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Abstract

Zinc Oxide nanoparticles (ZnO NPs) were effectively produced using the co-precipitation method in alkaline solutions with pH values of 8, 10,
and 12. The X-ray diffraction (XRD) investigation indicates that the preferred orientation for the formation of ZnO phase and wurtzite-hexagonal
structure is the (101) reflection plane. The crystallite size of ZnO produced at pH 8, 10 and 12 are 19.74 nm, 14.83 nm and 8.64 nm, respectively.
The scanning electron microscope (SEM) result revealed spongy-like morphology and spherical grains nanostructure at all pH level. XRD analysis
demonstrated that the hexagonal wurtzite structure is present in the ZnO nanostructure. The energy band gap is decreased with increasing pH. The
smooth and uniform shape of sample synthesized at pH 12 with large-scale homogeneity is an important point, this suggests that these nanoparticles
may be useful for photodetectors. Because of its high optical gain, the ZnO NPs synthesized at pH 8 exhibits the best optical characteristics, whereas
the ZnO NPs created at pH 12 exhibits optical losses for optoelectronics device application. This work has shown that altering the precursor’s pH
altered the zinc oxide sample for a range of industrial uses. For example, using pH 12 greatly raised the absorbance value, showing that ZnO is a
promising photovoltaic (PV) material and ultraviolet (UV) detector since its light absorption is much boosted at high pH values. Meanwhile, the
addition pH 8 greatly raised the transmittance value, demonstrating that ZnO’s visible light transparency is significantly enhanced at low pH levels
in alkaline medium, making it a potential optoelectronics material and active infrared detector. According to the study’s findings, ZnO NPs has use
in photovoltaic materials, optoelectronics, and UV and infrared detectors.
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1. Introduction

Numerous conventional and non-commercial energy sources are used to supply the world’s energy needs. Although there are now
more industrial energy sources, huge amount of the energy in rural regions still comes from fuel wood. In addition to being ineffective
for final use, using green wood as fuel has a detrimental impact on the environment and increases pollutants [1]. Utilizing renewable
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energy sources, particularly photovoltaic solar energy, which is plentiful and has a long lifespan, can help attain sustainable energy.
Photovoltaic is a primary method of converting solar energy to electricity [2]. The capacity of photovoltaic (PV) solar cells to directly
convert solar energy into electrical power has been the subject of research for the past three decades. In urban settings, photovoltaic
energy conversion provides a silent, emission-free method of producing electricity. Renewable energy sources, particularly solar
energy [3], which is abundant and has a long usable life, can be used to generate sustainable energy. For three decades, researchers
have been investigating the use of PV systems to generate solar electricity [4]. Even now, these sources are still a long way from
being profitable.

In PV system one essential energy source is the sun, and solar radiation is the powerful energy that the sun emits, especially elec-
tromagnetic energy. The visible portion of the electromagnetic spectrum makes up larger portion of it, with the remaining portion
primarily located in the ultraviolet (UV) and near-infrared (NIR) regions. The finest technological method for capturing and turning
solar radiation into power is a solar PV system. Having a solar PV system that is long-lasting and has a higher conversion efficiency in
the previously indicated electromagnetic spectrum is crucial. To do this, a semiconductor material with an energy band gap between
1.5 and 3.0 eV that can be supplied locally and is reasonably priced is needed. Many contemporary technologies, including optoelec-
tronics, sensing, and computing rely heavily on semiconductors due to their excellent properties and capabilities that can be applied
to optoelectronic devices. Wide band gap oxide semiconductors such as zinc oxide are a unique class of materials that combine
superior optical transparency and electrical conductivity [5]. Because of their plentiful optical transparency, electrical conductivity
that can be tuned, and adjustable carrier concentration, wide band gap oxide materials are crucial for both new and modern electronic
devices and energy applications. Because of their characteristics, they are widely used as primary materials in optoelectronic device
applications. Wide band gap semiconductors that are of very important research interest are transparent conductive oxides (TCOs),
like amorphous ZnO NPs, utilized in displays, optoelectronic and, solar cells. ZnO nanostructure semiconductors, in particular, have
attractive building blocks for device application in energy conservation coating materials for window glasses, solar cells, etc. In re-
cent years, metallic oxide semiconductors have been observed to exhibit tremendous tuning characteristics that guarantee their usage
in many scientific fields. It is crucial to alter the optical energy band gap in order to utilize this material for PV and other applications.
However, as far as we know, there isn’t a current publication available that focuses on the pH effect of zinc oxide in alkaline medium
using co-precipitation technique for photo sensing and photovoltaic device application. The morphology of the materials was used
to investigate the photosensing device application of ZnO.

