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Abstract

Synthesis of nano-zinc oxide-oxidized multiwall carbon nanotubes (ZnO-OMWC-
NTs) nanocomposite with different weight percentages of OMWCNTSs via a mul-
tistep procedure has been described. The structure of this newly synthesized
ZnO-OMWCNT was fully characterized by X-ray diffraction, scanning electron
microscopy, Raman spectroscopy, and Fourier-transform infrared (FT-IR) tech-
niques. In this research, nano-ZnO-OMWCNTSs with different weight percentages
of oxidized multiwall carbon nanotubes (X=0, 0.1, 0.5, 1, and 2 wt%) were pre-
pared. Alumina substrate with gold electrodes was labeled by sputtering, and then,
the nanocomposite was deposited using spin coating machine. The sensor efficiency
of nano-ZnO-OMWCNTs as recyclable nanosensor was explored in probe of nitrous
oxide (NO,) gas at the concentration of 20-40 ppm NO, and evaluated at differ-
ent temperatures (150-300 °C). Detection of NO, gas by ZnO-OMWCNTSs sensor
was studied under different experimental conditions, and the results were compared
by previous studies with ZnO and another metal oxide. The results show that the
responsiveness, detection range, and optimum temperature of ZnO-OMWCNTs sen-
sor performance at 250 °C were improved compared to other works. Also, adding 1
wt% of multiwall carbon nanotubes functionalized (FMWCNT) leads to an increase
in sensitivity and reduces the operating temperature to 150 °C.
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Introduction

Due to inappropriate use of fossil fuels, large amounts of toxic gases, such as
CO,., SO, and NO,, release to the atmosphere every year. The most well-known
pollutant among the above gases is NO, that has huge impact on both human
being and environment. To achieve a suitable solution for eliminating these kinds
of pollutants, identifying the exact type of contaminants is the most important
object [1-3].

In recent years, nanostructured carbon materials have received considerable
attention due to their capability for utilizing in various fields such as environ-
ment, water, chemical reaction, energy, and biomedicine. Moreover, nanostruc-
tured carbon materials have found wide applications as a sensor for gas sensing
owing to their interesting features such as high efficiency, environmental compat-
ibility, corrosion resistance, air stability, low energy consumption, and low cost
[4-13]. These features make them superior over other nanosensors. Other stud-
ies have shown that carbon-based nanoadsorbents, such as functionalized carbon
nanotubes (CNTs), are very effective as a NO, sensor [14]. Collins et al. [15] have
demonstrated that CNTs exhibit very good adsorption properties, since they have
high specific surface areas, nanoscale structures, and large number of sites. CNTs
electric properties are altered by adsorption of gaseous molecules onto their sur-
face and act as gas sensors [16].

Nanomaterials have been extensively studied for various applications in sev-
eral fields including chemical industry, medical diagnostics, food technology, and
ultraviolet testing [17-20]. Among nanomaterials, ZnO, SnO,, TiO,, and ZnS
semiconductor nanomaterials received most attentions due to their fascinating
nanosize effects which affect their physical and chemical properties [21, 22]. To
make functional devices, ZnO nanostructures are promised candidates because
of their low toxicity, thermal stability, oxidation resistibility, biocompatibility,
large specific surface area, and high electron mobility [23]. With a direct band
gap (E,=3.37 eV), large exciton binding energy (60 meV), and displaying near
UV emission, ZnO is a transparent semiconductor [24-26].

The synthesis of novel nanocomposites using nanostructured carbon materials
with developed advanced properties has shown excessive attention. The fabrica-
tion of CNT-based nanocomposites with various polymers, biomolecules, organic
molecules, and metallic nanoparticles has been made to discover upcoming appli-
cations. These CNT-based nanocomposites have several important applications
in chemical sensors, biological systems, and energy storage devices [27-29]. Pre-
viously, combination of CNT and ZnO has been reported to improve the sens-
ing properties [30-34]. Herein, we would like to report the preparation of a new
ZnO-functionalized multiwall carbon nanotubes nanocomposite employing it as a
NO, sensor for the first time. The aims of this research are: (1) to characterize the
structural and chemical properties of the newly synthesized ZnO-functionalized
multiwall carbon nanotubes and (2) to examine whether the functionalization on
the basis of MWCNTSs and hybrid with nano-ZnO can enhance the performance
for NO, sensor. According to the gain results (with the target gas concentration of
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20-40 ppm), ZnO-functionalized multiwall carbon nanotubes nanocomposite can
be used as a NO, gas sensor at low concentrations with high efficiency. This study
is reported for the first time in this research.

