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A simple hydrothermal route to the synthesis of Sn-doped NiO hierarchical nanostructure is described in
this paper. Gas sensors were fabricated from the as-prepared NiO nanostructures, and their gas sensing
properties were investigated for response to various target gases. The results indicated that the sensor
based on 3.0 at.% Sn-doped NiO nanospheres showed superior selectivity toward xylene, giving a response
of 20.2-100 ppm, which was 12 times higher than that of the undoped NiO nanospheres. Moreover, this
sensor based on the 3.0 at.% Sn-doped NiO hierarchical nanostructure had ppb-level detection limit that
the response to 0.3 ppm xylene was 1.2. The likely reason for the improved sensing properties is the
change of carrier concentration and chemisorbed oxygen amount caused by the implantation of Sn ions

© 2017 Published by Elsevier B.V.

1. Introduction

Xylene, which can be released from building materials, dec-
orating materials, wood furniture, and carpets, is one of the
representative pollutants among volatile organic compounds
(VOCs)inthe indoor environment. As we all know, it not only causes
environmental pollution but also directly threats human health.
Although its toxicity and hazard, xylene is still used in industries as
intermediates to produce other chemicals and in research labora-
tories as solvents. Therefore, it is necessary to develop xylene gas
sensors with good selectivity and high sensitivity.

Since Seiyama found that the conductance of ZnO thin
films would change in different atmospheres [1], metal oxide
semiconductor-based gas sensors have attracted extensive atten-
tion due to their high sensitivity, fast response/recovery time, low
detection limit, low cost, and simplicity of fabrication [2-4]. In
recent years, in order to meet the requirements in many areas,
such as environment, medicine, and safety, extensive efforts on
oxide semiconductor gas sensors have been focused on enhanc-
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ing their sensitivity, selectivity, and stability. Specially, design and
preparation of nanostructured oxides with various morphologies
can effectively improve the sensing properties due to their high
surface area [5-12]. However, the excellent results demonstrated
in the literatures are obviously far from the growing need of the
gas sensing performance. Actually for oxide semiconductor-based
gas sensors, the widely accepted theory of sensing mechanism is
that the reactions between the surface reactive chemical species
such as 0,~, O—, 02~ and the gas molecules induce the change in
resistance of oxide semiconductors [13-15]. On the basis of their
sensing mechanism, the control of carrier concentration by dop-
ing may be a promising approach to significantly improve the gas
sensing performance [16].

Nickel oxide (NiO), which is known as an important p-type metal
oxide semiconductor, is widely used in the following fields such
as energy storage [17], lithium ion batteries [18], catalysts [19],
and sensors [16,20] owing to its steady chemical and electrical
properties. Investigations into NiO nanostructures sensing proper-
ties have indicated that its sensitivity is relatively lower compared
with that of some n-type metal oxide semiconductors [21-23].
Nevertheless, NiO has been found to have outstanding catalytic
activity during the oxidation of volatile organic compounds (VOCs)
[24]. In this regard, many studies have been conducted in order to
improve the sensing performance of NiO gas sensors. Indeed, dop-
ing of NiO with aliovalent metal ions has been found to result in
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Fig. 1. XRD patterns of the pure, 1.0 at.%, 3.0 at.%, and 5.0 at.% Sn-doped NiO flower-
like nanospheres.

improved gas sensing properties during sensing. For example, sen-
sors based on Fe-doped NiO hollow spheres showed high response
to 100 ppm C;HsOH at 350°C that the value (Rg/Ra=172.5) was
about 31.4 times higher than that of undoped NiO hollow spheres
(Rg/Ra=5.5) [16]. Moreover, the gas sensor based on 3.0 wt% Cd-
doped NiO showed excellent sensitivity toward 0.1% ethanol at
the relatively low operating temperature of 100°C [25]. It could
be found that not only was the response increased, but also the
operating temperature was decreased via the doping of NiO with
aliovalent metal ions, both of which would improve the sensing
performance.

