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ARTICLE INFO ABSTRACT
Keywords: Zinc Oxide (ZnO) nanoparticles (NPs) have been synthesized by a simple chemical precipitation
ZnO NPs method. The effect of monoethanolamine (MEA) content in different solvents on ZnO NPs syn-
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Crystallite size

thesis and their structural properties has been investigated. The NPs synthesized by using iso-
propanol (IPA) with 15 ml MEA as a stabilizer under the most favorable conditions (deposition
time, tq = 120 min, temperature = 60 °C) showed good structural properties. Synthesized NPs
exhibited beneficial structural properties after annealing. The hexagonal wurtzite crystal struc-
ture of ZnO NPs was verified by XRD. Different models were used to calculate structural pa-
rameters such as crystallite size, strain, stress, and energy density for all the reflection peaks of
XRD corresponding to ZnO lying in the range 20 = 15°-80°. The crystallite size of the ZnO
nanoparticles was found to be 50-60 nm. FTIR and EDX confirmed the presence of ZnO NPs in the
samples. SEM micrograph of all the samples revealed that the grain sizes decrease gradually with
the increase of the amount of MEA. UV-Visible diffuse reflectance spectroscopy results provide
evidence that the ZnO NPs possess broader absorption bands, together with high band gap energy.
The ZnO NPs synthesized with IPA solvent have the highest transmittance and band gap energy of
3.3eV. According to DLS data, various content of MEA stabilizer in solvent affects the hydrody-
namic size of ZnO NPs.

1. Introduction

The main purpose of research on nanomaterial production methods is to control the composition, size, and shape of NPs. Each of
these factors plays a crucial role in establishing the properties of the materials that are used in various technological applications [1,2].
Zinc oxide is a multifunctional material because of its unique physical and chemical features, including high chemical stability, high
electrochemical coupling coefficient, a broad spectrum of radiation absorption, and high photostability [3,4]. ZnO has two obvious
features that have made it a very important semiconductor. First, at 300 K, it exhibits a direct band gap of 3.4 eV and can create
high-quality heterostructures. Second, it was observed that ZnO has an important exciton binding energy of 60 MeV. At room
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temperature, this high exciton binding energy can simply translate to much better optical quantum efficiency; potentially resulting in a
much lower laser threshold [4]. ZnO is a low-dimensional nanostructure material with unique physio-chemical properties. Being an
II-VI compound, it covers a wide variety of infrared and far-infrared applications and also is well recognized in low-voltage and
short-wavelength optoelectronics applications due to its wide bandgap, high exciton gain, and substantial exciton binding energy
[5-71.

Nowadays the most pressing environmental issue related to global warming and climate change is the rising level of CO2 con-
centration from the usage of fossil fuels. Researchers have revealed that using solar energy to photo-catalytically convert CO5 into
hydrocarbons would be the best technique to reduce the atmospheric CO2 concentration and simultaneously produce sustainable
chemical fuels. Researchers have used semiconductor photocatalysts in a pioneering investigation into the reduction of CO5 [8]. Since
then, numerous scientific investigations have focused on creating effective photocatalysts for CO5 photo reduction [9-14]. ZnO-based
nanostructures of various sizes and morphologies have received the most attention as photocatalysts because they are stable, non-toxic,
and low-cost [15-18]. However, the CO, photoreduction efficiencies of these ZnO-based photocatalysts were often insufficient [19,
201, which could be attributed to the low affinity between CO; and ZnO surfaces [21]. Based on these considerations, it was chosen as
the initial composition for the current study based on these considerations.

As is well known, CO, immobilization can be efficiently assisted by amine functionalization, and this technique has been widely
employed in industry to capture CO [22,23]. To encourage CO; capture, significant efforts have been undertaken to deposit amine
groups onto the surfaces of solid materials [24,25]. When amine groups and CO; interact chemically, carbamate (or bicarbonate) is
created, which can then be hydrolyzed to produce carbonate [26]. ZnO NPs’ optical, chemical, and structural characteristics are
influenced by the precursors, solvents, temperature, and time used in their synthesis. It’s crucial to investigate the effects of various
solvents on the structural, morphological, and optical features of ZnO NPs. Previous research has used isopropyl alcohol (IPA),
methanol (MeOH), and 2-methoxyethanol (2-ME) to investigate the effects of various solvents [27]. Few investigations on ethanol
(EtOH)-based ZnO thin films have been published [28]. The effect of Monoethanolamine (MEA) content on ZnO thin films was studied
by Ahmet Tumbul [29]. It was discovered that the MEA content has a direct effect on the crystalline development orientation of these
ZnO thin films [29]. Based on these considerations, MEA has been chosen as a stabilizer for the current study.

