Journal of Sol-Gel Science and Technology
https://doi.org/10.1007/510971-023-06190-y

ORIGINAL PAPER
)

Check for
updates

Ammonia and nitrogen dioxide detection using ZnO/CNT
nanocomposite synthesized by sol-gel technique

Saad Abbas Jasim®' - Hikmat A. J. Banimuslem? - Forat H. Alsultany® - Ehssan Al-Bermany’ -
Rawaa M. Mohammed?

Received: 1 June 2023 / Accepted: 11 July 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Through the use of sol-gel method, a composite material was created based on zinc oxide (ZnO) and multi-walled carbon
nanotubes (CNT). As evidenced by the color of the solution and SEM images, colloidal nanoparticles were produced. For the
construction of the devices, thin layers were deposited utilizing the spray pyrolysis on glass substrates and interdigitated
electrodes. Samples were heated at different annealing temperatures ranging from 200 to 400 °C. The samples heated at 400 °C,
have shown better interaction between zinc oxide and carbon nanotubes and achieved the sensitivity goal. Utilizing Tauc
calculations and UV-visible absorption spectroscopy in the range of 300—-1000 nm wavelength, the optical energy gap has been
studied to address the effect of the existence of carbon nanotubes in the prepared samples. Using a homemade sensor system,
the interaction of gases, including ammonia, nitrogen dioxide, and other organic odorants with the samples was investigated.
Samples containing carbon nanotubes have exhibited better sensitivity and reversibility toward vapors, while zinc oxide only
does not show reasonable performance at room temperature. The sensitivity toward nitrogen dioxide was found to be 96.6% for
samples containing carbon nanotubes, while the sensitivity was 10.09% for samples of zinc oxide only.
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Highlights

e Composite of zinc oxide and carbon nanotubes was synthesized by sol-gel technique.

e Thin films have been deposited using spray pyrolysis method.

e Optical, SEM and FTIR confirmed the successful interaction between zinc oxide and carbon nanotubes.

e The composite materials show better sensitivity and response time towards odorants than bare zinc oxide.

1 Introduction

The most promising solid-state chemical sensors are con-
ductometric metal oxide semiconductor thin films because of
their compact size, low cost, low-power consumption, on-line
operation, and great compatibility with microelectronic pro-
cessing [1]. New sensing materials are being developed as a
result of the rising demand for sensors that are highly
selective, affordable, low-power, dependable, stable, and
portable [2]. It has been discovered that the chemical com-
ponents, surface state, morphology, and microstructure play
significant roles in the performance of gas sensors. Different
types of metal oxide, including zinc oxide, titanium dioxide,
copper oxide, and others, have been developed and used in
the fabrication of these sensors [3]. With an energy band gap
of 3.3eV and a 60 meV exciton binding energy, zinc oxide
(ZnO) is regarded as one of the most promising semi-
conducting materials in recent years [4—6]. ZnO thin films
have recently been investigated as thin film devices due to
their promising electrical and optical properties along with
strong thermal conductivity, high electron mobility, decent
transparency, and other desirable properties, with a large
excited binding energy and a wide and direct energy band gap
in a room setting [7]. The broad research of this material as a
gas sensor has been made possible by the recent advancement
of doped and undoped ZnO films generated by diverse pro-
cesses with the necessary gas sensitivity and selectivity of
hydrocarbons, ammonia, oxygen, and nitrogen dioxide [8].
The structure of ZnO has a significant impact on the sensi-
tivity and response time of the sensors. The polycrystalline
zinc oxide material’s gas-sensing characteristics are also
noticeably influenced by the grain size. Experimental
research has shown that as the mean grain size of ZnO sen-
sors increases, their gas sensitivity reduces [9]. In addition,
Due to its high exciton binding energy, zinc oxide is also a
skilled material for short-wavelength optoelectronics, parti-
cularly for UV light-emitting devices and laser diodes (LDs)
[10]. Developing ZnO in the nanostructure using a variety of
techniques is fairly simple. Pulsed laser deposition (PLD)
[11], magnetron sputtering [12], MOCVD [13], and the
sol—gel process [14—16] are only a few of the techniques used
to fully develop zinc oxide thin films. Although there are
many ways to prepare zinc oxide, the sol-gel method is one of
the most widely used methods for processing solutions to
produce metal oxide nanoparticles because it produces thin
films that are homogeneous and uniform and is effective
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because it produces very small nanoparticles on one side.
Spray pyrolysis is one of the most practical wet processes for
producing thin films, especially when employed with sol-gel
prepared oxides. This technique does not require high quality
targets, substrates, or vacuum at any point, which is a huge
advantage if the technique is scaled up for industrial appli-
cations. By adjusting the spray parameters, it is simple to
control the deposition rate and the thickness of the films over
a wide range [5].