In this work, a facile hydrothermal synthesis method was used
to prepare pure and Sn-doped NiO hierarchical nanostructures.
The resulting powders were applied to fabricate gas sensor devices
which were then tested for sensitivity to a variety of gases. Accord-
ing to the tested data, the sensors using 3.0at.% Sn-doped NiO

nanospheres showed remarkable selectivity toward xylene and
they were observably more sensitive to Xylene compared with pre-
viously reported NiO sensor devices.

2. Experimental

2.1. Preparation of the pure and Sn-doped NiO flower-like
nanospheres

The pure NiO flower-like nanospheres were prepared by a
hydrothermal reaction. All the chemical reagents used in this
experiment were analytical grade and used as received with-
out further purification. Briefly, 2 mmol of NiCl,-6H,0, different
amounts of SnCly-5H,0 (the molar ratios of Sn/Ni were 0.0 at.%,
1.0at.%, 3.0at.%, and 5.0 at.%, respectively), and 2 mmol of hexam-
ethylenetetramine (HMT) were dissolved into 30 mL of deionized
water under vigorous stirring to form a homogeneous green solu-
tion. Five minutes later, dropping 2mL of ethanolamine into
the mixed solution, after stirring for several minutes, the mixed
blue solution was transferred into a Teflon-lined stainless steel
autoclave and heated at 160°C for 12 h. After cooling down to
room temperature, the resulting precipitates were centrifuged and
washed with deionized water and ethanol several times and then
dried at 80°C for 24 h. Finally, the undoped and Sn-doped NiO
flower-like nanospheres were obtained by annealing above pre-
cipitates at 400°C for 2 h in air [26-29].

2.2. Characterization

X-ray diffraction (XRD) on a Rigaku TTRIII X-ray diffractome-
ter (using Cu-Ka radiation with a wavelength of 1.5406A) was
used to explore the crystalline structures of prepared materials.
The data were collected over the 20 range from 20° to 80° with
a step rate of 10°/min. JSM-7500F (JEOL) field emission scanning
electron microscope (FESEM) with an operating voltage of 15kV
was used to observe the morphology and microstructure of sam-

Fig. 2. FESEM images of the single (a) undoped, (b) 1.0 at.%, (c) 3.0at.%, and (d) 5.0 at.% Sn-doped NiO hierarchical flower-like nanosphere.
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Fig. 3. (a1, a2, b and c¢) SEM, TEM, HRTEM and corresponding SAED pattern of the pure NiO sample. (d;, d, e and f) SEM, TEM, HRTEM and corresponding SAED pattern of the
3.0at.% Sn-doped NiO sample. (g, h, i and j) Scanning TEM (STEM) image and the corresponding energy dispersive X-ray spectroscopic (EDS) elemental mapping images of

the 3.0 at.% Sn-doped NiO sample.

ples. The specific surface area was calculated from the BET equation
with the help of Micromeritics Gemini VII apparatus (Surface Area
and Porosity System). Transmission electron microscopy (TEM) and
high-resolution TEM images were obtained from a JEM-2200FS
(JEOL) transmission electron microscope under the operating volt-
age of 200kV. The elemental mapping and spectrum of energy
dispersive X-ray spectroscopic (EDS) were obtained from the TEM
attachment. The X-ray photoelectron spectroscopy (XPS) measure-
ments were operated with the source of Mg-Ka X-ray (1253.6eV
Specs XR50). A static test system was used to test gas sensing
properties of the gas sensors under the laboratory condition (50%
relative humidity, 25 °C). The system is cheap and easy-operating, it

is made up of four parts: A constant-current power (Gwinstek GPD-
3303S) providing different working temperatures to the sensors;
An airtight chamber separating out a close space, where the gas
can be changed by an air pump; A Fluke 8846a (Fluke Co.) record-
ing the resistance of the sensors; A computer which can display and
save the test data.

