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Abstract A facile method was applied to prepare NiO

nanoparticles/multi-walled carbon nanotubes (MWCNTs)

nanocomposite. The structure and morphology of the as-

prepared nanocomposite were characterized by X-ray

diffraction, Raman spectrum, scanning electron micro-

scopy, transmission electron microscopy (TEM) and high-

resolution TEM. It was indicated that NiO nanoparticles

with size of 10–30 nm were tightly decorated on the

MWCNTs. A chemoresistive gas sensor using NiO

nanoparticles/MWCNTs nanocomposite as sensitive

material was fabricated on an alumina tube with Au elec-

trodes and platinum wires. The gas-sensing properties of

NiO nanoparticles/MWCNTs nanocomposite were evalu-

ated for volatile organic compound vapors (VOCs). The

electrical resistance is found to be dramatically decreased

by three orders of magnitude compared to a sensor based

on NiO nanoparticles free MWCNTs. The highest response

values of the nanocomposite were obtained at operating

temperature of 180 �C. NiO/MWCNTs sensor shows much

better performance compared to the NiO sensor and the

VOCs responses are found to be several times higher than

that of a NiO nanoparticles sensor.

1 Introduction

As an important p-type semiconductor, NiO has attracted

considerably investigation because of its unique properties

such as a wide band-gap (3.6–4.0 eV), an measurable elec-

trical conductivity change accompanied with chemical reac-

tions on the surface of materials, which makes it a potential

application to gas sensors, with many related articles pub-

lished [1]. Nevertheless, the diverse structures of NiO

(nanoparticles, nanosheets, nanotubes, fibers, hollow spheres,

nanowires, etc.) [2–6], appropriate doped-NiO (Pt, Au, Fe,

and Zn) [7–9], and NiO composited with other oxide semi-

conductors (ZnO, SnO2, and PdO) [10–12] have been devel-

oped in recent years as sensitive materials for ethanol, acetone,

methanol, formaldehyde, CO and NH3. The metal-oxide-

based gas sensors need to be operated at relatively high tem-

peratures. Nickel oxide has been used for many years in

sensing application with operating temperature around

300–350 �C. The high operating temperatures may cause

coalescence and structural changes which leads to sensor

instability and response variation. To overcome the disad-

vantages of NiO-based gas sensors, the research on prepara-

tion, doping, and composing of other metal oxides had been

done. However, there are many challenges and issues that

arise and stand around materials under development from the

viewpoint of their synthesis and performances.

Carbon nanotubes (CNTs) having unique geometry and

amazing structural features appear as a potential candidate

for gas sensors. The big advantage of CNT-based gas sen-

sors, when compared to conventional metal oxide chemical

sensors, is that they can operate at low operating temperature

[13]. Nevertheless, a major weakness of CNT-based gas

sensors is slow recovery from the CNT and analyte inter-

action, needing several hours to release the adsorbed analyte

at low operating temperature before they are reused. CNTs
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composted with metal oxides can exhibit the different

physical properties than those of neat CNTs. The sensing

properties of CNT-based sensors can be improved by

functionalization in form of surface modifications of the

CNTs by appropriate metals or metal oxides [14]. In the last

few years, hex-WO3/MWCNTs [15], TiO2/MWCNTs [16],

SnO2/MWCNTs [17, 18], ZnO/MWCNTs [19], and NiO/

MWCNTs [20] have been using as gas sensing materials for

gas sensors and exhibited good gas sensing properties, such

as high sensitivity, capability of gas adsorption, and low

operating temperature. Jung et al. [20] reported that the

MWCNT/NiO composite acting as gas sensor showed a

higher sensitivity at room temperature for H2 gas. However,

to our best knowledge, so far there is no report on the

detection of VOCs gas over NiO/MWCNTs composites. In

the present work, thus, considerable efforts are dedicated

toward the enhancement of the low-operating-temperature

VOCs gas response of NiO/MWCNTs composites synthe-

sized by a simple fabrication method. The high-quality

MWCNTs forming a composite with the nickel oxide shows

good VOCs sensing characteristics.

2 Experimental

All the chemical reagents used in the experiments were

obtained from commercial sources as guaranteed-grade

reagents and used without further purification.

