5-SnO, based sensor displayed an ultra-low
detection limit and high response.

3.3 Gas-sensing mechanism of Ni-SnO,

The gas sensing mechanism of SnO, gas sensors is

surface-controlled, and the gas sensing performance is
primarily determined by the species and the chemisorbed
oxygen density on the surface of SnO, [54]. When a
pristine SnO, gas sensor is exposed to air, oxygen
molecules are adsorbed on the active sites of SnO,
nanorods to generate chemisorbed oxygen species (O,
O, and O*) by trapping electrons from the SnO,
conduction band to generate a potential barrier, which
increases the resistance. When SnO, nanorods are exposed
to a reducing gas such as isopropanol, the chemisorbed
oxygen anions on the surface of SnO, react with
isopropanol gas. The gas removes chemisorbed oxygen
anions and is oxidized. As a result, these free electrons
trapped by chemisorbed oxygen species are released and
return to conduction band of SnO,, which decreases the
resistance. The relevant reaction equations are [46,50]:

0,+e «—0, (1)
0, +e <20 Q)
O +e «—0* (3)

(CH;),CHOH + 907" «—3CO0, + 4H,0 + 18¢~  (4)

For Ni-doped SnO,, the increased gas sensing perfor-
mance may be due to an increase in the oxygen deficiencies
when Sn*" ions in the lattice were substituted by Ni**. This
is in close agreement with the XPS result. The above
reaction can be written as [27,55]:

NiO 329%, Nig + 05 + Vg (5)

where Nig, is the Ni—Sn substitutional site with double
negative charge, Vg is the oxygen vacancy, and Of is the
neutral oxygen site. From the defect reaction shown in
Eq. (5), there is an increase in the number of oxygen
vacancies in Ni-doped SnO, samples, and oxygen
molecules in the atmosphere tend to adsorb onto these

Table 1 Performance comparison of gas-sensing characteristics on various sensing materials toward isopropanol

Material Concentration/ppm Temperature/°C Response Detection limit/ppm Ref.
Pt-SnO, nanosheets 100 220 190.50 5 [5]
Sn0O,/ZnO core/shell composites 500 300 103.3 1 [46]
SnO, nanorings 100 250 7.27 1 [47]
CuO-SnO, nanorods 100 280 50.4 20 [48]
g-C5N4/SnO, composites 100 200 61.63 1 [49]
SnO, nanorods 200 325 19.29 20 [50]
Sm-SnO, nanoarrays 100 251 43 1 [51]
Double-shelled SnO, tubes 100 180 14.5 5 [52]
Pt-SnO, nanoflowers 100 250 171 1 [53]
Ni-SnO, nanorods 100 225 250 0.01 this work
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oxygen vacancies; thus, the number of chemisorbed
oxygen species (O,-, O, and O*) of Ni, 5-SnO, increased
compared with pure SnO,, in agreement with the XPS
results. In addition, a thicker electron depletion layer near
the SnO, surface formed due to the presence of more
defective oxygen vacancies, leading to a reduced back-
ground electron concentration, which facilitated electron
transfer from gas molecules to the conduction band. This
produces a much larger change in resistance [55], as shown
in Fig. 6(b); therefore, the substitutional doping of Ni in
SnO, changes the defect equilibrium of the gas sensor and
facilitates the adsorption of O, on the surface of SnO, [56].
Secondly, Ni** dopant ions also acted as catalytic sites that
facilitated the oxidation of analyte gases [57]. In addition to
these, the introduction of Ni dopant increased the surface
area of the nanorods, which was verified in the BET
analysis test. This provides more adsorption sites for
reducing gases when the composite has a larger surface
area [58]. The basic isopropanol gas sensing mechanisms
of pure SnO, and Ni-doped SnO,-based sensors are
depicted in Fig. 11.

> $n0, co,
(—\Ozf (CH;),CHOH 41,0
\ 250 °C ol-w;n
oN _ = ——) -
O2le—g e\‘(‘oﬂ L ¢ U
o/
> Ni-doped SnO, co,
o o (CH,),CHOH H,0
° N —=—,°" = ok
o~ CEASNESVICES | 0, e (A\‘
(VA AV O 41 CO;
(CH,),CHOH ;'3
[ ) Nanorods 2

Electron depletion layer

Fig. 11 Schematic diagrams of sensors based on SnO, nanorods
and Ni-doped SnO, nanorods when exposed to isopropanol.

4 Conclusions

In this paper, pure SnO, nanorods and a series of Ni-SnO,
nanorods with different Ni doping amounts were synthe-
sized through a one-step template-free hydrothermal
method. The experimental results showed that the Ni; 5-
SnO, based sensor exhibited a high response, high
selectivity, low detection limit, and outstanding repeat-
ability to isopropanol at 225 °C. The excellent gas sensing
properties of this material were mainly attributed to
increased oxygen defects and larger specific surface area
caused by the Ni doping. The sensor based on Ni; 5-SnO,
provides a high-performance isopropanol gas sensor with
many potential application prospects.
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