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a  b  s  t r  a  c  t

The  pristine  and  W-doped  NiO  hierarchical  flower-like  hollow  spheres  were  prepared  by  a one-step
hydrothermal  reaction  without  template  and  used  to  fabricate  the  gas  sensors.  Their  gas  sensing  per-
formances  and  possible  sensitive  mechanism  were  investigated.  The  results  indicated  that  the  strategy
of  doping  W  into  NiO could  effectively  improve  the  gas  sensing  properties.  The  sensor  based  on  the  4.0  at%
W-doped  NiO exhibited  the  optimal  gas  sensing  performance,  giving  a ppb-level  detection  limit and  an
eywords:
ydrothermal
-doped NiO

ierarchical

ultra-high  response  of 198.1  to 100  ppm  acetone  at 250 ◦C, which  was  about  139  times  higher  than  that
of  the  pristine  NiO.  The  significantly  enhanced  sensing  properties  to acetone  could  be  attributed  to  the
changes  in  crystallite  size,  specific  surface  area,  and  hole  carrier concentration  caused  by  W doping.

©  2015  Elsevier  B.V.  All  rights  reserved.

cetone
as sensor

. Introduction

Resistive gas sensors based on metal oxide semiconductors such
s SnO2 [1,2], ZnO [3,4], TiO2 [5,6], WO3 [7–12], In2O3 [13,14], �-
e2O3 [15], and NiO [16] occupy the significant positions in the
eld of gas sensors for monitoring and detecting inflammable,
xplosive, or toxic gases due to the advantages of low cost, sim-
le operation and portability. Extensive research efforts have been
ommitted to develop high-performance gas sensors with high
ensitivity and low detection limit [17]. Specially, design and con-
rollable synthesis of hierarchical and hollow nanostructures can
ffectively improve the gas sensing properties by increasing surface
rea and decreasing agglomeration [18]. Although the enhanced
as response through structural and morphological adjustment has
een demonstrated in the literatures, just relying on this method is
ar from enough with the growing requirement of the gas sensing
erformance. The operating principle of resistive gas sensor is
ased on the change in the concentration of charge carriers caused
y the surface oxygen reaction [19,20]. Therefore, the method of
uning the concentration of charge carriers by aliovalent doping

hould be a promising approach to improve the gas sensing perfor-
ance [21–25].

∗ Corresponding authors. Tel.: +86 431 85167808; fax: +86 431 85167808.
E-mail addresses: spmaster2008@163.com (P. Sun), lugy@jlu.edu.cn (G. Lu).

ttp://dx.doi.org/10.1016/j.snb.2015.05.037
925-4005/© 2015 Elsevier B.V. All rights reserved.
Nickel oxide (NiO), as an important p-type metal oxide semi-
conductor, is a fascinating material for its broad applications in
catalysts [26,27] and gas sensor [28–30] since its outstanding
chemical and thermal stabilities, as well as the higher amount of
chemisorbed oxygen in NiO than that in other metal oxides [31].
Based on the fact that the properties of the material are strongly
dependent on its morphology [32,33], different dimensional and
morphological NiO nanostructures [34–40] have been synthesized
via various methods. Meanwhile, the study about optimizing the
sensing properties of the NiO-based gas sensor by doping method
has been developing gradually. Yoon et al. [41] have been demon-
strated that the response to 100 ppm ethanol could be enhanced
up to 217.86 times via doping NiO nanofibers with Fe3+. Kim et al.
[25] also have provided an evidence of enhanced gas responses to
toluene and xylene by doping NiO spheres with Cr3+. These results
reveal that aliovalent doping is an effective measure to modify NiO
material in order to tailor its gas sensing properties. It is well known
that tungsten (W), which acts as a donor in NiO, can decrease the
hole concentration and leads to the increase in the electrical resis-
tivity of NiO. In this case, we  expect that W dopant can affect the
gas sensing properties of the NiO-based gas sensors. Furthermore,
to our best knowledge, the research on the properties of the gas sen-
sors based on the W-doped NiO nanostructures is rarely reported.
In this work, we demonstrated a one-step hydrothermal
method to synthesize the undoped and W-doped NiO hierarchical
flower-like hollow spheres. A systematically comparative study on
morphologies and gas sensing characteristics between the undoped

