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NiO/ZnO composites were synthesized by decorating numerous NiO nanoparticles on the surfaces of well
dispersed ZnO hollow spheres using a facile solvothermal method. Various kinds of characterization
methods were utilized to investigate the structures and morphologies of the hybrid materials. The results
revealed that the NiO nanoparticles with a size of�10 nmwere successfully distributed on the surfaces of
ZnO hollow spheres in a discrete manner. As expected, the NiO/ZnO composites demonstrated dramatic
improvements in sensing performances compared with pure ZnO hollow spheres. For example, the
response of NiO/ZnO composites to 100 ppm acetone was �29.8, which was nearly 4.6 times higher than
that of primary ZnO at 275 �C, and the response/recovery time were 1/20 s, respectively. Meanwhile, the
detection limit could extend down to ppb level. The likely reason for the improved gas sensing properties
was also proposed.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

On the basis upon the dramatic merits of high sensitivity, low
cost and power consumption, as well as facile integration, gas sen-
sors based on oxide semiconductors have been paid great attention
and regarded as one of the effective approaches in the detection of
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various harmful, explosive, and toxic gases [1,2]. Over the past few
decades, various kinds of metal oxide semiconductors such as
(n-type) SnO2 [3,4], ZnO [5,6], a-Fe2O3 [7,8], In2O3 [9,10] and
(p-type) NiO [11,12], Co3O4 [13], CuO [14] have been successfully
prepared and widely used in gas sensors. It is clearly acknowledged
that the sensing materials play essential roles in determining the
sensing performances of sensors. In this regard, great efforts have
been made to enhance the sensing properties of traditional metal
oxide semiconductors, such as novel metal loading, aliovalent ion
doping, as well as the formation of nanocomposites constructed
with different semiconductor oxides. Recently, many research
results have indicated that oxide semiconductor composites show
more superior sensing properties than those of single oxide semi-
conductors. So far, composites consisting of two or more metal oxi-
des, such as (n-n type) SnO2/a-Fe2O3 [15,16], SnO2/ZnO [17,43] and
(n-p type) NiO/SnO2 [18,19], CuO/ZnO [20] have been successfully
prepared and have improved the sensing properties actually.
Despite many satisfying results regarding sensing properties of
semiconductor composites have been obtained, compared with
that of noble metal catalyst-decorated or transition metal-doped
semiconductor-based gas sensors, the sensing mechanism of
heterostructure semiconductor composites-based gas sensors is
not well established and still in an early stage. Therefore, in order
to make continual improvement in gas sensing properties, the
investigation of heterostructure composites is of vital scientific
and practical significance, and also deserves more efforts.

ZnO, as an important n-type semiconductor oxide with a band
gap of �3.3 eV, has been extensively investigated as a kind of sens-
ing material because of their many merits including relatively high
sensitivity, ease of fabrication and low cost [21–24]. However, it
also has some unnegligible demerits, such as high operating tem-
perature and poor selectivity [25,26]. Recently, many reported lit-
eratures have demonstrated that the acetone-sensing
performances of ZnO could be improved by the heterostructure
formation techniques. For example, Zhou and co-workers have fab-
ricated gas sensors using ZnO/ZnCo2O4 hollow spheres synthesized
by a facile solvothermal method, demonstrating fast response
kinetics to acetone gas [27]. Wang et al. have synthesized ZnFe2O4/
ZnO microstructures through a glucose-assisted hydrothermal
method, and the composites showed enhanced acetone properties
compared with the pure ZnO [28]. In our previous research, for the
first time, the acetone-sensing characteristics of NiO-
functionalized ZnO microflowers were experimentally investigated
as a function of the surface coverage of NiO nanoparticles [42].
Though some improvements had been obtained, there still existed
many shortcomings, such as the detection limit of acetone did not
reach the ppb magnitude required for the diagnosis of diabetes
[44,45]. In addition, there was still considerable room for improve-
ment in the time of response/recovery. Therefore, it is necessary to
further ameliorate the properties of materials for advanced appli-
cations. It has been reported that the microstructure, morphology,
size, and component of semiconductor oxides exert a significant
impact on their sensing properties [46]. Semiconductor oxides
with hollow nanostructures have been regarded as promising sens-
ing materials, because this microstructure is beneficial for diffusion
of gas, leading to fast response/recovery speed [30]. In this regard,
highly uniform ZnO hollow spheres were chosen as the substrates
for supporting NiO nanoparticles to utilize their advantages of hol-
low nature. Meanwhile, since the solution approaches have proven
to be among the most effective route to finely tailor semiconductor
composites with varying compositional and architectural complex-
ity [48], the solution method was adopted to deposit discrete NiO
nanoparticles with smaller size on the surface of ZnO rather than
the reported process which sometimes leaded to the agglomera-
tion of NiO nanoparticles and reduced the sensing performance
[20,49]. In conclusion, a new strategy was taken to optimize the
morphologies of NiO/ZnO composites so as to further investigate
the sensing mechanism of p-n metal oxide composites and obtain
superior gas sensing properties eventually.

