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Abstract
Multi-walled carbon nanotubes (MWCNTs) onto flower-like patterned ZnO seed layers were prepared by spin coating method. 
The etching of the MWCNTs was examined by HCl acid treatment. The effect of structural, morphological and elemental 
properties of the ZnO/MWCNTs were determined by XRD, SEM, and EDX, respectively. The gas sensing properties of ZnO 
seed layer and MWCNT/ZnO nanocomposites were studied as a function of operating temperature and gas concentration. 
The incorporation of MWCNT were given results such as reducing the operating temperature to 70 °C and enhancement in 
sensor response for 25 ppm CO gas. It was obtained that the highest sensing response of 62% at 70 °C for raw-MWCNTs/ZnO 
sensor as compared to etched-MWCNT/ZnO and ZnO sensor which gave a sensing response of 19% and 21% at operating 
temperature of 70 °C and 150 °C, respectively. Results showed that the deposition of metal oxide sensors with MWCNT is 
a promising strategy for improvement of CO gas sensing properties.

1 Introduction

Carbon monoxide exposure is still one of the leading causes 
of gas poisonings, and it causes many deaths annually in all 
over the world [1]. The affinity of hemoglobin for carbon 
monoxide compared to oxygen is 200–250 times higher [2]. 
Carbon monoxide forms carboxyhemoglobin (HbCO) in the 
blood when combining with hemoglobin. As a result of this, 
hemoglobin was unable effectively to transport oxygen to the 
tissues. Furthermore, it reduces its oxygen-carrying capacity 
of the blood, giving rise to hypoxia [3], which if not treated 
can lead to unconsciousness and even death.

In the literature, in order to overcome side effects of the 
CO, CO carbon films were used. Therefore, a high-perfor-
mance CO sensor, that is one that combines high sensitiv-
ity and selectivity, fast response/recovery, low consumption 
and detection limit, good portability are very necessary and 
important for monitoring the living/working environment 

and healthy status of human beings [4]. Metal oxide 
semiconductor (MOS) gas sensors have been extensively 
researched due to their applicability in various fields. In this 
regard the highly stable ZnO is one of the most important 
MOS materials exhibiting a bap gap of 3.37 eV at room 
temperature and a high excitation bond energy of 60 meV 
[5]. Owning to its unique physicochemical properties, ZnO 
has been applied in a variety of areas such as piezoelectric, 
solar cells, optical devices, as well as gas sensors.

Carbon nanotubes (CNTs) still remain at forefront of 
nanoscale materials research in the past decade, while the 
interest in their properties is growing ever since their discov-
ery. The exceptional and unique properties of CNTs offer a 
great advantage for the production of improved composites, 
while their applications as a matrix element depends pri-
marily on the relationship between the matrix and the other 
material [6]. The introduction of defects such as atom vacan-
cies, functional groups and stone wall defects on nanotubes 
can enhance the sensitivity towards different gases. These 
defect sites lower the activation energy barrier thus enabling 
chemisorptions of analytes on the surface of CNTs and make 
room temperature measurements possible. Multi-walled 
carbon nanotubes (MWCNTs) are nanoscale materials that 
comprise of several concentric single walled carbon nano-
tubes (SWCNTs) and exhibit diameters in the range of 5 and 
30 nm. The MWCNTs exhibit excellent optical, mechanical 
and electrical properties and appear as suitable material for 
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nanocomposites. Nanocomposites employing MWCNTs and 
some other materials such as polymer, metal-alloys, metal-
oxides, ceramic etc. have been previously reported, and 
some of these nanocomposites find applications in design 
of supercapacitors, gas sensors, smart window and photo-
voltaic cell devices [7, 8].