2.3. Fabrication and measurement of gas sensor

The fabrication of the gas sensor is described as following: The
NiO nanosphere slurry was coated on an alumina tube with a pair
of Au electrodes to form a thick film. Then the sensing devices were
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Fig. 4. (a) Gas responses of the sensors based on the pure, 1.0at.%, 3.0at.%, and
5.0 at.% Sn-doped NiO samples vs operating temperatures to 100 ppm xylene and
responses of four sensors to 100 ppm eight target gases (X, xylene; A, acetone; E,
ethanol; M, methanol; F, formaldehyde; B, benzene) at 225 °C. (b) Gas responses of
the sensor based on the 3.0 at.% Sn-doped NiO sample to 100 ppm six target gases
(E, ethanol; A, acetone; M, methanol; F, formaldehyde; B, benzene; X, xylene) at
different operating temperatures.

Table 1
Textural parameters of the four as-obtained materials.

Samples BET surface Pore Volume Average pore
area(m?g1) (cm3g1) size (nm)

undoped 459 0.36 35.1

1.0at.% 70.8 0.75 384

3.0at.% 90.2 1.19 471

5.0at.% 77.2 0.78 36.4

fired at 400 °C for 2 h in air using a muffle furnace. The details of the
sensor fabrication have been described in our previous study [30].
The gas sensing performance of the gas sensor was measured by a
static test system which could record real-time change in resistance
of sensor. Firstly, the gas sensor was placed in an airtight chamber
(1L in volume) filled with fresh air. Then a certain volume of test
gases was injected into the airtight chamber by a micro-injector
for the investigation of the sensing performance. The gas response
of the sensor was defined as Rg/Ra (p-type gas sensor), namely the
ratio of the sensor resistance in target gases (Rg) to that of in air
(Ra).

3. Results and discussion
3.1. Structural and morphological characteristics
The XRD patterns of the undoped and Sn-doped NiO samples are

showninFig. 1 and confirm the formation of the face-centered cubic
phase of NiO (JCPDS No. 47-1049). No other peaks which derived
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Fig. 5. Gas responses of four sensors as a function of the xylene concentration at
225°C.

from the tetragonal rutile phase of SnO, or impurity phases were
observed in the 1.0 at.%, 3.0 at.%, and 5.0 at.% Sn-doped NiO hierar-
chical nanospheres. This result indicated that the Sn ions were most
likely incorporated into the NiO crystal lattice. Moreover, the peaks
were obviously broadened, showing a small crystallite size. Using
the Scherrer equation (D = 0.89\/Bcos 6, where D is the domain size,
\ is the wavelength of the incoming radiation, (3 is the line broad-
ening at full width half-maximum, and 6 is the Bragg angle of the
peak) to calculate the crystallite sizes for the as-prepared powders
including pure, 1.0 at.%, 3.0 at.%, and 5.0 at.% Sn-doped NiO, indicat-
ing crystallite sizes of 14.1, 10.9, 10.3 and 9.7 nm, respectively.

The morphologies of the as-prepared Sn-doped NiO samples
were examined by FESEM and TEM. As the high-magnification
FESEM images of single nanosphere shown in Fig. 2, the NiO
nanospheres were about 4 wm in diameter clearly, and it could
also be observed that the flower-like NiO nanosphere was assem-
bled from many curving and porous two-dimensional nanosheets.
The panoramic SEM images of as-prepared samples are shown in
Fig. S1. It could be found that the flower-like NiO nanospheres had
relatively good dispersivity.

