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Investigating the formation of diverse ZnO
nanostructures based on solvent, temperature,
and pH as adjustable parameterst

Smriti Thakur and Sanjay K. Mandal (2 *

Employing a coordination polymer, namely, [Zn,(bpma),(adc),],, as a single-source precursor, the
fabrication of diverse ZnO nanostructures with a variation in the morphologies and dimensionalities has
been achieved through different processing parameters — solvent, pH and temperature. For example, 0D
nanospheres and 1D nanorods have been obtained from the use of different solvents (methanol, ethanol,
THF, toluene and hexane). Similarly, 3D nanoflowers composed of 1D nanorods with different aspect
ratios have been obtained at two different temperatures (120 °C and 150 °C) as a result of their growth
time. Furthermore, a systematic evolution of 3D nanoflowers assembled by nanosheets has been studied
in different pH (9-12) conditions. The structural composition and surface morphology of the as-synthesized
ZnO nanostructures was investigated by X-ray diffractometry (XRD), field emission spectroscopy (FESEM),
transmission electron microscopy (TEM). The solid-state UV-vis diffuse reflectance spectra of the
as-synthesized ZnO nanostructures showed absorption in the range of 363-383 nm with band gap values
of 3.01-3.21 eV. Further, the photoluminescence spectra of the diverse ZnO nanostructures exhibited blue
emission bands in the range of 410-460 nm, which originates from the intrinsic defect states of zinc inter-
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Introduction

Nanostructured ZnO materials form an important class of
semiconductor materials. ZnO is a well-known n-type semicon-
ductor with a bandgap of 3.4 eV and a large free excitation
binding energy (60 meV)."” Furthermore, ZnO is relatively
environment friendly because it is non-toxic and does not give
out toxic products during the growth process.’ It is also
biocompatible.*> Numerous strategies to control and monitor
the size, dimensionality, and morphology of ZnO nano-
materials have been introduced due to their role in determining
the magnetic, electrical, optical, and other properties.® ™"

ZnO nanostructures having diverse morphologies have
received enormous attention for their potential use in high
performance devices.'” There are numerous reports where ZnO
has been produced with different morphologies by various
synthetic methods: vapor-liquid-solid (VLS) processes, chemical
vapor deposition (CVD), and thermal evaporation are three
methods that have been used for fabricating one-dimensional
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stitials, zinc vacancies and oxygen vacancies.

ZnO nanowires or wire arrays onto different substrates. There
are many other approaches that have been used to achieve other
ZnO nanostructures, such as hydrothermal methods,™ sol-
vothermal methods,"* sol-gel processes,” laser-induced
decomposition,'® ultrasonic irradiation methods,"” microwave
irradiation techniques'® and vapor phase transport.'® Among all
these techniques, solution-based chemical routes, such as
hydro-/solvothermal methods are the most prominent and
effective processes. These provide an excellent control over
stoichiometry, compositional modification, morphology, size
and shape of nanostructures with inexpensive equipments - a
key in this area. Therefore, a low-cost and simplified hydrother-
mal route has been adopted for the synthesis of ZnO nanos-
tructures which offers several advantages in terms of operational
simplicity, reliability, repeatability, low temperature, scalability,
low cost, ease of composition control and complex procedures
restrict further development in actual applications. Since hydro-
thermal synthesis is very much sensitive to the growth parameter
variations,”*>* the change and control of parameters - solvent,
temperature and pH - can be successfully used for controlling
the morphology of the nanostructures (Fig. 1). Other factors like
growth process®® and reactant concentration®® also significantly
control the morphology of the as-synthesized nanostructures.
Thus, the synthesis of various morphologies of ZnO can be
achieved by understanding the influence of each parameter
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Fig. 1 Schematic representation of a systematic variation of solvent, temperature and pH for fabricating diverse ZnO nanostructures.

during the growth process. In this regard, the choice of a solvent
can help in influencing the crystallization process as well as the
shape (affecting the aspect ratio) of ZnO nanoparticles.>” The
surface morphology and porosity of ZnO nanostructures are
important for the optoelectronic and electrical properties.”®°
In the present work, we report the synthesis of hierarchical
ZnO nanostructures via the solvent, temperature and pH
assisted hydrothermal method utilizing a water soluble coordi-
nation polymer (CP) [Zn,(bpma),(adc),], as the single-source
precursor. A diversity in the daughter ZnO nanostructures has
been obtained from the utilization of one parent CP. The novelty
of this work is not only to achieve diverse ZnO nanostructures —
0D nanospheres, 1D nanorods, 2D nanosheets and 3D nano-
flowers, from a solution-based hydrothermal method but also to
investigate the effect of parameters - solvent, temperature and
pH on their formation. These ZnO nanostructures can be
utilized in optoelectronics and high performance devices. For
example, ZnO nanoflowers with a star like structure composed of
nanorods can be used in optoelectronic devices and solar cells,**
and ZnO nanoparticles can be active materials for gas sensor
applications.>> Whereas, ZnO microflowers can act as a
scattering layer for ZnO-based dye-sensitized solar cells with
enhanced conversion efficiency,*® and as antimicrobial agents
against Escherichia coli** Furthermore, the single-source
precursor use in the formation of diverse nanostructures is rare
and remarkable compared to the literature reports with modified
procedures and precursors to achieve desired morphologies.