Among the II-VI semiconductor family, ZnO NPs is one of the most promising chemical and is a wide direct energy band-
gap material [6, 7]. Because of its direct energy band-gap with huge excitonic binding energy, optoelectronics may find use for it
[8]. Additionally, ZnO has a high radiation resistance [9], making it a good material for gas sensors [10], piezoelectric transducers,
photodiodes, and photo-detectors [8]. ZnO often crystallizes in the wurtzite crystal form with the existence of tetrahedral coordination
allying with four oxygen atoms and one zinc atom inside the wurtzite structure. Since the real structure of chemically synthesized
ZnO NPs may differ slightly from the ideal wurtzite structure, the c/a ratio is typically found to be less than 1.633 [11]. The lattice
constants of the wurtzite structure are a = 3.25 Å and c = 5.21 Å, respectively, and it has a hexagonal unit cell. The lattice constant
ratio (c/a) for the optimal structure is found to be approximately 1.633 [11].

To create ZnO NPs, various synthesis techniques could be applied [12, 13]. Additionally, many nanostructures of ZnO may be
generated [14], and each of these nanostructures has distinct optical characteristics. ZnO is also a non-toxic substance, which is why
medication delivery to diseased parts of the body has been accomplished using ZnO [14]. ZnO have also been utilized to catalyze
chemical processes [12, 13]. Thus, it is crucial to conduct research on the synthesis of ZnO NPs with precise size and form using
appropriate chemical synthesis methods. According to earlier research, the morphology of the synthesized metal oxide nanoparticles
is signifcantly dependent on the amount of H+ or OH− ions present in the precursor [15]. The metal-oxygen bond polymerization
during the zinc oxide development process is determined by the aforementioned ions [16]. As a result, changes in the solution’s pH
have a significant impact on the hydrolysis and condensation reactions that take place during the creation of the precursor solution
[17]. The shape and optical characteristics of biosynthesized nanoparticles are further influenced by this pH difference [18].

ZnO NPs were produced in this work using a commonly utilized and straightforward co-precipitation process. The bottom-up
method is the foundation of the co-precipitation synthesis methodology, which is used to create nanostructures [19]. The product
yield by this method is minimal, and the finished product might include some unreacted raw components or contaminants. As a
result, it is required to repeatedly wash the finished object with alcohol or distilled water. Nonetheless, this straightforward method is
highly helpful for doping semiconductor nano-crystals with other elements and synthesizing control nanostructure, or size and shape.
ZnO NPs has the potential to be substituted with conventional thin layered conductive indium tin oxide due to its optical transparency
to visible light [11]. The conditions during processing and the synthesis procedure are typically what determine the characteristics of
ZnO NPs. In this work, we present the summary of ZnO nanostructures utilizing the co-precipitation process at different pH levels.
Subsequently, this work presents the optical, morphological and structural characterization of ZnO NPs.

2. Methodology

Figure 1 illustrates the schematic diagram of the experimental procedure of ZnO nanoparticles. The starting components for the
current study are ammonia (NH3) solution, sodium hydroxide (NaOH), and zinc chloride (ZnCl). ZnO NPs were created using the
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Figure 1. Schematic diagram of experimental procedure of zinc oxide nanoparticles.

Figure 2. Spectral showing the Energy Dispersive X-ray Spectroscopy of ZnO sample.

chemical co-precipitation method. Zinc chloride (ZnCl) and sodium hydroxide (NaOH) in an aqueous solution in deionized water
were combined to create the solution medium. Using a computerized weighing balance, the necessary weight of the compounds’
aqueous solution was calculated. 0.1 mol of Zinc chloride were dissolved in 500 ml of distilled water and heated using a magnetic
stirrer. The solution was then kept under constant stirring to completely dissolve zinc chloride for one hour. After full dissolution
of zinc chloride, 0.2 mol solution of sodium hydroxide was added which was then constantly stirred. The reaction was allowed to
proceed for 2 hours after complete addition of ammonia solution and the attainment of required pH values (8, 10 and 12). Drop by
drop, ammonia solution was added until pH values of 8, 10, and 12 were reached, which helps the precipitate to form. The solution
was centrifuged for 10 min and the supernatant was discarded. After removing undesired particles by washing with deionized water,
the precipitated nanoparticles were dried on a hot plate. The samples of nanoparticles were ground to produce fine particles in
powdery form.