More recently, CNTs/metal oxide composites sensors 
based on MWCNTs have been reported to detect CO, NH 
and NO at room temperature and acceptable sensitivity was 
detected at higher temperatures. The electrical conductivity 
of these composites is depend on amount of surrounding 
gases. Therefore, these structures presents a great potential 
as a new gas sensing material for CO gas. There is insuffi-
cient literatüre for MWCNT/ZnO composites as sensors for 
CO gas. For the detection of CO, Alharbi et al. demonstrated 
that surface functionalization of MWCNTs by ZnO nano-
particles was increased sensing properties of MWCNTs as 
sensors at room temperature [9]. The improved gas sensing 
properties of ZnO/MWCNTs nanocomposites were charac-
terized in terms of effective electron charge transfer between 
CO gas molecules and the interfaces between ZnO/MWC-
NTs as well as MWCNTs surface. Khanderi et al. reported 
that the nanostructured ZnO/MWCNT composite showed 
better sensing performance compared to MWCNT in the 
detection of low level CO gas [10]. Hojati et al. analyzed 
that MWCNT into the ZnO sensors enhanced the sensitivity, 
and showed considerable high sensitivity and fast response 
to CO at around 100 °C operating temperature, compared 
to undoped ZnO sensors [11]. The advantage of this sensor 
was in its small size, very thin structure and low working 
temperature, fast response and recovery time and low value 
of the dedection limit (ppm) of CO gas was obtained.

The researchers have manifested that MWCNTs intro-
duction into ZnO could enhance its sensing properties by 
increasing the surface area and also the gas diffusion by for-
mation of nanochannels in the ZnO [12]. ZnO is a very suit-
able host matrix counterpart for MWCNT in the production 
of nanocomposites, due to its high electron mobility, porous 
surfaces and abundance in the nature [13]. In addition, small 
amount of MWCNT can already fine-tune the resistance of 
the sensing layer, which expands its operational capabilities 
at low temperatures.

However, depending on the synthetic route, MWCNT/
ZnO nanocomposites can also exhibit some limitations in 
terms of their long-term stability, presence of defects and 
reliability. The possibility to circumvent some of these limi-
tations have also motivated further research on the MWCNT/
ZnO nanocomposites [14]. A variety of MWCNT/ZnO 
synthesis methods have been reported in the literature and 
these includes atomic layer deposition (ALD) [15] micro-
wave irradiation heating [16], electrochemical deposition 
[17] and spin coating [18]. Among the former, spin coating 
is frequently preferred because of its effective, facile and 

energy-efficient method. Spin coating methods have low pro-
cess temperatures, higher homogeneity and purity of prod-
uct materials. Molecular scale homogeneity can be obtained 
directly in the solution.

In this study, room temperature spin coating method is 
used to investigate the MWCNTs with and without etching 
onto flower-like patterned ZnO seed layers. The temperature 
dependent gas sensing studies showed two improvements; (i) 
a decreased operating temperature of the sensors from 150 
to 70 °C (ii) an increased response of sensors the from 21 to 
62% after decoration MWCNTs.

2  Materials and methods

2.1  Etching of MWCNTs

Raw MWCNTs were purchased from the Nanografi company 
at the Middle East Technical University (METU), Turkey. 
The purchased raw MWCNTs have average length of 1.5 
micron and 10% metal impurities (Fe, Co, Cu and Zn ele-
ments were detected by EDX with differential ratios). HCl 
(12M) was purchased from Sigma-Aldrich, was used to 
induce etching. Raw MWCNTs were annealed at 400 °C for 
9 h before they were refluxed in HCl acid bath. Then, acidic 
solution was filtered by double distilled water in order to 
remove MWCNT surface residues. Finally, MWCNTs were 
dried at 100 °C in the furnace. This procedure was repeated 
for several times.

2.2  Synthesis of nanocomposites

ZnO films, formed in a chemical bath deposition, were used 
as a seed layer which explained by our earlier study [19]. 
Raw and etched MWCNTs are mixed in ultrasonic bath, con-
taining ethanol. Small amount both raw and etched MWC-
NTs containing ethanol solutions were dropped onto ZnO 
seed layer by spin coating. Ethylene glycol and triethylamine 
(TEA) were used as a solvent and stabilizer, respectively 
(1:1). The speed was adjusted to 800 rpm and this proce-
dure repeated 2 times at room temperature. Finally, both 
of nanocomposites were annealed at 250 °C in the furnace. 
Pure ZnO, raw-MWCNTs/ZnO and etched-MWCNTs/ZnO 
were labelled as pure ZnO, rMWCNTs/ZnO and eMWCNTs/
ZnO, respectively.

