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ZnO has several potential applications into its credit. This review article focuses on the inﬂuence of processing parameters involved
during the synthesis of ZnO nanoparticles by sol-gel method. During the sol-gel synthesis technique, the processing parameters/
experimental conditions can affect the properties of the synthesized material. Processing parameters are the operating conditions
that are to be kept under consideration during the synthesis process of nanoparticles so that various properties exhibited by the
resulting nanoparticles can be tailored according to the desired applications. Effect of parameters like pH of the sol, additives used
(like capping agent, surfactant), the effect of annealing temperature and calcination on the morphology and the optical properties of
ZnO nanoparticles prepared via sol-gel technique is analyzed in this study. In this study, we tried to brief the experimental
investigations done by various researchers to analyze the inﬂuence of processing parameters on ZnO nanoparticles. This study will
provide a platform to understand and establish a correlation between the experimental conditions and properties of ZnO
nanoparticles prepared through sol-gel route which will be helpful in meeting the desired needs in various application areas.
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Zinc oxide (ZnO) acts as a multifunctional material because of its
remarkable and distinctive physical as well as chemical properties,
for instance, high chemical stability, high electrochemical coupling
coefﬁcient, high photostability, a broad radiation absorption range,
etc.1,2 ZnO is a direct band gap semiconductor that belongs to group
II–VI. It has a wide band gap of 3.37 eV and possesses high exciton
binding energy of 60 meV.3 ZnO exhibits unique optical, electronic
as well as magnetic properties that are different from its bulk
counterpart.4 It offers applications in a variety of devices like ﬁeld
emission devices, electroluminescent devices, optoelectronic and
electronic devices.5–8 ZnO possesses outstanding characteristics for
example easy preparation procedure, tunable band gap, low production cost, convenient shape and size, etc.9 ZnO offers piezoelectric
and pyroelectric properties that make it apposite for utilization as a
sensor, photocatalyst, energy generator and convertor.10,11 Due to its
stability, rigidity and piezoelectric constant it has also become a
signiﬁcant matter in the ceramic industry. ZnO is a less-toxic,
biodegradable and biocompatible material which makes it suitable
for use in the biomedicinal and pro-ecological area.12–14 It offers vast
applications in drug delivery and bioimaging systems. It is also used in
antidiabetic, anticancer, antioxidant, antibacterial and anti-inﬂammatory activities.15,16 ZnO offers promising utilization in cosmetic
products like sunscreen attributing to its strong UV absorption
properties, good antifouling and antibacterial properties.17,18
ZnO offers an assorted range of morphologies viz. nanorods,19–21
nanorings,22 nanowires,23,24 nanobelts,25 nanocages,26 nanocombs27
etc. As reviewed from literature, a variety of techniques have been
adopted for the growth of ZnO nanostructures like electrochemical
deposition method,28 chemical vapor deposition method,29 sol-gel
method,30 pulsed laser deposition,31 hydrothermal method,32 thermal
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decomposition,33 microwave assisted technique,34 spray pyrolysis,35,36
co-precipitation,37 sputtering38 and solvothermal method.39
In this review article, we present a study on the inﬂuence of
various processing parameters (sometimes called as reaction conditions or experimental conditions) on ZnO nanoparticles prepared via
sol-gel synthesis technique. By selectively controlling the size and
shape of ZnO nanostructures, this ﬁeld is gaining importance and is
becoming a ﬁeld of interest because of the number of size and shapedependent applications that these ZnO nanostructures offer.40 The
size and morphology of the nanoparticles inﬂuences their optical
properties and the morphology can be effectively controlled through
the hydrolysis and condensation reactions that take place during the
sol-gel synthesis.41,42 Therefore, with the aim of tailoring the
properties of nanoparticles according to a speciﬁc application, it
becomes necessary to understand the dependence relationship of the
physical/chemical properties of the synthesized nanoparticles; and
the operating conditions during their sol-gel synthesis process.
Potentials of the Sol-Gel Process
Sol-gel technique is being considered very advantageous for
synthesizing materials owing to its effortlessness, reproducibility,
consistency and economical nature. The sol-gel synthesized nanoparticles offer good optical properties.43 The sol-gel process can be
employed to synthesize different forms of materials such as
nanoparticles, thin-ﬁlm coatings, ceramics; offering a wide variety
of applications.44
In this method, an inorganic network is synthesized through a
chemical reaction that is being produced in the solution at low
temperature.45 The sol-gel method offers a number of merits like
excellent homogeneity and purity of synthesized product; it has been
found to be economical and convenient. It is used to synthesize highquality homogenous nanoparticles using non-vacuum conditions.46
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Figure 1. Processing stages involved in the sol-gel method. Reproduced from Ref. 48 under Creative Commons Attribution 3.0 license, Copyright@2018, IntechOpen.

In sol-gel technique, hydrolysis and condensation reactions are
involved in an organometallic precursor (like alkoxides, chloride,
beta-diketonate or nitrate) under aqueous conditions forming a solid
material. In the beginning, the precursor solution undergoes hydrolysis and condensation reactions leading to the formation of gel;
which is followed by ageing, solvent extraction and drying treatment
of synthesized product so as to get the required material.47 Figure 1
describes the schematic procedure of synthesizing nanomaterials via
sol-gel preparation technique.48
Sol-gel is a trouble-free and convenient technique that offers the
ability to synthesize ZnO nanoparticles exhibiting controlled morphology and size.49 The sol-gel method is a conventional method
employed for synthesizing metal oxides in a variety of forms such as
xerogels, aerogels, ﬁbres, thin ﬁlms, nanoparticles, microparticles,
etc. This method of synthesis produces homogenous and porous
oxides at low processing temperature. The synthesized materials are
achieved in different forms. These resulting materials obtained from
the sol-gel method of synthesis are applied in a number of
applications like protective coatings, heterogeneous catalysts, optoelectronic materials and many more.50–53 This process offers control
over the physico-chemical properties of resulting compounds by
careful variation in processing parameters during synthesis.54 The
various parameters that could affect the synthesized material and
could be selectively controlled are nature of precursor, type of
solvent used, the molar ratio of reactants, pH of the solution, type
and concentration of additives used (catalysts, surfactants, capping
agent), ageing period, pre and post-heat treatment.45,54,55
Sol-Gel Synthesis of ZnO Nanoparticles
ZnO is a white to yellowish-white crystalline powder in
appearance. It is nearly soluble in water.56 There are three crystallization forms of ZnO viz. cubic zinc blende, hexagonal wurtzite,
and cubic rocksalt. Out of these forms, the cubic rocksalt structure is