dx.doi.org/10.1016/j.snb.2015.05.037
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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nd W-doped NiO were carried out. The results indicated that the
ensor based on the 4.0 at% W-doped NiO showed the best gas
ensing properties to acetone with a ppb-level detection limit and
n ultra-high gas response, which revealed the feasible strategy of
oping W into NiO aiming to improve the gas sensing characteris-
ics of the NiO-based gas sensors.

. Experimental

.1. Preparation of the undoped and W-doped NiO hierarchical
ower-like hollow spheres

The undoped and W-doped NiO hierarchical flower-like hol-
ow spheres were prepared by a hydrothermal reaction. All the
hemical reagents in this experiment were analytical grade (Beijing
hemical Co., Ltd.) and used as received without further purifi-
ation. NiCl2·6H2O and WCl6 were used as nickel and tungsten
ources, respectively. In brief, 0.4754 g of NiCl2·6H2O and appropri-
te amounts of WCl6 (the molar ratios of W/Ni were 0.0 at%, 2.0 at%,
.0 at%, and 6.0 at%, respectively) were dissolved in 15 mL  of ethanol
nder vigorous stirring to form a homogeneous solution. Then,
5 mL  of 0.13 M hexamethylenetetramine (HMT) aqueous solution
nd 2 mL  of ethanolamine (EA) were added into above solution.
fter stirring for 10 min, the solution was transferred into a Teflon-

ined stainless steel autoclave and heated at 160 ◦C for 12 h. After
ooling down to room temperature, the resulting precipitates were
entrifuged and washed with deionized water and ethanol several
imes and then dried at 80 ◦C for 24 h. Finally, the undoped and W-
oped NiO hierarchical flower-like hollow spheres were obtained
y annealing above precipitates at 450 ◦C for 1 h in air.

.2. Characterization

The X-ray diffraction (XRD) patterns were recorded on a Rigaku
TRIII X-ray diffractometer operated at 40 kV and 200 mA using
u K� radiation with a wavelength of 1.5406 Å. The field emission
canning electron microscopy (FESEM) images were obtained using

 JSM-7500F (JEOL) microscope with an operating voltage of 15 kV.
ransmission electron microscopy (TEM) and high-resolution TEM
mages were obtained from a JEM-2200FS (JEOL) transmission
lectron microscope with an operating voltage of 200 kV. The
nergy dispersive X-ray spectroscopic (EDS) elemental mapping
as investigated by the SEM attachment. The X-ray photoelectron

pectroscopy (XPS) measurements were performed with Mg-K� X-
ay source (1253.6 eV Specs XR50). The specific surface area was
stimated from the Brunauer–Emmett–Teller (BET) measurements
y using a Micromeritics Gemini VII apparatus (Surface Area and
orosity System).

.3. Fabrication and measurement of gas sensor

The synthesized products were mixed with ethanol to form a
aste. Then the paste was coated onto an alumina tube (4 mm

n length, 1.2 mm in external diameter, and 0.8 mm in internal
iameter) to form a thick sensitive film. The details of the sensor
abrication have been described in our previous study [42]. The gas
ensing properties of the sensor were measured by a static test sys-
em. Firstly, the gas sensors were placed in an airtight chamber (50 L
n volume) purged with fresh air. Then a certain volume of target
ases was injected into the airtight chamber by a micro injector

or the measurement of the sensing performance. The gas response
f the sensor was defined as Rg/Ra (p-type gas sensor), namely the
atio of the sensor resistance in target gases (Rg) to that of in fresh
ir (Ra). The response and recovery times were defined as the time
Fig. 1. XRD patterns of the undoped, 2.0 at%, 4.0 at%, and 6.0 at% W-doped NiO
samples.

taken to achieve 90% of the total resistance changes after the sensor
was exposed to the target gases and fresh air, respectively.