In the present work, we successfully prepared hollow NiO/ZnO
composites by combining a microwave-assisted hydrolytic reac-
tion (for the ZnO hollow spheres) and a solvothermal route (for
the NiO nanoparticles). As expected, the well-dispersed NiO/ZnO
composites demonstrated a great enhancement than those of the
ZnO individual component, and showed fast response kinetics
and low detection limit to acetone. Additionally, the NiO/ZnO hol-
low spheres also manifested superior acetone-sensing properties
to those reported modified ZnO-based sensors, which are listed
in Table 1. The possible origin of the enhanced gas sensing charac-
teristics based on NiO/ZnO composites was discussed.
2. Experimental section

All the reagents in the experiment were analytical-grade purity
(Beijing Chemicals Co. Ltd.) and used as received without any fur-
ther purification.

2.1. Preparation of ZnO hollow spheres

The ZnO hollow spheres were successfully synthesized through
a simple liquid-phase reaction with the aid of microwave heating
according to the previous literature with some modifications
[29]. Generally, 1.10 g of zinc acetate dihydrate (Zn(CH3COO)2�2H2-
O) and 0.06 g of trisodium citrate dihydrate (Na3C6H5O7�2H2O)
were dissolved into 200 mL deionized water under vigorous stir-
ring. Then, 5 mL of ammonia (30 wt.% NH3 in water) was added
into the above solution drop by drop. After several minutes of fully
mixing, the resulting homogeneous solution was transferred into a
three-necked flask and maintained at 90 �C for 40 min in a micro-
wave device (MAS-II, Shanghai Xinyi Ltd.), of which the power was
set to 300 W. After the reaction, the products were collected by
centrifugation, washed with deionized water and ethanol several
times, and then dried at 80 �C for 12 h. Finally, the ZnO hollow
spheres were obtained by annealing above precipitates at 500 �C
for 2 h in a muffle furnace.

2.2. Preparation of NiO/ZnO composites

In a typical procedure, 20 mg of Nickel (II) nitrate hexahydrate
(Ni(NO3)2�6H2O) was first dissolved into a mixed solvent contain-
ing 7 mL of ethanol and 3 mL of ethylene glycol under continuous
magnetic stirring until a clear solution was achieved. Subse-
quently, 50 mg of the pre-synthesized ZnO hollow spheres was
added into the homogeneous solution by ultrasonic dispersing,
and stirred for 20 min. Soon after, the suspension was transferred
to a Teflon-lined stainless steel autoclave, which was sealed, kept
at 160 �C for 8 h, and then cooled to room temperature naturally.
The resulting product was collected via centrifugation and washed
with deionized water and ethanol several times, and dried at 80 �C.
Eventually, the hollow NiO/ZnO composites were harvested after
calcining at 500 �C for 2 h in air. The Ni/Zn ratio of the obtained
NiO/ZnO composites was determined to be 2.25 at.%, by induc-
tively coupled plasma mass spectroscopy.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded using a Rigaku
TTRIII X-ray diffractometer with high-intensity Cu Ka radiation
(k = 1.5406 Å) at a scan rate of 4 �/min ranging from 20� to 80� in
step of 0.02�, in order to examine the crystal structures of the sam-
ples. The morphologies of the products were observed using a



Table 1
Comparison of the acetone-sensing characteristics between a range of modified ZnO-based sensors.