The NiO/MWCNTs nanocomposite was prepared by a

simple chemical precipitation followed by thermal anneal-

ing. The synthetic procedure was as follows: (1) the refluxed

MWCNTs treated in 68 wt% HNO3 for 24 h were sus-

pended in 25 ml deionized water by ultrasonication for 2 h;

(2) 10 ml NH3�H2O (25 wt% solution) was mixed with the

distilled deionized water; (3) ammonium hydroxide was

then dropped into the MWCNTs suspension with stirring for

4 h; (4) the synthesis mixture was then added into the 0.2 M

25 ml Ni2? solution of NiCl2 diluted with distilled deionized

water, producing a suspension; (5) after stirring 2 h, the

obtained precipitant was further centrifuged to separate the

nanocomposite of nickel hydroxide and MWCNTs. After

dried in air, these samples were annealed at 400 �C for 2 h

in air. The molar ratio of Ni2?:MWCNTs was 1.0:1.0.

X-ray diffraction (XRD) patterns were obtained on a

Rigaku D/MAX-3B powder diffractometer with copper

target and Ka radiation (k = 1.54056 Å). The samples

were scanned from 10� to 90� (2h). Scanning electron

microscopy (SEM) characterization was performed with

FEI QUANTA200 microscope operating at 15 kV. The

Raman spectra was recorded with a Renishaw inVia

Raman microscope, equipped with a CCD (charge coupled

device) with the detector cooled to about 153 K using

liquid N2. The laser power was set at 30 mW and the

spectral resolution was 1 cm-1. The samples for SEM were

prepared by dispersing the final powders in the conductive

glue; this dispersing was then sprayed with carbon.

Transmission electron microscopy (TEM) measurement

was performed on a Zeiss EM 912X instrument at an

acceleration voltage of 120 kV. The samples for TEM were

prepared by dispersing the final samples in distilled

deionized water; this dispersing was then dropped on car-

bon-copper grids covered by an amorphous carbon film. To

prevent agglomeration of nanostructures, the copper grid

was placed on a filter paper at the bottom of a Petri dish.

In order to prepare series of sensors, we elected the

indirect-heating structure shown in Scheme 1 [21, 22]. As-

prepared NiO nanoparticles/MWCNTs nanocomposite and

NiO nanoparticles used as sensitive layer with a thickness

of about 0.6–0.8 mm were deposited on an alumina tube

(4 mm in length and 1.2 mm in diameter) with Au elec-

trodes and platinum wires, respectively. The thickness of

the sensitive body, which was dried and sintered in air at

Scheme 1 a Sketch of the structure of a typical NiO nanoparticles/

MWCNTs nanocomposite gas sensor; b photograph of the gas sensor
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400 �C for 2 h in N2, was about 0.5 mm. A Ni–Cr alloy

crossed alumina tube was used as a heating resistor (RH).

This resistor ensured both substrate heating and tempera-

ture control with the different heating voltage (VH). Before

measuring the gas sensing properties, the gas sensors were

aged at 150 �C of operating temperature for 150 h in dry

air. The electrical response of the sensor was measured

with an automatic test system, controlled by a personal

computer. The export signal of the sensor was measured by

using a conventional circuit (Scheme 2) in which the ele-

ment was connected with an external resistor in series at a

circuit voltage of 5 V. According to Scheme 2, the elec-

trical resistance of sensor can be obtained as following:

R ¼ 5 � Vo

Vo

� RL

where R is the resistance of the sensor, RL is a constant load

resistance unchanged with the surrounding gas partial

pressure, Vo is the sensor export voltage. The gas response

b was defined as the ratio of the electrical resistance in

gases (Rg) to that in air (Ro):

Ro ¼ 5 � ðVoÞair

ðVoÞair

� RL; Rg ¼
5 � ðVoÞgas

ðVoÞgas

� RL; b ¼ Rg

Ro

where (Vo)air is the export voltage in air, and (Vo)gas is in

VOCs, such as isopropanol, acetone, ethanol, formalde-

hyde, and methanol. As a comparison, NiO nanoparticles

obtained from commercial source were used as sensing

material to fabricate gas sensor and investigated the per-

formance to VOCs gases.

3 Results and discussion

The phase purities of the products were examined by X-ray

diffraction (XRD) measurement performed on Rigaku X-

ray diffractometer with Cu Ka radiation. The XRD patterns

of the Ni(OH)2/MWCNTs and NiO/MWCNTs show the

diffraction peaks in Fig. 1. It can be perfectly indexed to a

hexagonal phase (space group: P3m1 (164)) of b-Ni(OH)2

with lattice constants a = 3.126 Å, c = 4.605 Å (JCPDS

No. 14-0117) and a cubic phase (space group: Fm3m (225))

of NiO with lattice constants a = 4.177 Å (JCPDS No.

