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Effect of sintering temperature on the structural, morphological and humidity
sensing properties of ZnO nanostructure
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ZnO metal oxide powder was prepared using co-precipitation method and the effect of
sintering temperature was studied. Powder X-ray diffraction (PXRD) technique has been
used to investigate the crystal structure and phase analysis. The wurtzite hexagonal crystal
structure of the ZnO powder has been clearly seen in the PXRD pattern. Using the
Scherer’s formula, the average crystallite size of ZnO powder was determined to be
between 27 and 37 nm. The surface has grown spherical nanoparticles with size varying
from ~100 nm to ~200 nm, as shown in the scanning electron microscopy (SEM)
photograph.
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1. Introduction

Due to their potential applications in functional devices, metal oxide semiconducting
nanoscale notably zinc oxide (Zn0O), titanium oxide (TiO,), tin oxide (SnO2), etc. have attracted a
lot of interest recently [1-5]. Because of its non-toxicity and cheap prices, ZnO nanoparticles have
grown to be more significant among these metal oxides compared to others. ZnO Nanomaterials
are unusual chemical, optical, physical, dielectric, and sensing nanomaterials with wide optical
band gap (3.37 eV) and a high exciton binding energy of 60 meV at room temperature. Due to its
enormous importance for functional applications, including humidity and gas sensors,
optoelectronic devices, solar cells, and many other significant modern uses, ZnO semiconductor
has earned a considerable amount of attention. Several research groups have described a variety of
approaches for manufacturing nanoparticles [6-15]. Numerous techniques, such as wet chemical
methods, physical vapour deposition, metal organic chemical vapour deposition, hydrothermal,
pulsed laser deposition, molecular beam epitaxy (MBE), sputtering, electro spinning, etc., have
been utilized by the researchers to prepare ZnO nanoparticles [16-26]. Most of these fabrication
techniques potentially work at extreme temperatures and necessitate expensive equipment.
Furthermore, the artificial synthesis of nanoparticles of metal oxide pollutes the environment and
poses a serious danger to human health. Co-precipitation method is a chemical strategy that is
chemical technique relatively less expensive in comparison to other methods and effective for
resolving the aforementioned issue. It is also non-toxic, cheap, and environmentally benign [27-
33]. In the proposed investigation, we examined over how sintering temperature impacted the
structural, morphological, and humidity sensing characteristics of ZnO nanostructures
manufactured by using co-precipitation technique.
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2. Experimental section

ZnO nanostructures were prepared in the ongoing research effort using the co-precipitation
technique The deionized water was used to dissolve the zinc acetate [Zn(CH;COO),.2H,0] before
adding few drops of concentrated nitric acid until transparent precursor solution was obtained. On
a magnetic stirrer, the precursor solution was continuously stirred for 3 hours resulting in a
homogeneous, transparent solution. By adding the suitable amounts of 1N sodium hydroxide
(NaOH) in the clear aqueous solution until precursor solutions were precipitated. After that the
white precipitate was filtered from mixture and cleaned repeatedly with methanol and purified
water to get desired powder. The dry powder was grinded using mortar and pastel and sintered at
450 °C, 500 °C, 550 °C and 600 °C for three hours in SiC furnace. The synthesized ZnO powder
has been characterized by X-ray diffraction (XRD), using Rigaku Ultima IV, CuKa (~1.5406 A)
and scanning electron microscopy (SEM) using JEOL JSM 7610f with LM. Humidity sensing was
measured in well controlled humidity chamber using a typical high precision hygrometer and high
sensitive multimeter.

3. Results and discussion

3.1. X-ray diffraction analysis

Figure 1 displays the powder X-ray diffraction (XRD) patterns of ZnO bulk materials
sintered at 450 °C, 500 °C, 550 °C and 600 °C. The X-ray diffraction pattern of hexagonal wurtzite
crystals with the P6;mc space group is clearly visible in the ZnO bulk sample and well matches
with the (JCPDS card No. 75-0576). Yet, ZnO powder X-ray diffraction pattern does not exhibit
any additional reflection of impurity peaks, proving that the sample is extremely pure. The
polycrystalline hexagonal wurtzite structure of ZnO with P6;mc space group is revealed by the
presence of large diffraction peaks in the sample, such as (100), (002), (101), (102) and (110)
planes in X-ray diffraction patterns.
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Fig. 1. XRD patterns of ZnO powder sintered at 450 ’C, 500°C, 550 °C and 600 °C.
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Using the Scherer’s formula, the average crystallite size (D) of the samples of ZnO bulk
was determined. [20]:

KA (1)

D=—7
[ cos O

where K is constant (K=0.9), A is the X-ray wavelength used in XRD (CuKal=1.5406 A), 0 is
the Bragg angle; and f is the full-width at half-maximum (FWHM). Using the Scherer’s formula,
it was determined that the average crystallite size of ZnO nanomaterials sintered at 450 °C, 500 °C,
550 °C and 600 °C and found to be ~27, ~29, ~34 and ~37 nm respectively.

Peak-position (20) which stands for X-ray diffraction wavelength 1.5406 nm, are used to
compute the structural properties lattice-constants (a & c) from XRD data.
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The lattice parameters of ZnO thin films unit cell have been calculated using equation 2 &
3 and foundtobea=b=23.0035 A, c=5.2048 A; a=b=3.0037 A, c =5.2049 A; a=b =3.0042
A, c=52052 A;a=b=3.0043 A, ¢ = 5.2053 A at different sintered at 450 °C, 500 °C, 550 °C
and 600 C respectively.