Different methods were used to synthesize ZnO NPs [30-34]. The control of physical and chemical features such as size, size
dispersity, shape, surface state, crystal structure, organization onto a support, and dispensability is demonstrated in many uses of ZnO
NPs [35]. As aresult, a wide range of approaches for manufacturing the molecule has been developed. H. R. Ghorbani et al. developed a
simple technique to synthesize ZnO nanoparticles. Zinc nitrate and KOH were used in the precipitation of zinc oxide [36]. Researchers
have developed a simple precipitation procedure for the manufacture of zinc oxide [37]. For the cost-effective preparation of ZnO NPs,
a single-step procedure with large-scale manufacturing without contaminants is preferred [1,38]. Zinc oxide nanoparticles (ZnO NPs)
have several limitations that should be considered during synthesis. Their small size and high surface area-to-volume ratio can lead to
increased reactivity and potential toxicity. ZnO NPs can undergo chemical transformations or degradation in certain environmental
conditions, such as high temperatures, high humidity, or exposure to acidic or basic environments. This can limit their performance
and stability in applications where such conditions are present [27-30,37]. ZnO NPs have a high tendency to agglomerate or form
clusters due to their high surface energy, leading to decreased surface area and reduced effectiveness in certain applications. This
agglomeration can affect their dispersibility and stability in suspensions or matrices. Therefore, achieving precise control over the size
and shape during synthesis is challenging.

In this paper, we present a simple technique to manufacture amine-functionalized ZnO NPs by using MEA, which has a hydroxyl
(-OH) group for covalent attachment on ZnO and a primary amine (-NH3) group to bestow an amine-functionalized surface. MEA is
commonly used as a stabilizing agent for preparing zinc oxide (ZnO) nanoparticles due to its ability to prevent agglomeration and
ensure uniform particle size distribution. When preparing ZnO nanoparticles, the particles tend to aggregate or clump together due to
the high surface energy of the particles. This can lead to uneven particle size distribution and affect the properties of the resulting
nanoparticles. MEA adsorbs onto the surface of the ZnO nanoparticles, creating a steric hindrance that prevents the particles from
coming into close contact with one another. This helps to maintain the uniformity of the particle size and prevents agglomeration. The
pertinence and novelty of this study lie in the exploration of MEA-stabilized synthesis of ZnO NPs in different solvents and the
comprehensive analysis of their structural and optical properties. Understanding how solvent selection and MEA content influence the
properties of ZnO NPs can contribute to the development of efficient photocatalytic materials for CO5 reduction and other techno-
logical applications.

2. Experimental
2.1. Sample preparation method

ZnO NPs were synthesized by the simple chemical precipitation method. A ZnO seed solution was made initially to produce ZnO
NPs. Zinc acetate dihydrates [Zn (CH3COO)2.2H,0] were used as a precursor to prepare the ZnO seed solution. In the process of
making ZnO nanopowder, two different synthesis routes named i) water route and ii) alcohol route have been employed. In the water
route, 4.3 gm (27.23 mmol) zinc acetate dihydrate [Zn (CH3COO),.2H,0] was dissolved in 100 ml (5555 mmol) water. On the other
hand, in the alcohol route, 100 ml (1310 mmol) isopropanol[C3HgO] was used as a solvent instead of water. In both routes, the
prepared solution was continuously stirred at 60 °C for 30 min by a magnetic stirrer to obtain the most homogenous distribution of
elements. Then, exactly the same amount (15 ml or 245 mmol) of Monoethanolamine solution [CoH;NO] (MEA) was added drop by
drop to the homogeneous solution as a stabilizer in both water and alcohol routes while the solution was continuously stirred at 60 °C
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for 2 h. The precursor quantity in both volume and molar quantity is shown in Table 1 below.

Thereafter, a clear and homogeneous solution was created in both water and alcohol routes. After a few days of the aging period,
NPs were observed to deposit at the bottom of the beaker. The deposited part was collected by filtering and dried in an oven at 100 °C
for 30 min. Throughout the process, the pH level of the solution was found to be between 10.8 and 11.2. Firstly, ZnO NPs were
prepared by using Isopropanol and deionized water respectively as solvents keeping the amount of MEA (15 ml) fixed. Then ZnO NPs
were prepared by varying the amount of MEA (15 ml, 7.2 ml, and 3.6 ml respectively) in Isopropanol. A schematic diagram of sample
preparation is shown in Fig. 1.