3. Results and discussion

3.1. Structural and morphological characteristics

The XRD patterns of the as-synthesized undoped and W-doped
NiO samples are shown in Fig. 1. It is clearly that the diffraction
peaks of all samples were matched well with the face-centered
cubic phase of NiO (JPCDS Card No. 47-1049). No other peak corre-
sponding to tungsten or tungsten compound was observed in the
XRD patterns of the W-doped NiO samples. Besides, the crystallinity
of the W-doped NiO samples decreased and the diffraction peaks
became broader with increasing the W doping amount. The average
crystallite size (D) was calculated according to the Scherrer formula
(D = 0.89�/  ̌ cos �, where � is the X-ray wavelength (0.1518 nm), ˇ
is the peak width at half maximum, and � is the diffraction angle
of the peak). The average crystallite sizes of the undoped, 2.0 at%,
4.0 at%, and 6.0 at% W-doped NiO were about 14.2, 11.1, 10.4, and
9.8 nm,  respectively. Obviously, the crystallite size also decreased
with the increase of the W doping amount. This could be because W
prevented NiO nanocrystals from growing-up and combining into
larger crystals. These results indicated that W could be incorporated
into the lattice of NiO successfully.

The morphological characteristics of the as-synthesized
undoped and different W doping amount of NiO are observed
by FESEM. It can be clearly seen from the panoramic FESEM
image of Fig. 2a that the undoped NiO samples were hierarchical
flower-like hollow spheres with good dispersity. Meanwhile,
no other morphologies could be observed. A typical single NiO
flower-like sphere is observed in Fig. 2b, from which the sphere
was assembled by a number of 2D curving nanosheets and showed
a diameter of about 4.7 �m.  The morphologies of the W-doped NiO
products are shown in Fig. 2c–h. Compared with the undoped NiO,
the morphologies had some changes. Despite the 2.0 at%, 4.0 at%,
and 6.0 at% W-doped NiO samples still maintained hierarchical
flower-like hollow spherical morphologies, the nanosheets as the
building blocks became much smaller and denser than those of the
undoped NiO. Furthermore, with increasing the W doping amount,
the sizes of the spheres were also decrease. The observed sizes of
the 2.0 at%, 4.0 at%, and 6.0 at% W-doped NiO were about 4.4 �m
(Fig. 2d), 3.9 �m (Fig. 2f), and 3.2 �m (Fig. 2h), respectively.

TEM and HRTEM were employed to further investigate the struc-

tural features of the W-doped NiO hierarchical flower-like hollow
spheres. Fig. 3a shows the TEM image of a single 4.0 at% W-doped
NiO hierarchical flower-like hollow sphere. The morphology and
size were similar to the FESEM images. Meanwhile, the distinct
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Fig. 2. FESEM images of the undoped (a and b), 2.0 at% (c and d), 4.0 at% (e a

ollow spherical structure could be demonstrated according to the
bvious constrast between the dark edge and the light region in the
enter. The high-resolution TEM (HRTEM; Fig. 3b) shows a clear lat-
ice fringe with the lattice spacing of 0.21 nm,  corrsponding to the
2 0 0) plane of cubic NiO. The energy dispersive X-ray spectroscopic
EDS) elemental mapping images (Fig. 3c–e) confirms the compo-
ition of the product and the spatial distribution of the elements.
bviously, Ni and O signals were detected as a spherical structure,
hile W signals were detected in the whole spherical region, which

ndicated the uniform distributions of W element over the whole

-doped NiO hierarchical flower-like hollow spheres.
XPS was also carried out to further investigate the surface com-

ositions and chemical states of the as-synthesized W-doped NiO.
ig. 4a shows the XPS survey spectrum of the 4.0 at% W-doped NiO
and 6.0 at% (g and h) W-doped NiO hierarchical flower-like hollow spheres.