Materials Temperature (�C) Concentration (ppm) Response (Ra/Rg) Res./Rec. time (s) Det. lim. (ppm) Reference

Sn-doped ZnO nanorods 300 200 6.3 7/32 5 [24]
ZnO/ZnCo2O4 hollow spheres 275 100 7.5 4/36 10 [27]
ZnFe2O4/ZnO microstructures 320 50 10 13/17 10 [28]
NiO/ZnO microflowers 300 100 23.5 3/41 10 [42]
NiO/ZnO hollow spheres 275 100 30 1/20 0.8 This work

Fig. 1. XRD patterns of the as-prepared products (a) pure ZnO and (b) NiO/ZnO
composites.
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field-emission scanning electron microscope (FESEM, JEOL JSM-
7500F, operated at an accelerating voltage of 15 kV). Transmission
electron microscopy (TEM) and high-resolution TEM images were
acquired to investigate both the morphological and crystalline fea-
tures of as-prepared samples from a JEM-2200FS (JEOL) transmis-
sion electron microscope with an operating voltage of 200 kV.
The energy-dispersive X-ray spectrometry (EDS) was applied to
study the chemical compositions of the products, which were per-
formed by the TEM attachment. The X-ray photoelectron spec-
troscopy (XPS) measurements were provided with Mg Ka Xray
source (1253.6 eV Specs XR50) at room temperature. Element anal-
ysis was carried out on a PerkinElmer Optima 3300 DV Inductively
coupled plasma mass spectrometry (ICP-MS) instrument.

2.4. Fabrication and measurement of gas sensor

For comparison, two gas sensors based on pristine ZnO and NiO
nanoparticles-decorated ZnO hollow spheres were fabricated,
respectively. Taking the sensor using pristine ZnO hollow spheres
as an example, the process used to fabricate the gas sensors can
be described as follows. An appropriate amount of the as-
prepared ZnO hollow spheres was mixed with deionized water to
form a homogeneous paste, and then the paste was coated onto
the outside surface of a ceramic tube by a paint pen, on which a
pair of Au electrodes was installed at each end connected by Pt
wires, to form a sensing film. Subsequently, the resulting sensing
device was calcined at 400 �C for 2 h to enhance its stability for
the measurement of sensing performances. Finally, a Ni-Cr alloy
coil was inserted into the tube as a heater to ensure the operating
temperature can be controlled by adjusting the heating current
flowing through the heater.

The gas sensing characters were investigated by a static gas
sensing characterization system under laboratory conditions (30%
relative humidity, 20 �C). At the beginning, the sensor was put into
a chamber, which was full of fresh air, and then a given amount of
test gases was injected into the chamber with the aid of a microsy-
ringe. After that, the sensor was put into the chamber to react with
the target gas molecules. When the resistance reached the final
equilibrium value, the sensor was transferred into another cham-
ber that was full of fresh air and began to recover. The gas response
was defined as S = Ra/Rg for reducing gas, where Ra and Rg are the
resistances measured in air and the tested gas atmosphere, respec-
tively. The time consumed by the sensor to reach 90% of the total
resistance change in tested gases and fresh air were defined as
the response time and recovery time, respectively.

3. Results and discussion

3.1. Structural and morphological characteristics

XRD analysis associated with pure ZnO and NiO/ZnO compos-
ites was performed to investigate the crystal structure and purity
of the as-synthesized samples, which is displayed in Fig. 1. Obvi-
ously, all the diffraction peaks for pure ZnO (shown in Fig. 1a)
matched well with those of standard XRD patterns of the hexago-
nal wurtzite structure of ZnO with lattice constants of a = 3.249 Å
and c = 5.206 Å, which agreed well with the reported values from
the standard JCPDS Card No. 36-1451. In the meantime, the crystal
phases of the composites were clearly shown in Fig. 1b. Most of the
diffraction peaks could be indexed to the hexagonal wurtzite struc-
ture of ZnO and the residual peak at 2h = 43.25� could be probably
assigned to the cubic structure of NiO with space group Fm-3m
(No. 225) and lattice parameter of a = 4.18 Å, which were consis-
tent with those from the standard data file card No. 73-1523. As
a result, the composites were confirmed as mixed oxide of ZnO
and NiO. The smaller reflection peaks for NiO than those for ZnO
might be due to the smaller volume of the well-dispersed NiO
nanoparticles than those of ZnO hollow spheres. No other diffrac-
tion peaks corresponding to impurities could be detected, indicat-
ing the high purity of the samples.