2.2. Characterization technique

The crystallographic properties of powder materials, including the lattice parameter (a), crystallite size (D), phase identification,
and purity of the calcined powders were carried out using an x-ray diffractometer (Philips X’Pert Pro XRD system operating at 40 kV
and 30 mA) with Cu-Ka radiation of wavelength 1.5406 A was used in the 20 range of 10-80°. Infrared spectra were recorded in the
region of 400-4000 cm ™! on an IR Prestige 21, Shimadzu Corporation (Kyoto, Japan). The microstructure of the samples was examined
by Scanning Electron Microscopy (SEM) at 20 kV field with 15K and 35K magnification. The grain size was measured from the average
of ~40 grains of the corresponding composition using Image J software. To determine the composition of ZnO NPs energy dispersive
spectroscopy (EDS) analysis (20 kV and 15K magnification) was carried out. With the help of UV-vis spectroscopy (Shimadzu, 2600),
which was used to run over a wavelength range of 400-700 nm, a quartz cuvette with a diameter of 1 cm was used to examine the
absorbance spectra of produced NPs solution (ultrasonically dispersed with respective solvents isopropanol and distilled water). The
particle size distribution of ZnO NPs was analyzed by DLS using a 633-nm laser and a backscatter measurement angle of 173° (Zetasizer
Nano-ZEN 3600, Malvern Instruments, Worcestershire, UK).

3. Results and discussion
3.1. Growth mechanism

The growth mechanism of the powder ZnO NPs involves the hydrolysis, nucleation of monomers to form particles, and growth of
particles steps which are represented by the following chemical reaction.

C3HgO
—_—

Zn(CH;C00),.2H,0 Zn** 4 2CH;CO0™ +2H" + 20H~

Zn** + CH;NO 2%, 7n(C,H N0 22, Zn(OH), + C,H;NO + HY

CH;COO™ +2H" +20H™ — CH;COOH + H,0

Zn(OH),~5 ZnO + H,0

Here, isopropanol (CsHgO) was used as a solvent for the segregation of zinc acetate dihydrates to release Zn>" ions and acetate ions
(CH3COO™). MEA (C,H;NO) can act as a base and react with Zn*" ions and form a complex compound Zn(C2H7NO)2+ which undergoes
hydrolysis in the presence of water. This hydrolysis reaction leads to the formation of zinc hydroxide (Zn(OH),), along with a proton
(H™) and releases the MEA. For continuous nucleation, a sufficient amount of OH ™ is needed to form Zn(OH)s,. After that, the growth of
ZnO NPs started from Zn(OH), by dissociation. In this process, pH was observed between 10.8 and 11.2 even in the case of aging which
also influences the structure and size distribution of the nanoparticles. It’s worth noting that the specific mechanism and reaction
conditions may vary depending on factors such as temperature, pH, and the molar ratio of reactants. Additionally, the presence of other
compounds or additives in the reaction system can influence the reaction pathway and the resulting products. Organic impurities
(CH3;COOH) and other unreacted compounds (H,O) were removed by filtering the solution. As this reaction is endothermic, the heat
was supplied to increase the reaction rate which is required for dissociation [39]. Because supplied heat produces more reactant
molecules with the required activation energy to enter the reaction and the endothermic reaction rate increases with the increase in
temperature.

Table 1
Volume and molar quantity of Precursor used in water and alcohol
routes for ZnO nanoparticle synthesis.

Water route Alcohol route

H,0 C3HgO (isopropanol)
100 m1-5555 mmol 100 m1-1310 mmol
Mono Ethanolamine Mono Ethanolamine
15 ml = 245mmole. 15 ml = 245mmole.
Zn(CH3C0O0),. 2H,0 Zn(CH3COO0),. 2H,0

4.368 g = 27.23 mmol 4.368 g = 27.23 mmol
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Fig. 1. Schematic diagram of ZnO nanoparticles synthesis via chemical precipitation method.

3.2. X-ray diffraction of the NPs

XRD patterns for ZnO NPs made with two different solvents (isopropanol and deionized water) are shown in Fig. 2(a and b). The
sharp and narrow diffraction peaks of the samples affirmed their crystallinity [18,19]. The crystal growth orientation of ZnO NPs
displayed their highest peak at different angles for isopropanol and deionized water. While using isopropanol as a solvent, the highest
peak was observed at 36.4°, which matches more to the JCPDS 36-1451 reference pattern whereas the highest peak was observed at
33.2° in the case of using deionized water as a solvent.

