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ABSTRACT: The pure and Al-doped NiO nanorod-flowers with uniform sizes and well-defined morphologies were first 
time synthesized by a facile solvothermal reaction. As the gas sensing materials of MOS gas sensors, their sensing proper-
ties were investigated systematically. The results indicated that the 2.15 at% Al-doped NiO nanorod-flowers showed im-
proved gas sensing properties compared to that of pure NiO nanorod-flowers. The incorporation of Al ions with NiO 
nanocrystals adjusts the carrier concentration, and induces the change of the oxygen deficiency and chemisorbed oxygen 
of NiO nanorod-flowers. Thus, the doping of Al3+ into NiO nanorod-flowers should be a promising method for designing 
and fabricating the high performance gas sensor. 

 

 

Presently, the researches related to gas sensor have attract 
constantly increasing interests since its extensive applica-
tions in industrial emission control, household security, 
environmental monitoring and disease diagnoses.1, 2 
Among various types of sensors, the resistive gas sensors 
which adopted metal oxide semiconductors as gas sensing 
materials have hold an central position due to their ad-
vantages of low-cost, high sensitivity, and simplicity of 
operation.3-5 The operating mechanism is that the gas 
molecules are adsorbed or react with the surface chemi-
sorbed oxygen species on the surfaces of the gas sensing 
material and thus induce the change of the sensor re-
sistance.6, 7 In this case, the gas sensing properties of the 
sensors are closely related to the morphology and compo-
sition of the gas sensing materials.8-10 Therefore, it is es-
sential to continually explore and innovate new function-
al gas sensing materials for achieving high-performance 
gas sensors. 

Currently, various effective approaches, including the 
construction of complex and multidimensional 
nanostructures,9  the loading of noble metal catalysts,11 the 
formation of nanocomposites,12 the aliovalent doping,13, 14 
and so on, have been utilized to improve the gas sensing 
properties of the metal oxide semiconductor (MOS) based 
gas sensors. Among them, incorporating aliovalent do-
pants into MOS nanocrystals is considered to be the most 
facile and reliable method to alter the structure, grain 
size, carrier concentration and distribution of oxygen 
component, thus, promoting the gas sensing performance 
of the MOS-based gas sensor. Nickel oxide (NiO) is an 

important p-type metal oxide semiconductor with excel-
lent chemical and electric properties.15-17 As gas sensing 
material,18, 19 its sensitivity is relatively lower compared to 
n-type metal oxide semiconductors, such as SnO2,

20 
In2O3,

21 ZnO,22 and WO3.
23 However, NiO possesses a 

prominent catalytic activity for volatile organic com-
pounds (VOC) oxidation.24, 25 From this point of view, NiO 
should be a potential material terrace for designing and 
fabricating the high-performance VOC gas sensors. 
Therefore, some investigations into doping NiO nanocrys-
tals with aliovalent ions (such as Fe3+,26 Cr3+,13 W6+,27 etc.) 
to enhance the gas sensing properties of NiO-based gas 
sensors have be carried out. Whereas, for systematically 
researching the sensitization mechanism and realizing 
effective detection of harmful or hazardous gases, these 
studies are far from enough. 

On the basis of above mentioned, we choose Al3+ to act 
as the promising dopant in NiO nanocrystals for optimiz-
ing the gas sensing properties of NiO-based gas sensor. 
The pure and various Al doping amounts of NiO nanorod-
flowers were prepared to compare and evaluate the struc-
tural features and sensing characteristics aiming to exam-
ine the best Al doping amount and the effect of Al3+ in the 
NiO nanomaterial on the gas sensing properties. 

