
International Journal of Nanotechnology & Nanomedicine

Int J Nanotechnol Nanomed, 2019

Room Temperature Synthesis of Monodisperse ZnO Nanoparticles Using Ultrasonically 
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Abstract
Monodisperse zinc oxide (ZnO) nanoparticles were synthesized using ultrasonically atomized precursor mist in simple 
chemical route at low temperature. Analytical grade sodium hydroxide and zinc chloride were dissolved in 100 ml 
methanol. Zinc chloride precursor solution was converted into very fine mist (atomized) using a nozzle (Sono-Tek 
Corporation, U.S.A.) operated at ultrasonic frequency of 120 KHz. Fine mist droplets were added slowly (50ml/
hour) into sodium hydroxide solution in 2 hours. The NaOH solution in beaker turned slowly into white product due 
to addition of zinc chloride. The white product was kept in constant temperature bath at 90°C for 3 hours. The white 
product was washed five times using double distill water and dried in oven for 2 hours. Different powder samples were 
synthesized using same procedure by changing the molarity of sodium hydroxide keeping the molarity of zinc chloride 
and other preparative conditions same. The structural, microstructural, thermal and optical properties of fine powders 
were analyzed using X Ray Diffractometer, Scanning Electron Microscopy, Simultaneous Thermal Analyzer, UV-Vis 
Spectroscopy and Photoluminescence Spectroscopy. Fine ZnO nanorods, elongated and spherical nanoparticles were 
observed due to change in molarity of NaOH. The results are discussed and interpreted.
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Introduction
Due to its direct, wide band gap of 3.37 eV, ZnO has a wide range 
of applications in optoelectronic devices, such as, light-emitting 
diodes, photodetectors, and p-n homojunctions. The large Exciton 
binding energy of 60 meV, compared to that of GaN (approximately 
25 meV), enhances the luminescence efficiency of the emitted 
light even at room temperature and higher [1, 2]. The visible 
photoluminescence (PL) at approximately 2.5 eV (approximately 
495 nm) originated from intrinsic defects, makes ZnO suitable for 
applications in field emission and vacuum fluorescent displays [3]. 
Many techniques including hydrothermal synthesis, pulsed laser 
deposition, sputtering, molecular beam epitaxy, chemical vapor 
deposition and oxidation of metallic zinc powder have been used to 
prepare ZnO in different forms and structures for various applications 
[4-10]. Nanoparticulate form enhances the catalytic activity due to its 
large surface area, presence of vacancies and uncoordinated atoms 
at corners and edges. The photocatalytic activity is also improved 
by band gap engineering, as a result of the quantum confinement 
effect [11-13]. There are number of research articles published on 
applications of nanomaterials in renewable energy and in enhancing 
the performance of the direct absorption solar collectors [14-22]. A 
well-controlled synthesis process at room temperature is needed for 
the economical use of ZnO in applications such as water treatment 
and other environmental applications. Present article reports a direct, 

simple, room-temperature synthesis method for ZnO nanoparticles 
using sodium hydroxide (NaOH) as a precipitating agent, zinc 
chloride as a zinc precursor, and methanol as a solvent.

Materials and Methods
Analytical grade (Merck) zinc chloride (ZnCl2) and sodium 
hydroxide (NaOH) were used to synthesize zinc oxide nanoparticles. 
Zinc chloride (0.25M) and sodium hydroxide (2.5M) solutions 
(100ml each) were prepared in methanol.