Figure 2. XRD results of ZnO nanoparticles synthesized at different pH values
(pH 6–11). Reproduced from Ref. 68 with permission, Copyright@2010,
Elsevier.

rarely observed while the hexagonal wurtzite crystal structure is the
most stable at room temperature.57 ZnO is a polar crystal having
octahedral geometry. Here, Zn and O atoms are alternatively
arranged along the c-axis direction with hexagonal phase. The
synthesis technique utilized and the processing conditions robustly
affect the properties of ZnO. Further, the growth mechanism of ZnO
depends on various external conditions such as solution pH, reaction
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Figure 3. FESEM of different samples of ZnO nanoparticles at (a) pH 6, (b) pH 7, (c) pH 8, (d) pH 9, (e) pH 10 and (f) pH 11. Reproduced from Ref. 68 with
permission, Copyright@2010, Elsevier.

concentration and temperature.58–60 ZnO offers excellent mechanical, electrical and optical properties.61 At nanoscale due to reduction in size, ZnO nanoparticles shows a variation in physical
properties, hence results in better and improved properties in
comparison to the properties offered by bulk ZnO.62 Formation of
polymeric hydroxides is the basic requirement of sol-gel technique
and Zn belongs to that group of elements which can easily form
polymeric hydroxides.46 So, the sol-gel method is very useful for the
synthesis of ZnO in the form of nanoparticles or thin ﬁlms. Further,
this method is utilized on account of its less processing cost, easiness
and good control over particle size.63 The diverse properties offered
by ZnO are believed to be dependent on the variety of morphologies
exhibited by ZnO.64 The sol-gel method is an attractive process as it
offers various advantages like simplicity, high reliability, low
processing temperature, good repeatability, less production cost in

comparison to other synthesis processes and excellent compositional
homogeneity. It also provides effective control of the morphology,
optical properties and physical characteristics of the synthesized
nanoparticles.43,65
In this review paper, we have tried to summarize the experimental investigations conducted by researchers to analyze the
inﬂuence of various processing factors like pH, calcinations/
annealing temperature and capping agents, on morphological and
optical properties of sol-gel synthesized ZnO nanoparticles.
Inﬂuence of pH.—The morphology of the sol-gel synthesized
metal oxide nanoparticles strongly depends on the amount of H+ or
OH− ions present in the sol. These ions determine the metal-oxygen
bond polymerization during the ZnO growth process. The hydrolysis
and condensation reactions occurring in the precursor solution
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Figure 4. UV–vis analysis plot for ZnO at (a) pH 8, (b) pH 9, (c) pH 10 and (d) pH 11. Reproduced from Ref. 68 with permission, Copyright@2010, Elsevier.

Table I. Variation in particle size, crystallite size and band gap energy of the synthesized ZnO nanoparticles at various pH values. Reproduced
from Ref. 68 with permission, Copyright@2010, Elsevier.
pH value
Particle size (nm)
Crystallite size (nm)
Energy gap Eg (eV)

8

9

10

11

49.98
24.96
3.25

48.31
25.36
3.24

38.32
21.87
3.23

36.65
18.37
3.14

during gel formation is affected by the variation in pH value of the
solution. This distinction in pH further inﬂuences the morphology of
synthesized particles.66 A variation in the pH of the solution can also
lead to the variation in the number of ZnO nuclei and growth units.67
So it becomes necessary to establish the relation between size
variation of nanoparticles and processing parameters or experimental
conditions so as to tailor/tune the required properties of the
nanomaterials according to the desired applications.
In a study, S.S. Alias et al.68 examined the consequence of
variation in pH of the sol on the properties of ZnO nanoparticles

Observations
Decrease in particle size with increase in pH was observed.
Decrease in crystallite size with increase in pH was observed.
Decrease in band gap energy with increase in pH was observed.

prepared by the sol-gel process. Zinc acetate dihydrate
(Zn(CH3COO)2.2H2O), methanol (CH3OH) and sodium hydroxide
(NaOH) were used for synthesis. Sodium hydroxide was used to
manage the pH of the solution. Different samples were prepared for
analysis by varying the pH values of solutions from 6 (acidic) to 11
(alkaline). Figure 2 shows the XRD results of the synthesized
nanoparticles and it conﬁrms the formation of ZnO in its hexagonal
wurtzite structure.
There was no peak of ZnO in the XRD graph at pH 6 and 7. This
shows that, at pH 6, ZnO nanostructure could not be synthesized

ECS Journal of Solid State Science and Technology, 2021 10 023002

Figure 5. XRD results of the synthesized sample at pH 7, 8, 10 and 12. Reproduced from Ref. 69 under Creative Commons Attribution 3.0 license,
Copyright@2017, IOP Science.

Table II. Effects of pH on the size of the crystal and percentage of
ZnO. Reproduced from Ref. 69 under Creative Commons
Attribution 3.0 license, Copyright@2017, IOP Science.
pH

crystallite size (nm)

% of ZnO

7
8
10
12

10.94 ± 0.99 nm
17.44 ± 5.36 nm
38.27 ± 2.14 nm
74.04 ± 41.77 nm

42.9
62.2
64.7
100

Figure 6. XRD of the ZnO samples (pH-3,5,11) annealed at 600 °C.
Reproduced from Ref. 70 with permission, Copyright@2016, AIP Publishing.