The size and morphology of the as-prepared pure ZnO and NiO-
modified ZnO were observed by FESEM, as shown in Fig. 2. A
panoramic FESEM image of the as-prepared pristine ZnO is pre-
sented in Fig. 2a, from which a number of monodisperse spheres
with a diameter of �1.5 lm could be clearly observed. Moreover,
a broken structure near the center of the image indicated that
the spherical architectures were probably hollow. Further observ-
ing in the high-magnification FESEM image of Fig. 2b confirmed



Fig. 2. FESEM images of the as-obtained products, (a) and (b) primary ZnO hollow spheres, (c) and (d) NiO/ZnO composites.
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that the surfaces of naked ZnO were relatively smooth. Fig. 2c
shows a typical low-magnification FESEM image of the composites,
where NiO/ZnO composites were found somewhat similar with
pristine ZnO in appearance. Apparently, no other morphologies
could be observed, indicating the ideal yield of the products. When
a detailed observation in Fig. 2d was taken, it was explicitly
demonstrated that the surfaces of NiO/ZnO composites were quite
different, and turned coarser compared with those of pristine ZnO
hollow spheres. The discrete particles with a size of �10 nm were
likely to be the NiO nanoparticles which had been successfully dec-
orated onto the pristine ZnO substrates (inset of Fig. 2d). Besides, it
was worthwhile noting that such hollow structures with rough
surfaces endowed the NiO/ZnO composites a high surface area
and abundant active sites, which would facilitate the gas diffusion
towards the entire sensing materials and an improvement of the
sensing properties [30].

TEM and HRTEM were employed to further investigate the as-
prepared samples. The typical TEM image (Fig. 3a) of an individual
ZnO hollow sphere shows that both the size and morphology were
similar to the observations of FESEM, and the hollow nature got
further confirmed by the strong contrast between the light center
and the dark fringe. The diffraction spots in the SAED pattern sug-
gest that the basic structural unit of ZnO hollow spheres was a sin-
gle crystal, as shown in the inset of Fig. 3a. According to Fig. 3b, the
lattice fringes could be clearly observed and the lattice spacing was
0.281 nm, corresponding to the (100) planes of ZnO. In order to get
a deep insight into the NiO/ZnO composites, TEM and HRTEM
images were also taken as revealed in Fig. 3c and d. It was clearly
seen that all of the spheres possessed a hollow cavity inside
(Fig. 3c). Different from the bare ZnO, the surfaces of the NiO/
ZnO composites were coated with discrete nanoparticles as shown
in Fig. 3d, which was in good accordance with the FESEM observa-
tions. Furthermore, the lattice fringes of 0.281 nm and 0.241 nm
were assigned to the (100) plane of wurtzite ZnO and the (111)
plane of cubic NiO, corresponding to the marked white region
and red region, respectively. Thus, the conclusion could be made
undoubtedly that the NiO nanoparticles indeed adhered to the
surfaces of ZnO with a discrete but not continuous configuration.
Afterwards, EDS elemental mapping analysis corresponding to an
individual NiO/ZnO hollow sphere (Fig. 3e) further confirmed the
spatial distributions of Zn and Ni elements (Fig. 3f and g). Obvi-
ously, Zn and Ni signals were detected as a spherical structure,
while Ni signals were detected in the whole region, which indi-
cated the uniform distributions of NiO nanoparticles over the
entire surfaces of ZnO hollow architectures.

3.2. Gas sensing characteristics

In order to demonstrate the potential application in gas
detection, gas sensors made of pure ZnO and NiO nanoparticles-
decorated ZnO hollow spheres were fabricated and their gas sens-
ing properties were investigated based on the related experiment,
respectively.

First of all, considering that the sensing performances of sensor
devices based on metal oxide semiconductors are largely depen-
dent on the operating temperature, the temperature dependent
features of the as-fabricated sensors were measured at a wide tem-
perature range to explore the relationship between operating tem-
perature and the gas response, as summarized in Fig. 4a. It shows
the response value of the two kinds of sensors to 100 ppm acetone
as a function of the operating temperature, from which the
volcano-shaped correlation between gas response and operating
temperature was observed for both of the two kinds of sensors.
In terms of the sensor based on NiO/ZnO composites, when the
operating temperature was below 275 �C, the gas molecules didn’t
have enough thermal energy to make full reaction with oxygen
species. As a result, the value of response was relatively low. How-
ever, with the increase of the operating temperature above 275 �C,
the gas molecules were easy to desorption, leading to the low uti-
lization rate of the sensing material [31,32]. Therefore, 275 �C was
chosen as the optimal operating temperature for NiO/ZnO
composites-based sensor, at which the oxidation rate of acetone
molecules was maximized. Similar behavior could be observed in
the case of pure ZnO-based sensor. Noticeably, for pure ZnO, the