Experimental section

The analytical grade chemicals used in this work were obtained
from commercial sources. These were used as received without
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further purification. [Zn,(bpma),(adc),], was prepared in gram
quantities following the reported method.>”

Synthesis of ZnO-1 to ZnO-5 in different solvents

For a general reaction, 0.05 mmol of [Zn,(bpma),(adc),],
(39 mg) was added in five 3 mL Teflon reactors containing
2 mL of different solvents (methanol, ethanol, tetrahydrofuran
(THF), toluene, hexane). The hydrothermal reactions were
carried out at 180 °C for 24 hours. The reaction mixtures were
centrifuged at 4000 rpm for 15-20 minutes for separating the
solid followed by washing it several times with solvents
employed for synthesis. The solids collected at the bottom of
centrifuge tubes were dried at 60 °C for 6 hours to obtain the
powdered ZnO particles of fine size.

Synthesis of Zn0O-6 to Zn0O-13 at different temperatures

Using 0.05 mmol (39 mg) of [Zn,(bpma),(adc),], and 3 mL of
basic aqueous solution containing 120 mg (2.13 mmol) of KOH
at a pH = 13 in 5 mL Teflon reactors, the hydrothermal
reactions were carried out at two different temperatures
(120 °C and 150 °C) for different time intervals (6, 12, 18 and
24 hours). The reaction mixtures were centrifuged at 4000 rpm
for 15 minutes for separating the solid followed by washing it
several times with ethanol. The solids collected were then dried
at 60 °C for 8-10 hours to get the fine powdered ZnO particles.

Synthesis of ZnO-14 (a-h) to ZnO-17 (a-h) at different pH

Using 5 mL Teflon reactors, 0.05 mmol (39 mg) of
[Zn,(bpma),(adc),], and 3 mL of water containing an appro-
priate amount of KOH were mixed to attain pH 9, 10, 11 or 12.
The hydrothermal reactions were carried out at 180 °C for
different time intervals (30 minutes to 12 hours). The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as-synthesized mixtures were then centrifuged at 4000 rpm for
15 minutes to separate the solids followed by washing them several
times with ethanol. These solids, which were collected at the
bottom of centrifuge tubes, were then dried at 60 °C for 6-8 hours
to obtain the powdered ZnO particles.

Instrumentation

The morphology and chemical composition of the as-synthesized
ZnO samples were examined using field-emission scanning
electron microscopy (FE-SEM, JEOL, 15 kV). Powder X-ray
diffraction (PXRD) patterns were recorded with a Rigaku Ultima
IV diffractometer as described earlier.®® The transmission
electron microscopy (TEM) was performed on JEOL JEM F200
equipped with a field emission gun operate at 200 kV with 1 mg
sample well dispersed in MeOH (10 mL) using a sonicator for
2 minutes and then put on the copper grid, which was allowed
to dry using a lamp for 30 minutes. Solid state fluorescence
spectra were obtained using a HORIBA Fluorolog 3 spectro-
fluorometer equipped with a Xenon lamp. Each data set was
analyzed with FluorEssence™ software.

Results and discussion

Synthesis and structural characterization

Effect of solvent (ZnO-1 to ZnO-5). A solvent dependent
study was carried out in different solvents (MeOH, EtOH,
THF, toluene and hexane) at 180 °C for 24 hours using
[Zn,(bpma),(adc),], to yield ZnO nanostructures (Scheme 1).