Although the solution underwent a drying process at 100 °C for 30 min to obtain powder samples, for XRD characterization, it was
further annealed at 120 °C for 1 h to investigate possible changes in their crystal structure with increased temperature. Fig. 2(a and b)
also show the XRD pattern of annealed ZnO NPs at 120 °C for 1 h in each case. In the case of IPA, the appearance of more sharp and
intense peaks than deionized water reveals that IPA as a solvent generates better crystallization without annealing. However, after
annealing at 120 °C temperatures, the reduced sharpness of the peak, slightly broad peak, and disappearance of unindexed small peaks
have been observed. This peak broadening may be related to the tensile stress and residual non-uniform strain arising in the sample by
annealing.

On the other hand, in the case of deionized water, the appearance of more intense peaks and the disappearance of unindexed peaks
give a preliminary indication that heating at 120 °C temperatures has led to better crystallization. However, a few extra peaks have
appeared by heating and were seen in the XRD pattern which might be for zinc-related secondary and impurity phases [40]. The results
indicate that isopropanol is a better solvent than deionized water because IPA didn’t show any zinc-related secondary and impurity
phases.

XRD patterns for ZnO NPs prepared by isopropanol solvent with different MEA concentrations as stabilizers are shown in Fig. 3(a).
To get the more intense peaks, prepared ZnO NPs were heated at 500 °C for 2 h. The hexagonal wurtzite ZnO nanostructure was

After annealing § (a) Isopropanol + 15 ml MEA After annealing S (b) DI water + 15 ml MEA
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Fig. 2. XRD pattern for ZnO nanoparticles produced by (a) isopropanol + 15 ml MEA
(b) deionized water + 15 ml MEA before and after annealing at 120 °C for 1h.
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identified by the reflection peaks at (100), (002), (101), (102), (110), (103), (200), (112), and (201). The crystal growth orientation of
ZnO NPs exhibits the highest peak at 36.35°, 36.30°, and 36.28° for using 15 ml, 7.2 ml, and 3.6 ml MEA stabilizer respectively. The
strong (101) peak indicates that particles have grown along with a preferential orientation owing to small surface energy [20]. No
additional peaks were seen in the XRD pattern related to secondary and impurity phases, indicating the high quality of synthesized ZnO
NPs. Peak shifting for a different amount of MEA is shown in Fig. 3(b). The peaks are noticed to get shifted towards a smaller value and
the full-width half maxima decrease with the decrease in the amounts of MEA. The modest shift in peak position and broadening of the
diffraction peaks highlights the effect of MEA on the ZnO lattice and also suggests that changing the quantity of MEA has a substantial
effect on the crystal lattice orientation [22]. The smaller value of FWHM indicates that the ZnO particles are more textured along the
c-axis [23]. Previous investigations found similar outcomes [21,22].

3.2.1. Lattice constant

The lattice constant of ZnO NPs synthesized by using different solvents was calculated by Cohen’s method [38] and is given in
Fig. 4. ZnO NPs synthesized by using deionized water possess a smaller lattice constant than those synthesized by using IPA. According
to the literature, particle size and lattice constant are closely correlated, with an increase in particle size leading to a proportional
decrease in lattice constant [38]. From Fig. 4, the ZnO NPs synthesized by using different amounts of MEA are found to have the
unaltered lattice constant which is consistent with previously reported results [24].

3.2.2. Models for analyzing crystallite size

The crystallite size, strain, stress, and deformation energy were calculated by using Debye-Scherer method, uniform deformation
model (UDM), Uniform Stress Deformation Model (USDM), uniform deformation energy density model (UDEDM), Size strain plot
method (SSP) method. Comparisons of crystallite size, strain, stress, and deformation energy of ZnO NPs synthesized by using
deionized water and IPA with different MEA concentrations are listed in Table 2.

The values of average crystallite size obtained from three models of Williamson Hall (W-H) models (i.e. UDM, UDSM, and UDEDM)
are almost the same. However, large variations were found in crystallite size calculated from the Scherrer formula and the W-H
method. This is due to the difference in averaging the particle size distribution. From all these models, it is seen that ZnO NPs syn-
thesized by using deionized water exhibit increased crystalline size, stress, strain energy, and decreased strain than those synthesized
by using IPA as shown in Fig. 5(a).

In the case of MEA concentration variation, the crystalline size of ZnO NPs was found to increase with decreasing the concentration
of MEA from 15 ml to 3.6 ml while keeping the concentration of ‘IPA’ constant as shown in Fig. 5(b). At the same time, the deformation
energy of NPs was also increased. The strain was found to be increased and the stress was decreased with a decrease in MEA con-
centration which is consistent with previously reported results [41]. From Tables 2 and it can also be seen that enhanced heating
increased the average crystallite size of ZnO NPs and the crystallite size did not seem to change remarkably with the variation of MEA
concentration.