In addition, TEM images of undoped (a, b and c) and 3.0at.%
Sn-doped (d,, e and f) NiO flower-like nanospheres are shown
in Fig. 3. Image in Fig. 3a, further demonstrated that the NiO
flower-like nanosphere appeared to have a hierarchical architec-
ture, which was similar to the SEM observation (Fig. 3a;). The
HRTEM image of a single nanosheet shown in Fig. 3b displayed
clear lattice fringes. And the lattice spacing (distance of two adja-
cent lattice fringes) was about 0.241 nm, which could correspond
with the (111) lattice planes of NiO. The selected area electron
diffraction (SAED) pattern is displayed in Fig. 3c, where a series
of concentric diffraction rings could be observed. This observation
indicated that the NiO nanosheet was polycrystalline. The 3.0 at.%
Sn-doped NiO nanosphere was also analyzed by FESEM and TEM,
images of which are shown in Fig. 3dq, dy, e. It could be found that
the introduction of Snions rarely led to the changes in the morphol-
ogy and microstructure. The HRTEM image of the 3.0 at.% Sn-doped
NiO nanosheet showed clear lattice fringes with spacing of 0.205
and 0.241 nm, which could be attributed to the (200) and (111)
lattice planes of NiO, respectively. Furthermore, the EDS elemen-
tal mapping analysis was carried out on the 3.0 at.% Sn-doped NiO
flower-like nanospheres as shown in Fig. 3h-j, depicting the spa-
tial distribution of Sn, Ni, and O, respectively. Obviously, all three
kinds of elements were detected and distributed uniformly in the
region of flower-like nanospheres. Furthermore, the signals of Ni
and O were much stronger than that of Sn, which indicated that
the content of Sn was much lower than that of Ni and O.
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Fig. 6. (a) Dynamical response-recovery curves of the 3.0 at.% Sn-doped NiO and pure NiO flower-like nanospheres to different concentrations of xylene from 10 to 100 ppm.
(b, c) Dynamical response-recovery curves of the 3.0 at.% Sn-doped NiO nanospheres to low concentrations of xylene from 1 to 8 ppm and 0.1-0.8 ppm respectively at 225 °C.
(d, e) Gas responses of the sensor based on the 3.0 at.% Sn-doped NiO sample to low concentrations of xylene from 1 to 8 ppm and 0.1-0.8 ppm respectively at 225°C.

3.2. Gas sensing characteristics

In order to examine the effect of the Sn doping on the gas sens-
ing properties of the NiO nanospheres, the gas sensing performance
of the sensors based on the undoped and different amounts of Sn-
doped NiO samples was investigated. First of all, in order to explore
the optimal operating temperature and Sn doping amount, the
responses of gas sensors based on the pure, 1.0at.%, 3.0at.%, and
5.0 at.% Sn-doped NiO samples to 100 ppm Xylene were measured
at different operating temperatures from 200 to 300°C.

As shown in Fig. 4a (inset), the curve showed the correlation
between gas response and operating temperature for all the sam-
ples, clearly, the optimal operating temperature of all the samples
was 225 °C. Obviously, significant improvements in gas responses

were observed for all the sensors based on Sn-doped NiO. Among
them, the responses of the sensors based on the pure, and 3.0 at.%
Sn-doped NiO to 100 ppm xylene at 225°C were 1.7, and 20.2,
respectively. The results indicated that the sensor based on 3.0 at.%
Sn-doped NiO showed the highest response to 100 ppm xylene
and the value was about 12 times higher than that of pure NiO.
Meanwhile, the selectivity curves shown in Fig. 4a describe the
gas responses of pure and three Sn-doped sensors to 100 ppm of
eight different target gases at 225°C. The target gases are xylene,
acetone, ethanol, methanol, formaldehyde, benzene, CH,4, and CO
respectively. Clearly, in comparison with the pure NiO, all the Sn-
doped NiO samples exhibited enhanced response for each test gas.
Additionally, the responses of all the sensors to xylene were vis-
ibly higher than that to other gases. Especially, the sensor based
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Fig. 7. (a) Dynamic response curves of 3.0 at.% Sn-doped NiO sensor to 50 ppm xylene in different humidity (15%-100% RH) at 225 °C. (b, c) Corresponding values of initial
resistances in air and gas responses to 50 ppm xylene at the increasing humidity, respectively.

on 3.0at.% Sn-doped NiO had the highest response to xylene and
the value was about 3.3-17.1 times higher than that to other tar-
get gases, while the ratio was only about 1.3-1.6 for the pure NiO.
According to the study of the gas-sensing selectivity mechanism
[31], both the amount of gas adsorption and LUMO (lowest unoc-
cupied molecule orbit) energy have impacts on selectivity of the
sensor. Thus, owing to the different amount of gas adsorption and
LUMO energy of various target gases, the gas responses will be dif-
ferent from each other and exhibit selectivity. Herein, the reason for
the high response to xylene of the NiO gas sensors were also talked
about. On the basis of the reported literature [32], the responses of
the pure NiO are negligibly low, however, NiO is a good catalyst for
promoting the adsorption of methyl radicals and oxidizing xylene,
which could significantly enhanced the gas response to xylene after

using an appropriate modification method. Of course, these analy-
ses above are based on the existing literatures, and further studies
are necessary in order to give out essential and universal theories
on the gas-sensing mechanism.