sample, from which we could clearly observe the peaks of Ni, O,
C, and W.  The adventitious carbon C 1s peak at 285 eV was used as
the reference for calibration the binding energy. Fig. 4b–d show the
high resolution scans of Ni 2p, W 4f, and O 1s. The Ni 2p signal could
be divided into four peaks (Fig. 4b). The binding energy at 856.6 eV
was assigned to the Ni 2p3/2 peak, and its satellite peak appeared
at 862.6 eV. The 874.4 and 880.7 eV peaks were attributed to Ni
2p1/2, and its satellite. The Ni 2p3/2 peaks were assigned to Ni2+,
while the Ni 2p1/2 peaks were attributed to Ni3+ [43]. The W 4f
specturm (Fig. 4c) was  composed of two  obvious peaks at 36.0 and

37.9 eV, belonging to W 4f7/2 and W f5/2 of WO3, respectively [9].
The O 1s peak was asymmetric and could be fitted into two compo-
nents. The binding energy peaks located at 531.2 and 532.9 eV were
attributed to lattice oxygen in NiO and chemisorbed oxygen species
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Fig. 3. (a) TEM image of a single 4.0 at% W-doped NiO hierarchical flower-like hollow sphere. (b) The corresponding HRTEM image. (c–e) The corresponding energy dispersive
X-ray  spectroscopic (EDS) elemental mapping images.

Fig. 4. XPS spectra of the 4.0 at% W-doped NiO hierarchical flower-like hollow spheres: (a) a survey scan, (b) Ni 2p, (c) W 4f and (d) O 1s.
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ig. 5. (a) Responses of the sensors based on the undoped, 2.0 at%, 4.0 at%, and 6
emperature to 100 ppm acetone. (b) The dependence of the resistances in air on th

n the surface of NiO, respectively [43]. The above results further
onfirmed that W6+ existed as the phase of WO3 in the 4.0 at% W-
oped NiO sample. In addition, the content of W was 4.07 at%, which
as similar to the theoretical value.

.2. Gas sensing characteristics

The gas sensing properties of the sensors based on the undoped
nd different W doping amount of NiO were investigated. The
perating temperature and the amount of dopant have great influ-
nces on the gas sensing properties for metal oxide semiconductor
as sensor. Fig. 5a shows the responses of the gas sensors based
n the undoped, 2.0 at%, 4.0 at%, and 6.0 at% W-doped NiO hierar-
hical flower-like hollow spheres to 100 ppm acetone measured
t different operating temperature aiming to determine the opti-
um operating temperature and the optimum doping amount. It

s obvious that the response of all sensors increased with increas-
ng the operating temperature until the value reached maximum at
n optimum operating temperature and then decreased with fur-
her increasing the operating temperature. The sensor based on the
ndoped NiO had a very low response to 100 ppm acetone and the
aximum response of 1.42 appeared at 200 ◦C, while the sensors

ased on the W-doped NiO showed greatly enhanced responses of
.1, 198.1, and 28.4 for the W doping amounts of 2.0 at%, 4.0 at%, and
.0 at% at the different optimum operating temperature of 200, 250
nd 225 ◦C, respectively. Obviously, the sensor based on the 4.0 at%

-doped NiO displayed the highest response to 100 ppm ace-

one, which was nearly 139 times higher than that of the undoped
iO. It can be seen that the response increased with raising the
oping ratio of W when the concentration of W dopant was  not too

Fig. 6. Responses of the sensor based on the 4.0 at% W-doped NiO hierarchical flower
W-doped NiO hierarchical flower-like hollow spheres as a function of operating
ing amount of W for the sensors at various temperatures.

high. However, the response decreased when the doping amount
became even larger (such as 6.0 at%). This could be attributed to the
excessive surface reaction activity caused by over doped W,  which
decrease the utility factor of the sensing body. Therefore, the doping
amount of 4.0 at% was considered as the optimum doping amount
and chosen to further investigate the sensing properties. Fig. 5b
shows the dependence of the sensor resistance in air (Ra) on the W
doping amount for the sensors at various temperatures. It can be
observed that the resistances of all sensors decreased with the rise
of the operating temperature. Moreover, Ra increased with increas-
ing the W doping amount from 0.0 at% to 6.0 at%. This phenomenon
could be explained by the decrease of the hole concentration due
to the doping of W [41].