2.1. Sample characterization

The optical properties such as transmittance and absorbance of the nanoparticles were examined using UV–Vis spectrophotometer
(Jasco-V-570 Spectrophotometer, Japan), surface morphology were examined using Scanning Electron Microscope (FEG JEOL JSM-
7800). The structural characteristics were examined by employing X-ray diffraction technique (Rigaku powder X-ray Diffractometer
Ruker Advanced D8 model with CuK α radiation λ = 1.5406 Å) and the atomic composition were formed using Energy Dispersive
X-ray Spectroscopy (Quantax 200 with X Flash e Bruker).
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Table 1. ZnO nanoparticle crystallite sizes and lattice constants obtained at various pH levels.
H Crystallite

size D (nm)
Lattice
parameter a
(Å)

Lattice
parameter c
(Å)

X-ray density
dX (g/m3)

Porosity (%) Dislocation
density
(lines/m2)

micro strain
(ε)

8 19.74 3.2553 5.2245 5.64 14.185 0.00256 0.0547
10 14.83 3.2625 5.2283 3.76 21.657 0.00455 0.0276
12 8.64 3.2656 5.2312 2.95 45.747 0.01067 0.0196

Table 2. ZnO nanoparticle d-spacing for each diffraction peak.
2-theta d-spacing lattice plane
31.698 2.8205 (1,0,0)
34. 356 2.6081 (0,0,2)
36.184 2.4804 (1,0,1)
47.461 1.9141 (1,0,2)
56.529 1.6266 (1,1,0)
62.791 1.4786 (1,0,3)
66. 305 1.4085 (2,0,0)
67.876 1.3797 (1,1,2)
69.015 1.3596 (2,0,1)
72.503 1.3026 (0,0,4)
76.899 1.2387 (2,0,2)
81.324 1.1821 (1,0,4)
89.537 1.0938 (2,0,3)
92.708 1.0645 (2,1,0)
95.248 1.0427 (2,1,1)
98.568 1.0163 (1,1,4)

Figure 3. Diffraction pattern of ZnO NPs synthesized using pH 8.

3. Results

3.1. Elemental Dispersive Spectroscopy

Elemental Dispersive X-ray Spectroscopy (EDS) was used to determine the elemental composition of the produced compounds.
Figure 2 shows the EDS spectra of the compound that were produced. Elemental dispersive X-ray spectroscopy (EDX), a popular
analytical method, was used for the elemental examination of samples. EDX spectra of the obtained pure samples were used to
determine their chemical composition. Zn and O are the only elementary species found in the sample. The binding energies of
Zn are linked to the peaks at 1.0 Kev in addition to the oxygen (O) peak at 0.5 Kev. Thus, in pure samples, EDX showed that the
nanoparticles included both zinc and oxygen. In both samples, there are no other peaks that relate to any other elements. As a result,
the processed items are regarded as pure and free of contamination. Zn2+ is a member of the L-series of energy spectra, while O2−

belong to the K-series of energy spectra. The synthetic nanoparticles are 100% pure, as demonstrated by the EDS’s detection of no
foreign elements (impurities). A percentage of the elements have been discovered to have excess zinc, and the pertinent findings are
in agreement with XRD diffraction analysis.
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Figure 4. Diffraction pattern of ZnO NPs synthesized using pH 10.

Figure 5. Diffraction pattern of ZnO NPs synthesized using pH 12.