2.3  Characterization of nanocomposites

The crystal structures and orientations of nanocompos-
ites were determined by Rigaku SmartLab X-ray dif-
fractometer employing  CuKα (1.5406 Å) radiation with 
0.0130 step size which was operated under 40 mA and 
45 kV with powder method. The surface morphology of 
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nanocomposites was investigated by using JEOL JSM-
7100F-SEM (Scanning Electron Microscope). Elemental 
microanalysis (wt%) of nanocomposites was determined 
by OXFORD Instruments X-Max EDX (energy-dispersive 
X-ray spectrometer) which had been attached to SEM.

The gas sensing performance of the thin films have 
been tested using a special computer-controlled meas-
urement system has been fully detailed in our previous 
papers [20, 21]. This measurement system consists of 
Keithley 2400 Source-meter, modified sensor cell, Lake-
Shore 325 temperature controller, MKS flow control-
lers (MFC), humidity sensor. The thin films have been 
evaluated by measuring the resistance change at various 
CO concentrations from 5 to 50 ppm. The air flow rate, 
under the same conditions, was kept constant in order to 
observe the behavior of different concentrations. In order 
to have a stable sensing, prior exposure to CO the sensor 
cell was exposed to dry air for 20 min. Mass flow con-
trollers (MKS Series) have controlled the gas concentra-
tion in the test chamber. The data has been measured by 
Keithley 2400 SourceMeter collected in real-time using 
a computer. The relative humidity has been kept constant 
25% and has been monitored by a Honeywell HIH-4000 
humidity sensor.

3  Results and discussions

Based on the SEM images in Fig. 1, both nanocomposites 
exhibited reticular and randomly distributed MWCNTs and 
irregular flower shaped ZnO formations. Dimensions of nan-
opetal ZnO structures nearly were similar and ~ 200–300 nm. 
In eMWCNTs/ZnO nanocomposites, MWCNTs showed 
much more aglomerative formations with aggressive HCl 
acid etching thus non-homogeneous distribution was 
observed in Fig. 1b. Additionally, MWCNTs showed more 
cloistered on ZnO seed layers so MWCN/ZnO connectivity 
increased in eMWCNTs/ZnO samples. The agglomerative 
phases and ZnO nucleus centers damaging is likely to be 
caused by the formation of hydroxyl groups at the ends of 
MWCNTs during the etching process or due to the changes 
in the chemical environment during the seed ZnO layer for-
mation (i.e. formation of surfactant-inorganic species) [22].

XRD patterns of rMWCNTs/ZnO and eMWCNTs/ZnO 
nanocomposite films are depicted Fig. 2a. It was also shown 
that impurity peaks which related to ambient compounds were 
not detected. In the 2θ range of 20°–30°, substrate effect was 
more dominant. All of the diffraction peaks could be rep-
resented as ZnO hexzagonal wurtzite crystal structure with 
space group of  P63mc (186) (JCPDS Card No: 36-1451). 
(100), (002), (101), (110), (103), (112) and (201) planes in 

Fig. 1  SEM images of a 
rMWCNTs/ZnO and b eMWC-
NTs/ZnO nanocomposites c 
raw MWCNTs d HCl etched 
MWCNTs
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2θ = 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8° and 67.9° could 
be attributed to ZnO crystals. There was a disappearance of 
MWCNT characteristic peaks (JCPDS Card No:41-1487) 
probably due to the small amount of C content in the nano-
composites and the absence of MWCNTs aggregated pores 
[23]. Etching of MWCNTs was not cause an increase of defect 
sites in the range of 2θ = 30°–40° [24]. Compared to our syn-
thesized ZnO seed layer-XRD profile with similar method, 
the crystallinity of ZnO in eMWCNTs/ZnO samples was 
improved by emerging MWCNT functional groups such as 
OH, COOH and COCl as clearly showed in Fig. 2a [25]. The 
crystallinity size was determined by Debye–Scherrer formula, 
given by Eq. 1;

(1)D =

k�

� cos �

where, D is the grain size, k is a constant (0.94), λ is  CuKα 
radiation wavelength (λCuKα = 1.5418 Å), β is FWHM and 
θ is Bragg angle. All the calculated parameters are given in 
Fig. 1b.