Contrarily, since their discovery, carbon nanotubes have
attracted considerable interest due to their intriguing struc-
tural, mechanical, electronic, optical, and thermal properties
as well as their excellent chemical stability, opening the
door to potential high-technology applications like bio-
sensors, supercapacitors, chemical electronic noses, and
optoelectronic devices [17-22]. Carbon allotropes having a
tube-shaped nanostructure are known as carbon nanotubes.
They are frequently abbreviated as CNTs. It is possible to
create nanotubes with a length-to-width ratio of up to
132,000,000:1. They possess outstanding qualities that
present astounding prospects for the creation of novel
materials and devices as it enhances the surface to volume
ratio. A more valuable and advanced multifunctional
material is created when CNTs are reinforced with the
matrix material [23]. ZnO and CNTs work together to
produce a variety of outstanding mechanical, electrical, and
electromechanical capabilities that neither material could
produce on its own. ZnO/CNT nanocomposite have
received a lot of attention in recent years due to their
exceptional qualities and wide range of potential uses. The
outstanding characteristics of ZnO/CNTs nanocomposite
have been enhanced using a variety of preparative techni-
ques [24-26]. In addition, the foundation of carbon nano-
tubes increases the roughness of thin film which enhances
the adsorption of contaminates in the sensing applications.
The high surface area, in comparison to the volume of
carbon nanotubes, increases the possible site that attracts
strange molecules and physically interacts with them. This
property is very important in gas-sensing application as it
enhances the response and recovery of the device [21]. In
this study, composites of ZnO and CNT were prepared
using a modified sol-gel process for use in the detection of
certain organic odorants. To determine the scope and
characteristics of the species, including morphology,
structure, and applications, a thorough analysis of the
manufactured material was also examined.
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Fig. 1 Flowchart of the work and interdigitated electrodes made of
gold. W the finger length, L distance between electrodes

2 Experimental

ZnO solution with a concentration of 0.5 M was prepared
by dissolving zinc acetate (Zn(CH3COO)2) in (20 ml) of
deionized water under stirring for 15 min, the color of the
solution becomes white. Then slowly added 2 ml of acetic
acid (CH3COOH) drop-wise with continuous stirring to
this solution for (10 min), the color of the solution
becomes transparent. Four drops of hydrochloric acid
(HCI) were added and stirred for Smin to obtain a
homogeneous and clear solution. The temperature was
kept at 60 °C while stirring. The mixture was then aged at
room temperature for (24 h). To calculate the amount of
zinc acetate to be dissolved, the following equation has
been used [4]:

- ()2

where M is the molar concentration and equal to 0.5 M, W,
the amount of zinc acetate to be dissolved, M,, the
molecular weight of zinc acetate which is equal to
(219.497 gm/mol), v the volume of deionized water.

All the materials and reagents used in this work have
been supplied by Sigma-Aldrich and used as purchased
without any further purification.

The same process was repeated with the enhanced
sol—gel technique by the addition of 5mg multi-walled
carbon nanotubes with the solution prepared during the
solution formation. Films were deposited using spray pyr-
olysis onto glass slides for optical and morphological
properties and on interdigitated electrodes. Figure 1 repre-
sents the flowchart of the work and interdigitated electrodes

Keithley sourcemeter

Flow Gasin
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Controller
—  Flow o
meter2 Airin
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% Rotary
Regulator ‘
[— Hot plate

Fig. 2 The homemade
measurement

experimental set up of gas-sensing

used for sensing measurements. The temperature was kept
at 150 °C during spraying. After deposition, films were
heated at 400 °C at a programmable furnace. UV-Visible
absorption spectra and energy gap -calculations were
recorded on Shimatzu doubled source light absorption
spectrophotometer. The Fourier Transform Infrared techni-
que has been employed to investigate the chemical func-
tional groups of the prepared samples and the interaction
between zinc oxide and carbon nanotubes. Morphology and
energy dispersive of the prepared samples were explored
using the field emission scanning electron microscopy
(FESEM) technique. The experimental set-up for sensing
measurements was built on the Keithley semiconductor
characterization system (Fig. 2). Air was used as the diluent
gas. Small amounts of contaminant have been transferred
into 2 liters glass bottle using micro syringe and were left to
vaporize. The vapor concentration was calculated according
to the following gas law [21]:

| 22.4pTV,

=TT w103 2
T BMa 2)

where c is the concentration in ppm, p the density of the
liquid sample in g/ml, T the temperature of container in
Kelvin, V; the volume of the liquid sample in pl, M,, the
molecular weight of sample in gm/mol, and V is the
container volume in liter. The diluted gas has been further
diluted by the two flow meters (Fig. 2) to obtain the
following concentrations: 10, 102, 103, 104, and 10° ppm,
which were then injected into the chamber by the rotary
vacuum on the experiment set up. After exposure, fresh air
was injected into the chamber to remove adsorbed
molecules from the film surface.