3.2. X-ray diffraction
Using a step size of 0.02◦, the sample was scanned at a diffraction angle of 2θ from 0◦ to 80◦. Thus, for pH 8, pH 10 and pH 12,

the XRD profiles of ZnO NPs were obtained and are displayed in Figures 3-5. According to the pattern, ZnO NPs with varying pH
are composed of hexagonal wurtzite structure with a preferred orientation of diffraction plane (101). The ZnO NPs characteristic line
broadened and their crystalline structure was display in the XRD patterns. The three most resilient lines in a typical XRD pattern
for a hexagonal structure are found at a 2θ value of 31.698-36.184. Diffraction peaks are consistent with the ZnO phase of Powder
Diffraction File card database No. 01089-0510. The decrease in the crystallite size as pH increases is govern by the broadening of
the diffraction peak. The larger the crystals are, the higher the peak intensity. This supports the hypothesis that the lower the pH
values, the larger the crystal size. Increasing the pH has already been shown to reduce crystallite size. The size of nanoparticles
is affected by pH. The degree of crystallinity is correlated with the height and sharpness of the diffraction peaks. The ZnO NPs
crystallinity increases with the diffraction peak’s intensity. All samples achieved a high degree of crystallinity, according to the XRD
characterization data; however, the ZnO sample produced at pH 8 produced the diffraction peak with the maximum intensity.

The XRD pattern showed no additional peaks that would have indicated the presence of contaminants or impurities, indicating
the great purity of the produced compounds. The ZnO samples’ diffraction peaks are broaden, suggesting that the samples had tiny
particles and a high degree of crystallinity [14, 20]. It was discovered that every peak matched the standard’s diffracted image quite
well. The (101) reflection’s intensity was significantly higher than the remaining ZnO peaks’. According to the XRD measurement,
every ZnO peak was composed of the Wurtzite-shaped ZnO standard (JCPDS) file, similar Wurtzite-shaped ZnO was reported by
Soumyadev et al. [14]. The XRD pattern has no additional peaks indicates that the sample is free of impurities and well crystallized
which confirmed single phased crystalline structure of prepared ZnO nanoparticle. Similar result was reported by Ravi et al. [21].
The fine crystallite size of the ZnO particles is shown by the broad peaks in XRD patterns. Table 1 displayed the crystallite size
and lattice constant of the structures derived from the XRD pattern. Using Eq. (1) and (2), the crystallite size and lattice constant
were derived: The crystallite size and lattice constant of the structures generated from the XRD pattern were shown in Table 1. The
crystallite size [22] and lattice constant were determined using Equation (1)

D =
Kλ
β cos θ

, (1)

1
d2 =

h2 + k2

a2 +
l2

c2 , (2)
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Figure 6. Transmittance spectral of ZnO nanoparticles at different pH.

Figure 7. Optical energy band gap of ZnO NPs at different pH.

Figure 8. Absorption spectral of ZnO NPs at different pH.

ϵ =
β cos θ

4
, (3)

δ =
1

D2 , (4)
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Figure 9. Surface morphology of ZnO nanoparticles at pH 12.

ρXRD =
CM
NAa3 , (5)

where θ denotes the Bragg’s diffraction angle, λ is wavelength of the X-ray, β is the full width at half maximum (FWHM), D is the
size of the crystallite, a, c are the lattice constants and d is the distance between the planes that correspond to the Miller indices h,
k, l. Table 1 displays the computed lattice constants and crystallite size at different alkaline pH. The results show that the lattice
parameters increased from a value of a = 3.2553 Å for pH 8 to 3.2656 Å for pH 12, and from a value of c = 5.2245 Å for pH 8
to 5.2312 Å for pH 12, the changes in pH slightly increases proportionally. No considerable variation in the lattice characteristics
at varying pH values is revealed. The computed lattice constants closely match the values reported in the literature. According to
the literature, there is a direct correlation between particle size and the lattice parameter; that is, as particle size grows, the lattice
parameter decreases [23]. High pH sample tends to exhibit higher lattice parameters due to the presence of defects and impurities.
Such defects are introduced during sample preparation and vary according to method and reagents used.