47-1049), respectively. On the other hand, it can be clearly

seen a diffraction peak at about 26� (2h) before and after

the annealing treatment, which attributed to the (002)

reflection of highly structured graphitic carbon of the CNTs

[20]. Compared with Ni(OH)2/MWCNTs and NiO/

MWCNTs, XRD pattern of the heat-treating sample at

400 �C for 2 h in air shows new peaks, which can be

matched well with NiO. It shows that mix-phase Ni(OH)2

and NiO can be obtained by calcination of as-synthesized

Ni(OH)2 at 400 �C for 2 h. All diffraction peaks of XRD

pattern can be indexed to phases of NiO and CNTs,

respectively, indicating that the Ni(OH)2 had been con-

verted into the cubic NiO phase completely during the

calcination conversion process. The annealing treatment

had no significant influence on the graphite structure of the

CNTs.

The Raman spectroscopy was also used to further

investigate the composition and microstructure of the

composite. As shown in Fig. 2, the Raman spectra derived

from the as-synthesized Ni(OH)2/MWCNTs and NiO/

MWCNTs samples have four peaks in the range of

225–2000 cm-1, which includes peaks associated to

Raman active vibrational modes of NiO/Ni(OH)2 and

MWCNTs. The peaks located at the 1578 and 1348 cm-1

represent G and D bands of graphene. The G band is a

radial C–C stretching mode of sp2 bonded carbon, while

the D band is a first-order zone boundary phonon mode

Scheme 2 Schematic diagram of testing principle for NiO nanopar-

ticles/MWCNTs nanocomposite gas sensor. VH is heating voltage and

RH is heating resistance

Fig. 1 XRD patterns of Ni(OH)2/MWCNTs and NiO/MWCNTs

composite
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associated with the defects in the graphene or graphene

edge [23, 24]. The intensity ratio of D band to G band (ID/

IG) reflects the degree of the defects in the graphene or the

edges. After annealing treatment, a weak D band can be

found, indicating a low density of defects and disorder of

the graphitized structure. Except for the typical D and G

peaks attributed to graphene, two characteristic peaks at

509 and 1060 cm-1, respectively, can be identified clearly

and identified as longitudinal optical (LO) and 2LO phonon

modes of Ni–O stretching mode [25]. The Raman spectra

of Ni(OH)2/MWCNTs and NiO/MWCNTs also confirmed

that the Ni(OH)2/MWCNTs successfully conversed to NiO/

MWCNTs by annealing treatment at 400 �C for 2 h in air.

SEM micrograph and microstructure of the resulting

products are presented in Fig. 3. From the low and high

magnification images, they show that the uncalcined and

the calcined samples exhibit similar shaped features. The

MWCNTs were well dispersed in the Ni(OH)2 or NiO and

form a network among Ni(OH)2 or NiO powders, as shown

in Fig. 3. SEM images of the composites demonstrate that

the Ni(OH)2 or NiO has an aggregated flake-like mor-

phology with CNTs dispersed in the oxide matrix inter-

connecting the aggregates. It can be noted that the

MWCNTs diameters are in the range of 20–40 nm, which

are smaller than those of the pristine sample, and further-

more the MWCNTs are more severely curved in the

nanocomposite.

Further investigation of these samples was performed by

TEM and HRTEM. Figure 4 shows the typical images of
Fig. 2 Raman spectra of Ni(OH)2/MWCNTs and NiO/MWCNTs

composite

Fig. 3 SEM images of a and b Ni(OH)2/MWCNTs, c and d NiO/MWCNTs composite at different magnifications, respectively
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Ni(OH)2/MWCNTs and NiO/MWCNTs nanostructures.

The MWCNT diameter was observed to be 20–35 nm.

Ni(OH)2 or NiO nanoparticles randomly disperse on the

MWCNTs. The HRTEM observation further reveals that

Ni(OH)2 or NiO nanocrystals are anchored and directly

grow on the MWCNTs surface. The particle size of

Fig. 4 TEM and HRTEM images of a and b Ni(OH)2/MWCNTs, c and d NiO/MWCNTs composite at different magnifications, respectively

Fig. 5 Gas responses of NiO/MWCNTs composite and NiO nanopar-

ticles based sensors to ethanol gas of 500 ppm at the different

operating temperature

Fig. 6 Response variation of sensor to different target gases under

the different gas concentrations at the operating temperature of

180 �C
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Ni(OH)2 is around 31 nm. The particle size of NiO

decreases to 25 nm in NiO/MWCNT nanocomposite.

HRTEM image of Ni(OH)2/MWCNTs composite shown in

Fig. 4b indicates that the flake-like is structurally uniform

with an interplanar spacing of about 0.236 nm, which

corresponds to the (101) plane of hexagonal Ni(OH)2.