Experimental
General

All chemicals were obtained from Merck company (unless noted ones). Ultrasonica-
tion was performed in a 2200 ETH-SONICA ultrasound cleaner with a frequency
of 45 kHz. Fourier-transform infrared (FT-IR) spectra were recorded from KBr pel-
lets using a Shimadzu-8400S Spectrometer. Scanning electron microscopy (SEM)
images were obtained using a VEGA TESCAN microscope with an accelerat-
ing voltage of 30.00 kV. PH of the samples was measured with a PH meter model
Metrohm 744. Powder X-ray diffraction (XRD) was conducted on a Philips pw-1840
with monochromatized X-ray diffractometer. Spin coating technique was done by
using a spin coater model MLW-T5. Raman spectra were recorded using a HOR-
IBA Explora spectrometer.

Preparation of multiwall carbon nanotubes (MWCNTs)

Multiwall carbon nanotubes (MWCNTSs) were prepared by chemical vapor deposi-
tion (CVD) method in a fluidized bed reactor under the flow of CH, and H, gases in
which Co—-Mo/MgO was used as a nanocatalyst [35].

Preparation of oxidized multiwall carbon nanotubes (OMWCNTSs)

MWCNTs were oxidized using a mixture of HNO5/H,SO, (ratio 1/3), as previously
described [4, 36]. The oxidation reaction was performed by adding about 5 g of
MWCNTs to a mixture of 400 ml acid (mixture of HNO5/H,SO, (ratio 1/3). Then,
the solution was sonicated for 3 h at 60 °C. After sonication, the contents of the
paper were filtered and washed with distilled water, while it will reach the pH of
about 1.5 to 7. Finally, the resulting black solid was then dried under an oven at 80
°C for 12 h to obtain OMWCNTs [37].

Preparation of ZnO-OMWCNTs nanocomposite

ZnO-OMWCNTs nanocomposites were synthesized using a simple sol-gel method
based on Zhu’s work [38]. First, 5.5 gr of zinc acetate was dissolved in 1.25 L DEG.
Then, 50 mL of DI H,O was added into the above solution. Afterward, the mixture
was stirred at 170 °C for 10 min and placed in air for 2 h to form aged homogene-
ous ZnO sol. At this step, the resulting cell was divided into five sections and each
placed in a separate container. In the second step, the amount of purified OMWC-
NTs was dispersed into the above sol for 30 min. After that, the solution was heated
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to 170 °C with vigorous magnetic stirring for 2 h. Finally, being cooled to the room
temperature, ZnO-OMWCNTs nanocomposites were obtained after centrifuging,
washing by EtOH and DI H,O three times, and drying at 80 °C for 24 h [15]. For
comparison, pure ZnO was prepared via sol method under the same conditions. The
codes of the composite samples are listed in Table 1. The substrates were washed
with deionized H,O and then placed in a solution of EtOH for 10 min in an ultra-
sonic, and then, samples were placed in an oven to dry.

Electrodes investment

By using sputtering device with a height of 300 mm and a distance of 3 mm,
gold particles were deposited on a substrate. During this process, gold acts as an
electrode.

Deposition

The 0.2 gr of the synthesized material in 3 ml of ethanol was placed for 1 h in an
ultrasonic. The material was deposited on alumina with spin coating machine with
speed of 600 rpm. Then, it was heated for 2 h at 400 °C under a nitrogen atmosphere
(to gain a good adhesion between the substrate and delicate matter). During this pro-
cess, remained DEG was completely removed from sample. After the deposition,
prepared alumina substrate was placed in the holder and connected by silver paste.
Then, it was heated for 2 h in a 200 °C oven.