The sharpness of the diffraction peaks indicates the presence of nanocrystalline domains inside the ZnO samples. Additionally,
the narrow and sharp peaks verified the crystallization of the zinc oxide nanoparticles. When the pH is increased, the X-ray density
drops due to an increase in the lattice parameter. Table 1 shows that the application of low pH, results in a decreased porosity due
to large crystallite size. This porosity trend is understandable since that increasing pH causes the densities to fall and decrease the
particle sizes, which in turn upturn the porosity. The dislocation density, which is determined by taking the reciprocal of square of the
crystallite size of that peak, is commonly known as the length of dislocation lines per unit volume (lines/m2) [24]. In crystal structure,
the increase in dislocations and physical defects is caused by the presence of stress and strain forces. Therefore, the desolation density
known as number of defects of the specimen and given in the Table 1. A low dislocation density is necessary for optimal crystallinity,
and sample at low pH acquired low value is a proof of better crystallinity. The lowering value of dislocation density is obtained at
low pH which enhances the particle size growth [24]. The internal micro strain was calculated using equation (4). The decrease in
lattice defects along with the boundary level of the nanoparticles is indicated by micro strain, which reduced from 0.0547 to 0.0196
by decreasing the crystallite size. The d-spacing decreased as the diffraction angle increased at different lattice plane as shown in
Table 2.

3.3. Optical characteristics
Figure 6 depicts the transmittance of ZnO NPs that were produced at various pH values. ZnO NPs produced at pH 8 show high

percentage transparency in the visible as well as infrared parts of electromagnetic spectrum. When the particles are synthesized at
pH 12, a low percentage transmittance of about 40% is created inside the visible area; when ZnO NPs is synthesized at pH 8, a huge
percentage transmittance of relatively 85% is formed. At various pH levels of 8, 10, and 12, the percentage transmittance values of
each sample are 85%, 58%, and 40%, respectively. Because a large number of optical charge carriers, or electrons, are created at
pH 8 and add new energy levels to the energy band, the ZnO NPs synthesized at pH 8 exhibits improved transmittance. A larger
percentage of transmittance is also a result of the increased population of charged particles and electron diffusion from the valence
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Figure 10. Surface morphology of ZnO nanoparticles at pH 10.

Figure 11. Surface morphology of ZnO nanoparticles at pH 8.

band to the conduction band [25, 26] in the sample synthesized at pH 8. The ZnO NPs that was synthesized at pH 8 is suitable for
the development of efficient optoelectronic devices and may now be used to improve the fabrication of window layers for solar cell
applications [27, 28]. The sample generated at a higher pH produces more optical loss, while the sample synthesized at a lower pH
reveals a modest optical loss. For every sample, higher percentage transmittances are created in the infrared range. The results show
that ZnO NPs are more transparent to infrared light, which opens the possibility of using ZnO to develop the perfect material for the
detection of infrared radiation and can be mostly detected at low alkaline pH.

The Tauc analogy is based on energy-dependent absorption coefficient α which is represented by the equation (6): The approach
for accurately calculating semiconductors’ optical band gap energy using UV-Vis spectroscopy is Tauc method. The linear portion of
the optical spectrum is typically directly extrapolated to the horizontal axis of the Tauc plot, (αhυ)n vs hυ to establish the appropriate
band gap [29].
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(αhν) = A(hν − Eg)n. (6)

A is a constant, h is the Planck constant, υ is the photon’s frequency, and Eg is the band gap’s energy. Depending on the kind of elec-
tron transition, the n factor is either 1/2 for direct transition band gaps or 2 for indirect transition band gaps. Plotting (αhυ)n against
photon energy (hυ) allows one to estimate the optical band gap energy for both direct and indirect transitions [30]. Extrapolating to
(hα) 2 = 0 for the direct transition yields the value of Eg. When the pH climbs from 8 to 12, the direct band gap decreases from 3.58
to 3.38 eV. These results are consistent with a prior work that discovered that as particle size decreases, the band gap expands [31].
The band gap of materials is directly impacted by the total concentration of ions, particularly H+ and OH−. In a charged conducting
material, the electrons will have a close interaction with the counter ions of the solvation shell. The band gap of the material will be
affected by the change in electron density brought about by the anion’s approximation.