Different morphologies were obtained with the variation in
the solvent based on the different polarity, saturated vapor
pressure and boiling point of the solvents.’” The ZnO nano-
structures obtained with the variation in the solvents were
characterized by powder diffraction technique. All the samples
exhibited hexagonal wurtzite phase of ZnO (JCPDS 06-2151).
The sharpness of the intense peaks obtained confirms the
purity of the structures (Fig. 2). The as-obtained ZnO nano-
structures exhibited high crystallinity and purity. Using eqn (1),
the calculated lattice parameters are given in Table S1 (ESIT).*®

1 4(n*+hk+ k> | P
23\ e )te @
ZnO-1 (Yield: 78%)
MeOH (2 mL)
180°C, 24 h
Zn0O-5 Zn0-2
(Yield: 82%) (Yield: 82%)
ZnO-4 ZnO-3
(Yield: 85%) (Yield: 81%)
Scheme 1 Synthesis of ZnO-1 to ZnO-5 in different solvents.
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Fig. 2 PXRD patterns of ZnO-1 to ZnO-5.

where h, k, and [ are the Miller indices, d is the interplanar
spacing, and a and ¢ represent the lattice parameters. The
interplanar spacing for the plane (% k ) can be calculated from
Bragg’s law: 2d sin 0 = nA. Based on V = 0.866a’c, the volume of
the hexagonal unit cell was determined while the atomic
packing fraction of the nanostructures was calculated using
eqn (2). These values are also listed in Table S1 (ESIt).

2na

33 (2)

Atomic packing fraction (A.P.F.) =

Effect of temperature (ZnO-6 to Zn0O-13). ZnO nanostructures
were synthesized at different temperatures (120 and 150 °C)
using [Zn,(bpma),(adc),],, and KOH. The synthesis was carried
out hydrothermally for different times (6 hours, 12 hours,
18 hours and 24 hours) in basic conditions at pH > 13
(Scheme 2). The star shaped ZnO nanostructures made of
nanorods were obtained. The time dependent study at two
different temperatures resulted in variation of the aspect ratio
of nanorods of these nanostructures.

The diffraction patterns of ZnO nanorods grown with differ-
ent aging times (6 h, 12 h, 18 h and 24 h) at different
temperatures 120 °C and 150 °C (ZnO-6 to ZnO-13) were
obtained (Fig. 3) to determine the crystalline phase of the
nanorods. The 260 values of diffraction peaks obtained are in
good agreement with the standard JCPDS data for ZnO (JCPDS
06-2151).

The ZnO nanorods contain only hexagonal wurtzite struc-
ture as the crystalline phase. The formation of nanorods with
wurtzite structure could be attributed to the anisotropic growth
along (001) plane owing to a faster growth velocity in this
direction under hydrothermal conditions. The higher intensity
of the (101) diffraction peak in all the patterns further provides
the evidence of the preferential growth direction along the
c-axis."® No other traces of impurity were observed in the
reflection peaks indicating high purity of the obtained nano-
rods. The strong and narrow peaks further revealed good
crystallinity of the rods. For this set of ZnO nanostructures,
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Scheme 2 Synthesis of ZnO-6 to ZnO-13 with a variation in time and
temperature.

the lattice parameters, volume and atomic packing fractions are
listed in Table S2 (ESIt).

Effect of pH (ZnO-14 (a-h) to ZnO-17 (a-h)). ZnO
nanostructures have also been synthesized at different pH
varying from 9 to 12 employing Zn(u) coordination polymer
[Zn,(bpma)(adc),],. The hydrothermal reaction was carried out
at 180 °C in 3 mL of water containing KOH at pH ranging from
9 to 12 (Scheme 3). The reaction was carried out for different
aging times from 30 minutes to 12 hours with a gap of
60 minutes to monitor the growth of ZnO micro flowers. The
as-obtained ZnO micro flowers obtained after 12 hours of aging
time were characterized by PXRD technique. The peaks
obtained in the spectra could be clearly indexed to hexagonal
wurtzite structure of ZnO (JCPDS 06-2151). The sharp and
intense peaks confirm the purity of the obtained samples
(Fig. 4). No other impurity peak has been obtained which
further confirms the purity of the ZnO nanostructures. For
this set of ZnO nanostructures, the lattice parameters, volume
and atomic packing fractions are provided in Table S3 (ESIf).

Microscopic analysis and mechanism of formation

ZnO-1 to ZnO-5 nanostructures. The surface morphology of
the ZnO nanostructures obtained in different solvents was
studied by FESEM (Fig. 5). ZnO nanoparticles of size 7-10 nm
were obtained in case where methanol has been used as the
solvent. Whereas, nanoparticles of size 15-25 nm were
observed in ethanol. However, tetrahydrofuran (THF) with high
boiling point yielded nanoflowers composed of nanorods with
aspect ratio 4.72. In case of toluene also, the bullet-like nanor-
ods with sharp tips at the end were obtained with aspect ratio of

514 | Mater. Adv., 2021, 2, 511-524
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Fig. 3 PXRD patterns of (a) ZnO-6 to ZnO-9 and (b) ZnO-10 to ZnO-13.

Zn0-14h (Yield: 85%)

KOH, H,0, 3 mL
pH=9
180°C,12h

KOH, H,0, 3mL
Zn0-17h 2.3 | zny(bpmaly(ade)da 222 o 7n0-15h
pH=12 pH=10

(Yield: 86%) P ec 12n havec g e 87%)
' KOH, H,0, 3 mL '

pH=11

180°C, 12h

Zn0-16h (Yield: 81%)
Scheme 3 Synthesis of ZnO-14h to ZnO-17h with a variation in pH.