Fig. 6 shows the responses of the sensor based on the 4.0 at%
W-doped NiO to 100 ppm various tested gases including acetone,
ethanol, methanol, benzene, CO, NH3, and formaldehyde at differ-
ent operating temperature. The selectivity of acetone was improved
with raising the operating temperature from 200 to 275 ◦C. The sen-
sor had a higher response to ethanol than that to acetone at the
operating temperature of 225 ◦C. Nevertheless, the response of the
sensor to acetone increased and exceeded that to ethanol with the
operating temperature over 250 ◦C. The response of the sensor to
100 ppm acetone was 1.2 times higher than that to ethanol at 250 ◦C
and then increased to 1.5 times at 275 ◦C.

The responses of three kinds of sensors on exposure to 100 ppm
various gases at 250 ◦C were also tested with the results shown

in Fig. 7. It can be verified that the responses to acetone, ethanol,
methanol, and benzene were significantly enhanced via doping W
into NiO. The sensors based on the undoped, 2.0 at%, and 4.0 at% W-
doped NiO all had the highest response to acetone at 250 ◦C, while

-like hollow spheres to 100 ppm various tested gases at different temperatures.
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ig. 7. Responses of the sensors based on the undoped, 2.0 at%, 4.0 at%, and 6.0 at%
-doped NiO hierarchical flower-like hollow spheres to 100 ppm various tested

ases at 250 ◦C.

he sensor based on the 6.0 at% W-doped NiO displayed the best
esponse to ethanol. In addition, the sensor based on the 4.0 at%

-doped NiO present the enhanced response to each tested gas
ompared with that of the undoped, 2.0 at%, and 6.0 at% W-doped
iO samples. The highest response was about 198.1 to 100 ppm
cetone, which was about 1.2–70.2 times higher than those for
ther tested gases. The results revealed that the sensor based on
he 4.0 at% W-doped NiO had a relatively excellent selectivity to
cetone. It is well known that the selectivity is closely related to the
ifferent reaction activities of the analyte gases to the sensing mate-
ial [41]. The reaction activities of the analyte gases can be greatly
nfluenced by the operating temperature. Meanwhile, the doping
f W can induce the increase of defect in the NiO and thus change
he surface reaction activity of the sensing material. Therefore, the
elective detection of acetone using W-doped NiO can be realized
ia the control of the operating temperature and the concentration
f W dopant.

The responses of four kinds of sensors as the function of the
cetone concentration ranging from 10 to 1000 ppm at 250 ◦C are
epicted in Fig. 8a. Evidently, the response increased with increas-

ng the acetone concentration from 10 to 1000 ppm for all four
inds of sensors, and the growth gradually slowed down. Among
hem, the response of the sensor based on the 4.0 at% W-doped
iO was apparently higher than those of the undoped, 2.0 at%,
nd 6.0 at% W-doped NiO to different acetone concentration we
ested. Furthermore, according to the gas absorption model of
emiconductors, the gas response (Sg) relation to target gas con-
entration (Cg) can be empirically represented by [44,45]

g = a Cˇ + 1 (1)
g

here a is a prefactor, and  ̌ is the response order. The value of
 is usually 1 for the adsorbed surface oxygen ion of O− or 1/2

or O2−, depending on the charge state of the surface species, the

ig. 8. (a) Responses of the sensors based on the undoped, 2.0 at%, 4.0 at%, and 6.0 at% W-
50 ◦C. (b) Log (Sg − 1) vs log Cg plots of the four sensors. (c) Dynamical response-recove
ollow  spheres to different acetone concentrations at 250 ◦C.
ators B 220 (2015) 59–67

stoichiometry of the elementary surface reactions, and the
microstructure of the sensing material. Eq. (1) can be rewritten as

log(Sg − 1) = log a +  ̌ log Cg (2)