since, at this pH, the system is acidic and as a result, H+ ions are
present in high concentration and OH− ions are present in less
concentration in the solution. However, at pH 7, the solution is
neutral since there is an equal concentration of H+ ions and OH−
ions in the system. For the pH values of 8–11, the graph shows
signiﬁcant peaks corresponding to ZnO wurtzite structure. At pH
values of 6 and 7, large and bulk agglomerated particles were
observed in FESEM images as shown in Figs. 3a, 3b. This
agglomeration was a consequence of insufﬁcient OH− ions in
Zn(OH)2 sols attributed to their acidic (pH 6) and neutral (pH 7)
pHs. It was further mentioned that at pH 8 and pH 9, the particles
were homogenous, having good nanostructures (Figs. 3c, 3d). ZnO
nanoparticles were observed to be spherical in shape. Above pH 9,
the particle size of the nanoparticles was found to decrease with an
increase in pH value of the sols (Figs. 3e, 3f). The crystallite size of
the synthesized ZnO nanoparticles was found in the range 18.37 nm
to 25.36 nm. At pH 9, the largest crystallite size was observed while
at pH 11, the smallest crystallite size occurred. On the other hand,
the particle size was found to be in the range 36.65 nm to 49.98 nm.
Both the crystallite size and particle size have shown a decreasing
trend with the increasing pH. Thus, this study concluded that
crystallite size and particle size of synthesized ZnO nanoparticles
are inversely proportional to their pH values.
While analyzing the optical properties, it was observed that for
pH 6 and pH 7, the band gap energy values (Eg) were not shown due
to agglomerated and large particle size. Figures 4a–4d shows the
UV–vis analysis plot for ZnO at pH 8–11. It was further mentioned
that the particle size strongly inﬂuences the level of optical
absorption. The band gap energy was observed to decrease with a
decrease in particle size whereas the particle size was found to
decrease with an increase in pH. Table I shows the variation in
particle size, crystallite size and band gap energy of the synthesized
ZnO nanoparticles at pH 8–11.
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Figure 7. TEM images of the synthesized samples of ZnO at different pH values (pH-3,5,11). Reproduced from Ref. 70 with permission, Copyright@2016, AIP
Publishing.

Figure 8. XRD patterns of the synthesized ZnO at different pH values (pH2,7,10). Reproduced from Ref. 71 with permission, Copyright@2015, Elsevier.

In another investigation, Siswanto et al.69 examined the consequence of variation in pH of the solution on the size of sol-gel
synthesized ZnO nanoparticles. In this study, zinc acetate dihydrate,

sodium hydroxide, methanol and aquabidest were employed to
synthesize ZnO. Different samples of colloidal solution were
prepared with variation in pH value (pH 7, 8, 9, 10, 11, 12). From
the XRD observations (Fig. 5) it was found that at pH 7 and 8, ZnO
was not completely formed. The formation of ZnO began at pH 10,
and at pH 12 the formation of pure ZnO nanoparticles occurred. It
was found that at pH 7, the average particle size obtained was 1.3 nm
while it was 73.8 nm at pH 12.
From the obtained crystal sizes, it was observed that larger was
the pH value, larger was the crystal size and for smaller pH value,
smaller was the crystal size. It was mentioned that the sample
synthesized at pH 12 has particle size 73.8 nm and composition of
100% ZnO. Table II shows the pH effect on the size of the crystal
and the percentage of ZnO.
K. Lee et al.70 also investigated the effect of pH on the size of
sol-gel synthesized ZnO nanoparticles. Here, zinc acetate and citric
acid were utilized for synthesis purpose. Further, for adjusting the
pH of the solution, sodium hydroxide was employed. Three samples
were prepared with pH 3.0, pH 5.0 and pH 11.0. Figure 6 shows the
XRD graph of the prepared ZnO which shows the complete
formation of ZnO at 600 °C in its hexagonal phase. TEM results
are shown in Fig. 7 and these images were utilized to estimate the
size of the samples. The average size of the ZnO nanoparticles was
found around 70 nm for pH 3, 100 nm for pH 5 and 200 nm for pH
11. It was observed that with an increase in the pH of the precursor,
there was an increase in the particle size. Thus, the smaller size of
the particle could be obtained at smaller pH value of precursor.

Figure 9. Variation of (a) Transmission plot, (b) Optical band gap energy of the synthesized samples of ZnO with the change in pH. Reproduced from Ref. 71
with permission, Copyright@2015, Elsevier.
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Figure 10. TEM images showing the morphology of ZnO nanopowder at various annealing temperatures. Reproduced from Ref. 77 with permission,
Copyright@2014, Elsevier.

Similarly, R. Ashraf et al.71 also investigated how the pH affects
the structural and optical properties of sol-gel synthesized ZnO
nanoparticles. The precursor employed was zinc acetate dihydrate
and different solvents were taken to make the solution viz. deionized
water (DI water), triethylamine and isopropyl alcohol (IPA). For
controlling the pH, sodium hydroxide was utilized. Different
samples were prepared for characterization at three different pH
values of sol pH 2, pH 7 and pH 10. The XRD graph as shown in
Fig. 8 conﬁrmed the formation of ZnO nanoparticles with the
wurtzite crystal structure. The crystallite sizes were determined
that were found to decrease with the increasing pH value. At pH 2, a
crystallite size of 23 nm (largest) was obtained while the smallest
crystallite size (19 nm) was obtained at pH 10.
It was further observed that the prepared nanoparticles exhibited
high transmittance from visible to IR region (Fig. 9a). Highest
transmittance of 84% was exhibited by the sample synthesized at pH
10 which indicated that the transmittance of the synthesized ZnO
nanoparticles increased with an increase in pH value. Further, the
band gap as shown in Fig. 9b was also found to increase with the
increasing pH from 3.34 eV to 3.38 eV and this increase in band gap
energy was attributed to quantum conﬁnement effect.72
Inﬂuence of calcination/annealing temperature.—ZnO is metal
oxide semiconductor. The natural defects present in ZnO are zinc
interstitial (Zni), zinc vacancy (Vzn), oxygen interstitial (Oi) and
oxygen vacancy (Vo). Post-treatment annealing, accumulation of
particular dopant and suitable growth temperatures are believed to
control and remove the defects.73–75 Hence, it is possible to tailor the
properties of ZnO according to the required application.76

Figure 11. UV–vis-IR absorption spectrum and Eg spectrum (inset) of the
synthesized samples at various annealing temperatures. Reproduced
from Ref. 77 with permission, Copyright@2014, Elsevier.

In a study, K. Omri et al.77 synthesized ZnO nanoparticles using
zinc acetate dihydrate and methanol through the sol-gel process
under supercritical drying of ethyl alcohol. Hexagonal wurtzite
structure was observed from the results of XRD data. The prepared
samples were subjected to annealing at several temperatures in air.
The average grain size was found to increase from 33 nm to 52 nm
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Table III. Variation in grain size with the annealing temperature. Reproduced from Ref. 77 with permission, Copyright@2014, Elsevier.
Annealing temperature (°C)
Grain size from Scherrer method (nm)
Grain size from TEM image (nm)

As-prepared

300

400

500

31.8
29–33

37.6
35–40

41.2
41–45

52.4
48–55

Figure 12. XRD graph of the reference (as- prepared) and calcined samples of ZnO nanoparticles at different temperatures. Reproduced from Ref. 78 with
permission, Copyright@2015, Springer.