EDX measurements were carried out to evaluate the 
chemical composition of nanocomposites, given in Fig. 3. 
According to EDX analysis, the presence Zn, O and C ele-
ments were detected. Emerging silisium and aluminum 
elemental ratios were associated to amorphous glass sub-
strate and experimental conditions. Etching of MWCNTs 
with aggressive acid were caused a decrease oxygen ele-
mental ratio, indicating functional groups created by defect 
sites likely located at MWCNT surface [26]. Compared to 
ZnO seed layer samples in Ref. [19], rMWCNTs/ZnO and 
eMWCNTs/ZnO nanocomposites had lower oxygen elemen-
tal ratio due to the increasing adhesion between the layers 
with C coating on the ZnO seed layers.

It is well acknowledged that the working temperature is 
closely related to safety and energy consumption of a sen-
sor, and the gas sensing performance of a chemiresistive 
semiconductor sensor is greatly influenced by operating 
temperature, as the temperature significantly affects the 
reaction kinetics and the gas adsorption and desorption pro-
cesses on the surface of sensing materials [27, 28]. Figure 4a 
shows the transient response toward 50 ppm of CO with 
respect to the temperature from 30 to 180 °C. Studied sen-
sors show a well-known sensor behavior which has maxima 

Fig. 2  X-ray diffraction patterns of rMWCNTs/ZnO and eMWCNTs/
ZnO nanocomposites (a), 2θ, d, FWHM and D values for (101) pref-
erential orientation (b)

Fig. 3  EDX analysis of a rMWCNTs/ZnO and b eMWCNTs/ZnO 
nanocomposites
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as a function of temperature. The response increases with 
increasing operating temperature, reaching a maximum 
sensitivity. The response decreased thereafter with a further 
increase in the operating temperature. The operating tem-
perature was found 150 °C for pure ZnO film. It is important 
to note that the decoration of MWCNT reduces the operat-
ing temperature to 70 °C along with enhancement in sensor 
response. The rMWCNTs/ZnO sensor is giving the high-
est sensing response of 62% at much lower operating tem-
perature (70 °C) as compared to eMWCNTs/ZnO and pure 
ZnO sensor which gave a sensing response of 19% and 21% 
at an operating temperature of 70 °C and 150 °C respec-
tively. This enhancement may be due to high conductivity 
of MWCNTs network which provides low resistance nano-
channels for electrons to transfer through the ZnO lattice 
[29]. Also MWCNTs have high adsorption capacity due to 
the higher surface area which enhances the adsorption abil-
ity of the ZnO surface when decorated with MWCNTs and 
may be attributed to the diffusion of the target gas through 

MWCNTs nanochannels as well as the desorption of chem-
isorbed oxygen species.

Figure 4b depicts the dynamic gas sensing measurements 
of sensors. The reversible cycles of the response curves 
indicate that the responses of the gas sensors are stable and 
repeatable. Upon exposure to reducing gases, the sensor 
resistance decreased initially due to the release of free elec-
trons, and then became saturated. In the process, stopping 
the gas supply, it was noticed that the resistance increased 
and nearly returned to its baseline value. Figure 5a shows the 
response transients versus gas concentrations. The responses 
increase with increasing gas concentrations. rMWCNTs/
ZnO shows the better responses to CO gas especially in 
every concentration compared to other sensors. This is 
related to the MWCNTs agglomeration, which declines the 
effective contact between ZnO and MWCNTs-COOH. As 
reported in the literature, the etching process can be surface 
degradation and loss of properties of MWCNTs [30–32]. 
Compared to eMWCNTs/ZnO, rMWCNTs/ZnO sensor has a 

Fig. 4  The response of all sensors as a function of operating tempera-
ture (a) the dynamic gas sensing measurements (b)

Fig. 5  The response versus gas concentrations of all sensors (a) the 
reproducibility of rMWCNTs/ZnO (b)
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more porous and intended structure of layers provides paths 
for gas molecules in order to properly diffuse [33].

rMWCNTs/ZnO sensor showed the best gas detection 
properties compared to other sensors, therefore, other gas 
detection parameters were only obtained for this sensor. 
The response and recovery time are important parameters 
to assess the suitability of sensing material as a useful sen-
sor design [34]. The response time was calculated 2 s and 
recovery time was 3 s for 50 ppm CO gas. Figure 5b depicts 
the reproducibility of rMWCNTs/ZnO exposure to 10 cycle 
of CO gas at 70 °C. The reversible cycles of the response 
curves indicate that the responses of the gas sensors are 
stable and repeatable. Gas sensors intended for practical 
applications are required not only to have good response 
and repeatability but also to have quick response/recovery 
times to target gases. The obtained results demonstrate that 
the response/recovery times of proposed sensor are highly 
satisfactory as presented in Table 1. Comparison of perfor-
mance of developed sensors in the determination of CO gas 
is listed in Table 1.