It is clearly that  ̌ is the slope value of the log (Sg − 1) ∼ log Cg

curve. Fig. 8b depicts a good linear relation between the log (Sg − 1)
and log Cg for all four kinds of sensors. The values of  ̌ of the sen-
sors based on the undoped, 2.0 at%, 4.0 at%, and 6.0 at% W-doped
NiO were 0.283, 0.602, 0.899, and 0.794, respectively. This indi-
cated that the dominant adsorbed oxygen species at the surfaces of
the undoped and 2.0 at% W-doped NiO was  O2−, while that at the
surfaces of the 4.0 at%, and 6.0 at% W-doped NiO was  O− [44,45]. To
further demonstrate the excellent gas sensing performance of the
sensor based on the 4.0 at% W-doped NiO, the dynamic response
and recovery characteristics of the sensor to various acetone con-
centrations at 250 ◦C are displayed in Fig. 8c. It is observed that
the responses of the sensor were 18.4–834.9 to the acetone con-
centrations from 10 to 1000 ppm. Meanwhile, the sensor exhibited
excellent response and recovery characteristics with respect to dif-
ferent acetone concentrations ranging from 10 to 1000 ppm.

In addition, the gas sensing performance of the sensor based on
the 4.0 at% W-doped NiO to low acetone concentrations at 250 ◦C
was further measured and shown in Fig. 9. It is found that the
responses were about 2.1, 3.0, 4.0, 4.4, 5.1, 7.7, 9.4, and 13.3 to 0.1,
0.3, 0.5, 0.8, 1, 3, 5, and 8 ppm acetone, respectively. The transient
curve showed stable response and recovery characteristics. This
indicated that the sensor based on the 4.0 at% W-doped NiO hierar-
chical flower-like hollow spheres had ppb-level detection limit and
thus, had the potential application value in breathing diagnosis for
diabetes.

3.3. Mechanism of the enhanced gas sensing performance

For semiconducting metal oxide based resistive gas sensor, the
most widely accepted sensing mechanism is the change in the elec-
trical conductivity caused by the interactions between the surface
chemisorbed oxygen species and target gases [19,20,46,47]. The
electrical conductivity is determined by the charge carrier con-
centration of the sensing materials, which is a decisive factor for
the gas response. NiO is a p-type semiconductor with holes as
the main species of charge carriers. In the ambient atmosphere,
the chemisorption of oxygen leads to an hole accumulation layer
via capturing electrons from the valance band of NiO and thus to
a lower resistance. When reducing gas (e.g. acetone) is present,
the gas molecules will react with chemisorbed oxygen ions. This
process releases electrons to NiO and causes the decrease of the

accumulation layer thickness, which results in the increase in the
sensor resistance.

The enhancement of the gas response of the sensor based on the
W-doped NiO hierarchical flower-like hollow spheres are likely to

doped NiO hierarchical flower-like hollow spheres versus acetone concentration at
ry curves of the sensor based on the 4.0 at% W-doped NiO hierarchical flower-like
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Fig. 9. Response of the sensor based on the 4.0 at% W-doped NiO hierarchical flower-like hollow spheres to low acetone concentrations from 0.1 to 8 ppm at 250 ◦C.

Table 1
Comparison of the average crystallite sizes and specific surface areas of the undoped, 2.0 at%, 4.0 at%, and 6.0 at% W-doped NiO samples.