Figure 1: Ultrasonically atomized precursor assisted simple 
chemical route
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Sodium hydroxide was taken in 250ml beaker. Zinc chloride was 
atomized using ultrasonic nozzle (Sono-Tek Corporation, U.S.) 
operated at ultrasonic frequency of 120KHz before adding to sodium 
hydroxide solution. 50 ml zinc chloride was taken in syringe. The 
syringe was placed in syringe pump (Figure 1). The syringe pump 
was used to push the piston of syringe slowly so that the zinc chloride 
solution was delivered to nozzle with constant speed of 50ml/hour. 
The nozzle converted the solution into fine spray of droplets. The 
atomized zinc chloride was allowed to pass slowly into sodium 
hydroxide (NaOH) solution in beaker. The beaker solution was 
continuously stirred without heating while adding the zinc chloride 
droplets. The mixture solution in beaker was observed to be turning 
slowly into white product. Slow addition of zinc chloride in the form 
of fine droplets was to avoid fast precipitation, to keep the speed of 
chemical reaction slow, to keep control on ZnO nucleation and to 
keep growth rate of nuclei low to form ZnO nanocrystalline particles. 
The beaker with white product was placed in constant temperature 
bath at temperature of 90°C for 3 hours. The product was then 
washed five times using double distill water and dried at 100oC in 
oven. The sample so obtained was termed as SDB5. Different ZnO 
powders were synthesized using the same procedure above, keeping 
molarity of zinc chloride same (0.25M) and changing molarity of 
sodium hydroxide as: 2.0.M, 1.25M, 1.0M, 0.5M, 0.25M and 0.1M. 
The powder samples so prepared were termed respectively as: SDB6, 
SDB7, SDB9, SDB8, SDB10 and SDB11.

Results
Structural analysis of ZnO Nanoparticles
The structural analysis of ZnO powders was carried out using 
Rigaku’s MiniFlex 600 Bench top XRD Diffractometer (XRD) 
with CuKα radiation of wavelength of 1.5418 Å. Figure 2 shows 
XRD patterns of as prepared samples. Observed XRD patterns of 
SDB5, SDB6, SDB7, SDB9 and SDB8 samples match exactly with 
peaks reported in standard JCPDS data (JCPDS 36-1451). The 
XRD patterns confirmed the powders to be the Wurtzite hexagonal 
phase of ZnO. AS prepared SDB10 (0.1M ZnCl2 and SDB11 (0.25 
M ZnCl2) samples (See XRD pattern of SDB10 in Fig 2) do not 
match with peaks of XRD pattern reported in standard JCPDS data 
(JCPDS 36-1451).

Figure 2(a): XRD patterns of nanostructuredZnO samples

Figure 2(b): Variation of particle size with FWHM
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Table 1: Broadening of peaks in ZnO XRD patterns and lattice constants
Sample name 2-theta (deg.) d (ang.) FWHM

(deg.)
Nanoparticle 

Size  (nm)
Lattice Parameters of ZnO unit cells

a Å c Å c/a Volume VÅ3

SDB5_2.5M 35.840 2.5035 0.551 15.15 3.293 5.264 1.5985 85.6
SDB6_2.0M 35.898 2.4995 0.618 13.52 3.285 5.255 1.5997 85.07

SDB7_1.25M 35.663 2.5155 0.641 13.023 3.31 5.290 1.5983 86.9
SDB9_1.0M 35.880 2.5008 0.732 11.08 3.287 5.258 1.5996 85.22
SDB8_0.5M 35.959 2.4955 0.936 8.923 3.2810 5.253 1.61 84.8

Average 3.2912 5.264 1.6012 85.52

It is clear from XRD patterns in figure 2(a) and the graph in figure 2(b) that the peak broadening (FWHM) increases with decrease in 
size of nanoparticles. Stable homogeneous wurtzite phase of ZnO was obtained upto NaOH molarity of 0.5 (ZnCl2 0.25M). When NaOH 
molarity was smaller than 0.5, different intermediate phases along with ZnO were resulted as shown in XRD pattern of SDB10 (Figure 
2(a)). Molarity of NaOH in case of SDB10 was 0.1M. Structure related parameters of ZnO nanostructures are determined from XRD 
data and presented in (Table 1). Reported ZnO wurtzite structure has hexagonal unit cell with two lattice constants ‘a’ and ‘c’ in the ratio 
of c/a =1.633. Lattice constants (‘a’ and ‘c’) determined by experimental measurements and theoretical calculation for wurtzite ZnO are 
in good agreement with each other. Lattice constant ‘a’ range from 3.281 Å to 3.31 Å, lattice constant ‘c’ range from 5.253 Å to 5.290 Å 
and ‘c/a’ was in the range from 1.5983 to 1.61. The average ratio ‘c/a’ was observed to be 1.6012 which is approximately matching with 
ideal reported ratio (1.633). This indicates the formation of ideal wurtzite structure in experimentally prepared nanocrystalline powders.
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Microstructural analysis of ZnO Nanoparticles