Fig. 3. (a) TEM image of an individual ZnO hollow sphere. (b) The corresponding HRTEM image. (c) TEM image of NiO/ZnO hollow spheres. (d) The corresponding HRTEM
image. (e–g) TEM image of an individual NiO/ZnO hollow sphere and the corresponding elemental mapping images.
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maximum response was �9.2 at 325 �C. In contrast, the NiO/ZnO
composites exhibited a desirable value of �29.8 along with a lower
temperature of 275 �C, which was as 3.2-fold high as pure ZnO hol-
low spheres at their optimal operating temperature, respectively.

Subsequently, a response comparison between the sensors
based on pure ZnO and NiO/ZnO composites towards a variety of
volatile organic gases, such as acetone, methanol, ethanol, etc.,
was carried out and the results are explicitly shown in Fig. 4b. All
of the gases were tested at an operating temperature of 275 �C
with a concentration of 100 ppm. It was obvious that the sensor
based on NiO/ZnO composites displayed an enhanced response
for each target gas when compared with pure ZnO-based sensor.
Especially, the sensor using NiO/ZnO composites manifested the
highest response to acetone with the value of 1.0–10.2 times
higher than other target gases, while ratio was only 0.3–3.6 for
the primary ZnO. Consequently, the modification of ZnO hollow
spheres with discrete NiO nanoparticles significantly improved
the selectivity towards acetone at the same conditions.

Fig. 5a depicts the continuous real-time response and recovery
curves of the sensors based on pure ZnO and the NiO/ZnO compos-
ites upon exposure to acetone with increasing concentrations
ranging from 800 ppb to 100 ppm at 275 �C. Obviously, both of
them displayed an excellent response and recovery characteristic,
but the response value of the sensor based on NiO/ZnO composites
increased much faster and showed an enhanced response at each
concentration of acetone. Surprisingly, the lowest acetone detec-
tion limit of the NiO/ZnO composites-based sensor was estimated
to be <1 ppm (S = 1.6, 800 ppb), with Ra/Rg > 1.2 being used as
the criterion for gas detection [33]. In Fig. 5b, a stepwise distribu-
tion which described the response values accompanied by the
increasing of acetone could be intuitively observed for both sen-
sors. When the concentration of acetone was as high as 800 ppm,
the NiO/ZnO composites-based sensor did not tend to be saturate,
even though the increasing trend gradually slowed down with the
increase of the acetone concentration. The result indicated that the
sensor consisting of NiO/ZnO composites showed not only a
relatively low detection limit, but also a broad detection range.
In addition, it is well-known that the human breath contains about
80–98% relative humidity (RH), so the detection of acetone in the
presence of the RH is of great importance. The responses of the
NiO/ZnO composites upon exposure to low concentrations of ace-
tone in laboratory conditions (30% RH) and humid air (90% RH)
are shown in Fig. 5c. The responses decreased as the RH increased
to human breath levels, due to the displacement of chemisorbed
oxygen species by water molecules and hydroxyl species which
formed are the sensor surface [44]. Nevertheless, when the acetone
concentration ranged from 1 to 5 ppm, the responses were about
1.3–2.0, which would meet the requirements for diabetes diagno-
sis (threshold limit 1.7 ppm) [45].

In order to have a deep insight into the sensing characteristics
of the as-fabricated sensors, the dynamic response curves for pure
ZnO and NiO/ZnO composites-based sensors towards 100 ppm



Fig. 4. (a) Responses of the sensors based on the pure ZnO and NiO nanoparticles-
decorated ZnO hollow spheres as a function of operating temperature to 100 ppm
acetone. (b) Selectivity measurements of the pristine ZnO and NiO/ZnO composites
to various tested gases with concentrations of 100 ppm.