Gas detection setup

A schematic of the gas detection setup is shown in Fig. 1. The gas detection equip-
ment consists of gas suppliers, mass flow controllers, a detector, a U-like quartz
glass reactor (diameter of 2.5 cm and a length of about 150 cm), a jacket heater,
and GAS4 software which were used for a data acquisition. The temperature was
measured by a J-type thermocouple, and setpoint was controlled by a DC power sup-
ply system. The output DC voltage from thermocouple was monitored by a digital
thermometer. The DC electrical conductance of the sensors during the gas expo-
sures has been measured by the volt-amperometric technique in the two-pole format
by an additional multimeter. The fabricated sensor was inserted in the glass reactor

Table 1 Code of the composites

Number Sample name Sample code
1 ZnO ZnO

2 0.1 wt% ZnO-OMWCNTs Z-MW-1

3 0.5 wt% ZnO-OMWCNTs Z-MW-2

4 1 wt% ZnO-OMWCNTs Z-MW-3

5 2 wt% ZnO-OMWCNTs Z-MW-4
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Fig. 1 Experimental setup used for gas sensing measurements of the chemiresistors

and connected to the measurement unit by wires to record the variation of electrical
conductance of the sensitive films versus time. Dry air and NO, (in mixture with
nitrogen) were used as reference and detecting gases, respectively. The gas sensing
experiments have been performed at temperature of 150 °C up to 300 °C, and the
total flow rate of NO, and carrier dry air per exposure was kept constant at 20-40
ppm. The concentrations of NO, gas were controlled by mass flow meters and regu-
lated by diluting dry air through the mixer. The initial resistance (R,;) was measured
in dry air at test temperature. The sensitivity of the nanosensors was calculated as
the ratio of the change in its electrical resistance with NO, to its resistance with dry
air.

Result and discussion
Synthesis of ZnO-OMWCNTs

The zinc oxide-oxidized multiwall carbon nanotubes (ZnO-OMWCNTSs) nanocom-
posite was prepared via the synthetic route shown in Scheme 1. In the first step,
multiwall carbon nanotubes (MWCNTs) were treated with oxidizing agents (H,SO,/
NHO;), leading to the oxidation and also better dispersibility/solubility of MWC-
NTs [4]. In the next step, OMWCNTs nanocomposites were reacted with ZnO using
a simple sol-gel method based on Zhu’s work [38].

The structure of the synthesized nanocomposite was fully established by differ-
ent analytical techniques such as Fourier-transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), Raman spectroscopy, and scanning electron microscopy
(SEM).
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Scheme 1 Synthesis of zinc oxide-oxidized multiwall carbon nanotubes (ZnO-OMWCNTSs)

FT-IR spectrum of MWCNTs, OMWCNTs and ZnO-OMWCNTs

Carbon nanotubes are usually in bulk form. After the functionalization of carbon
nanotubes, to overcome the Van der Waals forces, they dispersed well in solu-
tion. Activated groups can play an important role in nucleation and insertion of
ZnO nanoparticles [37, 39-41]. The infrared spectra of pure MWCNTs, OMWC-
NTs, and ZnO-OMWCNTSs nanocomposite are presented in Fig. 2a—c. Figure 2a, b,
respectively, shows the FT-IR spectra before and after the formation of CNT’s car-
boxylic acid groups. The FT-IR spectra indicate the formation of carboxylic acid
groups on the MWCNTS structure by appeared bands at 1000—1300 cm™" (stretching
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Fig.2 FT-IR of MWCNTs (a), b OMWCNTs, and ¢ ZnO-OMWCNTs (1 wt%) nanocomposite
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bands of ¥(C—0)) and 1720 cm™! (C=0) and the formation of hydroxyl groups by
appeared bands at 3400 cm™! (O-H) [4]. In Fig. 2a, the absorption bands at 1170,
1560 and 1060 cm™' are ascribed to inherent structure of carbon nanotubes and
small peak at 3400 cm™! is due to the purification process [27-29, 33, 38, 42]. As
shown in Fig. 2c, the peaks at 540, 920, 1170, 1721, and 3415 cm™! are related to
the v(Zn-0), v(Zn—-C), v(C-0), v(C=0), and v(O-H) in the ZnO-OMWCNTs nano-
composite. These results demonstrated the successful carboxylation on the wall of
MWCNTs and synthesis of ZnO-OMWCNTSs nanocomposite.