Actually, in the practical use, gas sensors are always work at
the complex environments surrounded by various kinds of gases.
Therefore, good selectivity of sensors to target gases is one of
the key parameters as well. So further investigation for selectiv-
ity was conducted. For the comprehensive and accurate selectivity
assessment of the sensor, the selectivity curves of the sensor based
on the 3.0at.% Sn-doped NiO towards six VOCs (ethanol, acetone,
methanol, formaldehyde, benzene, xylene) at different operating
temperatures (200, 225, 250, 275, 300°C) are shown in Fig. 4b,
which demonstrates the optimum working temperature of each
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Table 2
Comparison of xylene sensing performance among gas sensors based on different sensing materials.

Materials T(°C) & RH (%) Conc. Rg/Ra or Ra/Rg Res. & Recov. LOD Improved ratio Ref.
(ppm) time (s) (ppm)

0.6 at.% Pd-doped WO3-H,0 230& - 10 21 ~1&~2 0.1 33 [34]
200 55.5 - 3.8

5at.% Cr-doped 139 & 43 5 6.4 15-30 & 10-30 1.15 4.9 [35]

Co304 100 ~18.6 - ~9.3

5wt% Fe-doped MoOs 206 & 40 100 6.1 20& 75 ~5 2.1 [36]

2.04wt% Au-loaded a-MoOs3 250 & - 5 2.5 118 & 289 0.5 - [37]
100 221 - 3.9

a-MoOj3/a-Fe; 03 206 & - 5 4.8 - - 3 [38]
100 6.8 87 & 190 ~23

2 at.% Ni-doped TiO, 302 & - 100 44 9&1.2 - 2.4 [39]

0.4 wt% Co-doped ZnO 320& 25 100 14.8 4&6 - 34 [40]

Zn-W-0 nanocomposite 420 & - 100 71 - - ~3.5 [41]

Cr,03/ZnCr,04 nanocomposite 275& - 5 69.2 - 0.25 16.5 [42]

1.15 at.% Cr-doped NiO 400 & - 5 11.6 - 0.25 ~58 [43]

2 at.% W-doped NiO 375 & 25-35 200 8.7 178 & 152 ~15 33 [44]

3at.% Sn-doped NiO 225 & 50 100 20.2 298 & 223 0.3 12 This work

LOD: limit of detection.

Improved ratio: the ratio of responses between the well-modified sensor and the untreated sensor in the same test condition.
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target gas. Moreover the optimum target gas at each operating tem-
perature could be found obviously from another form of selectivity
curves shown in the inset of Fig. 4b. It could be noticed that the
sensor based on the 3.0at.% Sn-doped NiO had a good selectivity
towards xylene at the temperature between 200 °C-300 °C, and the
optimum working temperature is 225 °C.

Fig. 5 shows the responses of four gas sensors to xylene with
various concentrations at 225 °C. It could be observed that the gas
responses increased with increasing xylene concentration from 1 to
100 ppm for all the sensors. Among them, the response of the sen-
sor based on the 3.0 at.% Sn-doped NiO was apparently higher than
that of other gas sensors. And the inserted picture shows the curves
of response of four gas sensors to xylene in low concentration from
1 to 10 ppm. The sensor based on the 3.0at.% Sn-doped NiO dis-
played excellent linear responses to relatively low concentrations
of xylene.