Figure 13. Variation in crystallite size obtained using the Scherrer method with the variation in calcination temperature. Reproduced from Ref. 78 with
permission, Copyright@2015, Springer.

by increasing the annealing temperature, which was attributed to the
merging process induced due to thermal annealing. TEM measurements (Fig. 10) showed that all the samples of nanoparticles

exhibited nearly spherical shape with diameters in the range 38 nm
to 54 nm. The grain size calculated from TEM images was also
observed to increase with an increase in annealing temperature

Calcination temperature
Crystallite size (nm) D Scherrer method
Particle size (nm)
Band gap energy Eg (eV)

Room Temp.

300 °C

500 °C

650 °C

700 °C

750 °C

20.0
27.9
3.08

27.9
31.4
3.09

28.4
45.8
3.13

28.9
48
—

32.6
54.3
3.16

34.9
—
—

Variation with the increase in calcination temperature
Crystallite size increased
Particle size increased
Band gap energy increased
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Table IV. Variation in crystallite size, particle size and band gap energy with the change in calcination temperature. Reproduced from Ref. 78 with permission, Copyright@2015, Springer.
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Figure 14. Plot of band gap energy Vs calcination temperature. Reproduced
from Ref. 78 with permission, Copyright@2015, Springer.

Figure 15. The XRD patterns of prepared samples of ZnO subjected to
calcination at (a) 100 °C, (b) 200 °C and (c) 300 °C. Reproduced
from Ref. 80 with permission, Copyright@2015, Elsevier.

Figure 16. Plot of crystallite size obtained Vs calcination temperature.
Reproduced from Ref. 80 with permission, Copyright@2015, Elsevier.

(Table III). The band gap energies were also determined at
temperatures of 250 °C, 300 °C, 400 °C and 500 °C and were
obtained as 3.34 eV, 3.28 eV, 3.24 eV, 3.21 eV respectively. So, it

was concluded that the band gap energy reduces with the enhancement in annealing temperature (Fig. 11).
Z. N. Kayani et al.78 investigated the effect of calcination
temperature on the structural and optical properties of sol-gel
synthesized ZnO nanoparticles. Zinc acetate dihydrate and diethanolamine were utilized as precursors. Other reagents that were used
are ethanol, ammonium hydroxide and distilled water. Different
samples were obtained for characterization (as-prepared ZnO,
samples calcined at 300 °C, 500 °C, 650 °C, 700 °C and 750 °C).
Structural analysis was done by XRD (Fig. 12) which conﬁrmed the
presence of ZnO in its hexagonal wurtzite structure. As the sample
was subjected to calcination from room temperature to 300 °C, the
crystallite size sharply increased. On further increase in temperature
from 300 °C–650 °C, crystallite size increased but very slightly.
Thereafter, the sample showed an abrupt increase in crystallite size
when the temperature was further increased to 750 °C (Fig. 13).
Thus, we can conclude that the crystallite size of ZnO nanoparticles
increases with the rise in calcination temperature. This was
attributed to the coalescence of grains during calcination that in
turn resulted in the merging of Zn or O defects at grain boundaries at
high temperatures.79 As the calcination temperature increased from
300 °C to 750 °C, the particle size also found to increase from
27.9 nm to 54.3 nm (Table IV).
The optical band gap energy was observed to be dependent on the
calcination temperature. As the temperature increases from room
temperature to 700 °C, the energy band gap also increased
accordingly. The graph of change in optical band gap energy with
the change in calcination temperature is shown in Fig. 14. The asprepared ZnO nanoparticles exhibited band gap of 3.08 eV while the
samples obtained after calcination at temperatures of 300 °C, 500 °C
and 700 °C exhibited band gap value of 3.09 eV, 3.13 eV and
3.16 eV respectively. This increase in the band gap of ZnO with the
increasing calcination temperature was attributed to the enhancement of particle size with the rise in calcination temperature.
Table IV shows the variation in crystallite size, particle size and
band gap energy with the change in calcination temperature.
R. Ashraf et al.80 also reported sol-gel synthesized ZnO
nanoparticles and investigated the effect of calcination temperature
on its structural as well as optical properties. Zinc acetate dihydrate,
DI water, IPA, triethyl acetate and sodium hydroxide were used for
synthesis. The synthesized ZnO sample was calcined at various
temperatures from 100 °C–500 °C. Figure 15 shows the XRD graph
that conﬁrmed the presence of pure phase hexagonal wurtzite ZnO
structure. Further, Debye-Scherer formula was used to calculate the
crystallite size of the prepared particles.
Figure 16 shows the plot of crystallite size obtained Vs
calcination temperature. As the prepared ZnO sample was subjected
to calcination, with the rise in temperature from 100 °C to 300 °C,
the crystallite size was observed to decrease from 24 nm to 17 nm.
However, when the temperature was further increased to 500 °C, the
crystallite size was found to increase. The decline in crystallite size
at a temperature less than 300 °C was implied to the restructuring
process and the increase in crystallite size at a temperature more than
300 °C was implied to the strengthening of ZnO phase.
It was further observed that the calcination temperature robustly
affects the transmission of sol-gel synthesized ZnO as can be seen in
Fig. 17a. As the calcination temperature increased, the transmission
of ZnO also increased. The utmost transmission of nearly 78% was
obtained for the sample that was subjected to calcination at 300 °C.
The band gap energy as shown in Fig. 17b was also found to
increase from 3.39 eV to 3.41 eV with the rising calcination
temperature.
A. Sangeetha et al.81 investigated the signiﬁcance of various
calcination temperatures on structural, morphological and optical properties of ZnO. ZnO nanoparticles were synthesized via sol-gel system
taking precursors zinc nitrate and sodium hydroxide and DI water as a
solvent. Five samples of ZnO powder were obtained (as-synthesized
ZnO and ZnO powder subjected to calcination in air at 200 °C,
500 °C, 700 °C, and 900 °C) for characterization. Nonappearance of
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Figure 17. (a) Transmission plot, (b) Optical band gap energy of the synthesized samples at various calcination temperatures. Reproduced from Ref. 80 with
permission, Copyright@2015, Elsevier.