3.3. Fourier-transform infrared spectroscopy analysis

FTIR transmission spectra of ZnO NPs produced by deionized water and isopropanol with different amounts of (MEA) exhibited
peaks at the same wavelength region as shown in Fig. 6. The large transmission peak at 3500 cm ™! is attributed to the typical polymeric
O-H stretching vibration of HyO in the Zn-O lattice [25], which could be caused by moisture in the solution or in the environment.
Another peak at 1562 cm ™" is attributed to H-O-H bending vibration, which is linked to a minor amount of H,O in the crystals. The
peak observed at 1390 cm ™! shows the presence of carbonyl (C—=0) groups stretching vibration due to isopropanol and MEA used [42].

101

(@) MEA 3.6 ml

= (b) 101 ——MEA 15 ml
S a 2 o = ——MEA 7.2 ml
=) - S

l M = =gz ——MEA 3.6 ml
>
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Fig. 3. XRD pattern (a) for ZnO nanoparticles produced by constant isopropanol solvent with various amounts of MEA heated at 500 °C for 2 h. (b)
peak shifting for (101) plane.
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Fig. 4. Comparison of lattice constants of ZnO nanoparticles by varying solvent and stabilizer.
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Geometric parameters of the ZnO nanoparticles estimates under Debye-Scherrer and three models of Williamson Hall (W-H) (i.e. UDM, USDM,
UDEDM, and SSP) methods by using different solvents and various amounts of stabilizer.

ZnO Nanoparticles Heating Temperatures and Time Parameter
Method Size (nm) strain Stress (MPa) U (J/m3)
Debye-Scherrer DI water + MEA 15 ml 120°Cfor1h 15.4
IPA + MEA 15 ml 8.04
IPA + MEA 15 ml 500 °C for 2 h 34.26
IPA + MEA 7.2 ml 36.14
IPA + MEA 3.6 ml 38.18
DI water + MEA 15 ml 120 °Cfor 1 h 17.24 1.09 x 1072
UDM IPA + MEA 15 ml 7.8 —4.45 x 107*
IPA + MEA 15 ml 500 °C for 2 h 46.22 1.14 x 1073
IPA + MEA 7.2 ml 47.08 9.67 x 107*
IPA + MEA 3.6 ml 50.54 9.63 x 107*
DI water + MEA 15 ml 120°Cfor1h 17.23 8.04 x 1073 135.33
USDM IPA + MEA 15 ml 7.86 1.76 x 1072 44.6
IPA + MEA 15 ml 500 °C for 2 h 45.5 1.11 x 1072 138.19
IPA + MEA 7.2 ml 46.4 9.36 x 107* 117
IPA + MEA 3.6 ml 49.43 9.23 x 107* 115.34
DI water + MEA 15 ml 120°Cfor1h 17.33 8.00 x 1073 137 7.50 x 10*
UDEDM IPA + MEA 15 ml 7.83 1.77 x 1072 51.2 1.05 x 10*
IPA + MEA 15 ml 500 °C for 2 h 46.22 1.1 x 1073 141.24 7.96 x 10*
IPA + MEA 7.2 ml 46.9 9.56 x 10°* 120 5.72 x 10*
IPA + MEA 3.6 ml 49.52 9.47 x 1074 119 5.61 x 10*
DI water + MEA 120 °Cfor 1 h 12.89 8.96 x 1072
SSP IPA + MEA 6.17 1.86 x 102
IPA + MEA 15 ml 500 °C for 2 h 35.4 5.6 x 1072
IPA + MEA 7.2 ml 30.8 419 x 1072
IPA + MEA 3.6 ml 35.91 5.27 x 1073

The Zn-OH stretching vibration is indicated by the peak at 1000 cm ™! [42]. The sharp and intense transmission peak at 460 cm ™ is
attributed to the transmission spectra of Zn-O groups [26].

This transmission peak indicates that all the synthesized ZnO NPs displayed a symmetric stretching mode of hexagonal wurtzite
structure [27]. The stretching frequency for the Zn-O bond at 453.2 cm ™! for ZnO produced by IPA solvent is shifted to a higher
frequency at 474.5 cm™! in the case of using deionized water solvent. Deionized water is lighter than isopropanol, so according to
accepted theories of vibrational modes in mixed crystals, deionized water should cause an upward shift of ZnO NPs [28]. This fre-
quency shift towards the higher frequency side reveals the covalent attachment of water to the Zn-O [29].