Moreover, the dynamical response-recovery curves of two sen-
sors based on pure and 3.0at.% Sn-doped NiO to different xylene
concentrations (10-100 ppm) at 225 °C are displayed in Fig. 6a. In
addition, dynamical response-recovery curves of sensor based on
3.0at.% Sn-doped NiO to low xylene concentration (1-8 ppm and
0.1-0.8 ppm) at 225°C are displayed in Fig. 6b and c respectively
and their corresponding values of response are shown in Fig. 6d
and e. For the sensors, the resistances increased upon exposure
to xylene, which were the same gas sensing behaviors as p-type
oxide semiconductors. Besides, the sensors showed outstanding

response and recovery characteristics toward different concentra-
tion of xylene. For the response curves of the sensor based on
3.0at.% Sn-doped NiO, the corresponding responses had a signifi-
cant enhancement with the increasing concentration of xylene and
the sensor had an obvious response to 0.3 ppm xylene (the response
to 0.3 ppm xylene was 1.2), which indicated that the sensor based
on the 3.0 at.% Sn-doped NiO hierarchical flower-like nanospheres
had ppb-level detection limit.

As shown in Fig. 7, the interferential effect of water vapor on the
response and resistance was investigated. Six real-time response
curves to 50 ppm xylene at 225°C in different humidity condi-
tion (15%, 30%, 50%, 70%, 90% and 100% RH) are shown in Fig. 7a
and corresponding values of resistance and response are shown
in Fig. 7b and c, respectively. Apparently, high relative humidity
(RH) had some influence on the sensing properties, the resistance
inairat 225 °Cincreased with the increasing RH, while the response
toward 50 ppm xylene at 225 °C decreased. The reason for this phe-
nomenon could be searched in the reported literature [33]. First,
reaction between water and adsorbed oxygen decreased the band
bending, resulting in the increase of resistance; second, oxygen ions
near the NiO surface were competed by target gas and water vapors,
which decreased the effect of target gas exposure and lower the gas
response.

Response and recovery times toward 100 ppm xylene at 225°C
of the 3.0 at.% Sn-doped NiO gas sensor are shown in Fig. S2a, show-
ing the response and recovery times of 298 and 223s, respectively.
And five shark-fin-like cyclic resistant curves of the sensor based
on the 3.0at.% Sn-doped NiO to 100 ppm of xylene at 225°C are
shown in Fig. S2b. It could be found that there was no obvious
floating in responses during the periods of cycle measurement. The
gas response was rapid, and a shark-fin-like profile was reached
within minutes of exposure to xylene. When the xylene flow was
stopped, the response dropped to the baseline again. Those results
above demonstrated a good repeatability of the sensor. Moreover,
as shown in Fig. 8, the resistance in air and corresponding gas
response to 100 ppm Xylene at 225 °C were nearly constant in the
20 test days, which indicated the long-term stability of the sensor
based on the 3.0 at.% Sn-doped NiO sample.

In aword, on the basis of the preceding paragraphs, we can draw
the conclusion that the doping of Sn into NiO has an effect on pro-
moting the gas sensing properties of the NiO-based gas sensor and
the optimum doping amount of Sn was considered to be 3.0 at.%.

Herein, xylene sensing properties of the 3.0% Sn-doped NiO sen-
sor in this study and some reported gas sensors based on various
sensing materials are summarized in Table 2 [34-44]. It is apparent
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flower-like nanospheres.

that these xylene gas sensors are mainly fabricated from modi-
fied W03, M0o0O3, a-Fe; 03, TiO5, ZnO, Cry03, Co304, NiO materials
or some composites. And on the whole, gas sensors based on p-
type semiconductors showed larger lifting space (improved ratio)
on the sensing properties than that of the n-type semiconductor
gas sensors, because of the relatively poorer gas sensing perfor-
mance of the untreated p-type semiconductors (especially for pure
NiO) compared with that of the untreated n-type semiconductors.
As for the specific gas sensor, though the response and recover
times were relatively longer, the 3 at.% Sn-doped NiO gas sensor
in this work not only gave out a high ratio of gas-sensing improve-
ment but also exhibited good sensing properties, such as higher
response, lower working temperature, lower detection limit and
better humidity independence. Additionally, some gas responses
of sensors [36,39,41,44] were relatively low, some responses of the
sensors [34,38] were less increased with the obviously increased
xylene concentration indicating relatively low saturation concen-
trations, and some sensors [42,43] showed much higher responses
to 5 ppm xylene, but did not exhibited matched low detection lim-
its expectantly. So, compared with these sensors above, the 3 at.%
Sn-doped NiO gas sensor also exhibited a wider detection range of
xylene and better linear relation between gas response and con-
centration.