While the lattice fringe with an interplanar distance of

0.357 nm can be attributed to the (002) plane of MWCNTs.

As shown in Fig. 4d, the interplanar spacing of about

0.21 nm corresponds to the (200) plane of cubic NiO for

NiO/MWCNTs composite, illustrating the formation of

crystalline NiO nanoparticles on MWCNTs.

The MWCNTs surface was covered the functional

groups (hydroxyl groups) under the preparation procedure.

The hydrated positively charged Ni2? ions were attracted

and bound onto negatively charged CNT surfaces by

electrostatic attraction and hydrogen bond with –OH.

Subsequently, it promotes the nucleation of Ni(OH)2

crystals. On the other hand, most of the hydrate of Ni2?

formed with solution of NH4OH and NiCl2 can ceaselessly

assemble to the surface of MWCNTs, which provides a

higher potential for the precipitation of Ni(OH)2 nuclei on

the surfaces of MWCNTs. The Ni(OH)2 was calcined at

high temperature to form the oxide. The similar formation

mechanisms were reported [26] and the generating

Ni(OH)2/MWCNTs and NiO/MWCNTs in relatively large

quantities can be synthesized.

To evaluate the potential applicability in gas sensor for

VOCs, we investigated fundamental gas sensing properties

of the as-synthesized NiO/MWCNTs composite and NiO

nanoparticles, respectively. It has been addressed that the

electrical conductivity of a sensor not only depends on the

gas atmosphere, but also on the operating temperature of

the sensing material exposed to the test gas [27]. Therefore,

in order to keep the stability of a sensor, choosing an

optimal operating temperature is undoubtedly necessary.

Figure 5 shows the variation in the gas response with

operating temperature in the presence of ethanol. The

ethanol concentration was kept constant at 500 ppm. One

can see that the operating temperature has a great influence

on the response. When the operating temperature varies

from 160 to 180 �C, the gas response first increases and

then decreases, and has the maximum sensitivity at 180 �C.

This behaviour was already observed in other sensor

materials [28, 29]. As shown in Fig. 5, it can be seen that

the NiO/MWCNTs composite based sensor shows better

gas response to ethanol gas than that of NiO nanoparticles

exhibited the highest response to ethanol gas at same

operating temperature. Therefore, this temperature has

been chosen for monitoring different VOCs gases.

The gas responses measured at the operating tempera-

ture of 180 �C also showed a good dependence on the

VOCs gas concentrations. As shown in Fig. 6, the gas

responses of the NiO/MWCNTs composite based sensors

show good dependence on the different VOCs gas con-

centrations. The straight lines of sensor are the calibration

curves and the experimental data were fitted as:

b ¼ m lgCgas þ k

where m is the gas response coefficient, Cgas is the gas

concentration of the different VOCs gases, and k is a

constant. The correlative coefficients R2 are more than 0.99

indicating a good linear dependence.

Figure 7 shows the dynamic response and the gas con-

centration dependence of NiO/MWCNTs composite. As

p-type semiconductors, the resistance of the sensors

increased greatly when they exposed to the reducing gas.

Then the resistance value can recover to the initial level

quickly after the sensors removed from the gas atmosphere.

As important parameters for tailoring sensor for practical

application, the response time and recovery time (defined

as the time required to reach 90 % of the final equilibrium

value) of NiO/MWCNTs composite in 100 ppm ethanol,

isopropanol, methanol, acetone, and formaldehyde are 27

and 87 s, 57 and 137 s, 54 and 94 s, 25 and 86 s, 142 and

84 s respectively. On the other hand, NiO/MWCNTs

composite presents good repetition property. On and off

cycles could be repeated several times, and any major

changes in the response were observed.

Table 1 shows a brief summary of the sensing perfor-

mances of various NiO nanostructures based gas sensor

toward VOCs. As it has been introduced, the gas responses

of pure NiO nanostructures toward VOCs are poor [2, 30–

33]. By composing NiO with MWCNTs can significantly

promote its gas response. And the as-synthesized NiO/

MWCNTs composite in this work shows the higher gas

response and lower operating temperature.