Structural characterizations of MWCNTs, OMWCNTs, ZnO, and ZnO-OMWCNTSs
(1%) nanocomposite microscopy

Analysis of scanning electron (SEM) of MWCNTs, OMWCNTs, ZnO, and ZnO-OMWCNTs
(1%) nanocomposite

In this study, using electron microscopy tools, multiwall carbon nanotubes were
investigated. SEM image in Fig. 3a shows the average length of MWCNTSs with
5-15 pm, and external diameter of 10-20 nm. The image obtained by SEM reveals
that the as-prepared OMWCNTSs are distributed as spaghetti-like structures with a
diameter in the range of 30 and 50 nm. SEM image in Fig. 3c shows the synthesized
ZnO (by sol-gel method). The spherical morphology of the particles, pore distribu-
tion, and particle size of 27 nm is appropriate. Figure 3d, e shows the 1 wt% ZnO-
OMWCNTSs (Z-MW-3) nanohybrid after calcination process under argon atmos-
phere for 2 h. at 400 °C. As can be seen, among nanoparticles, OMWCNTs are well
placed and formed the hybrid dioxide.

X-ray diffraction analysis (XRD) Nanostructured of ZnO and ZnO-OMWCNTs (1%)
nanocomposite

The X-ray diffraction (XRD) patterns of ZnO and ZnO-Z-MW-3 are depicted in
Fig. 4a, b. ZnO exhibits the sole main diffraction peak at 26°=33.1 (100), 36.2
(002), and 38.4° (101). Also, the additional peaks are appeared at 26°=51.9 (102),
62.8 (110), 70.5(103), 74.9 (200), 77.1 (112), and 78.5° (201). The peaks according
to JCPDS standard card number 0704-076-01 match the wurtzite hexagonal crystal-
line phase of ZnO. As Fig. 4 suggests, by adding 1 wt% CNT to ZnO, no change was
appeared in the index peaks. A small peak at 260=26.3° witnesses that a very low
quantity of CNT was added and proves that this can be very similar in other hybrids
[4, 43]. Particle size of ZnO at 260=38. 5° is 23 nm which indicates the successful
formation of nano-ZnO.

Raman analysis of ZnO-OMWCNTs (1%) nanocomposite
Figure 5 indicates the Raman spectrum of ZnO-OMWCNTSs (1%) nanocomposites.

As shown in the Raman spectrum of ZnO-OMWCNTs, the band at 317, 430, and 550
cm™! is due to mode E2 (high)-E2 (low), multiphonon of ZnO. Also, the Raman bands
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Fig.3 SEM images of a MWCNTs, b OMWCNTSs, ¢ ZnO synthesized by sol-gel method, d, e ZnO-
OMWCNTs (1 wt%) nanocomposite

observed at around 1095 cm™' are related to the 2LO phonons of ZnO. The D and G
bands of carbon OMWCNTSs are assigned at about 1341, 1567 cm™! that these results
indicated the successful synthesis of ZnO-OMWCNTSs nanocomposite [44].

Sensitivity

Sensor sensitivity was defined by the ratio of the changes of sensor signals to the
original scope:

S = (AR/R) X 100 )
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AR is the range of the sensor signal change, and R is the amplitude of the
original signal. In the presence of oxidizing gas:
R,..—R

S = gas air (2)
Rair

R, is the sensor resistance in dry air, and Rg is the resistance in mixture of dry
air and target gas [22].
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ZnO0 sensor

After investing, depositing and placing the sensor in the holder, the sensor was
placed inside the test chamber. The air was passed from the chamber, oxygen
adsorbed due to the high electronegativity, electrons removed from the conduc-
tion band, and as a result, resistance increased. After placing sensors inside the test
chamber, the concentration of 2040 ppm of NO, gas was passed. When the oxidiz-
ing gas was adsorbed on the surface of ZnO nanostructures, oxygen atoms separated
from the oxidizing gas molecules and this electron adsorbed on ZnO nanostructures.
The reduction layer is thicker because of the reduced carrying loads, resulting in
increased resistance [22, 23, 34]. After testing the sensors, the air was passed on
it again. As shown in Fig. 6 (line a), the sensor sensitivity increases with increas-
ing temperature to a maximum (which is said working temperature), and sensitivity
decreases with increasing temperature. Working temperature in this study is 250 °C.
This behavior of gases by the kinetics and mechanism of adsorption and desorption
on the surface of ZnO or metal oxides have similar explanation. Sensitive sensor
speeds up the chemical reactions on the surface of the seeds. Also, releasing the gas
molecules depends on the sensor surface. In low temperatures, produced gas and
oxygen ions remained on the surface of the sensor, so the reaction stopped on the
surface. As the temperature increased, the reaction continued. By increasing the sen-
sor temperature over its operating temperature, the kinetic energy was increased and
rejection happened [16, 45].