5. On the other hand, hexane yielded nanoparticles of size 30-
40 nm as shown in Scheme 4. Thus, it has been observed that
low boiling point solvents (ethanol, methanol and hexane)
resulted in producing the spherical structures and high boiling
point solvents resulted in giving 1D nanorods.*>*° In general,
the initial nucleation of the crystals and the solubility of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PXRD patterns of ZnO-14h to ZnO-17h.

precursor in the solvents play a crucial role in contributing to
the overall morphology of the products. Under the hydrother-
mal conditions, the saturated vapor pressure and boiling points
of the solvents are inversely related to each other.*!

The boiling points of toluene, THF, ethanol, hexane and
methanol are 111, 66, 78, 68, and 65, respectively. Thus, the
saturated vapor pressures of these solvents follow the reverse
order. A high saturated vapor pressure of the solvents like
methanol, ethanol and hexane resulted in a limited growth of
ZnO nuclei which gives rise to substantial nucleation of parti-
cles. The nanoparticles aggregated by clustering together to
reduce the overall surface energy. On the other hand, when the
solvents such as toluene and THF were used, which have
relatively low saturated vapor pressures, anisotropic growth
was favored to yield ZnO nanorods. The nanoparticles aggre-
gated by clustering together to reduce the overall surface
energy. On the other hand, when the solvents such as toluene
and THF were used, which have relatively low saturated vapor

View Article Online
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pressures, anisotropic growth was favored to yield ZnO nano-
rods. A similar study where water was used as the solvent gave
varied ZnO nanostructures on changing the amount of water,
particularly 3D microflowers in 2 mL water.>® Therefore, the
above results clearly indicated the role of saturated vapor
pressure of the solvent in producing the ZnO nanostructures
with different morphologies as shown in Table 1.

The structural features of ZnO nanostructures were further
investigated by TEM measurements for ZnO-2 (Fig. 6) and ZnO-
4 (Fig. 7). The nanoparticles of size in the range 15-25 nm are
clearly visible in ZnO-2. Whereas, in case of ZnO-4, the nanorods
were formed. The lattice spacing in nanospheres (ZnO-2) was
found to be 0.258 nm while that in nanorods (Zn0O-4) was found
to be 0.269 nm. The selected area electron diffraction patterns
confirm the presence of diffraction planes obtained from their
XRD patterns (Fig. 6¢ and 7c¢).

ZnO-6 to ZnO-13 nanostructures. A series of experiments
were carried out at 120 °C and 150 °C for different duration
from 6 hours to 24 hours to synthesize the star like ZnO
nanostructures composed of nanorods with different aspect
ratios. Fig. 8 and 9 show the typical FESEM images of the
as-grown ZnO nanorods at 120 °C and 150 °C. The structures
composed of more than 10 nanorods were observed at all the
temperatures. The nanorods in ZnO-6 obtained at 120 °C have a
typical length of 1.04 um and diameter of 300 nm (Fig. 9). As the
hydrothermal time was increased to 12 hours, the rods get
broader and longer (A.R. ~ 3.53). The lengthening of the rods
continued for 18 hours as shown in Table 2. However, at the
end of 24 hours a decrease in length as well as diameter was
observed which might be due to dissolution of Zn** ions in the
system from the ends.

At 150 °C, a high aspect ratio of the nanorods has been
achieved. The solubility of the crystallites increased as the
temperature increased leading to a higher growth rate at
150 °C compared to 120 °C. Furthermore, the length and the
diameter of the rods increased on extending the growth time

Fig. 5 ZnO nanostructures (ZnO-1 to ZnO-5) obtained in different solvents: (a) methanol, (b) ethanol, (c) THF, (d) toluene and (e) hexane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Growth mechanism of ZnO nanostructures in different solvents.

Table 1 Morphologies of ZnO nanostructures obtained in different
solvents

Sample Solvent Boiling point Morphology

ZnO-1 Methanol 65 Nanoparticles (7-10 nm)
ZnO-2 Ethanol 78 Nanoparticles (15-25 nm)
Zn0-3 THF 66 Nanorods

ZnO-4 Toluene 111 Nanorods

ZnOo-5 Hexane 68 Nanoparticles (30-40 nm)

0.4 140258 Am=+1.098 nm

Fig. 6 (a) TEM image at 100 nm, (b) TEM image at 20 nm (inset: HRTEM
image at 10 nm), (c) lattice fringe (inset: SAED pattern) and (d) d-spacing
average of ZnO-2.

from 6 hours to 12 hours (Fig. 8). The length and diameter of
the rods continued to increase up to 18 hours (Table 2).