Sample name Undoped NiO 2.0 at% W-doped NiO 4.0 at% W-doped NiO 6.0 at% W-doped NiO

b
a
a
2
i

Average crystallite size (nm) 14.2 11.1
Specific  surface area (m2 g−1) 117.4 197.8 

e attribute to the changes in crystallite size, specific surface area,

nd carrier concentration because of W doping. The comparison of
verage crystallite sizes and specific surface areas of the undoped,
.0 at%, 4.0 at%, and 6.0 at% W-doped NiO samples are summarized

n Table 1. As previously mentioned, the crystallite size decreases

Fig. 10. N2 adsorption-desorption isotherms of the (a) undoped, (
10.4 9.8
217.2 44.4

with the increase of the W doping amount. The specific surface

areas of the undoped, 2.0 at%, 4.0 at%, and 6.0 at% W-doped NiO
samples are about 117.4, 197.8, 217.2, and 44.4 m2 g−1, respectively
(Fig. 10). Apparently, the specific surface area increases greatly with
raising the W doping amount when the concentration of W dopant

b) 2.0 at%, (c) 4.0 at% and (d) 6.0 at% W-doped NiO samples.
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as not too high. This means that the surface activity of the sensing
aterial is significantly improved to make more oxygen can be

bsorbed and ionized due to W doping. Meanwhile, the diffusion of
oth the target gas and oxygen to the gas sensing bodies, and the
eaction between the target gas molecules and the chemisorbed
xygen ions are also facilitated. However, the decrease of the spe-
ific surface area of the 6.0 at% W-doped NiO sample may  due to
he too dense spherical shell structure of the hierarchical flower-
ike hollow spheres. Therefore, the enhanced gas responses may
e partly explained by the decrease of the crystallite size and the

ncrease of the specific surface area.
The change in carrier concentration may  be the key factor for

he enhanced gas response. According to the previous research by
im et al. [24], the gas response can be written as follows:

g = Rg

Ra
= pa

pg
= �p

pa − �p
+ 1 (3)

here Ra and Rg are the sensor resistance in air and in target gas,
a and pg are the hole concentrations in air and target gas, and
p = pa − pg is the variation of the hole concentration on exposure

o target gas. Accordingly, a higher variation in the sensor resistance
an be got when the hole concentration of p-type oxide semicon-
uctor in air become lower, suggesting that electronic sensitization
an be utilized to improve the gas response of p-type oxide semi-
onductor gas sensor. The substitution of W6+ at the site of Ni2+ can
e compensated by two different charge compensation mechanism
electronic compensation, Eq. (4); ionic compensation, Eq. (5)) as
ollows:

O3
NiO−→W••••

Ni + 4e′ + O×
O + O2(g) (4)

O3
3NiO−→W••••

Ni + 3O×
O + 2V ′′

Ni (5)

From the incorporation reaction in Eq. (4), we  can reach a con-
lusion that the sensor resistance will increase with increasing W
oping amount, which is consistent with the results in Fig. 5c. Thus,
he electronic compensation mechanism is more plausible. In this
eaction, electrons are generated to compensate for substituting

6+ into Ni2+ sites, which decrease the hole concentration in NiO
pa). As seen in Eq. (3), when the value of pa become very small, the
ignificantly enhanced response (Sg) can be easily obtained even to
ery low acetone concentration (i.e. the value of �p  is very small).
herefore, the enhanced gas response of the NiO-based gas sensor
an be successfully realized via adjusting the hole concentration
sing W doping strategy.

. Conclusion

The undoped and W-doped NiO hierarchical flower-like hollow
pheres were successfully synthesized by the facile hydrothermal
oute and utilized to fabricate promising acetone gas sensor to
chieve ultra-high sensitivity and low detection limit. The results
f gas sensing measurement indicated that the sensor based on the
.0 at% W-doped NiO has the significantly enhanced gas response
o acetone compared with that of the undoped, 2.0 at%, and 6.0 at%

-doped NiO. The changes in crystallite size, specific surface area,
nd carrier concentration caused by W doping could be responsible
or the improvement of sensing properties.
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