EXPERIMENTAL SECTION 

Preparation of the Pure and Al-Doped NiO Nano-
rod-Flowers. The pure NiO nanorod-flowers were pre-
pared by a solvothermal reaction. In a typical procedure, 
of Al (NO3)3•9H2O and 0.582 g Ni (NO3)2•4H2O were dis-
solved in in a mixed solution containing 10 mL of deion-
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ized water and 15 mL of ethylene glycol with constantly 
stirring to form a clear solution. Then, 0.126 g 
H2C2O4•2H2O was added into the above solution. After 
that the solution was transferred into a 40 mL Teflon-
lined stainless-steel autoclave and heated at 120 °C for 12 
h. After the autoclave was cooled down to room tempera-
ture, the resulting products were collected and washed 
with deionized water and ethanol by centrifugation sever-
al times, and then dried at 80 °C in air for 24 h. Finally, 
the undoped NiO nanorod-flowers were obtained by an-
nealing above products at 450 °C for 2 h in air. The syn-
thetic process of Al-doped NiO nanorod-flowers was simi-
lar to the above procedure except adding various amounts 
of Al (NO3)3•9H2O (Al/Ni=2, 5, 8, and 10 at%) in reaction 
solution. The Al compositions of the Al-doped NiO sam-
ples prepared from the solutions with the ratios of 2, 5, 8, 
and 10 at% were determined to be 0.59, 1.45, 2.15, and 3.04 
at%, respectively, by inductively coupled plasma mass 
spectroscopy.  

Characterization. The X-ray diffraction (XRD) pat-
terns were collected by using Rigaku TTRIII X-ray diffrac-
tometer operated at 40 kV and 200 mA with Cu Kα radia-
tion at a wavelength of 1.5406 Å. The size and morphology 
of the samples were investigated by JSM-7500F (JEOL) 
microscope operating at 15 kV and JEM-2200FS (JEOL) 
operating at 200 kV. The energy dispersive X-ray spectro-
scopic (EDS) elemental mapping and spectrum were in-
vestigated by the TEM attachment. The X-ray photoelec-
tron spectroscopy (XPS) measurements were performed 
with Mg-Kα X-ray source (1253.6 eV Specs XR50). The 
doping concentration of Al in various Al-doped NiO sam-
ples was determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES, OPTIMA 
3300DV). 

 

Figure 1. Schematic diagram of the gas sensor. 

Fabrication and Measurement of Gas Sensor. The 
schematic of the fabricated gas sensor is shown in Figure 1 
and the fabrication process is described as follow: First 
the undoped and Al-doped NiO samples were dispersed 
in deionized water to form a paste. Then the paste was 
coated on an alumina tube (length: 4 mm, external diam-
eter: 1.2 mm, and internal diameter: 0.8 mm; a pair of Au 

electrodes were installed at the end of the tube, and each 
electrode was connected with a pair of Pt wires) to form a 
thick sensing film. The thickness of the sensing film was 
~38.8 μm (Figure S1). Subsequently, the resulted sensing 
device was sintered at 400 °C for 2 h. Finally, a Ni-Cr alloy 
coil as a heater was inserted to the alumina tube so that 
the operating temperature can be controlled by adjusting 
the heating current flowed through the heater. The gas 
sensing performance of the gas sensor was evaluated by a 
static test method using RQ-2 gas-sensing characteriza-
tion system. The electrical resistance of the sensor in dif-
ferent environmental atmospheres was measured and the 
atmospheric air was used as the referenced gas. The gas 
response (S) of the sensors is defined as the ratio of Rg/Ra, 
which Rg and Ra are the electrical resistance of the sensors 
in the target gases and atmospheric air. The response and 
recovery times are defined as the time taken for achieving 
90% of the total resistance changes after the sensor was 
exposed to the target gases and atmospheric air, respec-
tively. 

RESULTS AND DISCUSSION 

 

Figure 2. (a) Full angel range of XRD patterns and (b) 
high-resolution of (200) peak of the pure, 0.59 at%, 1.45 
at%, 2.15 at%, and 3.04 at% Al-doped NiO nanorod-
flowers. 

