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Zinc oxide (ZnO) nanoparticles were prepared under different conditions
using hydrothermal technique. The effect of reaction time on the size and
shape of the nanoparticles was studied. It was evident that with the
increase in the reaction time, the size of the granules shrank and the
nanotubes were formed in the FESEM image, appeared as cubes and nano-
spheres. The ZnO powder had polycrystalline structure with (101) peaks in
the diffraction spectrum, as indicated by the X-ray spectra. The UV
spectrum showed variation in the band gap due to the different sizes of the
nanoparticles. The properties of the zinc oxide for hydrogen sulfide (H2S)
gas were studied as a function of temperature and change in time under the
optimal lab conditions. The sensitivity, response time, and recovery time
were calculated with operating temperatures. The results showed that the
sensitivity had higher increase with raising the operating temperature. The
maximum sensitivity of the tested gas sensor at 50 ppm of H2S was about
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1098 % at around 200 °C for 1 hour. It was found that the lowest response
time was at 100 °C for 1 hour, and the response time was 8 s.
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Introduction

Several techniques have been used up to this
point to create the ZnO material as a variety of
one-dimensional nanostructure forms, such as
nanowires, nanorods, and superstructures such
as nanotubes, filaments, and nanocrystals [1-4].
They stand for a large range of nanoscale
components assembled into useful devices such
those with short and acoustic wavelengths,
lasers, photodetectors, gas sensors, solar cells,
piezoelectric transducers, and actuators [5].
There are numerous ways to create ZnO
nanostructures, including sol-gel method, vapour
transport process, vapour-solid process (VS),
vapour-liquid-solid process (VLS), epitaxial
electrodeposition (ED), and metal-organic
chemical reactions such as aqueous chemical
procedures, MOCVD, PLD, and hydrothermal
On the other hand, hydrothermal
procedures have numerous benefits, including
low cost, simplicity of use, efficiency of energy
use, and scalability, and as a result, have recently
noticed for the creation of one-dimensional
nanostructures [6, 7]. There is a growing need for
better gas sensors with higher sensitivity and
selectivity [8, 9], and thus great efforts have been
put into developing these technologies. In search
of better nanomaterials for sensing, ZnO and TiO-
are examples of semiconductor metal oxides
(MOS). The wide range of researches has been
done on tungsten oxide (WOs3) and other
materials for applications such as gas sensing.
Seiyama et al (1962) were the first who
examined gas sensing capabilities of ZnO-based
gas sensor. Due to its high carrier mobility of
conduction electrons, good chemical, and thermal
stability, direct wide bandgap (e.g., 3.37 eV), and
a large excitation binding energy (60 meV), ZnO
has gained an important status in various MOS
[10]. ZnO
morphology, including its surface area, size,
orientation, and crystal density have a significant
impact on its gas-detecting abilities [11].
Therefore, it is crucial to customize ZnO structure
and morphology to maximize its gas sensing
capability. This accomplished, in
particular, by complicated design of special three-

methods.

nanomaterials structure and

can be

dimensional hierarchical architectures that have
high surface areas, quick gas diffusion, and a
reduced agglomeration of
structures. The large range of applications of
ZnO-based gas sensors is restricted by their
typical drawbacks of sluggish response, poor
selectivity, and lack of long-term stability to
obtain a trustworthy and effective dissolution
[12]. This study was focused on two, one through
hydrothermal approach to Zn0
nanostructures, and looking into the effects of the
processing time. The second was focused on
demonstrating sensitivity, response time and
recovery time of the prepared samples with the
operation temperature, to enhance these sensors
ZnO0 characteristics and its gas detection system.