considerable peaks subsequent to diffraction plane of ZnO was observed
for as-prepared ZnO sample which indicated that as-prepared samples
were amorphous in nature. However, signiﬁcant crystalline peaks were
observed for all the calcined samples indicating their polycrystalline
hexagonal wurtzite structure. It was observed from the graph that up to
700 °C, the diffraction peak intensity increased which suggested the
enhancement in crystallinity and strengthening of ZnO phase. At 700 °
C, the highest crystalline peaks were obtained. Deterioration in the
crystallinity of ZnO nanoparticles was observed at a further higher
temperature of 900 °C as a consequence of the fast growth rate that led
to the creation of defects.82 It was further mentioned that calcination
temperature affects the morphology of synthesized nanoparticles. At low
temperature, ZnO nanoparticles exhibited plate-like morphology which
progressively changed into inclusive nanorods at 700 °C with low
aggregation and ample particle distribution. The band gap energy was
found to be 3.3 eV at 200 °C, 3.4 eV at 500 °C and 3.48 eV at 700 °C.
The band gap was observed to increase which was attributed to quantum
conﬁnement effect.83
Inﬂuence of capping agent.—Capping agents or surfactants are
used for controllable synthesis of nanoparticles by adjusting the size
and morphology of synthesized nanoparticles.84–86 These capping
agents or surfactants have structures consisting of lengthy hydrocarbon
chains and their ends are hydrophobic. This structure is supposed to
play a signiﬁcant function in manipulating particle sizes.87 There is a
tendency of nanoparticles suspension to agglomerate which act as an
obstacle in many applications served by them. In order to get rid of
this hindrance, surface modiﬁcation of ZnO and other nanoparticles is
done by capping agents.88–90 Sol-gel synthesis accompanied with
capping agent acts as one of the simple and effective means for
achieving a controllable synthesis. The accumulation of the capping
molecule can affect the size conﬁnement of ZnO, thereby inﬂuencing
the physical properties of ZnO nanoparticles. Considerable variation in
particle size is observed through the accumulation of capping agent.
Conversely, there are other factors also that affect ZnO growth
mechanism like pH, reaction temperature etc.91,92
P. Chandrasekaran et al.93 in their work investigated the effect of
capping agent on the size as well as the morphology of sol-gel
synthesized ZnO nanoparticles. Zinc acetate dihydrate, sodium
hydroxide and DI water were used for the preparation of different
samples. In this study, three capping agents were used i.e. ethylene

diamine tetra acetic acid (EDTA), triethanolamine (TEA) and
tetraethylammonium bromide (TEABr). XRD results conﬁrmed the
wurtzite crystal structure of ZnO nanoparticles. TEM images
revealed that uncapped ZnO nanoparticles had no speciﬁc morphology. Moreover, the particles were observed to be well aggregated as shown in Figs. 18a, 18b. It was observed that EDTA capped
ZnO nanoparticles were highly dispersed with size varying from 20
to 25 nm and exhibiting hexagonal morphology (Figs. 18c, 18d).
EDTA has six reaction sites with four −OH groups that form
coordination bonds with Zn2+ ions; thereby modifying the size as
well as the morphology of ZnO nanoparticles. EDTA capped ZnO
nanoparticles emerged with hexagonal morphology due to the six
reaction sites of EDTA.94 It was observed that TEA capped
nanoparticles were monodispersed with size varying from 25 to
30 nm and exhibiting triangular like morphology (Figs. 18e, 18f).
TEA has three reaction sites with −OH groups that were believed to
network with Zn2+ ions in sol-gel medium, thereby modifying the
morphology of ZnO nanoparticles. TEABr capped nanoparticles
(Figs. 18g, 18h) were extremely distributed with size in the range of
20 nm to 25 nm. No particular morphology was observed in TEABr
capped ZnO nanoparticles even though only some of them exhibited
a somewhat distorted triangle like morphology. There are four alkyl
groups with nitrogen in TEABr so the interaction of TEABr with
Zn2+ ions in the sol-gel medium was weak in comparison to EDTA
and TEA resulting in no speciﬁc morphology of TEABr capped
ZnO. Thus, we can say that the morphology of sol-gel synthesized
ZnO is inﬂuenced by capping agents due to the interaction between
different reaction sites of organic molecules and Zn2+ ions of zinc
acetate in the sol-gel medium. Further, it was also investigated how
the concentration of capping agent affects the morphology of ZnO
nanoparticles. For this, three samples of TEA capped ZnO were
prepared where the addition of TEA was done with three different
concentrations 0.2, 0.5 and 0.7 M. The morphology of ZnO
nanoparticles does not exhibit any change with change in concentration of TEA (capping agent). Figure 19 describes the UV–vis
spectra of ZnO and capped ZnO. It was observed that all the
synthesized samples demonstrated outstanding UV absorption with a
strong peak in the range 365–370 nm. Moreover, high transparency
in the visible region can also be seen clearly in the ﬁgure. As
compared to uncapped ZnO, TEA capped ZnO showed sharply
increased absorption. Further, a slight increase in absorption was
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Figure 18. TEM images of (a), (b) uncapped ZnO, (c), (d)
EDTA capped ZnO, (e), (f) TEA capped ZnO and (g), (h)
TEABr capped ZnO. Reproduced from Ref. 93 with
permission, Copyright@2012, Elsevier.

observed for TEABr capped ZnO in comparison to TEA capped
ZnO. On the other hand, the highest absorption was demonstrated by
EDTA capped ZnO in comparison to uncapped and other capped
ZnO samples.
Suman et al.95 synthesized various ZnO nanostructures by taking
three capping agents. Zinc acetate dihydrate, sodium hydroxide and

distilled water were taken as precursors while the different capping
agents used were sodium dodecyl sulphate (SDS), trisodium citrate
and cetyl trimethyl ammonium bromide (CTAB). Different samples
were prepared for investigation viz. ZnO, trisodium citrate assisted
ZnO (ZTrisodium), CTAB assisted ZnO (ZCTAB) and SDS assisted
ZnO (ZSDS). From XRD data, it can be seen that the samples
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ZSDS. It was observed that the absorption peaks of capped ZnO
samples decreased in comparison to uncapped ZnO. Figs. 23a–23d
shows the Sigmoidal ﬁt for ZnO, ZTrisodium, ZSDS and ZCTAB.
The energy band gap estimated from the graphs was found to be
3.30 eV, 3.34 eV, 3.32 eV and 3.31 eV respectively.
Effect on Photoluminescence Properties