The spectra of different amounts of MEA confirmed the nature of the covalent attachment of MEA on the ZnO surface in the
MEA-ZnO NPs. The C-O stretch and C-N stretch are evident from the peaks at 830 cm ™! and 678 cm ™! respectively owing to MEA on
the ZnO surface [35-37]. Therefore, it is claimed from the spectra that MEA molecules are successfully covalently binding on ZnO
surfaces [38]. Moreover, the number of covalent bands for using MEA decreases with the decrease of the amount of MEA (Fig. 6). After
annealing at 120 °C for 1hr, the FT-IR spectra of the ZnO NPs produced by different solvents still show most of the signature peaks of



M.U. Sumaya et al. Heliyon 9 (2023) e20871

1g| @ O D-Scherrer @ UDM [ USDM 60 (b) O D.Scherrer @ UDM [0 USDM
r M P
(J UDED 0 ss I 1{' sol 0 UDEDM [ SSpP {'
. irh
5] E . EaseEy Nl
g £ 40l
£l Py {, & 40 % % % _}
3 g I N
@ 9 ‘a 30F {_ L1
s [ = ///
4 £ B=s
= 6L |9 - 1
S P ) e
1
3L 10F
0 L - L1 0 1 1 L
Isopropanol Deionized water MEA 15ml MEA72ml MEA 3.6 ml
Solvent Stabilizer (MEA)
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Fig. 6. FTIR transmittance spectra of ZnO nanoparticles with different solvents and various amounts of stabilizer used.

ZnO and MEA, since the boiling point of MEA is ~170 °C [38]. Few peaks of water are absent because the boiling point of water is
~100 °C.

3.4. Scanning Electron Microscopy

Fig. 7(a, c) represent the scanning electron micrographs of water and IPA employing Zinc oxide NPs, respectively which evidently
show the different sizes of ZnO NPs prepared in different solvents. In the case of water, ZnO NPs showed a flower-like structure with
few spherical crystallites. Approximately the same shape NPs were observed when water was replaced with IPA and the sizes of the
synthesized particles are found within the range of 600 nm-800 nm. After annealing at 120 °C for 1 h, the shape of NPs was observed to
change from flower-like to spherical with improved crystallinity, and other residual substances got evaporated. Then the size of the
spherical-shaped NPs became smaller around 205-400 nm as shown in Fig. 7(c and d).

Fig. 8(a—c) depicts the image of ZnO produced in IPA with different amounts of MEA which shows that the grain size gets smaller
with increasing the amount of MEA. It is also observed that the increased amount of MEA also changes the shape of NPs and increases
the level of crystallinity. Although the agglomeration of particles was seen on the surface in each case, there were some grains larger
than 500 nm in size and some grains were also so tightly packed that it was impossible to determine their size.

The grain size of ZnO NPs using isopropanol as solvent is smaller than the size of ZnO NPs using deionized water as solvent (Fig. 9
(a)). Fig. 9 (b) reveals the grain size of ZnO NPs increases with decreasing the amount of MEA. In general, precipitated ZnO NPs have a
porous surface with spherical-shaped nano-sized secondary grains [43]. SEM images also indicate that the microstructures were not
entirely homogeneous. Based on the obtained results, it is assumed that the shape and size of the ZnO Nps can be controlled by
changing the stabilizer, solvent, aging period, deposition environment, and temperature which affects the morphological qualities.
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Fig. 7. SEM image at 20 kV field with 15K magnification for ZnO nanoparticles with (a) isopropanol + 15 ml MEA (before heat), (b) deionized
water + 15 ml MEA (before heat), (c) isopropanol + 15 ml MEA (after heat), (d) deionized water+ 15 ml MEA (after heat), solvent.

3.5. Energy dispersive spectroscopy

The EDX results of ZnO NPs synthesized by various solvents and stabilizer (Fig. 10) indicate a complete formation and negligible
presence of any remnant byproducts (see Fig. 11).