low-dimensional

create

Materials and Methods

A mass of 4 g of zinc chloride (ZnCL;) as a powder
was diluted in 100 ml of distilled water and
stirred for 30 min. Next, ammonia hydroxide
(NH4OH) pellets was dropped on the former zinc
chloride solution until the reactants pH hits 12.
The solution was blended, and then put into
Teflon-lined and hermetically sealed stainless
steel autoclaves. After that, the solution was kept
in a hydrothermal oven for |, 2, and 3 hours, at
150 °C. The outcome was filtered by centrifuge,
after being cooled at room temperature, and then
it was put in a container to dry in the oven after
being rinsed with distilled water. After that the
resultant was a non-dried power placed on a slice
in the oven to be dried at 40 °C. Thereafter, the
dried powder was mixed again with distilled
water to be liquid and precipitated on a glass
slide as a film. Then, the film was connected to
electrodes to be examined in the system, as a gas
sensor. There were the electrical feeds through
the base plate. The heating was varied on the
base plate to heat the sample under test to obtain
required operating temperatures. The current
passing through the heating element was
monitored using a relay with adjustable ON/OFF
time intervals. A thermocouple was used to sense
the operating temperature of the sensors. The
output of the thermocouple was connected to
digital temperature indicators. A gas inlet valve
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was fitted at one port of the base plate. The
required gas concentration inside the system was
achieved by injecting known volume of test gas
using a gas flow meter. A constant voltage was
applied to the sensors, and the current was
measured by a digital millimeter. Air was allowed
to pass into the chamber after every gas exposure
cycle.

Characterization detail

The morphology of the samples was examined
using FE-SEM inspect (F50-FE company). X-ray
diffraction technique (6000 SHIMADZ- Japan)
was used to measure the average crystallite size
and crystal A spectrophotometer
(Lambda 365 Perkin Elme) with a spectrum
range of 190-1100 nm double beam was used to
measure the UV absorption.

structure.
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Results and Discussion
X-Ray diffraction of ZnO powder

Figure 1a, b, and ¢ shows the XRD diffraction
patterns of the ZnO powder at different time
periods 60, 120, and 180 min at constant
temperature 150 °C, that were prepared by
hydrothermal method. It appears from the X-ray
spectrum that the ZnO powder
polycrystalline structure with 13 peaks in the
diffraction spectrum which are (100), (002),
(101), (102), (110), (103), (200), (112), (112),
(201), and (202) corresponding to the JCPDS data
(JCPDS card No. 79-0207) which refers to a
hexagonal [13, 14] structure. Tables 1, 2 and 3
show the results of the XRD diffraction patterns.
The crystal size was calculated using the Scherrer
equation [15].
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Figure 1: XRD diffraction of ZnO powder: (a) 60 min, (b) 120 min, and (c) 180 min, at 150 °C
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Table 1: XRD characterization for ZnO powder (a) at 60 min

2 0 (deg) d observed (/f) FWHM (deg) D (nm) 0 x 10%lines.m? | n x10*lines2.m*
31.8 2.81 0.21 69.62 4,97 2.06
34.4 2.59 0.21 69.62 4,97 2.06
36.2 2.47 0.21 69.62 4.97 2.06
47.6 1.90 0.22 66.46 5.21 2.26
56.6 1.62 0.20 73.10 4.73 1.87
62.8 1.47 0.21 69.62 4,97 2.06
66.4 1.40 0.22 66.46 5.21 2.26
68.8 1.37 0.14 104.44 3.31 091
69.2 1.35 0.21 69.62 4,97 2.06
73.4 1.29 0.22 66.46 5.21 2.26

77 1.23 0.23 63.57 5.45 2.47

Table 2: XRD characterization for ZnO powder (b) at 120 min

2 0 (deg) d observed (A’) FWHM (deg) D (nm) o0 x 10%%lines.m? | n x10*lines2.m*
31.8 2.80 0.22 66.46 5.21 2.26
34.4 2.59 0.21 69.62 4.97 2.06
36.3 2.47 0.21 69.62 497 2.06
47.6 1.90 0.20 73.10 4.73 1.87
56.6 1.62 0.21 69.62 4.97 2.06
62.9 1.47 0.22 66.46 5.21 2.26
66.6 1.40 0.22 66.46 5.21 2.26

68 1.37 0.22 66.46 5.21 2.26
69.1 1.35 0.22 66.46 5.21 2.26
72.5 1.29 0.20 73.10 4.74 1.87
77.2 1.23 0.21 69.62 498 2.06