Figures 3(a), (b), (c) and (d) represent SEM images respectively for NaOH molarities of: 2.5M, 1.25M, 1.0M and 0.5M. Figures 3(a) 
and (b) show ZnO nanorods, Figure 3(c) shows elongated nanoparticles, and Figure 3(d) shows spherical nanoparticles. The change in 
morphology and size of ZnO nanocrystallites may be due to change in molarity of NaOH. When molarity of NaOH changes, there is the 
change in relative concentrations of free Zn2+, OH-, Na+ ions and the solution pH (Table 2). The change in solution pH would influence 
on formation of ZnO nucleation centres, Zn(OH)2 colloids and growth units (Zn(OH)4

2- in solution.

Table 2: Morphology and size of ZnO nanostructures with change in molarity of NaOH
Sample 
Name

NaOH pH of 
solution

EDAX   at. % Morphology Average Dimensions of nanostructures
Zn O Length (L)

nm
Diameter/ 

Width (D) nm
Aspect Ratio 

(A)
SDB5 2.5M 10.8 80.96 19.04 Nanorods 79 26 3.76
SDB7 1.25M 9.9 31.01 68.99 Nanorods 74. 16 4.63
SDB9 1.0M 9.5 31.13 68.87 Elongated

nanoparticles
28 22 1.68

SDB8 0.5M 9.3 33.0 67.0 Spherical 
nanoparticles

Average Diameter= 13nm

ZnO nanoparticles of spherical morphology with diameter ranging from 7 to 19 nm (average size of = 13nm) were observed (Figure 
3(d)) when molarity of NaOH was 0.5M, the solution pH was 9.3 and methanol was used as solvent. These were the optimum conditions 
favorable for obtaining ZnO nanoparticles. Moreover, this process is well repeatable and easily controllable.

The average length and diameter of the nanorods in SDB5 sample are larger than the average length and diameter of nanorods in SDB7 
sample. The aspect ratio of SDB7 sample is larger than an aspect ratio of SDB5 sample. The tendency to grow along c axis of ZnO rods 
is common but the lengths and diameters of SDB5, SDB7 and SDB9 samples are decreasing. It may be due to gradual decrease of growth 
units Zn(OH)4

2- in solutions respectively from SDB5, SDB7 and SDB9 samples.

Figure 3(a): SEM image of SDB5_2.5M Figure 3(b): SEM image of SDB7_1.25M

Figure 3(c): SEM image of SDB9_1.0M  Figure 3(d): SEM image of SDB8_0.5M1.25M
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Thermal analysis of ZnO Nanoparticles

Figure 4(a): TGA & DSC curves of SDB5

Figure 4(b): TGA & DSC curves of SDB8

Figure 4(c): TGA & DSC curves of SDB11  

Figure 4(d): TGA & DSC curves of SDB10

TGA and DSC analyses of ZnO nanostructures were carried out 
using Simultaneous Thermal Analyzer: STA 6000, Perkin Elmer 
U.S.A. Approximately 30 mg of the sample was placed in a platinum 
crucible on the pan of the microbalance and heated from 50 °C to 
700°C using Al2O3 as inert material. Analysis was performed under 
nitrogen flow (flow 20ml/min) at heating rate of 20°C/min.

Figure 4(a) shows TGA and DSC curves of SDB5 sample (ZnCl2 
0.25M and NaOH 2.5M). Very small weight loss of 3.5% was 
observed. Weight loss may be due to evaporation of adsorbed water 
vapours on ZnO powder particles. There is no endothermic peak 
on DSC curve, which indicates the formation of stable ZnO phase.