Fig. 10 shows the TEM images of ZnO-8 at the end of
18 hours where nanorods are clearly visible in Fig. 10a and b.
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Fig. 7 (a) TEM image at 100 nm, (b) TEM image at 20 nm (inset: HRTEM
image at 10 nm), (c) lattice fringe (inset: SAED pattern) and (d) d-spacing
average of ZnO-4.
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The SAED pattern in Fig. 10c confirms the presence of diffrac-
tion planes obtained from XRD pattern. The lattice spacing was
found to be 0.267 nm as shown in Fig. 10d. The nanorods with
less aspect ratio in ZnO-9 were also observed in TEM results
(Fig. S1, ESIT) which clearly proves the results obtained in SEM.

The average length and diameter of the rods produced at
150 °C is more than that at 120 °C (Fig. 9). The self-assembly of
the nanorods arrays produced get self-assembled by interweaving
of the rods to produce 3D nanoflowers thus reducing the overall
surface energy to achieve thermodynamic stability.**

The trend for the increase in the aspect ratios with the
extension of growth time is also similar in this case. The growth
time controls the length of the nanorods.** A longer rod is
produced with longer growth duration up to a certain time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Star-like ZnO nanostructures composed of nanorods with different

aspect ratios (a) ZnO-6, (b) ZnO-7, (c) ZnO-8 and (d) ZnO-9.

Fig. 9 Star-like ZnO nanostructures composed of nanorods with different

aspect ratios (a) ZnO-10, (b) ZnO-11, (c) ZnO-12 and (d) ZnO-13.

Table 2 Aspect ratios of ZnO nanorods (ZnO-6 to ZnO-13)

Sample Length (pm) Diameter (um) Aspect ratio
Zn0-6 1.04 0.30 3.46
Zn0O-7 1.38 0.39 3.53
Zn0O-8 1.81 0.44 4.11
Zn0-9 1.03 0.41 2.56
Zn0O-10 2.18 0.45 4.84
Zn0O-11 2.41 0.49 4.91
Zn0O-12 3.19 0.55 5.80
Zn0O-13 1.02 0.22 4.63

On further increase of growth time, a decrease in the aspect
ratio of the rods due to dissolution of the tips of the rods at the
ends can be observed. The experimental results suggest that
temperature and growth time control the aspect ratio of nano-
rods. In this work, the effect of temperature (with different
growth times) on the aspect ratio of the nanorods has been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) TEM image at 1 pm (inset: TEM image at 500 nm), (b) TEM
image at 500 nm (inset: HRTEM image at 10 nm), (c) lattice fringe (inset:
SAED pattern) and (d) d-spacing average of ZnO-8.

investigated in detail. In order to control and design the rods
with tailored aspect ratios it is imperative to understand the
growth mechanism of these rods. The internal structure as well
as the external conditions such as temperature, growth time,
etc. are the important parameters in influencing the growth of a
crystal.

The chemical reactions involved in the hydrothermal con-
ditions are shown in eqn (3)—(5):

Zn** + 20H” — Zn(OH), (3)
Zn(OH), + 20H~ — [Zn(OH)4*~ (4)
[Zn(OH),]*~ — ZnO + H,0 + 20H" (5)

[Zn(OH),]>” acts as the growth unit for the formation of ZnO
nanorods where a number of dissolution-nucleation cycles
evolves the nanorods.**™*® The different growth rate of planes
are: Vooor > Viomxooszmxoost; > Vioto > Viotn > Voooi. The
higher growth rate along (0001) direction results in rapid
disappearance of this plane leading to a pointed shape at the
end of the c-axis, which explains the formation of rods with
pointed tips at the ends giving star like ZnO nanostructures.
After a certain time, these rods unite with other neighboring
rods to evolve into flower-like structures by reducing their
surface energy. It has been observed that temperature plays a
significant role in tuning the dimensions and aspect ratios of
these rods. A higher temperature (150 °C) and an optimized
growth time of 18 hours resulted in giving the rods with high
aspect ratios, whereas a comparatively less aspect ratios of rods
was observed at lower temperature of 120 °C (Scheme 5). Also, a
lowering of aspect ratios after 18 hours was observed in both
the cases. Thus, the temperature as well as the growth time
helped in manipulating and tailoring the length and diameter
of these rods.