Table 3: XRD characterization for ZnO powder (c) at 180 min

20 (deg) d observed (A) FWHM (deg) D (nm) 0 x 10lines.m? | n x10*lines2.m+*
31.7 2.81 0.21 69.62 4.98 2.06
34.4 2.60 0.21 69.62 497 2.06
36.2 2.47 0.22 66.46 5.21 2.26
47.5 1.91 0.16 91.38 3.79 1.19
56.6 1.62 0.21 69.62 497 2.06
62.8 1.47 0.22 66.46 5.21 2.26
66.4 1.40 0.20 73.10 4.73 1.87
68.0 1.37 0.21 69.62 4.97 2.06
69.2 1.35 0.22 66.46 5.21 2.26
72.8 1.29 0.21 69.62 497 2.06
77.1 1.23 0.20 73.10 4.73 1.87

Scanning electron microscope of ZnO micro-structures had an average particle size of

(122.01), (316.6) nm, and (6.098) um at different
time periods of 60, 120, and 180 min,
respectively. This result was agreed with N. D.
Dien [16].

Figure 2a, b, and c shows the SEM images of the
Zn0 powder prepared with hydrothermal
method and different SEM images which confirm
different morphologies of these particles. The
morphology of these particles consists of

Optical properties (UV-Visible spectrosco
relatively uniform and smooth surface rod-like p prop ( p P)
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Figure 3 displays the absorbance spectra of the
ZnO colloidal in a range of 200-1100 nm that
were prepared by hydrothermal method. It was
observed that the ZnO nanoparticles have their
absorption peaks at 387 nm. The absorption peak
shows a red shift compared with that of bulk ZnO
(365 nm) [17]. It was also observed that all the
samples tend to red shift can be attributed to the
development of shallow levels inside the band
gap due to the presence of foreign atoms in the

lattice [18]. The shift of the absorption peak to
higher wavelength indicated the decrease in the
optical band gap.

Figure 4 demonstrates the reflectance spectrum
of ZnO at different period times as a function of
wavelength in range of 200-1100 nm. It was
found that the reflectivity decreased with
increasing time to record 0.06, 0.19, and 0.2 at
different time periods of 60, 120, and 180 min,
respectively, at wavelength of 200 nm.

Figure 2: FE-SEM images of ZnO at different time periods: (a) 60 min, (b) 120 min and (c¢) 180 min, at 150 °C
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Figure 3: UV-Visible spectra of ZnO NPs at different time periods: (a) 60 min, (b) 120 min, and (c) 180 min, at
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Figure 4: Reflectance spectra of ZnO NPs at different time periods: (a) 60 min, (b) 120 min, and (c) 180 min, at
150 °C

The refractive index is an important parameter
for semiconductor materials and applications,
and it can be calculated from the following
relationship:

1+Rg°%=
1—-RO-5

(1)

The refractive index, as a function of the
reflectivity (R), depends on several factors
including type of the material and the crystal
structure. The refractive index values are varied
depending on the change of roughness of the
samples surface. Table 4 presents the change in
the refractive index of ZnO at different time
periods where it was found that the maximum
values were 1.7, 2.4, and 1.8. High refractive

index materials be wused in
optoelectronic applications [19, 20].

Tauc equation was applied by plotting the (othv)2
versus photon energy (hv) and extrapolation of
the linear portion of the curve to absorption is
equal to zero, as listed in Table 2 [21], while the
energy gap of ZnO at different time periods was
found to be 3.3, 3.4, and 3.2 eV at different time

periods of 60, 120, and 180 min, respectively.

can many

Gas sensing measurement

Figure 5 illustrates the sensitivity as a function of
operating temperature in range of 150-300 °C for
the prepared ZnO with different preparation
times, that were deposited on glass substrates at
10% of H:S:air mixing ratio on the all the
samples.
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Table 4: Refractive index and photon energy of ZnO at different time periods: (a) 60 min, (b) 120 min, and (c)
180 min, at 150 °C

Sample Eg (eV) N
60 min 3.4 1.7
120 min 3.3 1.8
180 min 3.2 2.4
1400
H2S gas
1200
1000 —— 1 hour
g
’E 80O == 2 hour
E GO0 3 hour
400
200 ”
o =
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Operation temperature (°C)

Figure 5: Sensitivity vs. operating temperature of the ZnO using HzS as gas sensing technique