Figure 4(b) shows TGA and DSC curves of SDB8 sample (ZnCl2 
0.25M and NaOH 0.5M). There was a weight loss of 4.2%. There is 
no endothermic peak on DSC curve. It may also be due to stable and 
homogeneous ZnO phase. Weight loss may be due to evaporation 
of adsorbed water vapours on ZnO.

Figure 4(c) shows TGA and DSC curves of SDB11 sample (ZnCl2 
0.25M and NaOH 0.25M). There is the weight loss of 32% and DSC 
curve shows one major endothermic peak from 160 °C to 230 °C. 
The loss of weight and endothermic peak may be due to dissociation 
of intermediate species, such as, Zn(OH)2 and evaporation of water 
vapours with byproducts.

TGA curve and DSC curves of SDB10 sample are shown in figure 
4(d). There is the weight loss of 36.5 % and DSC curves shows one 
large endothermic peak from 170 °C to 215 °C. The loss of weight 
and endothermic peak may be due to dissociation of Zn(OH)2 and 
evaporation of water vapours with byproducts.

It is clear from TGA and DSC curves in figures 4(a) and 4(b) that 
the stable and homogeneous ZnO nanostructures (nanoparticles or 
nanorods) can be synthesized when the molarity of NaOH was above 
0.5M (ZnCl2/NaOH should be smaller than 0.5).
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Optical properties of ZnO Nanoparticles

Figure 5(a): UV-Vis absorption spectra of ZnO nanoparticles

Figure 5(a) shows UV-Vis absorption spectra of ZnO nanostructured 
samples. Band gap energy of SDB5, SDB6, SDB7 and SDB8 
was observed to be 3.44, 3.47, 3.49 and 3.51eV respectively. The 
observed band gap energies were larger than reported band gap 
energy (3.37eV).

Figure 5(b): Variation of band gap energy with size of ZnO 
nanoparticles

The band edges of SDB5, SDB6, SDB7 and SDB8 were shifted 
towards lower wavelength side. There was blue shift in edge 
wavelength for each sample. This indicates the nanocrystalline 
nature of as prepared ZnO samples. Band gap energy is increasing 
with decrease of grain size as shown in Figure 5(b).

Photoluminescence characteristics of ZnO Nanoparticles

Figure 6(a): PL spectra of ZnO nanoparticles

Figure 6(b): Schematic representation  of PL

Figure 6(a) illustrates the room temperature photoluminescence 
spectra of ZnO nanostructures at excitation wavelength of 300 nm. 
The schematic representation of the emission peaks at: ~396nm, ~422 
nm, ~ 443nm, ~ 461nm ~ 483nm and ~ 521 nm in ZnO nanostructures 
is shown in Figure 6(b). It is commonly considered that band edge 
emission at ~396 nm may be due to the recombination of excitons 
[23]. Defect related major emission bands were observed as: violet 
emission at 422 nm (~2.94 eV), indigo emission at 443nm (~2.8 eV), 
blue emission at 461 nm (~2.69 eV), blue−green emission at 483 
nm (~2.57 eV) and green emission at 521 nm (~2.38 eV). Visible 
emissions in ZnO may be due to different intrinsic defects such 
as oxygen vacancies Vo, zinc vacancies VZn, oxygen interstitials 
Oi, zinc interstitials Zni and oxygen antisites OZn. The origin of 
violet emission (422 nm (~2.94 eV) may be ascribed to an electron 
transition from a shallow donor level of neutral Zni to the top level 
of the valence band [24]. Therefore, the shallow donor level of the 
Zni is suggested to locate at ~0.43 eV below conduction band. A 
indigo (violet-blue) emission centered at 443 nm (~2.8 eV) may be 
due to a radiative transition of an electron from the shallow donor 
level of Zni to an acceptor level of neutral VZn [25]. The acceptor 
level of VZn may locate at ~0.14 eV above the valence band. The 
blue emission at around 2.69 eV (461 nm) may be related to surface 
defects of ZnO nanostructure located at ~0.25 eV above the valence 
band. Blue−green emission at 483 nm (~2.57 eV) may be due to 
intrinsic VZni [26]. The possible reason for observed green emission 
in ZnO nanostructures may be due to radiative transition from 
conduction band to the edge of the acceptor levels of Ozn caused 
by oxygen antisites OZn [27, 28]. As the peak position of the green 
emission is at ~2.38 eV (521 nm), the acceptor level of the oxygen 
antisites OZn may be located at ~0.9 eV above the valence band.