3 Results and discussion

The UV-Visible absorption spectroscopy is one of the most
crucial tools for examining the optical characteristics of
nanoscale materials. Thin films double beam technique is
used for this measurement. The reference slide was cleaned

@ Springer
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glass slide and the other beam was exposed onto the active
layer. The absorbance spectra of the thin ZnO and ZnO/
CNT hybrid films, which were annealed at 400 °C, are
shown in Fig. 3 for the wavelength range of (300—1000)
nm. It was discovered that the absorption was strong at
300 nm in the UV spectrum. The inherent electron transition
between the valence band and conduction band is what
causes this phenomena. Three hundred eighty nm was the
location of additional exitonic bands because of the
nanoscale particles. This peak was extremely visible
(Fig. 3a), indicating that ZnO nanoparticles were success-
fully formed at this range of annealing temperature [27].

When CNTs are added to the samples, the absorption
spectra undergo a red shift towards longer wavelength, which
means lower energy is required to excite the electrons from
higher occupied molecular orbitals to the lower unoccupied
molecular orbitals, and hence lower energy gap is achieved.
This finding shows that ZnO in the nanoscale has been suc-
cessfully anchored to the side walls of the CNTs.

Since all curves have linear portions, the optical band
gap (Eg) was computed using a Tauc plot, assuming a
straight transition between the edge of the valence and
conduction band [28]. The plot of (ahz/)2 as a function of the
energy of incident radiation (hv) has been shown in Fig. 3b.
The energy band gap is obtained from the intercept of the
extrapolated linear part of the curve with the energy axis
and found to be; 3.18 and 2.53 eV for ZnO and ZnO/CNT
samples respectively. The optical band gap (Eg) of samples
containing CNT lowers, providing strong evidence of CNT
presence. CNTs cause the band gaps of ZnO to become
narrower, enabling improved absorption [24, 29]. The
absorption band located in the visible wavelength is con-
sidered as the characteristic of the absorption of zinc oxide/
carbon nanotubes nanocomposite, which indicates the
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foundation of new energy levels. Such difference in the
absorption spectra is a sign of successful linked between
the two materials. In addition, the existence of CNT in the
matrix increased the charge transport and lowering the
energy gap as CNT is one-dimensional electronic structure,
conducts electrons and provides enhanced electron-hole pair
production [30, 31].

The FTIR spectra of the ZnO and ZnO/CNT hybrid materials
are displayed in Fig. 4. The acquired spectra clearly display the
Zn-O absorption peak at a wavelength of around 540 cm™'.
According to the literature [24, 32-35], the O-H vibration
extending from Zn-O-H types and C-H stretching vibration,
respectively, are responsible for the absorption bands at 3450
and 2923 cm ™. Because of an interaction between ZnO nano-
particles and the hydroxide group, the free O-H stretching bond
at 3450cm™! is created. Carbon nanotubes may have been
stretched carbon to carbon to produce the peak at 720 cm™!,
which only appeared in the spectra of the hybrid material [24].
This peak demonstrated that ZnO nanoparticle sidewall dec-
oration of carbon nanotubes was successful.

Figure 5 shows images taken using scanning electron
microscopy to examine the topography of the samples created
for this project. Samples heated to 400°C for 30 min
demonstrated a spherical-type shape. ZnO grains are arran-
ged uniformly in Fig. 4a at a nanoscale of about 20 nm or
less. Depending on the method of manufacture, the coating,
and the heat treatment, zinc oxide typically tends to create
nano-sphere structures [36], rod-like structures [37], or nano-
flower structures [38]. Figure 4b shows the SEM image of the
samples containing CNT, which have shown clear tubes
decorated by ZnO nanoparticles confirming the successful
anchoring of the ZnO onto side-wall of the carbon nanotubes.
This foundation was also reported elsewhere [39]. Figure 5c
represents the high resolution of ZnO/CNT sample which
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clearly showing the zinc oxide particles covering the carbon
nanotubes. Figure 6 represents the EDS spectra of zinc oxide
and zinc oxide-containing carbon nanotubes.