The effect of the operation temperature on the
thin film sensitivity was studied with the aim of
optimizing of the operation temperature to the
lowest possible value. The operating temperature
is defined as the temperature at which the
resistance of the sensor reaches a constant value.
The changing of resistance is just only influenced
by the presence of amount of some gases of
interest [22, 23]. The results showed that the
sensitivity had higher increase with increasing of
the operating temperature.
sensitivity of the tested gas sensor to 50 ppm for
H.S was about 1098% at around 200 °C for 1
hour preparation sample,
preparation sample, gas sensor had 58% lowest
sensitivity for H,S gas. It was noted that the
optimum sensing temperature required for the
maximum sensitivity was around 200 °C for all
the samples. All the above results showed that
the sensitivity of the oxidizing and reducing gases
was greatly enhanced. The reason can be

The maximum

while 3 hours

attributed to the nano-sized ZnO particle on the
glass substrate and the increased amount of
surface adsorbed oxygen species.

Figures 6 and 7 indicate the relationship between
the response time and the recovery time with
operating temperature. Figure 6 shows that the
response time with rising operating temperature
for H,S test gas, where the response time

decreased with increasing the operating
temperature. The fast response speed for NO; gas
was 9.9 sec for 1 h sample at 200 °C. Figure 7
shows that the recovery time with rising
operating temperature for H,S test gas decreased
with increasing the operating temperature. The
fast recover speed for H,S gas was 50.4 s for 3
hours of the ZnO sample at 300 °C. The particular
decrease with work function and the activation
energy of surface reaction may be associated with
decreasing grain size and an increase in vacancies
created upon SiC lattice [24].

The increase in the adsorption of oxygen on the
surface extracts conduction electrons from the
near surface region forming an electron depleted
surface layer. This increase in the number of
active adsorption sites effects on the fast
response time for Generally, the
response time and recovery time were decreased
with increasing the operation temperature, as
shown in figures. In real situations, a fast

Sensors.

response time is usually required, as well as, fast
recovery time. Figure 8 depicts the variation of
resistance with time for the ZnO prepared
samples as exposed to 10 % H-S gas in the air
ambient injected into testing chamber and bias
voltage at 3V, at optimal operating temperature
of each sample.
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Figure 6: Response time vs. operation temperature of the ZnO gas sensor using H2S gas
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Figure 7: Recovery time vs. operation temperature of the ZnO gas sensor using NH3 gas
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The resistance was measured directly with time
and the sensor resistance initially reached the
steady state before gas opening. In this time, the
gas would open to allow mixing with air inside
the chamber.
abruptly to reach a steady state, and then the gas
was switched off. After that the electrical
resistance returned to the initial case. The ability
of a sensor to sense the presence of gas depends

The resistance was decreased

molecules and the surface atoms of the sensing
film. Figure 8 shows that the resistance of the
samples decreased with exposing H>S gas on the
surface. The behaviour of the samples indicated
that ZnO have higher sensitivity and selectivity
for H,S reducing gas specially at 200 °C.

Table 5 indicates gas sensor parameters and the
results obtained in this research were compared
with the results obtained previously, as they

on the nature of the interaction between the gas were compatible with them [25, 26].
Table 5: Gas sensor parameters
Operation temperatures Time periods (h) Response time (s) | Recovery time (s) | Sensitivity (%)
150 1 11 105 600
2 13 60 200
3 17 98 200
200 1 10 60 1100
2 12.5 100 600
3 12.5 60 200
250 1 11 60 1050
2 25 98 200
3 16 60 100
300 1 12 60 200
2 11 60 50
3 22 50 50
Conclusion nanostructure and that nanoparticles of average

This study was clearly demonstrated the process
of the production of ZnO thin films. The
accompanying graphs of the Zn0O particle
dynamics illustrated this film. They showed signs
of H2S with improved sensitivity, faster response,
and slower recovery time of the sensors. The
hydrothermal method is the best method for
preparing zinc oxide because it contains no by-
products, economically feasible, and does not
produce fumes or toxic substances that are
difficult to remove. It was also showed that
increasing the reaction time by no more than 2
hours leads to an increase in the incident rays in
the longest UV wavelength range. It can be
concluded that the large increase in the energy
gap was due to the effect of the quantum size, and
the amount of the energy gap qualifies the
material to be a large effective medium in
ultraviolet photodetectors. The FSEM results
that the has a

demonstrated surface

size were present.
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