Fig. 6. (a) Response transient of ZnO hollow spheres to acetone with a concentra-
tion of 100 ppm at 275 �C. (b) Response transient of NiO/ZnO hollow spheres at the
same conditions.
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acetone at the operating temperature of 275 �C are shown in
Fig. 6a and b, respectively. Like pure ZnO displayed in Fig. 6a, there
was a decrease and increase in NiO/ZnO composites-based sensor
resistance (Fig. 6b) upon exposure to acetone (reducing gas) and
air, respectively, which was in good accord with the chemiresistive
variation of n-type oxide semiconductors. This indicated that the
conduction in NiO nanoparticles-decorated ZnO hollow spheres
did not occur along the discrete configuration of p-type NiO but
rather through the n-type ZnO and showed that the NiO/ZnO com-
posites was a n-type semiconductor. Furthermore, according to the
definition of response/recovery time, the response and recovery
Fig. 5. (a) Dynamic response and recovery curves of pristine ZnO and NiO/ZnO comp
concentration for pure ZnO and NiO/ZnO composites at 275 �C. (c) Responses vs low co
time were only 1 s and 20 s for NiO/ZnO composites, while in terms
of the pure ZnO, the time consumed were as long as 6 s and 130 s,
respectively. The rapid response and recovery time the NiO/ZnO
composites-based sensor demonstrated would make it to be a
great candidate for acetone detection.

The long-term stability, as one of the most important criterions
for evaluating the performance of gas sensors, was also investi-
gated. The transient sensing responses of sensor based on NiO/
ZnO composites to 100 ppm acetone at 275 �C during 16 days are
shown in Fig. 7. It was easily noticed that there was little variation
in the initial resistance (R0) in air, which suggested that the NiO/
ZnO hollow spheres possessed a strong robustness. In addition,
the change amplitude of the responses for fabricated sensor during
the tested days was controlled within 11.0%, further verifying the
splendid properties of the sensor based on NiO/ZnO composites.

3.3. Gas sensing mechanism

It has been generally acknowledged that the sensing mecha-
nism of n-type semiconducting metal oxides such as the pristine
ZnO can be explained in terms of the modulation of depletion lay-
ers by oxygen adsorption [34], which may result in the change in
resistance of the sensor when exposed to different gas atmo-
spheres. In ambient air, oxygen molecules adsorb on the surfaces
of ZnO hollow spheres and ionize to surface-adsorbed oxygen spe-
cies by capturing free electrons from ZnO, as shown in Eqs. (1) and
(2).

O2 þ e� $ O�
2 ð1Þ
osites to different concentrations of acetone at 275 �C. (b) Responses vs acetone
ncentrations of acetone under different relative humidity.



Fig. 7. The dynamic responses of the sensor based on NiO nanoparticles-decorated ZnO hollow spheres upon exposure to 100 ppm acetone at 275 �C during 16 days.
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O�
2 þ e� $ 2O� ð2Þ
As a result, a thick electron depletion layer forms on the surface

region of ZnO, leading to a relative high resistance of the sensor. In
the presence of reducing gases, for instance, acetone at a moderate
temperature, the acetone molecules react with the former
adsorbed oxygen species and make the captured electrons release
back to the conduction band of ZnO, which is shown in Eq. (3).

CH3COCH3 þ 8O� $ 3CO2 þ 3H2Oþ 8e� ð3Þ
Thus, the free electron concentration increases and the mea-

sured resistance of the sensor decreases finally.
In terms of the sensor based on NiO/ZnO hollow spheres, car-

riers transport between the n-type ZnO and p-type NiO, which
plays a predominant role in the enhanced gas performances. In
dry air, because the Fermi level of ZnO is higher than that of
NiO [21], electrons will flow from n-type ZnO to p-type NiO while
holes will flow along the contrary direction until a balance is
obtained (Fig. 8a). Thus, a barrier (p-n junction between n-type
ZnO and p-type NiO) will be formed. As a result, the formation
of p-n junction causes a high-resistance state in the air. However,
in acetone gas, the target gas molecules react with the adsorbed
oxygen species, causing electron transfer and changing in electri-
cal conductivity. Essentially, according to the semiconductor the-
ory, the resistance (R) related to heterojunction barrier can be
expressed by Eq. (4).

R / B exp
qU
kT

� �
ð4Þ

In Eq. (4), B is a constant related to ambient temperature, U the
heterojunction barrier, k the Boltzmann’s constant and T is
the absolute temperature. Surface reactions [35,36] result in the
decrease in the height of the barrier potential. Consequently, the
conductivity of the material will greatly vary even if a very small
change occurs in the barrier height, which leads to the strong pro-
motion of sensitivity.