The gas-sensing mechanism of the metal oxide gas sen-
sors such as ZnO can be explained by the surface deple-
tion model reported in previous literatures [38]. It mainly 
depends on the change of the conductivity caused by the 
adsorption and desorption process of gas molecules on the 
surface of sensing materials. When the sensor is exposed to 
air atmosphere, the oxygen molecules can be adsorbed on 
the surface and capture free electrons from the conduction 
band [38]. Then the adsorbed oxygen will form the chem-
isorbed oxygen species O, which turns to an electron deple-
tion layer on the surface and forms the potential barrier. 
When reducing gases such as CO react with the adsorbed 
oxygen,  CO2 is produced with a consequent release of elec-
trons back to the conduction and increase in conductivity of 
the semiconductor [39].

It can be also deduced that ZnO surface have a major role 
on the sensing activity; meanwhile, the MWCNTs network 
can act as a scaffold for the formation of ZnO nanoparticles 
and may assist the electrical charge transfer of the system 
[40]. Although the sensing reaction takes place on ZnO 

grains, the interface between ZnO and the MWCNTs plays 
critical role in the sensing mechanism of MWCNTs/ZnO 
composites through influencing the electronic properties of 
ZnO. The reasons for the increasing sensitivity are the low 
resistance nanochannels, high surface area, and larger deple-
tion region of MWCNTs/ZnO composite sensors. Because 
MWCNTs have a large surface to volume ratio, the surface 
area of the film is increased upon MWCNT incorporation. 
The larger specific surface area allows more gas molecules 
to be absorbed on the surface of the sensing film. By incor-
poration ofMWCNTs into ZnO film, the depletion region 
is expanded than pure ZnO film. The reason of expanded 
depletion region is the electrons move easily through 
π-bonding on surface of MWCNTs. From these reasons, 
oxidation and reduction occurring on the specific surface 
are increased, making the movement of the surface elec-
trons quite rapid. The sensor resistance changes due to the 
increase in electron concentration resulting from oxidation 
and reduction reaction facilitated by the reaction gas, The 
reasons for this phenomen on are high electrical conductivity 
and increased surface area by MWCNT incorporation [29].

4  Conclusions

Flower-like patterned ZnO thin films were synthesized by 
using the spin coating method and decorated with MWC-
NTs. MWCNT walls with and without the etching using 
HCl was applied to the thin films. The gas-sensing results 
had been shown that the response had been dramatically 
enhanced with the decoration of MWCNTs and rMWCNTs/
ZnO sensor had exhibited the highest response to CO gas 
at 70 °C. Consequently, it had been determined that gas 
sensing performance of the MWCNTs-decorated ZnO sen-
sors had improved surface reactions with ZnO lattice. This 
may be attributed to the diffusion of the target gas through 
MWCNTs nanochannels. It was observed that MWCNTs-
incorporated ZnO sensors had low sensor resistance, high 
surface area, and larger depletion region. This study not only 
sheds light into the fundamental understanding of the gas 

Table 1  Comparison of 
different developed sensors used 
in determination of CO gas

Material Tem-
perature 
(°C)

CO gas 
concentration 
(ppm)

Sensing response (%) Response 
time (s)

Recovery 
time (s)

Reference

ZnO/MWCNT 70 50 13 5.8 12.1 Ref [11]
ZnO/MWCNT RT 40 24 8 – Ref [9]
ZnO/MWCNT 400 50 7 – – Ref [10]
SnO2/MWCNT 150 100 8.8 52 10.2 Ref [35]
CO/MWCNT RT 200 0.19 mV/ppm 23 35 Ref [36]
Au-MWCNT-SnO2 250 50 74.6 – – Ref [37]
ZnO/MWCNT 70 25 62 2 3 This work
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sensing for metal oxide semiconductor thin film with decora-
tion of MWCNTs, but also provides a promising approach 
to achieve efficient detection of CO gas at low operating 
temperature.
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