Hybrid 0.1 wt% (Z-MW-1)

Figure 6 (line b) shows response rate for 0.1 wt% hybrid sensor by 20-40 ppm
of NO, gas. As can be seen, with the addition of CNT to ZnO, sensitivity was

100

%0 ©)

80 (d)
S ™
°§ 60
£ 50 ~~
g w0
& 30 ()

20 (b)

10 @)

0

100 150 200 250 300 350

Temperature (°c)

Pure

0.10% ——0.50% 1% —2%

Fig.6 Response of (line a) pure ZnO, (line b) (Z-MW-1), (line ¢) (Z-MW-2), (line d) (Z-MW-3), and
(line e) (Z-MW-4) sensor exposed to 120 ppm NO, gas concentration at different temperatures
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increased, but by adding the low percentage of CNT to ZnO (1% by weight), these
changes were not obvious [15, 19].

Hybrid 0.5 wt% (Z-MW-2)

Figure 6 (line c¢) indicates response rate for 0.5wt% hybrid sensor when the con-
centration of NO, gas sets 20—-40 ppm. As can be seen, with the addition of CNT to
0.5 wt% of ZnO, sensitivity was increased (in comparison with 0.1 wt% of ZnO).
Furthermore, adding carbon nanotube to the metal oxide leads to more increased
response [18, 19].

Hybrid 1 wt% (Z-MW-3)

Figure 6 (line d) shows response rate for 1 wt% hybrid sensor by 20-40 ppm of
NO, gas. As expected, with the addition of 1% CNT, responsiveness was increased.
As temperatures rises, the response rate of sensor was decreased. This result is due
to the addition of too much of CNT. By exceeding the temperature from a certain
limit, resistance was decreased significantly (by connecting CNTs) and leads to a
shorter resistive route in sensors which affected the process. By adding carbon nano-
tubes, sensitivity was increased. But sensitivity of the ZnO-OMWCNTs composite
by increasing the amount of carbon nanotubes was reduced. Therefore, to obtain an
ideal sensor, presence of optimized amount of carbon nanotubes is very important.
When temperature was increased to above 150 °C, response rate of sensor has weak-
ened. This declining trend is more noticeable than other weight percentages which
could be due to changes in hybrid properties at higher temperatures (due to the pres-
ence of more CNT, its burning, and adverse effects on ZnO behavioral characteris-
tics) [15, 20, 46].

Hybrid 2 wt% by weight (Z-MW4)

Figure 6 (line e) shows response rate for 2 wt% hybrid sensor by 20-40 ppm of NO,
gas. By adding 2 wt% of CNT, response was decreased in comparison with 1 wt%
of CNT. This is due to the change in hybrid properties at higher temperatures. This
means that at low temperatures, the electrical properties of the CNT increase the
response. However, at higher temperatures, the optimal effect of increasing the per-
centage of CNT decreases and the behavior of the material tends to change ZnO [15,
39, 40, 46-48].

Recovery times
An ideal sensor addition (for high sensitivity) must have an optimum recovery time.

The high response time or not optimized recovery time cannot lead to a high sensor
sensitivity sensor.
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Recovery time at 150 °C

The recovery times of different samples of NO, sensor (20 ppm concentration of
NO, gas) are presented in Fig. 7 at different temperatures. According to Fig. 7 at
150 °C, the minimum recovery time is related to sample (Z-MW-3). By increasing
the response rate, recovery time was decreased [39, 40]. This is also true for other
synthesized hybrids.