The energy band gap is obtained by extrapolating the linear path of the spectra lines as shown in Figure 7. The linear path of the
spectra is extrapolated in order to evaluate the band gap energy. The band gap energy shifted between 3.38 to 3.58 eV, suggesting that
variations in pH caused changes in the band gap. However, the physical state of ZnO changes when the pH of the alkaline solution is
altered. When the pH is replaced, the energy band is shifted. A high band gap of around 3.58 eV is obtained during the synthesis of
a ZnO sample synthesized at pH 8. The energy band gap for ZnO sample synthesized at pH 8, 10 and 12 are 3.58, 3.52 and 3.38eV,
respectively. The blue shift, or chage in band gap energy from 3. 38eV to 3.58 eV, can be narrated using Burstein-Moss effect [32].
The band gap energy values make it clear that the nanoparticles exhibit a variety of optoelectronic uses, particularly when they are
employed as solar cell window layers. The amount of optical absorption is highly dependent on the size of the particles; band gap
energy values decrease as the particles get smaller, the particles get smaller as the pH rises. As a result, the particles dimension affects
ZnO nanoparticles’ capacity to absorb UV light. The huge band gap energy is the most important yardstick for ZnO application to
optoelectronics [33]. For instance, Rao and Dutta [34] obtained a 4.7% conversion efficiency for dye-sensitized solar cells made
of ZnO; additionally, ZnO with an Eg value of 3.2 eV have been employed as DSSC working electrode which is recognized as a
material worthy to be substituted with TiO2 based DSSC working electrode [35]. The properties of ZnO are influenced by its diverse
characterizations at different pH values. Meanwhile, the conversion efficiency can be increased using ZnO sample that has band gap
energy greater than 3.2 eV.

The absorption bands created by ZnO nanoparticles are displayed in Figure 8. UV light was significantly absorbed by ZnO sample
synthesized at pH 12. The outcomes demonstrated that the high transmittance of ZnO nanoparticles synthesized at alkaline pH 8 to
photon energy led to low absorption. The absorbance of the sample synthesized at pH 12 is higher than the sample synthesized at
pH 8 and 10. ZnO samples that show an elevated optical absorption edge in the ultraviolet spectrum can be used appropriately with
UV detectors. Saleem et al. [24], Anjum et al. [36], and Arshad et al. [37] all reported results that were similar. Subsequently
that it absorbs, detects, and filters UV radiation that is capable of causing interior home systems to heat up, ZnO nanoparticles
synthesized at pH 12 is now an excellent choice for UV photodetector and for checking and controlling UV in architectural windows.
This material’s strong absorption within the ultraviolet region makes it a prominent compound for efficient UV radiation control.
According to the absorbance, all of the materials showed strong absorbance values in the UV range, which sharply decreased as they
approached the NIR range.

ZnO’s light absorption is greatly enhanced at high pH levels, making it a viable photovoltaic material. It was discovered that
adding pH 12 increases the absorption rates of ZnO and the absorbance value was dramatically raised. Imosobomeh et al. [20]
demonstrated a similar outcome, stating that the addition of molybdenum to cerium telluride increases the absorption rates of cerium
telluride. As a result, cerium telluride doped molybdenum is now a viable option for solar applications [38]. ZnO material showed
strong absorbance values in the UV–Vis area, which sharply decreased as they moved towards the NIR region, according to the
absorbance of ZnO at pH 12. It was found that adding pH 12 to the precursors significantly increased the absorbance value, indicating
that the ZnO’s light absorption was much enhanced, making it a suitable PV material. Imosobomeh et al. [20] obtained a similar
outcome, showing that doping ZnO with erbium significantly increased its light absorption, making it a promising photovoltaic
material [39]. Furthermore, because of its high absorption, ZnO has been shown to be beneficial as an energy storage material when
doped with graphene particles [40].

3.4. Surface morphology of samples

SEM was adopted in examining the microstructural characteristics of ZnO nanoparticles. Grain size and surface roughness were
examined. The SEM images of ZnO crystalline structure at pH values of 8, 10 and 12 were displayed in Figures 9-11. According to
a detailed SEM micrograph study, it appeared quite dense and free of cracks. On SEM pictures, porosity and grain growth pattern
were clearly seen. The grain distribution is heterogeneous, and some of the sizes were slightly larger. The images appeared smooth
and front-oriented, and the grain size of the synthesized sample, as determined by SEM results, are 18 nm, 31 nm and 35 nm at
pH 12, 10 and 8. As the effect of the pH values upsurging for all samples, the grain size grows at pH 8, but at pH 10 and 12, the
grain size drops. The samples are cloudy and were found to be moderately compacted and free of cracks after a comprehensive
SEM micrograph investigation. On SEM pictures, porosity and the grain growth patterns were clearly visible. At pH 8, Figure 11
exhibits surface roughness and shows the development of heterogeneous tightly packed structure and spongy-like nano-grains with
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porosity; nonetheless, the compactness and densely packed nature appear to be affected by pH change. Homogeneity at the surface
layer is shown by the lack of surface defects like voids at the surface morphology. When compared to a sample prepared at pH 12,
the morphology is likewise uniform, with spongy-like and spherical grains that are compacted and firmly packed, but with less grain
growth. Grain growth is less in the ZnO sample synthesized at pH 12 than in the sample created at pH 10 and 8, but the surface
morphology of the ZnO sample synthesized at pH 12 showed the presence of homogeneity at the surface layer and the absence of
surface flaws such pores, holes, and cavities. There was evidence of particle aggregation based on the surface configuration at pH 8.
ZnO sample agglomeration is a process that reduces free surface energy by increasing particle size and decreasing surface area. The
adherence of ZnO nanoparticles to each other by weak forces causes agglomeration.