Mater. Adv., 2021, 2, 511-524 | 517


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00781a

Open Access Article. Published on 08 December 2020. Downloaded on 3/17/2026 6:39:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

Teflon Autoclave

[Zn(OH),)?-
Tetrahedral
growth unit

Se

I

Precursors

Dissolution from the
tips after 18 hours

Nanoflowers
composed
of nanorods

aspect ratio

N\
*

Nanoflowers
composed
of nanorods

Self assembly
up to 18 hours
—

Rods with less

View Article Online

Materials Advances

Q0 A\l
Q90

ZnO nuclei

9 : Growth along
active sites

[0001] orientation

Excess OH- ions

120 ° 150 °C

r« \ “\‘
/

Self assembly
up to 18 hours

Dissolution from the
_ tips after 18 hours

~) //
7 )R\

Rods with more

aspect ratio

Scheme 5 Growth mechanism of nanoflowers composed of nanorods at different temperatures.

The TEM images (Fig. 11) of ZnO-12 clearly shows the
nanorods with more aspect ratio compared to ZnO-9 nanorods.
The SAED pattern in Fig. 11c also confirms the presence of
diffraction planes obtained from XRD pattern. The lattice

S

Fig. 11 (a) TEM image at 1 um (inset: TEM image at 100 nm), (b) TEM
image at 200 nm, (c) lattice fringe (inset: SAED pattern) and (d) d-spacing
average of ZnO-12.
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spacing was found to be 0.283 nm as shown in Fig. 13d. The
similar results were obtained for ZnO-13 with low aspect ratio
as compared to ZnO-12 (Fig. S2, ESIT). The above result for ZnO-
6 to ZnO-13 adds additional data points to those observed at
180 °C.**

ZnO0-14 (a-h) to ZnO-17 (a-h) nanostructures. The surface
analysis of the ZnO nanostructures obtained at different pH
conditions was analyzed by FESEM. The nanostructures were
synthesized for different aging times to observe the overall
evolution of microflowers (Fig. 12). Initially, the two-
dimensional growth in the reaction mixture was observed for
the first 2 hours with the formation of nanosheets. These
nanosheets started getting assembled with the neighboring
nanosheets to form 3D flowers to lower their surface energy
(Scheme 6). At the end of 4 hours, the formation of flowers
could be clearly observed except in the case of pH = 11 and
pH = 12 where 1D rods were also obtained along with 2D sheets
due to the presence of a greater number of OH™ ions compared
to the previous two cases. The sheets unite together with
neighboring sheets to form 3D flowers by decreasing the
overall surface energy. The optimized time for the evolution
of full bloom flowers were observed to be 12 hours in each case
shown in Fig. S3-S5 (ESIt). After extending the synthesis time,
not much change has been observed in the overall morphology
of the ZnO microflowers. These results at different pH are
summarized in Table 3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a—h) Formation of 3D ZnO nanoflowers (at pH = 9) assembled by
nanosheets as a result of growth time from 30 minutes to 12 hours.

The structural features of ZnO nanostructures obtained at
different pH conditions were further confirmed by TEM mea-
surements. Fig. 13, 14 and 16 show the flower-like ZnO

Teflon Autoclave

180 °C
= >

View Article Online

Paper

nanostructures obtained at the end of 12 hours at pH = 9, 10
and 12, whereas ZnO nanorods (Fig. 15) have been shown
which were obtained at the end of 4 hours at pH = 11. The
SAED patterns in the TEM images (Fig. 13-16) confirm the
results obtained from the XRD patterns. The lattice spacing
were found to be 0.28 nm, 0.323 nm, 0.179 nm and 0.278 nm in
ZnO0-14h, ZnO-15h, ZnO-16d and ZnO-17h, respectively.

Optical properties

ZnO-1 to ZnO-5 nanostructures. UV-vis diffuse reflectance
spectra of the as-synthesized ZnO nanostructures were
recorded in order to investigate their optical properties. The
spectra of these nanostructures showed the maximum absorp-
tion in the UV region*”*® 365-370 nm followed by a sharp
decrease (Fig. 17). This blue shift in the absorption spectra of
these nanostructures compared to that of bulk ZnO***°
(378 nm) is due to their respective sizes obtained in the
nanorange. The bandgap energies of these nanostructures were
obtained using the following equation:

a(h)"" = B(hv — Egap) (6)

where o is the absorption coefficient, 4v is the photon energy,
B is the band form parameter, Eg,, is the optical band gap of
the nanoparticles and n is an index whose value depends on the
type of transition in the process of absorption. The graph
between (ahv)” vs. hv gives the energy band gap values when
the linear portions of the spectra were extrapolated to x-axis.
The band gap values for ZnO-1 to ZnO-5 are listed in Table S4
(ESIY).