3.3. Gas sensing mechanism

As for the gas sensing mechanism of oxide semiconductors, the
most widely accepted theory is that the electrical conductivity and

the surface chemisorbed oxygen species of the sensing materials
have a primary effect on the gas sensing properties. Generally, when
the gas sensor based on NiO nanostructures is exposed to air, 0xy-
gen molecules will be adsorbed on the surface of NiO and go on to
be ionized by electrons derived from the conduction band to form
species, which leads to the formation of a hole accumulation layer.
Since the majority carrier in NiO is hole, so the resistance of NiO
will get decreased. On exposure to a reducing gas, the target gas
will react with chemisorbed oxygen ions, resulting in the release of
electrons back into the conduction band of NiO. So in this way, the
accumulation layer get thinner, which causes the increase of the
sensor resistance.

The ability of the sensing material to adsorb and ionize oxygen
species is fundamental to the sensor performance. The enhanced
performance observed here is likely to be the result of two factors.
First, the crystallite size and the specific surface area were talked
about. The average crystallite sizes of the pure, 1.0at.%, 3.0 at.%,
and 5.0 at.% Sn-doped NiO primary nanoparticles were calculated
to be 14.1, 10.9, 10.3 and 9.7 nm, respectively. It could be found
that the crystallite size decreased with the increase of Sn doping
amount. Moreover it could reflect the change of grain (particle) size
in some way and according to a previous sensing theory, reducing
the particle size increases the sensitivity [45]. As for the specific
surface area, the N, adsorption-desorption isotherms of the four
as-obtained samples are shown in Fig. S3 and the measured results
of textural parameters are listed in Table 1. The results of measure-
ments showed the BET surface areas of pure NiO, 1.0at.%, 3.0 at.%,
and 5.0 at.% Sn-doped NiO flower-like nanospheres were 45.9, 70.8,
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90.2, and 77.2m? g1, respectively. Obviously, the specific sur-
face area of 3.0 at.% Sn-doped NiO nanospheres (90.2m? g~!) was
larger than that of pure NiO (45.9 m2 g~1). Moreover, the other two
parameters (pore volume and average pore size) of 3.0at.% Sn-
doped NiO nanospheres were superior to those of the undoped,
1.0at.%, and 5.0 at.% Sn-doped NiO as well. These meant that more
amount of oxygen could be adsorbed on the surface of NiO after
doping Sn, and such porous hierarchical nanostructure could sim-
plify gas diffusion to the interior of nanospheres, both of which
could lead to the improvement in gas sensing properties. Though,
it could be found that the BET surface area first increased when
the Sn doping amount was not too high and then decreased, which
was not matched with the changing tendency of average crystal-
lite size. It meant that the crystallite size was not directly relevant
to the specific surface area or the enhanced performance. Strictly
speaking, crystallite size is different from the grain (particle) size
and on the basis of the equation Sy =K/pD [46], where Sy, is the
specific surface area, p is the bulk density, K is a shape factor (K=6
for the spherical nanoparticles), D is the average particle size, it
could be found easily that the specific surface area has close rela-
tion with the structure and morphology. Therefore, the decrease
of specific surface area of the 5.0at.% Sn-doped NiO may due to
the too dense nanosheet-assembled nanoflowers [47]. Actually,
the enhanced sensing performance results from the co-effect of
multi-factor, the decrease of crystallite size and the increase of
specific surface area may just partly explained the enhanced per-
formance [45], therefore more factors need to be concerned for the
enhanced sensing performance. Second, the investigation of carrier

concentration and distribution of oxygen component in the pure
and Sn-doped NiO was carried out by XPS analysis.