Structural and Morphological Characteristics. The 
XRD patterns of the pure and Al-doped NiO samples are 
shown in Figure 2a. Clearly, all the diffraction peaks of all 
the samples could be indexed to the face-centered cubic 
NiO phase (JCPDS No. 47-1049). No other peaks corre-
sponding to Al-related compounds were observed in all 
the XRD patterns of 0.59-3.04 at% Al-doped NiO samples. 
In addition, as shown in Figure 2b, a high angle shift was 
detected from the (200) peak via comparing the Al-doped 
NiO with pure NiO. This could be ascribed to the differ-
ence between the radii of Ni2+ and Al3+. The radius of Ni2+ 
at the coordination number of 6 was 0.69 Å, which was 
larger than that of Al3+ (0.54 Å) at the same coordination 
number. Therefore, the substitution of Ni2+ by Al3+ in-
duced the high angle shift of diffraction peaks, confirming 
that Al3+ is incorporated into the NiO lattice. Moreover, 
the average crystallite sizes of the pure, 0.59 at%, 1.45 at%, 
2.15 at%, and 3.04 at% Al-doped NiO samples calculated 
by Scherrer formula were about 22.7, 21.8, 15.1, 13.5, and 
11.9 nm respectively, which indicated that the addition of 
Al could effectively prevent NiO crystallites from further 
growing-up. 
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Figure 3. (a-c) Typical FESEM, TEM and HRTEM images of 
the pure NiO nanorod-flowers. (d-f) The FESEM, TEM and 
HRTEM images of the 2.15 at% Al-doped NiO nanorod-
flowers. (g-j) Scanning TEM (STEM) image and the corre-
sponding energy dispersive X-ray spectroscopic (EDS) ele-
mental mapping images of the 2.15 at% Al-doped NiO nano-
rod-flowers. 

The morphologies of the as-prepared pure and Al-
doped NiO samples were examined by FESEM and TEM. 
Figure 3a depicts the low-magnification FESEM image of 
the pure NiO, from which a number of nanorod-flowers 
with uniform size and good dispersity were clearly ob-
served. The average diameter of the nanorod-flower was 
about 4 μm. The enlarged SEM image in Figure 3b pro-
vides a single NiO nanorod-flower, it could be found that 
the nanorod-flower was composed of many needle-like 
nanorods. Further observing in the TEM image of Figure 
3c, the nanorods were assembled by numerous nanoparti-
cles. Moreover, the inset of Figure 3c shows a high-
resolution TEM (HRTEM) image of NiO nanoparticles, 
which confirms that the NiO nanoparticles were single 
crystalline. The clear lattice fringe with the lattice spacing 
of 0.24 nm was well corresponded to the (111) plane of 
cubic NiO. 

After incorporating a small trace of Al3+ into NiO crys-
tals, the nanorod-flower morphologies of as-synthesized 
Al-doped NiO samples were maintained. Figure 3d shows 
the typical FESEM images of an individual 2.15 at% Al-
doped NiO nanorod-flower. The single 0.59 at%, 1.45 at%, 
and 3.04 at% Al-doped NiO nanorod-flowers are dis-
played in Figure S2a-c. It was clear that the needle-like 

nanorods became thicker with the increase of Al doping 
amount, although all the Al-doped NiO nanorod-flower 
had the similar sizes. The panoramic FESEM images of 
the 0.59-3.04 at% Al-doped NiO nanorod-flowers are also 
shown in Figure S3a-d, which revealed the well-dispersed 
morphological features. TEM and HRTEM were employed 
to further investigate the structural features of the Al-
doped NiO nanorod-flowers. Typically, the 2.15 at% Al-
doped NiO sample was chosen to examine. As shown in 
Figure 3e, the size and morphology of the 2.15 at% Al-
doped NiO sample were similar to what we had been ob-
served in FESEM images. The HRTEM image (Figure 3f) 
displays clear lattice fringer with spacing of 0.21 nm, 
which could be attributed to the (200) lattice planes of 
NiO. Furthermore, the EDS elemental mapping analysis 
was adopted to confirm the composition of the 2.15 at% 
Al-doped NiO nanorod-flower. Figure 3g shows the scan-
ning TEM (STEM) image of a single 2.15 at% Al-doped 
NiO nanorod-flower. Figure 2h-j depict the spatial distri-
bution of Al, Ni, and O, respectively. Obviously, all the 
three kinds of elements were detected and distrubuted 
uniformly in the region of nanorod-flower. Moreover, the 
Al signal was much weaker than the Ni and O signals, 
which indicated that the content of Al was much lower 
than that of Ni and O. 