Figure 19. UV–vis spectra of uncapped and capped ZnO. Reproduced
from Ref. 93 with permission, Copyright@2012, Elsevier.

demonstrated excellent crystallinity as shown in Fig. 20 and were
single-phase hexagonal wurtzite structure. The estimated crystallite
size was 23.10 nm for ZnO, 23 nm for ZCTAB, 18.20 nm for
ZTrisodium and 16.14 nm for ZSDS. The investigation of morphology was done through FESEM. The Disc or plate-like morphology was observed for uncapped ZnO as shown in FESEM
micrographs (Fig. 21a). For ZTrisodium, ﬂower-like morphology of
ZnO consisting of many hierarchal ﬂowers like nanostructures
assemblage was observed (Figs. 21b). For ZCTAB, numerous
ﬂower-shaped nanostructures were observed which resulted due to
the assembly of a large number of ZnO nanoﬂakes that formed from
a single axis (Fig. 21c). ZSDS (Fig. 21d) has shown spherical
morphology and aggregation of particles. This study proves that the
addition of surfactants inﬂuences the morphology of ZnO nanostructures.
While analyzing the absorption spectra of ZnO (Fig. 22), the
absorption bands were observed at 374 nm, 365 nm, 371 nm and
367 nm respectively for uncapped ZnO, ZTrisodium, ZCTAB and

In this section, the inﬂuence of different synthesis conditions on
the photoluminescence (PL) properties of sol-gel synthesized ZnO
nanoparticles is discussed. Rauwel et al.96 studied the effect of
hydrates in the zinc precursor (Zn(acac)2, xH2O) during the
synthesis of ZnO nanoparticles by sol-gel method that was done in
a glovebox. A mixture of 20 ml of benzyl amine and zinc
acetylacetonate hydrate or zinc acetate was prepared and transferred
to a stainless steel autoclave. The autoclave was then carefully
sealed and taken out of the glovebox. Afterwards, it was subjected to
heating at 200 °C for 2 d. The resultants were ﬁnally centrifuged,
washed and then dried in air at 60 °C. Thus, two samples of ZnO
nanoparticles were synthesized, one using zinc acetylacetonate
hydrate (sample A) and other by zinc acetate (sample B). The PL
spectra of bulk ZnO and the prepared samples of ZnO nanoparticles
as shown in Fig. 24 were compared and studied. In the bulk ZnO
spectra, suppressed band-edge luminescence was observed while in
case of ZnO nanoparticles, broad visible emission was found to be
noticeably enhanced. Both the PL spectra and the band edge of
sample B are closer to bulk ZnO. This demonstrated a distinct direct
optical transition with a characteristic excitonic absorption peak
along with optical energy gap of 3.28 eV for sample B. On the
contrary, a red-shift was observed in the absorption edge for sample
A (3.2 eV) in comparison to bulk ZnO. Moreover, the absorption tail
for sample A was stretched throughout the visible range.
S. Tachikawa et al.97 explored the manipulation of polymer
capping on the optical properties of sol-gel synthesized ZnO
nanoparticles. Zinc acetate dihydrate, sodium hydroxide, ethanol
and hexane were taken as precursors during synthesis while
polyethylene glycol (PEG) and polyvinyl pyrrolidone (PVP) were
added as polymer capping agents. While investigating how the
polymer capping inﬂuences the optical properties of ZnO nanoparticles, the type of polymer and time of addition of polymer were
mainly kept under consideration. When the polymer was added to

Figure 20. XRD of uncapped and capped ZnO. Reproduced from Ref. 95 under Creative Commons Attribution 3.0 license, Copyright@2020, IOP Science.
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Figure 21. FESEM micrographs of (a) ZnO, (b) ZTrisodium, (c) ZCTAB and (d) ZSDS. Reproduced from Ref. 95 under Creative Commons Attribution 3.0
license, Copyright@2020, IOP Science.

the precursor ZnO solution before its synthesis, it was referred to as
“before synthesis.” On the contrary, “after synthesis” implied the
addition of capping agent into the solution after the synthesis of
ZnO. While analyzing the absorption spectrum for PEG, the results
were compared by taking the case of “no addition of PEG” as the
reference level. Figures 25a, 25b describes the schematic of ZnO
nanoparticles capped by polymer molecules while Fig. 25c, 25d
shows the PL spectra of the synthesized ZnO nanoparticles under an
excitation wavelength of 300 nm. It was observed that by adding
PEG in the solution at the time when ZnO nanoparticles were not
formed, the total particle size increased and the ﬂuorescence
intensity also increased which indicates that capping has, in turn,
resulted in surface passivation. On the contrary, the particle size and
ﬂuorescence were not changed by adding PEG in the solution
subsequent to the formation of ZnO. Similar investigations were
done with PVP. By adding PVP in the solution prior to the formation
of ZnO nanoparticles, agglomeration of nanoparticles was observed.
However, the particle size and ﬂuorescence were observed to
increase by adding PVP in the solution following the formation of
ZnO. It was observed that capping the ZnO nanoparticles with PEG
and PVP polymers enhanced the ﬂuorescent efﬁciency of ZnO
nanoparticles. So, we can conclude that the ﬂuorescent intensity of
ZnO nanoparticles can be increased by adding PEG before synthesis
while adding PVP after synthesis. Further, as shown in Fig. 25e,
there was a slight decrease in absorption edge as well as height for

PEG addition “before synthesis” while there was no change
observed in absorption spectrum for PEG addition “after synthesis.”
Particle size as estimated from absorption edges were 3.7 nm (no
addition of PEG), 3.8 nm (before synthesis) and 3.7 nm (after
synthesis). Similarly, for PVP, there was a slight decrease in
absorption edge as well as height for PVP addition “before
synthesis” compared to “no addition of PVP.” However, for PVP
addition “after synthesis,” it was observed that the absorption height
decreased and absorption edge remains unchanged (Fig. 25f). The
particle size as estimated from absorption edges were 3.8 nm (no
addition of PVP), 3.6 nm (before synthesis), 3.8 nm (after synthesis).
Parra et al.98 studied the effect of calcination temperature on the
PL properties of sol-gel synthesized ZnO nanoparticles that were
prepared using precursors zinc acetate dihydrate and sodium hydroxide. In this study, the resultant precipitates were calcined at 200 °C,
400 °C and 500 °C. The PL spectra of the synthesized samples as
shown in Fig. 26, demonstrated three emission bands. At 3.2 eV, a
strong UV emission peak was observed corresponding to exciton
recombination associated with near band edge emission of ZnO. At
2.97 eV, an extremely weak violet emission peak was seen attributed
to electron and hole recombination lying at zinc interstitial and in the
valance band respectively. Further, at 2.60 eV, the observed week
blue emission is related to transition of the electron from conduction
band to interstitial oxygen defects in the ZnO. The quality of the
synthesized ZnO nanoparticles can be evaluated by the intensity
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Figure 22. Absorption spectra of uncapped and capped ZnO. Reproduced from Ref. 95 under Creative Commons Attribution 3.0 license, Copyright@2020, IOP
Science.