Discussion
The solvent in the chemical route technique must have a relatively 
high dielectric constant so that it can dissolve the inorganic salts like 
zinc chloride [29-31]. Most alcohols are dipolar and amphiprotic 
with a dielectric constant that depends on the chain length [32]. 
Alcohols with low carbon number, up to 4, are mostly used as 
solvents such as methanol, ethanol, 1-propanol, 2-propanol, 1-butanol 
and 2-methoxyethanol. Methanol was used as solvent in present 
investigation. Zinc chloride was more soluble in methanol than in 
ethanol or 2- methoxyethanol according to dielectric constants of 
these alcohols. 

The formation of ZnO colloidal particles in an alcoholic solvent 
consists of two stages [33-35]: (i) Ostwald ripening- large particles 
grow at the expense of smaller particles (smaller particles have 
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a higher solubility) and, (ii) an aggregation. During the early 
stage of phase transformation, small oligomers (smallest stable 
molecular clusters) are continuously formed. At advanced stages, 
the aggregation of the oligomers leads to crystalline wurtzite -the 
primary colloidal particles. The primary particles then aggregate and 
form the secondary colloidal particles. It has been reported that at 
least four different ‘primary particles or clusters’, serving as initiators 
of the ZnO colloid growth, could be identified [36]. The nature of 
these ‘primary particles or clusters’ depends strongly on the synthesis 
conditions chosen viz. initial salt concentration, the temperature, 
time of the thermal treatment, the nature of alcohol solvent and 
humidity. The kinetics of nucleation and growth are expected to be 
strongly dependent on the properties of the solvent. For the shorter 
chain length, alcohols (ethanol and 1-propanol) nucleation and 
growth are retarded as compared to longer chain length alcohols 
(from 1- butanol to 1-hexanol) where nucleation and growth are 
fast. The particles size increases with increasing temperature for all 
solvents and increases with alcohols chain length. In fact, during 
the growth of colloidal ZnO nanoparticles, the alcohols not only 
provide the medium for the reactions, but also act as ligands to help 
control the morphology and particle size of ZnO.

Various researchers suggested that NaOH concentration plays a 
vital role in determining the morphology, size and optical band gap 
of obtained nanostructures [37-39]. The survey of many significant 
reports reveals that the size of the nanostructures is directly 
proportional to NaOH concentration where the particle size increases 
accordingly [40-42]. It is clear from SEM images that the particle 
size is larger when NaOH concentration is higher (Figure 3(a) to 
(d)). This phenomenon is explained in terms of Ostwald ripening [43, 
44]. According to this, under synthesis conditions, tiny crystallites 
nucleate first and then they agglomerate into larger crystallites due 
to the energy difference between large and smaller particles of 
higher solubility based on Gibbs-Thomson law [45]. It can be seen 
from the SEM images in figure 3 that NaOH concentration had a 
great influence on the morphology of the ZnO nanorods. It is known 
that Zn2+ ions react with the OH− ions by following mechanisms:

(a) Formation of ZnO nuclei

ZnCl2 +2H2O → Zn2+ + 2OH− + 2HCl                               (1)

NaOH+2H2O → Na+ + 3OH− + 2H+                                   (2)

Zn2+ + 2OH− → ZnO (Nuclei) +H2O                                  (3)

(b) Growth-Dissolution Recrystallization:
Subsequently, ZnO nanostructures undergo a reversible dissolution 
and recrystallization process via formation of Zn(OH)2, leading to 
formation of one dimensional (1D) ZnO microrods.