Table 3 shows the elemental analysis of ZnO using EDS. It is found that all four different samples contain excess oxygen. The oxygen
atomic percentage was found as 55.98, 61.91, 62.84, and 47.29 while the corresponding Zn atomic percentage was found as 44.02,
38.09, 37.16, and 22.12. The presence of excess oxygen may be due to the presence of some inorganic and organic oxygen species,
which were not evaporated during drying samples. It is also observed that, with the decrease of MEA concentration from 15 to 7.2 ml,
the oxygen atom percentage was slightly increased from 61.91 to 62.84. This negligible difference in oxygen percentage as a function
of MEA concentration is very desirable for the size modification of ZnO NPs by keeping ZnO stoichiometry unchanged as much as
possible. However, the sample prepared with 3.6 ml MEA contain carbon atom as carbon peaks appeared in the EDS spectra. Sample
with the lowest MEA concentration results agglomeration of ZnO NPs and due to such agglomeration, it is hard to remove or evaporate
all the carbon base species from the sample. Similar results were discovered in previous investigations [41]. The theoretical weight
percent (%) ratios of Zn and O in ZnO are 80.3 and 19.7 respectively, with atomic percent (%) ratios of 50:50 [44].
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Fig. 8. SEM image at 20 kV field with 15K magnification for ZnO nanoparticles with isopropanol solvent and monoethanolamine (a) 15 ml, (b) 7.2
ml, (c) 3.6 ml
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Fig. 9. Variation of grain size with (a) different solvents (b) various amounts of stabilizer (MEA).
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Fig. 11. Comparison of weight (%) of ZnO nanoparticles with different solvents and various amounts of stabilizer (MEA).

Table 3
Atomic and weight percentage of Zn and O from EDS.
ZnO nanoparticles Element Weight% Atomic%
ZnO + DI water OK 23.73 55.98
Zn K 76.27 44.02
ZnO + MEA 15 ml OK 28.46 61.91
ZnK 71.54 38.09
ZnO + MEA 7.2 ml OK 29.28 62.84
Zn K 70.72 37.16
ZnO + MEA 3.6 ml OK 29.44 47.29
ZnK 56.26 22.12

3.6. Optical characteristics of NPs

Fig. 12 shows the absorption spectra of the ZnO NPs produced by different solvents and with different MEA in the wavelength range
of 100-700 nm. It is seen that the absorbance value is higher from 200 to 390 nm (UV region) and starts decreasing in the region of 400
nm-700 nm (visible region). ZnO NPs produced by isopropanol solvent give an absorbance value of 3.2 % but ZnO produced by
deionized water gives an absorbance value of 8.5 %. Therefore, it is conjectured that ZnO NPs produced by isopropanol solvent would
be more effective as solar cell window layer than ZnO NPs produced by deionized water [45]. It is observed that different amounts of
stabilizer MEA did not affect the absorbance values whereas the absorbance values were changed with different solvents. The

Deionized water + 15 ml MEA
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0
200 300 400 500 600 700
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0
100 200 300 400 500 600 700
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Fig. 12. UV absorbance spectra of ZnO nanopowders produced by different solvents and various amounts of stabilizer (MEA).
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absorbance value of ZnO produced by different amounts of MEA is about 2.4 %.

The band gap energy was calculated from the first derivative of the absorbance with respect to photon energy for ZnO produced by
different solvents and for ZnO produced by different amounts of MEA as shown in Fig. 13. In both isopropanol and deionized water
case, ZnO NPs have the same band gap energy of 3.33 eV. However, the deionized water ZnO NPs shows some extra peaks other than
the first peak. In this case, the same band gap energy of 3.33 eV was received from the ZnO NPs regardless of the amount of MEA used,
which perfectly matches the theoretical value [46,47]. It is very difficult to differentiate the bandgap in the liquid media since powder
samples are homogeneously dispersed in the liquid despite their initial crystallite size in the dry powder form. However, it is important
to observe from Fig. 13 that, Isopropanol route shows a clear sharp symmetric line profile with a peak at 3.3eV having no other peaks
up to 4 eV.

On the other hand, the sample prepared using a deionized route (Fig. 13 inset) shows comparatively a broader, asymmetric line
shape with a peak position at 3.3eV, with other peaks up 4 eV corresponding to chemical species (crystalline or amorphous in nature)
prepared during the ZnO preparation in DIA route. It clearly indicates that single-phase ZnO prepared by the IPA route compared to the
DIA route has absorption edges in the higher energy regime. The presence of other chemical species surely reduces the electron-hole
generation and it will in turn deteriorate the desired optoelectronic properties of the device. The differential spectra provide important
information about the optical absorption nature of the powder sample obtained from two different solvents at the same time; it gives
further assurance regarding the superior quality of ZnO using an Isopropyl alcohol.