ratio between the near band edge UV emission and the visible
emission. From the PL spectra, it can be clearly seen that the
nanoparticles calcined at higher temperatures demonstrated sharp
and narrow UV emission peaks with high intensities in comparison
to visible emission peaks. Consequently, there is a red shift in the
optical bandgap as the calcination temperature increases from
200 °C to 500 °C. Thus, it can be concluded that the crystallinity
increased and defect density decreased with the increasing calcination temperatures due to higher ultraviolet emission peaks observed
at higher calcination temperatures.
Verma et al.99 studied the inﬂuence of capping and annealing on
the optical properties of ZnO nanoparticles. Two samples were
prepared i.e. uncapped ZnO nanoparticles and polyvinyl alcohol
(PVA) capped ZnO nanoparticles. The samples were further
annealed at temperatures of 200 °C, 400 °C, 500 °C and 600 °C
for 2 h in air. The PL spectra were taken at excitation wavelengths of
225 and 330 nm. Figures 27a, 27b shows the PL emission spectra of
the prepared samples taken at 225 nm excitation and it clearly
demonstrates a sharp excitonic peak at ∼380 nm in the UV region
which is due to band edge emission of ZnO. However, as the
calcination temperature increased from 200 °C to 600 °C, a slight
red shift was seen which is attributed to the increased particle size
and decreased bandgap energy with an increase in annealing
temperature. For uncapped ZnO, the peak shifted from 387 to
392 nm while for PVA capped ZnO, the peak shifted from 389 to
394 nm with the rise in temperature. Nevertheless, the shift can also
be due to the stress developed in the samples as a result of annealing.
The PL spectra taken at 330 nm excitation is shown in Figs. 27c, 27d
which demonstrates defect related visible PL emission bands besides
the band edge UV emission. For uncapped ZnO, the UV peak shifted

from 372 to 385 nm while for PVA capped ZnO, the peak shifted
from 371 to 383 nm with the rise in temperature. Figure 27d revealed
that S2#600 has strongest UV PL emission peak that may be a
consequence of increased crystallinity of the sample at higher
annealing temperature. The peak at 421 nm is a resultant of
the transition from zinc interstitial to the valence band while the
blue emissions at 445, 460, and 487 nm are the resultants of the
transitions from extended zinc interstitial states to the valence band.
Further, the broad green band at 530 nm is a resultant of the
transition between conduction band and the energy levels formed
with oxygen substitution at zinc vacancies. Figure 27e shows the
energy level diagram demonstrating different transitions responsible
for PL emissions.
Challenges in The Sol-Gel Method of Synthesis
There are a variety of methods available for synthesizing ZnO
nanoparticles which are divided into physical, chemical and biological
processes. The chemical methods are further divided into liquid phase
and gas-phase synthesis. Various methods that come under liquid phase
synthesis are sol-gel process, colloidal methods, precipitation, water-oil
microemulsions method, coprecipitation method, solvothermal method,
hydrothermal method. Gas-phase techniques include pyrolysis and inert
gas condensation method.100 Figure 28 shows the most important
synthetic techniques that have been employed for ZnO nanoparticles
synthesis. Since the chemical method of synthesis depends on the
consumption of chemicals, the large scale production of nanoparticles
via chemical methods has led to an increase in environmental
contamination due to the release of undesired chemicals in the
ecosystem during the chemical synthesis process of nanoparticles.101
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Figure 23. Graphs showing Sigmoidal ﬁt for (a) ZnO, (b) ZTrisodium, (c) ZSDS and (d) ZCTAB. Reproduced from Ref. 95 under Creative Commons
Attribution 3.0 license, Copyright@2020, IOP Science.

Figure 24. PL spectra of reference bulk ZnO, sample A (curve #01) and
sample B (curve #02) ZnO nanoparticles while inset shows the corresponding obtained band gap energy. Reproduced from Ref. 96 with
permission, Copyright@2011, American Chemical Society.

In order to overcome the harmful impact caused by the release of
chemicals during the synthesis of nanomaterials via chemical
methods of synthesis, sustainable Green-synthesis approach for
nanomaterial synthesis is developing. Though Green-synthesis route
helps in reducing environmental hazards, it also has its own

limitations too. The signiﬁcant point which is worth to consider is
the instability observed in the nanoparticles that are synthesized by
Green-synthesis approach. Unusual superﬂuous chemical moieties
may form as a result of variation in the conﬁrmation or arrangement
of the biosynthesized nanoparticles caused by their physical instability. This instability may arise through a variety of diverse
conditions for instance, light, pressure, pH, temperature, medium,
and so on.100 Another important concern is the intrinsic toxicity of
ZnO nanoparticles arising by this approach that is associated with
dissolution and reactive oxygen species (ROS) generation. Between
these two, dissolution is the foremost phenomenon leading to the
biological as well as the chemical instability of ZnO. There are two
driving forces for the dissolution of ZnO nanoparticles, one is the
concentration gradient between the bulk solution phase and particle
surface, and other is the metal solubility. This effect may result in
the formation of highly noxious Zn2+ and Zn(OH)+.102 However,
there are various factors by which dissolution phenomenon can be
controlled. These may include doping, coating of nanoparticles,
surface area effect, and other approaches like size-dependent
variation of the surface curvature, and roughness of the particles.
Furthermore, due to the redox reaction that occurs on the nanoparticles surface simultaneously, the crystalline nature of the nanoparticles may also vary. During these reactions, the transfer of electrons
generates ROS and oxidative stress leading to toxicological
injury.103 As a consequence, the dilemma of dissolution of ions
and ROS generation may act as an impending hazard to the
contiguous surroundings. Chemically synthesized nanoparticles are
signiﬁcantly stable but the green synthesized nanoparticles, on the
other hand are quite less stable.
Biosynthesis of ZnO nanoparticles using sol-gel method..—
With the aim of reducing the load of environmental pollution, green
routes of ZnO nanoparticles preparation is gaining popularity.
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Figure 25. (a), (b) Schematic diagram showing the capping of ZnO nanoparticles by polymer molecules before and after synthesis, (c), (d) Photoluminescence
spectra of ZnO solution under an excitation wavelength of 300 nm, (e), (f) UV spectra of ZnO solution. Black dotted line: “No addition,” Red line: “before
synthesis,” Blue line: “after synthesis,” Brown line: spectra of the polymer solution. Reproduced from Ref. 97 under Creative Commons Attribution 3.0 license,
Copyright@2011, MDPI.