Recovery time at 200 °C

As shown in Fig. 7, with an increase in the response, recovery time was reduced.
Z-MW-3 sensor has the shortest recovery time among other sensors. With the
increase in the operating temperature and the conductivity of the material, the recov-
ery time was decreased. This result is consistent with all rules about semiconductor
sensors [21, 49, 50].

Recovery time at 250 °C

At this temperature, it can be seen that by increasing the operational temperature,
the recovery time was reduced. Figure 7 shows recovery time at 250 °C [21, 50, 51].

Recovery time at 300 °C

According to Fig. 7, the expected recovery time was increased. With the increase
in temperature over operating temperature, the material lost its structural features
and sensor sensitivity was reduced. These results indicated that response time
increased [25, 49-52]. Generally, with increasing temperature and also increas-
ing the amount of CNT in the composites, the response time decreased. It is clear
that in the sample containing 2% CNT and 20 ppm of the target gas, the detection
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Fig.7 Recovery times of different sensors at temperatures (150, 200, 250, and 300 °C)
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time was 0.69 min, but with increasing temperature and at 250 °C, the response
time was increased again.

Gas sensing and repeatability performances of ZnO-OMWCNTs sensor (20—40
ppm concentration of NO, gas) at different temperature are indicated in Fig. 8. As
can be seen in Fig. 8, by repeatedly injecting the gas to the system, the sensor’s
resistance increased and decreased intermittently. This indicates the sensor’s sen-
sitivity to NO, gas, and also its repeatability during successive tests. By trapping
electrons from the conduction band on the surface of the sample into different
ions, the oxygen molecules are chemically adsorbed (in the presence of air). This
action increases the potential barrier and the resistance. By exposing the sensor
to the NO,, the gas is chemically adsorbed and reacted with oxygen ions, and
the trapped electrons return to the conduction band, finally resulting in decreased
resistance and increased conductivity.

A comparison between gained results of the present work and previous stud-
ies can be seen in Table 2. ZnO-OMWCNTs (0.1 wt%) gas sensor indicated best
performance in low detection range of NO,-sensor (20—40 ppm of NO, gas con-
centration) and optimized temperature (at 250 °C). However, because of the dif-
ferences in experimental conditions, comparison between these studies must be
done with caution.

The most important and plausible mechanisms that can be explained for ZnO-
OMWCNTs NO, gas sensor and NO, (NO/NQO,) are illustrated in Scheme 2. ZnO
metal oxide is an n-type semiconductor and acts as an electron donor group by
having a free electron. Also, NO, gas acts as an electron-accepting group that
adsorbed on the surface of nanocomposite and changed to NO™ and NO,™ ions.
Additionally, carbon nanotubes are p-type semiconductors that increase the inter-
action between the gas molecules and the nanocomposite surface [56-58].
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Fig. 8 Sensor resistance changes during three repetitions of the test against the target gas
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Scheme 2 Schematic illustration of the NO, gas (NO/NO,) sensing mechanism for zinc oxide-oxidized
multiwall carbon nanotubes (ZnO-OMWCNTs) gas sensor and transfer to a NO,™, b NO™

Conclusion

In this study, the properties of pure ZnO sensor and a hybrid of 0.1 wt%, 0.5 wt%,
1 wt%, and 2 wt% OMWCNTs verified and evaluated in order to detect NO, gas.
Concentration of about 20—40 ppm was chosen for the target gas. The structure
of this newly synthesized ZnO-OMWCNTs nanocomposite was fully character-
ized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fou-
rier-transform infrared (FT-IR) techniques, and it was found that the addition of
OMWCNTs to ZnO can be made high sensitivity sensors. The high surface area
and unique electronic properties of MWCNTs lead to improving the performance
of metal oxides. Pure ZnO nanohybrids containing OMWCNTs have a higher sur-
face area (as a result of more gas adsorption), faster and shorter response time.
Sensor test results indicate that the best nanocomposite is containing 1 wt% of
OMWCNTSs (Z-MW-3). This nanocomposite is about 7 times more sensitive than
pure ZnO at 150 °C. This sensitivity is due to improved properties of ZnO. Detec-
tion of NO, gas by ZnO-OMWCNTs was studied under different experimental
conditions, and the results were compared with those obtained with ZnO and
another metal oxide. The results show that the responsiveness, detection range,
and optimum temperature of present work are improved compared to other work.
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