ZnO0-6 to Zn0O-13 nanostructures. UV-vis diffuse reflectance
spectra of the as-synthesized ZnO nanorods at different tem-
peratures in the wavelength range of 300-600 nm are shown in
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_ Self-assembly
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Scheme 6 Mechanism of transformation of nanosheets to microflowers.
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Table 3 Morphologies of ZnO nanostructures obtained at different pH

Sample pH Time Morphology

ZnO0-14 (a-h) 9 30 minutes to 12 hours Nanosheets to microflowers

ZnO-15 (a-h) 10 30 minutes to 12 hours Nanosheets to microflowers

ZnO0-16 (a-h) 11 30 minutes to 12 hours Nanosheets to nanorods to microflowers
Zn0-17 (a-h) 12 30 minutes to 12 hours Nanosheets to nanorods to microflowers

n

0.8390m#-028 nm—+1.118 nm

Fig. 13 (a) TEM image at 2 pm (inset: HRTEM image at 10 nm), (b) TEM

image at 2 um, (c) lattice fringe (inset: SAED pattern) and (d) d-spacing Fig. 15 (a) TEM image at 200 nm (inset: HRTEM image at 10 nm), (b) TEM

average of ZnO-14h obtained at pH = 9 at the end of 12 hours. image at 100 nm, (c) lattice fringe (inset: SAED pattern) and (d) d-spacing
average of ZnO-16d obtained at pH = 11 at the end of 4 hours.

15

1 0669 1m4-0.278 nm-4+0.9¢7 hm
B

I

Fig. 16 (a) TEM image at 2 um (inset: HRTEM image at 10 nm), (b) TEM
image at 1 um, (c) lattice fringe (inset: SAED pattern) and (d) d-spacing
average of ZnO-14h obtained at pH = 12 at the end of 12 hours.

Fig. 14 (a) TEM image at 1 um (inset: HRTEM image at 20 nm), (b) TEM
image at 1 um (inset: HRTEM image at 10 nm), (c) lattice fringe (inset: SAED
pattern) and (d) d-spacing average of ZnO-15h obtained at pH = 10 at the
end of 12 hours.

Fig. 18. The spectra at different temperatures observed for 363-368 nm followed by a sharp decrease. The blue shift in the
different growth duration showed the absorption edge between absorption spectra with respect to the bulk absorption edge at

520 | Mater. Adv., 2021, 2, 511-524 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Solid state diffuse reflectance spectra of ZnO-1 to ZnO-5 (color
code: red, ZnO-1; green, ZnO-2; blue, ZnO-3; black, ZnO-4 and magenta,
ZnO-5); (inset) a plot of (ahv)? versus (hv).

378 nm is attributed to the effect of nanocrystalline size of the
synthesized nanorods. A slight shift in the absorption edges
has been observed for ZnO nanorods with different growth
duration. There is a blue shift in the absorption spectra for the
nanorods with lower diameters. Since rods with lower
diameters were observed with longer growth time. Thus, the
blue shift in the absorption edge increases slightly with increas-
ing growth time. Furthermore, the rods with increasing growth
time from 6 hours to 18 hours also showed an increase in the
intensities of their absorption except the case of rods obtained
with 24 hours.

Since the rods with minimum aspect ratios has been
obtained at the end of 24 hours; a minimum intensity has
been observed in this case and the highest peak of excitonic
absorption were observed for the nanorods with a growth time
of 18 hours. The higher defect density of the nanorods on their
surfaces resulted in different binding energies which explain
the reason of the spectral shift in the nanorods. The band gap
energies of the ZnO nanorods was calculated using Tauc
relation (eqn (6)). The band gap values for Zn0O-6 to ZnO-13
are listed in Table S5 (ESIT).

ZnO-14 (a-h) to Zn0O-17 (a-h) nanostructures. UV-vis diffuse
reflectance of the as-synthesized ZnO nanostructures was
recorded in the wavelength range of 200-800 nm to study the
absorption properties of the structures and also to obtain the
band gap values. In the spectra, ZnO nanostructures (ZnO-14h
to ZnO-17h) exhibited highest absorption band around
368 nm, which confirms a strong binding in the obtained
nanostructures (Fig. 19).

The characterization of the energy band gap (E,) values for
the ZnO-14h to ZnO-17h was done using Tauc relation (eqn (6)).
Though the energy band gap values were found to be very close
to each other but an increasing trend in the values has been
observed with the increase of pH values. The values were found
to be 3.13 eV for Zn0O-14h, 3.14 eV for ZnO-15h, 3.17 eV for ZnO-
16h and 3.21 eV for ZnO-17h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Solid state diffuse reflectance spectra of (a) ZnO-6 to ZnO-9
(color code: red, ZnO-6; green, ZnO-7; blue, ZnO-8 and black, Zn0O-9),
(b) ZnO-10 to ZnO-13 (color code: red, ZnO-10; green, ZnO-11; blue,
ZnO-12 and black, ZnO-13); (inset) a plot of (xhv)? versus (hv).