The volume (V) of hexagonal crystal of ZnO nanostructures can be calculated by
following equations,

= [(D)ed o

2

where a and c is the lattice parameter of hexagonal crystal of ZnO structures. The volume of ZnO
nanostructures' hexagonal unit cell was calculated and found to be 40.66, 40.67, 40.69 and 40.70 A
at different sintering temperatures 450 °C, 500 °C, 550 °C and 600 °C respectively. It may be
because of an increase in the lattice constant, but the volume of the hexagonal unit cell of ZnO
bulk sample also marginally increases with increasing sintering temperature due to increase in the
grain size of the sample.

3.2. Scanning electron microscopy analysis

Figure (2a-d) shows the SEM micrographs of ZnO bulk materials sintered at 450 °C, 500
°C, 550 °C and 600 °C were observed at constant magnifications. For various sintering
temperature, the surface morphology indicates the formation of spherical-shaped nanoparticles
with granular textures. The asymmetrical spherical shape nanostructure with high packing density
is also clearly seen in the SEM image, which is uniformly dispersed across the sample surface
formation.
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Fig. 2. (a-d) SEM images of ZnO bulk sintered at 450 °C, 500 °C, 550 °C and 600 °C.

The dispersed grains and grain boundaries with particle sizes ranging between ~100 to
~200 nm are seen in the SEM images of ZnO pellet with different sintering temperature. With
rising sintering temperature a small increase in particle size was observed and seen in SEM image.
Microstructures of ZnO sample shows that the particles are regularly distributed throughout the
surface of the pallets, leading to their asymmetrical and uneven spherical shape. The asymmetrical
shaped particles that may be seen in SEM images are likely manufactured nanoparticles with a
high volume to surface ratio. Furthermore SEM image analysis was performed using Image J
(version 1.46r), a piece software. Using Image J software, the observed standard deviations and
mean deviations of ZnO bulk pallets were determined to be 36.719, 39.526, 40.523, 42.143 and
126.464, 129.392, 131.321, 132.023 respectively. As a result, the standard deviation showed that
pixels were dispersed around the crystallite's mean. The measurement shows that the standard
deviation is closest to the median deviation. As a result, the SEM micrograph's instability is
expressed as a standard deviation's significance.
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Fig. 3. (a-d) Hill stack surface plot of SEM image of ZnO bulk.

The hill stack surface plot of a SEM image created with Image J is shown in Figure (3a-b).
Hill stack surface plot demonstrates improved crystalline ZnO bulk materials performance for
sintering temperature values. It is also evident that grain growth of Z direction suppress with
increase the sintering temperature from 450 °C to 600 °C.

3.3. Humidity sensing and sensitivity analysis

ZnO powder has been fabricated by co-precipitation technique sintered with varied
sintering temperature and humidity sensing characteristics have been studied. Samples were placed
in a humidity control chamber for humidity sensing applications, where pure potassium sulphate
(K»SO4) was utilized as a humidifier and potassium hydroxide (KOH) as a dehumidifier.
Resistance changes were seen in accordance with changes in humidity levels. Using a typical
hygrometer and sensing materials with varying sintering temperature, as shown in figure 5, the
variation of resistance to change in %RH has been measured.
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Fig. 4. Variation of resistance of ZnO sample verses change in relative humidity %RH sintered
at 450 °C and 600 °C.

It has been observed that resistance constantly decreases when relative humidity increases
in the range of (~ 40 %RH), which may be related to the sample's superior conductivity of ZnO
powder. The findings of the humidity gas sensing measurements showed that ZnO powder
generated at various sintering temperature exhibited quick reaction traits as well as good
repeatability. ZnO bulk fashioned at 450 °C and 600 °C sintering temperature demonstrate good
sensitivity in the range of 13.50 MQ/%RH to 14.25 MQ/%RH, respectively. As a result, produced
ZnO bulks have the potential to be applied as humidity gas sensors.

3.4. Aging characteristic of samples

The implementation of sensing mechanism is significantly hindered by the ageing effect of
nanoparticles, which is a highly important issue. We examined and noted the attributes of ZnO
bulk at 450 °C and 600 °C sintering temperature.
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Fig. 5. Aging behavior of ZnO bulk pellet sintered at 450 "C.

After 3 months, the humidity well control chamber was used to study the ageing effect of
ZnO bulk. The ageing characteristics of the sample presented in figures 5 and 6 were revealed the
variations in resistance versus %RH of ZnO sample. Figure 5's changes of resistance versus %RH
demonstrate a small hysteresis loop that is best illustrated by the ZnO bulk sintered at a 450 °C
temperature.
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Fig. 6. Aging behavior of ZnO bulk pellet sintered at 600 "C.

However ZnO bulk sintered at a 600 °C no hysteresis loop and substantially less ageing
impact, providing good performance for up to 3 months, as shown in figure 6. As a result, it was
discovered the sintered at a 450 °C leads to a tuning of the potential application of a humidity gas
Sensor.

4. Conclusions

ZnO nanoparticles were constructed using the co-precipitation technique in the current
study. This process is a low-cost, extremely simple, and reproducible way to create ZnO
nanomaterials on a large scale. The powder X-ray diffraction pattern of the prepared samples
confirmed the formation hexagonal wurtzite nanomaterial has a crystalline structure. The
Scherrer’s formula has been used to calculate the average crystalline size, which was found to be
in the range between 27 and 37 nm. The SEM image showed spherical-shaped grains that ranged
in diameter from ~100 to ~200 nm and were evenly dispersed across the surface. ZnO bulk
sintered at different temperature 450 °C and 600 °C have been identified as having excellent
humidity sensing properties in the range of 13.50 MQ/%RH and 14.25 MQ/%RH, respectively.
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