 

Figure 4. (a) The gas responses of the sensors based on the 
pure, 0.59 at%, 1.45 at%, 2.15 at%, and 3.04 at% Al-doped NiO 
nanorod-flowers vs operating temperatures to 100 ppm etha-
nol. (b) The gas responses of five sensors to 100 ppm various 
target gases (E, ethanol; M, methanol; A, acetone; B, ben-
zene; T, toluene; F, formaldehyde; C, CO; N, NH3) at 200 °C. 
(c) The gas responses of five sensors as the function of the 
ethanol concentration at 200 °C. (d) The real-time response 
curves of five sensors to different ethanol concentration at 
200 °C.   

Gas Sensing Properties. In order to demonstrate that 
the doping of Al into NiO nanorod-flowers is an effective 
way to enhance the gas sensing properties of NiO-based 
gas sensor, the gas sensing performances of the sensors 
based on the pure and various Al doping amount of NiO 
nanorod-flowers were investigated. Firstly, the gas re-
sponses of the sensors based on the pure, 0.59 at%, 1.45 
at%, 2.15 at%, and 3.04 at%  
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Al-doped NiO samples to 100 ppm ethanol were meas-
ured at different operating temperatures from 125 °C to 
275 °C to explore the optimal Al doping amount as well as 
the relationship between gas response and operating 
temperature, as shown in Figure 4a. Obviously, the volca-
no-shaped correlation between gas response and operat-
ing temperature was observed for all the samples and the 
optimal operating temperature of every sample was 200 
°C. Meanwhile, the gas response was greatly improved 
due to Al doping. The gas responses of the sensors based 
on the pure, 0.59 at%, 1.45 at%, and 3.04 at% Al-doped 
NiO to 100 ppm ethanol at 200 °C were 1.9, 4.2, 6.2, 12.0, 
and 8.9, respectively. The result revealed that the sensor 
based on 2.15 at% Al-doped NiO showed the highest re-
sponse to 100 ppm ethanol and the value was about 6.3 
times higher than that of the pure NiO. 

Subsequently, the gas responses of five sensors to 100 
ppm various target gases at 200 °C were tested. The target 
gases included ethanol, methanol, acetone, benzene, tol-
uene, formaldehyde, CO, and NH3. As shown in Figure 
4b, all the Al-doped NiO samples displayed enhanced 
responses for each target gas compared with the pure 
NiO. Moreover, the response of all the sensors to ethanol 
was clearly higher than that to other gases. Especially, the 
sensor based on 2.15 at% Al-doped NiO had the strongest 
response to ethanol and the value was about 1.5~7.2 times 
higher than other target gases, while ratio was only about 
1.1~1.8 for the pure NiO. This result testified that the dop-
ing of Al into NiO improved the selectivity of the NiO-
based sensor to ethanol. 