3.7. Dynamic light scattering

The DLS results of Fig. 14 show that the size of NPs varies depending on the solvents and various concentration stabilizers used. The
hydrodynamic size distribution was found very broad and inhomogeneous for ZnO NPs synthesized using deionized water as a solvent.
The size of the particle varied from 100 nm to as large as 10000 nm with an average hydrodynamic size of 422.2 nm. On the contrary,
the size distribution peaks are sharp and homogeneous for ZnO NPs when using IPA as a solvent. The average size of NPs synthesized by
using IPA solvent with 15 ml, 7.2 ml, and 3.6 ml MEA is 1697 nm, 1902 nm, and 250 nm respectively.

It is also observed from Fig. 14 that ZnO NPs agglomerates in an aqueous solution. The agglomeration tendency of ZnO NPs has
been demonstrated in many pieces of research [48-52]. ZnO NPs were reported to agglomerate in an aqueous solution, but their
hydrodynamic size increases with decreasing the amount of MEA. As smaller the hydrodynamic size of NPs, the larger its surface area.
Hence it is conjectured that ZnO NPs of smaller hydrodynamic size produced by isopropanol solvent and 3.6 ml MEA would be more
effective for drug delivery, heavy metal removal, and many other applications [53].

The purpose of this study was to control the size of NPs by defining the appropriate amount of solvent and stabilizer. A comparative
study of our work with previously reported ZnO NPs synthesized by different methods using zinc acetate dihydrates is shown in
Table 4. In our study, a small amount of Monoethanolamine (MEA) was used as a stabilizer with zinc acetate dihydrates to prevent
agglomeration of NPs and control the size of NPs. From the table, it is clearly observed that the stabilizer can control the size of the
synthesized ZnO NPs and exhibit improved optical properties. Therefore, from the above discussion, we conclude that ZnO NPs
synthesized by IPA solvent and 15 ml MEA shows smaller crystal-size NPs, homogeneous microstructure, wide band gap energy, and
high transmissive property. This result will provide the path for more investigation and extensive optimization of the deposition
parameters including growth temperature and deposition time.

Deionized water + 15 ml MEA

33eV

20 25 3.0 35 4.0
Photon Energy, E (eV)

A A !

Isopropanol + 3.6 ml MEA
Isopropanol + 7.2 ml MEA
Isopropanol + 15 ml MEA

dA/dE

dA/dE

L H
2.0 2.5 3.0 35 4.0
Photon Energy, E (eV)

Fig. 13. First derivative of absorbance in terms of photon energy for the ZnO samples synthesized by different solvents and various amounts of
stabilizer (MEA).
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Fig. 14. Particle size variation of ZnO nanoparticles prepared with different solvents and various amounts of stabilizer (MEA).

Table 4
A comparative study of ZnO NPs synthesis by different methods with this work.
Synthesized method Particle size (nm) Atomic (%) Band gap (eV) Reference
Zn o
Sol-gel 84.98 55.38 44.62 - 30
Ball Milling 13.07 45.15 54.85 3.39 31
Hydrothermal 32.49 - - 3:29 32
Green Synthesis 26.04 51.38 48.21 3.69 33
Spray-Pyrolysis 14.5 - - 3.11 34
Chemical precipitation MEA (15 ml) 34.26 38.09 61.91 3.33 This work
MEA (7.2 ml) 36.14 37.16 62.84 3.33
MEA (3.6 ml) 38.18 22.12 47.29 3.33

4. Conclusion

In this study, Zinc Oxide (ZnO) NPs have been synthesized successfully by a simple chemical precipitation method. The XRD studies
confirm the wurtzite crystal structure and almost the same lattice constant for all ZnO NPs. Physical parameters such as crystalline size,
strain, stress, and deformation energy indicate good crystallization for ZnO NPs synthesized by using isopropanol solvent and 15 ml
MEA. FTIR spectra demonstrate that the stretching mode of Zn-O bonds moved to a higher frequency state with the decrease in NPs
size while using isopropanol as a solvent to synthesize ZnO NPs rather than deionized water. It also verified the nature of the covalent
attachment of MEA on the ZnO surface in the MEA-ZnO NPs. Surface morphology reveals that the grain size of ZnO NPs produced by
isopropanol as solvent is smaller than that of ZnO NPs produced by using deionized water as solvent. Grain size increases with
decreasing concentration of MEA. The EDX results of ZnO NPs synthesized by various solvents indicate a complete formation and
negligible presence of any remnant byproducts. From UV vis spectroscopy, it can be commented that 15 ml IPA-ZnO NPs are highly
transmissive which is the main condition to be a good window layer of the solar cell. At the same time, the wide bandgap energy of
3.33 eV has been received from all the ZnO NPs. DLS data revealed that ZnO NPs formed agglomerates in an aqueous solution and the
size of NPs varies depending on the solvent and stabilizer used.
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