ZnCl2 + 2NaOH → Zn(OH)2 +2NaCl +2H2O                    (4) 

Zn(OH)2 + 2H2O = Zn2+ + 2OH- + 2H2O → Zn(OH)4
2-     (5) 

Or, Zn(OH)2+2OH− → Zn(OH)4
−2                                   (6)

Zn(OH)4
2– ↔ ZnO2

-2 +2H2O                                    (7) 

ZnO2
-2 +2H2O ↔ZnO + 2OH−                                    (8)

When concentration of Zn2+ and OH− reaches to super saturation, 
ZnO nuclei would form. The zinc chloride would convert into 
Zn(OH)2 colloids first in alkali solution. During the process, part of 
Zn(OH)2 colloids would dissociate into Zn2+ and OH−. The Zn(OH)2 
clusters dissolve in Zn2+ and OH- ions which form the Zn(OH)4

2- 
complexes. When the concentration of these growth units (Zn(OH)4

2- 
complexes) exceeds the critical super saturation level, the growth 
units become ZnO nuclei spontaneously in the solution. 

The pH values of mixture solutions while preparing SDB5, SDB6, 
SDB7, SDB9 and SDB8 were measured to be 10.8, 10.5, 9.9, 9.5 
and 9.3 respectively. The average grain size of ZnO nanostructures 
is observed to be decreasing with decreasing pH as indicated in 
Table 2 and also from SEM images. When solution pH is larger, 
the solution would be thicker, mobility of growth unit would be 
smaller and the rate of growth would be slower. This could be one 
of reasons of growth of nanorods or elongated nanoparticles when 
ratio of ZnCl2/NaOH is 0.1, 0.2 and 0.25.

When the nucleation rate is faster, the resulting particle size is 
smaller. When ratio of ZnCl2/NaOH is 0.5 in case of SDB8 sample, 
the concentration of OH− ions would be relatively smaller as 
compared to the mixture solutions corresponding to SDB5, SDB7 
and SDB9 samples. Hence, ZnO nucleation centres would be larger. 
The growth units (Zn(OH)4

2- would be distributed on these ZnO 
nucleation centres and ZnO nanoparticles of almost uniform size 
(monodisperse) were possible as shown figure 3(d) [46]. 

Conclusions
• Morphology and size of ZnO nanostructures were controlled 

by controlling NaOH concentration. 
• Aspect ratio of nanorods was observed to be 3.76 when molarity 

of NaOH was 2.5M and was 4.63 when molarity was 1.25M.
• When molarity of NaOH was decreased to 1.0M, the rods like 

particles were changed to elongated shape. 
• The length and diameter of elongated particles were decreased 

and the aspect ratio was 1.68. 
• With further decrease of molarity of NaOH to 0.5M, the growth 

along c axis ceased and spherical particles of average size of 
8.9nm (as determined from Debye Scherrer formula) and was 
13nm (as determined from SEM image in figure 3(d)) were 
obtained. In synthesis process of ZnO nanoparticles, atomized 
ZnCl2 solution (methanol as solvent) was used to mix in NaOH 
solution (methanol as solvent) to avoid dendritic growth (flower 
like structures) of ZnO nanostructures.

• Repeatability in synthesizing monodisperse ZnO nanoparticles 
was observed when molarity of NaOH was 0.5M (and above) 
and molarity of ZnCl2 solution was 0.25M. 

• When molarity of NaOH was decreased to 0.25M (keeping 
molarity of ZnCl2 solution same (0.25M)), it was not possible 
to obtain the homogeneous phase of ZnO.

• Ultrasonically atomized precursor assisted simple chemical 
route was cost effective technique having potential to synthesize 
monodisperse ZnO nanoparticles on large scale.
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