Fig. 9a shows the XPS survey spectrum of the 3.0 at.% Sn-doped
NiO sample, in this picture, the signals of Ni, O and Sn could be
clearly observed. As the Sn 3d spectrum illustrated in Fig. 9b, the
two characteristic peaks located at 495.5eV and 487.1eV were
assigned to Sn** [48]. Fig. 9c and d show the high resolution scans of
the undoped and 3.0 at.% Sn-doped NiO flower-like nanospheres for
Ni 2p3. From which, Ni* and Ni3* bonding energies were clearly
observed at 854.6 and 856.5 eV for the pure NiO, as well as 855.1 and
856.8 eV for the 3.0at.% Sn-doped NiO. It could be found that the
Ni3*/Ni2* ratio of NiO samples was increased after doping 3.0 at.%
Sn into NiO crystal lattice. This indicates the partial of Ni2* ions are
oxidized to Ni3* due to Sn doping. As reported in previous litera-
tures, the adsorbed oxygen with negative charge on the surface of
NiO can lead to the formation of Ni3*, what's more, Ni3* can also be
formed by the negatively charged interstitial oxygen (0O;") [49,50].
As shown in Eq. (1), substitution of Sn** at the site of Ni2* can be
described with the electronic compensation mechanism. And the
oxygen molecules formed in Eq. (1) will be converted into nega-
tively charged interstitial (or surface) oxygen as shown in Eq. (2),
through the partial oxidation of Ni2* into Ni3* (Eq. (2)).

sn0,"sn’ + 2¢’ + 0 + %02 () (1)

—

502(8)+ 2Ni0"°0] + 2Nig; + 20 2)
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And in Eq. (1), electrons are generated owing to the substitu-
tion of Sn** at Ni2* sites, which increases the resistance of NiO. It
has been demonstrated that when the hole concentration become
low, the same amounts of injected electrons produced in the sens-
ing reaction between xylene molecules and chemisorbed oxygen
ions will result in a higher variation in sensor resistance, which
eventually leads to the enhanced gas response [51,52].

In addition, as shownin Fig. 10, the O 1s XPS peaks of the four NiO
samples were asymmetric and could be fitted into three different
components [53,54]. They were lattice oxygen (O ), oxygen defi-
cient regions (O;), and chemisorbed oxygen species (O¢), located
at the binding energies of about 529.8 +0.3eV, 531.24+0.7 eV, and
532.4+0.4 eV respectively.

The relative percentages of Or, O;, and O¢ components in the
undoped NiO were approximately 60.0%, 25.6%, and 14.4%, while
those were 16.7%, 26.7%, and 56.6% in the 3.0 at.% Sn-doped NiO.
Obviously, the contents of O; and O¢ components were increased
after Sn doping, which indicated that the deficient and chemisorbed
oxygen in NiO sample had close relation to the gas sensing proper-
ties. Generally speaking, more active sites for the gas reaction could
be provided as well as the adsorption on the surface of the sens-
ing materials owing to the increase of O; component. Moreover,
the rise of Oc component meant that more surface chemisorbed
oxygen species could participate in the oxidation-reduction reac-
tion, causing a larger change in sensor resistance. Therefore, the
improvement in gas response can be successfully achieved by
adjusting the hole concentration and distribution of oxygen com-
ponents using Sn doping strategy.

4. Conclusions

In summary, we have demonstrated that the pure, 1.0at.%,
3.0at% and 5.0at.% Sn-doped NiO flower-like nanospheres can
directly be synthesized using a simple hydrothermal reaction. The
pure and Sn-doped NiO were utilized in sensor devices and their
gas sensing properties were examined. The results revealed that
the sensor based on the 3.0 at.% Sn-doped NiO had the significantly
enhanced gas response to xylene compared with that of the other
sensors. The changes in crystallite size, specific surface area, and
carrier concentration caused by Sn doping may be responsible for
the improvement in sensing properties.
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