Figure 4c shows the responses of five gas sensors as the 
function of the ethanol concentration at 200 °C. It could 
be observed that the response increased with increasing 
the ethanol concentration from 10 to 1000 ppm for all five 
sensors, and the growth gradually slowed down. Among 
them, the response of the sensor based on the 2.15 at% Al-
doped NiO was apparently higher than that of the pure, 
0.59 at%, 1.45 at%, and 3.04 at% Al-doped NiO to various 
ethanol concentration we tested. Moreover, we could find 
that the response of the sensor based on the 2.15 at% Al-
doped NiO did not tend to saturation gradually when the 
ethanol concentration was raised to 1000 ppm, although 
the increasing trend slowed down with the increase of the 
ethanol concentration. This indicated that the 2.15 at% 
Al-doped NiO based gas sensor had the wide test range. 
In addition, the real-time response curves of five sensors 

to different ethanol concentration at 200 °C are displayed 
in Figure 4d. The result showed that all the sensors exhib-
ited excellent response and recovery characteristics with 
respect to different ethanol concentration ranging from 10 
to 1000 ppm.  

From these, the Al doping amount of 2.15 at% was con-
sidered as the optimum doping concentration. Then the 
response and recovery characteristics of the sensor based 
on 2.15 at% Al-doped NiO nanorod-flowers were investi-
gated to 100 ppm ethanol at 200 °C. As shown in Figure S4, 
the resistance increased upon exposure to ethanol, which 
was consistent with the gas sensing behavior of p-type 
oxide semiconductor. The response and recovery times of 
the sensor based on the 2.15 at% Al- doped NiO were 48 s 
and 40 s, respectively. The relatively rapid response and 
recovery contribute to the real-time detection of ethanol 
gas. 

A comparison of the sensing performances between the 
sensor in this work and other ethanol sensors based on 
NiO reported previously in the literatures is summarized 
in Table 1. From the table, comprehensively considering 
the gas response and operating temperature, it is obvious 
that 2.15 at% Al-doped NiO nanorod-flowers showed rela-
tively high gas response and low operating temperature. 
This was conductive to practical application and energy 
conservation. Therefore, the sensor based on 2.15 at% Al-
doped NiO nanorod-flowers had more superiority than 
those reported in the literatures.26, 28-31 

Gas Sensing Mechanism. It is well known that the gas 
sensing properties are primarily effected by the electrical 
conductivity and the surface chemisorbed oxygen species 
of the sensing materials. Thus, the investigation of carrier 
concentration and distribution of oxygen component in 
the sensing materials is extremely necessary. Here, XPS 
analysis was adopted to explore the possible mechanism 
for enhanced gas sensing properties of Al-doped NiO na-
norod-flowers. Figure S3a shows the XPS survey spectrum 
of the 2.15 at% Al-doped NiO nanorod-flowers, in which 
the signals of Ni and Al could be clearly observed. The Al 
2p spectrum is illustrated in Figure S3b, from which the 
peak located at 73.9 eV was assigned to Al3+.32 Figure 5a 
and b show the high resolution scans of the pure and 2.15 
at% Al-doped NiO nanorod-flowers for Ni 2p3/2. It could 
be found that Ni2+ and Ni3+ bonding energies were clearly 
observed at 854.5 and 855.0 eV for the pure NiO, as well 
as 856.4 and 856.8 eV for the 2.15 at% Al-doped NiO. Fur-

Sensing materials 
Ethanol con-
centration 
(ppm) 

Temperature 
(°C) 

Gas response 
(Rg/Ra) 

Reference 

3.04 at% Fe-doped NiO nanofibers 100 450 245.0 26 

Fe-doped ordered mesoporous NiO 100 240 4.8 28 

WO3•0.33H2O-NiO composite 100 280 3.9 29 

NiO/multi-wall carbon nanotubes 100 180 2.0 30 

Flower-like NiO microspheres 100 250 3.2 31 

2.15 at% Al-doped NiO nanorod-flowers 100 200 12.0 This work 

Table 1 Comparison of the sensing performances between the current work and previously reported results26, 28-31 
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thermore, from Figure 5a, the Ni3+/Ni2+ ratio was deter-
mined to be 0.77 in the pure NiO. However, the Ni3+/Ni2+ 
ratio increased to 1.34 when 2.15 at% of Al3+ was doped 
into NiO nanocrystals (Figure 5b). A higher energy shift 
and an increase of the Ni3+/Ni2+ ratio were verified.  