Photoluminescence properties

ZnO-1 to ZnO-5 nanostructures. In order to understand the
luminescent properties of the ZnO nanostructures obtained in
different solvents, the experiments were carried out at an
excitation wavelength of 350 nm. ZnO-1 showed three emission
bands in the blue region of the visible spectrum whereas in
case of ZnO-2 and ZnO-3, a broad blue emission band in the
range of 410-460 nm has been obtained (Fig. 20). Furthermore,
similar results have been obtained for ZnO-4 except that the
blue region of the spectrum is a bit wider. On the other hand,
ZnO-5 showed a similar result to ZnO-2 and ZnO-3. The
intrinsic defects present in ZnO in the form vacancies of zinc
and oxygen®'
of charge carriers.

Zn0-6 to ZnO-13 nanostructures. The room temperature
photoluminescence of the as-grown ZnO nanorods at different

show blue emission as a result of recombination

temperatures (120 °C and 150 °C) were carried out using xenon
lamp as the source at an excitation wavelength of 350 nm.
The spectra were recorded in the wavelength range of 380 to

Mater. Adv., 2021, 2, 511-524 | 521
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Fig. 19 Solid state diffuse reflectance spectra of ZnO-14h to ZnO-17h
(color code: red, ZnO-14h; green, ZnO-15h; blue, ZnO-16h and black,
ZnO-17h); (inset) a plot of (xhw)? versus (hv).
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Fig. 20 Photoluminescence spectra of ZnO-1 to ZnO-5.

600 nm. A broad emission band in the visible range of the
spectra could be clearly observed for the as grown ZnO nano-
rods (Fig. 21a). The strong blue emission band within a range of
410-430 nm for the ZnO nanorods is mainly caused due to the
defects resulted from the zinc interstitials, zinc vacancies and
oxygen vacancies.>'™*

The electronic transition from either the Zn; to valence band
or from the bottom of conduction band to O; level resulted in
blue emission of these nanorods. With the increase of aspect
ratios from 6 hours to 18 hours, a significant increase in the
intensity of emission has also been observed in all the cases
(ZnO-6 to ZnO-8) at 120 °C. However, a decrease in the emission
intensity has been observed for ZnO-9 obtained with a growth
time of 24 hours. A similar trend has been observed at 150 °C
for different growth times (ZnO-9 to ZnO-13) as shown in
Fig. 21b. Thus, the nanorods with higher aspect ratios can
show intense emission in the visible range ensuring the exploi-
tation of these rods in the light emitting devices.””
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Fig. 21 Photoluminescence spectra of (a) ZnO-6 to ZnO-9 and (b) ZnO-
10 to ZnO-13.

Zn0-14 (a-h) to ZnO-17 (a-h) nanostructures. The photo-
luminescence measurements were carried out on the as-
obtained ZnO nanostructures (ZnO-14h to ZnO-17h) at an
excitation wavelength of 350 nm. A broad blue emission band
in the range of 400-430 nm could be clearly observed in all the
nanostructures.
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Zn0O-16h
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Fig. 22 Photoluminescence spectra of ZnO-14h to ZnO-17h.
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This blue emission is attributed to the intrinsic defects
present in ZnO (zinc vacancies and oxygen vacancies)
nanostructures.” > A decrease in the intensities has been
observed for the structures synthesized in more basic conditions
with a greater value of pH as illustrated in Fig. 22. The ZnO
nanostructures obtained at pH = 9 showed the maximum
intensity of absorption whereas a decreasing trend has been
observed with increase in pH conditions from 10 to 12.

Conclusions

In summary, this work presented the formation of ZnO nano-
structures using a single source precursor in different solvent
(methanol, ethanol, THF, toluene and hexane), temperature
(120 °C and 150 °C) and pH conditions (9-12). Different
morphologies and dimensionalities of ZnO nanostructures
have been obtained. For example, 0D nanospheres and 1D
nanorods have been obtained with the variation in the solvents
based on their boiling points. Whereas, 3D nanoflowers
composed of 1D nanorods have been obtained based on the
variation in their hydrothermal temperatures. A difference in
the aspect ratios of these nanorods was observed as a result of
their growth time at two different temperatures. Further, 3D
nanoflowers assembled by 2D nanosheets have been obtained
in different pH conditions (9-12). A systematic growth of the
formation of these flowers up to 12 hours has been demon-
strated. UV-vis spectra of these ZnO nanostructures showed an
absorption in the range of 360-370 nm. Furthermore, broad
blue emission bands in the range of 410-460 nm have been
obtained for the ZnO nanostructures as a result of recombination
of charge carriers originating from the zinc vacancies and oxygen
vacancies.
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