Owing to the less use of chemicals during the synthesis process,
green synthesis reduces the number of pollutants. Moreover, this is
energy-efﬁcient and cost-effective means of synthesis of
nanoparticles.100 Plants extracts can be used for the synthesis of
metal nanoparticles in environmental friendly approach, thereby
reducing the risks of using hazardous chemicals in the synthesis
process. This methodology of synthesis is cost-effective and
simple.104,105 Microbes are also used in the synthesis of nanoparticles. It is one of the sustainable and environment friendly methods of
synthesis. Interaction involving microbes and metals has been
explored for a number of biological applications like biocorrosion,
bioleaching, bioremediation and biomineralization.106

N.A. Samat and R.M. Nor107 reported the biosynthetic sol-gel
route of ZnO nanoparticles synthesis using Citrus aurantifolia
extracts (by using plant extract), in an ecological and lucrative
manner. In this process, Citrus aurantifolia extract (pulp blended in
DI water) with Zinc acetate at different concentration was used to
prepare ZnO nanoparticles. XRD data revealed the formation of
hexagonal wurtzite ZnO structure (Fig. 29). The size of the
synthesized ZnO nanoparticles was obtained to be 50–200 nm.
Figure 30 shows the SEM of prepared ZnO nanoparticles. This
strategy of using Citrus aurantifolia extract was demonstrated and
proposed as a good substitute for synthesizing ZnO nanoparticles
using biomaterials.
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Sol-gel Method Incorporated With Other Technologies for the
Synthesis of Nanoparticles

Figure 26. PL spectra of the synthesized samples at various calcination
temperatures. Reproduced from Ref. 98 under Creative Commons Attribution
4.0 License, Copyright@2014, Brazilian Metallurgical, Materials and Mining
Association.

The performance of a material in a particular application is
greatly determined by the morphology, crystal structure as well as
size distribution.108 ZnO nanoparticles have been studied comprehensively on account of their size-dependent optical and electronic
properties.109 Various techniques have been investigated for synthesizing ZnO nanoparticles, among them sol-gel method is popular
owing to its inexpensive, effortlessness, reproducibility and reliability of stoichiometry control. This technique offers control on
morphology and grain size of synthesized nanoparticles through
suitably and carefully regulating the experimental conditions during
synthesis process.110
In order to achieve controlled morphology, unique microstructure
and improved properties, the sol-gel process incorporated with other
techniques are used. These modiﬁed and improved sol-gel routes of
synthesis could be achieved by incorporating spray-drying, in situ
doping or surface modiﬁcation. These recent developments in
synthesis process are extensively employed to synthesize pure
nanoparticles or nanopowders; in consequence of their potential to
manage the particle size, morphology, uniformity, size distribution,

Figure 27. (a), (b) Normalized PL emission spectra of uncapped ZnO and PVA capped ZnO taken at 225 nm excitation, (c), (d) PL emission spectra of uncapped
ZnO and PVA capped ZnO taken at 330 nm excitation and (e) Energy level diagram demonstrating different transitions responsible for PL emissions.
Reproduced from Ref. 99 with permission, Copyright@2014, Elsevier B.V.
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Figure 28. Most important synthetic techniques employed for ZnO nanoparticles synthesis. Reproduced from Ref. 100 under Creative Commons Attribution 3.0
license, Copyright@2017, Hindawi.

surface modiﬁcation is used to produce monodispersed nanoparticles
for enhancing the microstructure, sintering characterization, mechanical and dielectric properties of electroceramic and structural
ceramics caused by remarkable nanosize effect.111–117
Conclusions

Figure 29. XRD graphs of ZnO nanoparticles synthesized by taking different
concentrations of zinc acetate. Here, peaks labelled as star implies peaks of
Zn(OH)2. Reproduced from Ref. 107 with permission, Copyright@2013,
Elsevier.

and agglomeration by systematically examining the process parameters and resourcefully utilizing the dispersion mechanism. The
sol-gel method incorporated with spray-drying, in situ doping and

There are a lot of developments undergoing to achieve controlled
morphology, tailoring of the band gap, exploration of unique and
superior properties of nanomaterials so that they can be used in a
better way in special application areas. ZnO nanostructures offer an
extensive variety of applications as a result of their peculiar
properties. Though many techniques are accessible for synthesizing
ZnO nanoparticles; in this review, we have tried to explore the
synthesis of ZnO nanoparticles via sol-gel method. There are several
processing parameters concerned during the synthesis of nanomaterials using the sol-gel process which affect the properties of the
synthesized material. In that way, an understanding of the parameters involved during the synthesis process of nanomaterials plays
a vital function. In this review article, the role of processing
parameters during the synthesis of ZnO nanoparticles via the solgel method is emphasized. The control of processing parameters like
pH of sol, capping agent, calcination and annealing temperature on
ZnO nanoparticles are studied here. As reviewed from the available
literature, it is observed that the pH of the sol affects the particle size
as well as optical band gap energy. Selective control of the pH of the
solution can alter the size and optical properties of ZnO nanoparticles. Calcination and annealing temperature also plays an essential
part in tailoring the size, shape and optical properties of ZnO
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Figure 30. SEM images of ZnO prepared by taking different concentrations of zinc acetate (a) 0.05 M, (b) 0.10 M, (c) 0.15 M and (d) 0.20 M. Reproduced
from Ref. 107 with permission, Copyright@2013, Elsevier.

nanoparticles synthesized via sol-gel process. Introduction of additive like capping agents/surfactants also affects the morphology
and optical properties of synthesized ZnO nanoparticles. By carefully adjusting these parameters under systematic monitoring, we
can yield better and desired results that could be helpful in various
application areas like biomedical and optoelectronics etc.
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