 

Figure 5. (a and b) Ni 2p3/2 XPS spectra of the pure and 2.15 
at% Al-doped NiO nanorod-flowers. (c and d) O 1s XPS spec-
tra of the pure and 2.15 at% Al-doped NiO nanorod-flowers. 

It is reported that Ni3+ can be formed from adsorbing 
negatively charged oxygen on the surface of NiO and/or 
caused by negatively charged interstitial oxygen (��

��).33, 34 
The substitution of Al3+ at the site of Ni2+ can be compen-
sated by the electronic compensation mechanism, which 
is described as follows:  

�����
����

	
� �����
• 
 ��� 
 ���

� 

�

�
�����    (1) 

According to the Eq. (1), the oxygen molecules are gen-
erated by the incorporation reaction. Therefore, the oxy-
gen molecules generated from Eq. (1) will convert into 
negatively charged interstitial (or surface) oxygen through 
the oxidation of Ni2+ into Ni3+ (Eq. (2)). 

�
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����� 
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����
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 �����
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�    (2) 

From the above, the increase of Ni3+/Ni2+ caused by the 
partial oxidation of Ni2+ to Ni3+ means Al3+ was incorpo-
rated into the NiO lattice. As described in Eq. (1), with  
the substitution of Al3+ at Ni2+ sites, electrons are generat-
ed to compensate for substituting Al3+ into Ni2+ sites, 
which decrease the hole concentration in NiO. It also 
could be supported by the increase of Ra with raising the 
Al-doping amount (Figure S6). The change in hole con-
centration may be the key factor for the enhanced gas 

response. It has also reported that when the hole concen-
tration is very low, the injection of the equal amounts of 
electrons by the sensing reaction between ethanol mole-
cules and chemisorbed oxygen ions will lead to a higher 
variations in sensor resistance, and thus enhance the gas 
response.26, 35 

What’s more, the O 1s peaks were asymmetric and 
could be fitted into three different components.36 The 
binding energy at about 529.5 ± 0.4 eV (OL), 531.2 ± 0.6 eV 
(OV), and 532.5 ± 0.2 eV (OC) were attributed to lattice 
oxygen, oxygen-deficient regions, and chemisorbed oxy-
gen species, respectively. The relative percentages of OL, 
OV, and OC components were approximately 59.0, 26.6, 
and 14.4 % in the pure NiO, while those were 12.6, 62.9, 
and 24.5 % in the 2.15 at% Al-doped NiO. Apparently, 
with Al doping, the contents of OV and OC components 
were greatly increased. This indicated that the gas sensing 
properties were closely related to the deficient and chem-
isorbed oxygen in NiO material. The increase of OV com-
ponent could provide more active sites for the gas reac-
tion and adsorption on the surface of the sensing materi-
als. The rise of OC component means that more surface 
chemisorbed oxygen species could participate in the oxi-
dation-reduction reaction occurred on the surface of the 
sensing materials and thus caused a larger change in sen-
sor resistance. 

CONCLUSION 

In summary, we successfully synthesized the pure and Al-
doped NiO nanorod-flowers with well-dispersed hierar-
chical nanostructures and uniform sizes by the solution-
based route. In gas sensing applications, a systematically 
comparative analyse indicated that the 2.15 at% Al-doped 
NiO nanorod-flowers showed the greatly enhanced gas 
sensing performance compared to the pure NiO nanorod-
flowers. The changes of the carrier concentration and 
distribution of oxygen component induced by the incor-
poration of Al3+ with NiO nanocrystals were responsible 
for the enhanced gas sensing performance. Hence, we can 
confirm that the doping of Al3+ into NiO nanorod-flowers 
is a promising strategy for improving the gas sensing per-
formance of the NiO-based gas sensor. 
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