Meanwhile, on the basis of the discrete distribution and the
smaller grain size of NiO compared with that of ZnO, it is not dif-
ficult to deduce that the conductive paths are mainly along the sur-
faces of ZnO matrix, which is consistent with the n-type sensing
behavior of the composites. Therefore, an additional electron
depletion expansion in the ZnO surface should not be neglected
when a p-n junction is formed at the same time. In air, a depletion
layer and an accumulation layer are formed by the adsorbed oxy-
gen at the exposed surfaces of the ZnO and NiO, respectively. In
this case, the electron-transfer reactions will be largely promoted
at the interface between ZnO and NiO because of the existence of
the accumulation layer on the NiO side which is acknowledged
to attach large amounts of the adsorbed oxygen [47]. Thus, an addi-
tional electron depletion layer expands in the ZnO surface, which
should be taken into account as the other parameter that can sig-
nificantly affect the measured resistance in air, as evidenced by the
phenomenon that the measured value of the resistance was two
orders of magnitude higher than that of the pure ZnO-based sensor
at the same conditions. While in reducing gas like acetone, the NiO
nanoparticles become ‘‘less p-type” in such an abundant electrons
atmosphere, inducing the strong shrink in the depletion region of
ZnO. The process is vividly depicted in Fig. 8b. As a proof-of-
concept demonstration of the enhanced amounts of absorbed oxy-
gen in NiO/ZnO composites, the O 1s XPS spectra of the pure ZnO
and NiO/ZnO composites were investigated as shown in
Fig. 8c and d, respectively. It is widely acknowledged that the peak
at �530.1 eV could be assigned to typical surface lattice oxygen
(OL) and the other peak locating at �531.6 eV was characteristic
of surface absorbed oxygen species (OC) [37]. For the two kinds
of the samples, the relative percentages of the OC component were
about 20.6% (pure ZnO) and 32.6% (NiO/ZnO composites), which
provides a strong evidence that the discrete NiO nanoparticles
loading on the surfaces of ZnO matrix attracted large amounts of
the absorbed oxygen and acted as an electrons-tuning machine
during the process of adsorption and desorption of acetone gas.
Therefore, a considerable change in the depletion layer in ZnO sub-
strates could be obtained, giving rise to the excellent performances
of the NiO/ZnO composites-based sensor.

Apart from the above electronic sensing mechanism, the
chemical mechanism related to the high oxidative catalytic activ-
ity of NiO towards organic species should also be taken into
account because of the decrease in the activation energy of cat-
alytic oxidation caused by NiO [38–40]. Park et al. [41] have
reported that the response of sensing material to a certain gas
depend on many factors, such as solid solubility of the gas in
the material, the decomposition rate of the adsorbed molecule
at material surface, the charge carrier concentration in the mate-
rial, the catalytic activity of the material, and so on. Considering
these possible reasons, when compared with the bare ZnO sensor,
the sensor based on NiO/ZnO composites exhibited higher
response fortunately to acetone may be mainly due to the cat-
alytic discrepancy between the materials and the tested gases,
and the higher oxidation rate of acetone on the surface of ZnO
and NiO at an appropriate temperature of 275 �C. Spontaneously,
the sensor exhibited a rapid response and recovery time when
using such hollow architectures in that case. The sensing



Fig. 8. (a) Energy band diagrams of the NiO/ZnO heterocontact. (b) Schematic
diagrams depicting the depletion layer and potential barrier forming at the NiO/ZnO
junction upon exposure to air and acetone. (c) O 1s spectra of single-component
ZnO hollow spheres. (d) O 1s spectra of the as-prepared NiO/ZnO composites.
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performance of the sensor based on NiO nanoparticles-decorated
ZnO hollow spheres is believed to be improved by the combina-
tion of these reasonable factors.
4. Conclusions

In summary, the uniform NiO nanoparticles-decorated ZnO hol-
low spheres, prepared by a two-step controllable solution route,
were investigated as the high-performance gas sensing materials
for detecting acetone. The enhancements of sensitivity, detection
limit, as well as the response/recovery speed were achieved by
the introduction of NiO nanoparticles loading onto the surfaces
of ZnO hollow spheres in a discrete manner. The effect of the p-n
junction between NiO and ZnO, the additional extension of elec-
tron depletion layer in ZnO matrix, and the catalytic actions of
NiO for the oxidation reactions were considered as the key factors
to the enhanced gas sensing performances reasonably.
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