The morphologies show the appearance of high density packed structure and significant compactness at all pH values. Because of
the lack of contaminants and non-distortion at the lattice site, the ZnO sample synthesized at pH 12 showed little or no aggregation.
The sample synthesized at pH 12 were homogeneous across a vast surface area and had smaller crystalline grains than other samples
and cloud-like morphology revealed at low pH values is reduced. While the cloud-like structure has a homogeneous distribution of
grains and modest porosity, the cloud-like morphology in the current investigation showed a homogeneous distribution of particles.
The smooth and uniform shape of sample synthesized at pH 12 with large-scale homogeneity is an important point: it suggests that
these nanoparticles may be useful for photo-detectors [24]. The agglomeration that was present in the sample synthesized at pH 8
was reduced at pH 10 which disappear at pH 12, according to the SEM images. Both specimens at pH 10 and 8 showed evidence
of particle aggregation, which might be related to their crystalline sizes. The grains cannot grow because of the agglomeration.
The increased surface energy caused by the nanoparticles’ greater surface area to volume is reduced by their ability to agglomerate.
The increase of pH of the synthesized samples in alkaline medium in the current work reduces agglomeration, which raises surface
energy since the surface area to volume ratio is reduced. The use of pH 12 leads to the formation of heterogeneous nucleation sites
and growth, which together reduce agglomeration. The reduced agglomeration of the nano-crystallites increases the surface area and
decreases the internal microstrain. Additionally, we found that the use of pH 12 increased the sample’s compactness, smoothed out
its structures, and determined the orientation of the nanoparticles. The specimen’s microstructure varies as a result of pH variation.
Therefore, it can be said that the use of pH 12 significantly enhances the surface characteristics of the nanoparticles, which may
lead to better photosensing. Altering the reaction system’s pH values allowed for the control of the nanoparticles’ size. Smaller
nanoparticles were produced at higher pH values than at lower pH levels. The variation in the precursor’s rate of decrease is the
cause of this discrepancy. Similar result was reported by Alqadi et al who reported smaller silver nanoparticles at high pH [41].

4. Conclusion

The co-precipitation approach was utilized to successfully manufacture ZnO NPs in alkaline solution at pH 8, 10 and 12. The
(101) reflection plane is the optimal orientation for the creation of wurtzite-hexagonal structure and ZnO phase, according to the
XRD study. ZnO synthesized at pH 8, 10 and 12 have crystallite diameters of 29.74, 17.83 and 12.64 nm in that order. The ZnO
sample synthesized at pH 8 shows the best optical features due to its strong optical gain, while the sample of ZnO synthesized at
pH 12 shows optical losses. It has been noted from this work that varying the pH of the precursor modified the zinc oxide sample
for various industrial applications. For instance, the use of pH 12 significantly increased the absorbance value, indicating that ZnO’s
light absorption is significantly enhanced at high pH levels, making it a promising photovoltaic material and ultraviolet detector.
Meanwhile, the addition pH 8 significantly increased the transmittance value, indicating that ZnO’s visible light transparency is
significantly enhanced at low pH levels in alkaline medium, making it a promising optoelectronics material and active infrared
detector. The results from this research show that zinc oxide can be used as optoelectronics, photovoltaic material, infrared and
ultraviolet detectors.

Data Availability

No additional data was used beyond those presented in the submitted manuscript.
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