NiO is a typical p-type semiconductor in air, and its gas-

sensing mechanism is based on the changes before and

after exposed to the test gas. When the sensors based on

NiO oxides exposed to the air by heating, the oxygen

chemically adsorbed on the surface undergoes the follow-

ing reactions [34]:

O2ðadÞ $ O�
2ðadÞ $ 2O�

ðadÞ $ 2O2�
ðadÞ: ð1Þ

The oxygen captures electrons from the material, lead-

ing to the increase in concentration of holes. Hence, the

conductivity of the sensors increased due to the increasing

concentration of available carrier. When the sensors

exposed to the reducing gas such as ethanol, acetone, or

formaldehyde in our study, the interaction between the

bFig. 7 Dynamic response to different gas concentration from 100 to

2000 ppm at the operating temperature of 180 �C for different target

gases: a ethanol, b isopropanol, c methanol, d acetone, and

e formaldehyde, respectively
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reducing gas and the oxygen adsorbed on the sensors sur-

face can be explained as [34]:

Rþ On�
ðadÞ $ ROþ ne0: ð2Þ

The electrons trapped by the adsorbed oxygen are

released. So, a number of electrons annihilated with holes

[35, 36]:

h� þ e� ! O� ð3Þ

With the gas concentration increasing, this action

enhances until saturation. Consequently, both the concen-

tration of the holes in NiO and conductivity of the sensors

decrease. Therefore the changes in conductance determine

the sensitivity of the sensors.

In view of the sensing mechanism, many factors

including the particle size, defects, the properties of surface

and interface, the barrier height/width, and stoichiometry

directly affect the state and amount of oxygen species on

the surface of sensors, and consequently the performance

of the metal oxide-based sensors [29]. Among these fac-

tors, the effects of particle size have been the focus of

many reports. The smaller particles can offer more active

sites for adsorption of gas molecules due to their large

surface area, which provide more surface sites available for

oxygen to be adsorbed on them and to make contact with

the surrounding gases [37]. NiO nanoparticles anchored

and directly grown on the MWCNTs surface will decrease

the aggregation of NiO nanoparticles, which leaded to

higher specific surface than that of individual NiO

nanoparticles. In addition to the surface area, the number of

contact points between individual MWCNTs is also an

important factor affecting the performance of the sensor

[38]. If individual MWCNTs are interconnected, a con-

tinuous pathway for charge carriers is provided, which can

transfer charge carriers into electrodes. Upon adding NiO

nanoparticles to the MWCNTs, further inter-connections of

individual MWCNTs are generated. On the other hand,

inter-connections let electrons easily get over the barriers

and decrease the operating temperature. Therefore, a large

surface area and numerous contacts between the MWCNTs

result in stronger interactions between NiO/MWCNTs

composite and VOCs gases, exhibiting an even improved

gas-sensing property.

4 Conclusion

NiO/MWCNTs composite was successfully prepared and

used to detect VOCs gases. The as-prepared nanocom-

posites were characterized by means of X-ray diffraction,

Raman spectrum, and transmission electron microscopy. It

was indicated that NiO nanoparticles with size of about

25 nm were decorated on the MWCNTs. The chemore-

sistive gas sensor performance of the as-prepared NiO/

MWCNTs composite to VOCs gases was investigated.

NiO/MWCNTs composite exhibited higher response for

detecting VOCs gases than that of pure NiO nanoparticles.

Enhancement of sensor response may be attributed to

Table 1 Comparison of varied nickel oxide nanostructures in VOCs sensing performances

Materials b Optimal temperature (�C) Response time/recovery time (s) References

NiO nanoparticles 1.30 (100 ppm acetone) 350 Non-giving Zeng et al. [30]

1.25 (100 ppm formaldehyde)

1.10 (100 ppm ethanol)

NiO nanowires 3.30 (500 ppm ethanol) 300 480/300 Liu et al. [31]

2.40 (500 ppm ethanol) 350 19/22 Miao et al. [32]

1.70 (1150 ppm acetone) 21/30

3.35 (500 ppm ethanol) 300 4–5/6–10 Zhu et al. [33]

NiO nanoblocks 1.14 (500 ppm ethanol) 300 4–5/6–10 Zhu et al. [33]

NiO nanorods 1.42 (500 ppm ethanol) 300 4–5/6–10 Zhu et al. [33]

NiO nanoplatelets 3.10 (800 ppm ethanol) 350 Non-giving Chu et al. [34]

NiO hollow spheres 1.55 (100 ppm acetone) 350 Non-giving Zeng et al. [30]

1.35 (100 ppm formaldehyde)

1.30 (100 ppm ethanol)

NiO/MWNTs 1.60 (100 ppm formaldehyde) 180 142/84 This work

1.80 (100 ppm acetone) 25/86

2.00 (100 ppm ethanol) 27/87

1.80 (100 ppm methanol) 54/94

1.90 (100 ppm isopropanol) 57/137
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higher surface area and inter-connections of NiO/

MWCNTs composite, which offer more active sites for

adsorption of gas molecules, easily get over the barriers

and decrease the operating temperature.
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