4 Gas detection

Using a homemade resistive sensor device, samples were
exposed to ammonia and nitrogen dioxide at a concentration
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Fig. 4 The FTIR spectra of ZnO and ZnO/CNT prepared by
sol—gel method

Fig. 5 SEM images of sprayed ZnO thin films prepared by sol-gel and
annealed at 400 °C; a ZnO, b ZnO/CNT and ¢ High magnification of
(c) showing the particles of ZnO nicely decorating the tubes

of 10, 102, 103, 104, 10° ppm and concentrated gas at room
temperature. Due to its low-power consumption and long-
lasting stability, gas sensors with very high responsiveness to
odorants and working at room temperature are viewed as
more desirable gadgets [40]. Zinc oxide, a semiconducting
oxide, is now a well-known candidate for a resistance-based
gas sensor. However, its vast applications in the field of real-
time gas detection, particularly in flammable and volatile gas
environments, become limited by its higher working tem-
perature. Global research efforts were made in this compe-
tition to lower the temperature at which the sensor device was
operating, and literature [41] has thoroughly evaluated the
room temperature gas-sensing capabilities of ZnO. In gen-
eral, doping with other materials, morphological enhance-
ments, and light initiations are the most successful methods
for producing room-temperature gas detection of ZnO-based
gas sensors. Finally, some ideas for further research on tools
for room-temperature gas detection are considered [42].
Figure 7 displays the ZnO and hybrid films’ reactivity
over time to ammonia and nitrogen dioxide. Since the
resistance has not returned to its initial value after the gas
has been expelled from the sample surface, it is clear that
ZnO does not exhibit any discernible response and is not
reversible. The non-recoverable device is suggested to take
place because of the diffusion of the gas molecule inside the
films where no sites existed for physisorption between film
and analyte molecule. The hybrid film, on the other hand,
has demonstrated rather fascinating behavior as a result of
gas interaction, making them an attractive candidate for
sensing applications. The diffusion of gas molecules inside
the composite film is anticipated to be inhibited by the
presence of CNT, and the majority of interaction is pre-
dicted to occur at the film’s surface [43]. Carbon nanotubes
are p-doped in the room temperature as a sequence of
oxygen physisorption. Therefore, the hole conductivity
increases after exposure to further p-type analyte and thus,
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Fig. 6 EDS spectra of spun ZnO thin films prepared by sol-gel and annealed at 400 °C; a ZnO, b ZnO/CNT
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the resistivity decreases. Furthermore, contaminant mole-
cule can also promote the degradation of the sidewalls of
the tubs. In particular, the chemisorption of nitrogen dioxide
due the nitro groups and nitrite groups was recognized as

probable sensing mechanisms [44, 45].
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The computed response and recovery periods, which were
determined by fitting the 4th peaks with rise and fall times
which were 90% of the maximum response after gas on and
90% of the return to the original state after gas off. Figure 8

shows the fitting curves for ZnO/CNT devices responding to
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Fig. 9 The responses of ZnO and ZnO/CNT devices toward some
volatile gases (concentrated)

Table 1 Response and recovery times for ZnO/CNT device toward
different vapors

Vapor Response time (s) Recovery time (s)
Nitrogen dioxide 12.17 60.20
Ammonia 15.54 39.73
Methanol 24.39 176.85
Chloroform 62.22 201.09
Toluene 19.43 88.87
Benzene 37.64 90.05

ammonia and nitrogen dioxide at the concentrations of
10*ppm. For comparison, the samples have been exposed to
different gasses, including methanol, chloroform, toluene,
and benzene. The responses were summarized in Fig. 9, and
the higher response was found to be due to exposure to
ammonia and nitrogen dioxide vapors. The response and
recovery times were calculated for samples containing carbon
nanotubes only as were no clear recovery in the device
synthesized form only ZnO. The values of response and
recovery times are concluded in Table 1.

5 Conclusion

By using sol—gel and spray pyrolysis procedures, thin films
of zinc oxide and a hybrid of zinc oxide and carbon
nanotubes have been produced. The optical band gap is
reduced by around 1ev as a result of carbon nanotubes,
according to the UV-visible absorption spectra. According
to the SEM images, the synthesized zinc oxide’s grain size
was about 20 nm. The produced ZnO/CNT showed a very
clear interaction as the FTIR exhibited. The interaction of

ammonia and nitrogen dioxide gases with the synthesized
devices has been investigated, and the findings indicate that
the presence of carbon nanotubes lowers the chemical
interaction, leading to complete recovery after purging the
samples with fresh air. The higher sensitivity found due to
nitrogen dioxide was 96.6% followed by ammonia of about
95.6%. The calculation revealed that the response times
were 12.17 and 15.54 s, and the recovery times were 60.20
and 39.73 s for nitrogen dioxide and ammonia, respectively.
The mixed gas measurements were not applicable in this
work as the sensitivity towards ammonia and nitrogen
dioxide are convergent; therefore, it was quite difficult to
separate between the two gases. It is suggested that
manipulating the carbon nanotubes ratio and/or use of
graphene oxide in the future work to enhance the selectivity
of the prepared devices. Another future enhancement is that
using different interdigitated electrodes mask with more
fingers to reduce the resistivity and hence improve the
response.
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