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Abstract The rapid synthesis of ZnO nanostructures by
microwave treatment of aqueous solutions of different pH
values is reported for the first time. Microwave in various
wattages was used as the source of heating or energy feed-
ing the aqueous precursors. The pH of the zinc metal source
was altered by a suitable amount of mineralisers. The con-
sidered pH values are 8, 10, 12 and 13.5. Microwave di-
electric heating is dependent on the ability of the material to
absorb microwave. This is responsible for molecular friction
and dielectric loss, which as a result produce internal heating
of the dielectric medium, in this case the solution. In typi-
cal microwave assisted synthesis, the total exposure to the
microwave treatment was near about 25 to 35 minutes. The
ZnO nanostructures obtained were studied by XRD, SEM
and TEM characterisations. From the XRD pattern and the
full width half maximum of the dominant reflections, mi-
crostructural parameters of the nanostructures are calculated
and compared for the different pH values. Flower petal like
flakes and hexagonal nanorods are formed for the lower and
higher pH solutions, respectively. From the SEM images, the
size distributions for the pH 12 and 13.5 cases are compared
by drawing a histogram.
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1 Introduction

Zinc oxide is one of the most attractive functional materi-
als with unique optical and electrical properties. It is a wide
band gap (3.37 eV) compound semiconductor with the ex-
citon binding energy of 60 meV and is a promising candi-
date for developing high efficient ultraviolet laser device at
room temperature. Thus, ZnO nanostructures have attracted
considerable interest because of great potential applications
in micro- and nano-optoelectronics [1, 2]. The properties
of ZnO are dependent partly on the crystallinity, crystallo-
graphic orientation, crystallite size and morphology [3, 4].
Various methods such as physical, chemical, i.e., sol–gel
precipitation [5, 6] methods are available for the prepara-
tion of ZnO nanostructures (ZNS). Among them, prepara-
tion from the wet chemical solution [7], hydrothermal meth-
ods are very promising and efficient in forming varieties of
nanostructures such as rods, flakes, flowers etc. [8–10]. Re-
cently the application of microwaves for heating in a hy-
drothermal route is drawing more attention [11–13].

In this communication, we report a rapid way of synthe-
sising ZNS, i.e., microwave heating of the aqueous liquid
precursors. Since there are two different physical mecha-
nisms for the transfer of energy to the solutions in this case
rather than in a conventional hydrothermal method, ions
present in the solution can transfer energy to the solution
from the microwave due to the conductive current. Another
mechanism is the realignment of dipole or ion field in the al-
ternating electric field and as a result the solution is heated.
Because of this doubly internal heating method, the material
coupled to the microwave field will be heated very rapidly
rather here than in a convectional heating system. Here, we
have studied the production of ZNS from four different so-
lutions of varying pH from 8 to 13.5.
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2 Experimental

0.5 g of analytical grade zinc acetate dihydrate purchased
from MERCK chemicals was dissolved in 90 ml of de-
ionised double distilled water. 5 ml of ammonia solution
was added to the solution to increase the pH of the so-
lution to 10, and 2 ml of ammonia was used to tune the
pH to 8. In the other cases (instead of ammonia) 15, 25
ml of 2 molar NaOH solutions were added for increas-
ing the pH of the mother solution to 12 and 13.5 respec-
tively, and the volume of the mother liquor was varied to
fill the container to a total volume of 80%. Then the so-
lution was transferred to autoclavable Pyrex glass bottles
in such a way as to fill more than 80% of the container.
The container was tightly closed with a polypropylene screw
cap, and the container is ready for further microwave treat-
ment in a microwave oven, Samsung CE 1031LFB, which
works with a frequency of 2.45 GHz having a maximum
microwave power of 900 W. Initially the microwave oven
was set in a minimum of 180 wattage of irradiation for
five minutes to homogenise the solution. Then the container
was exposed to 450 and 600 (for short durations) wattage
of microwave radiations alternatively. Here, wattage means
the intensity of radiation. Higher wattage implies that we
have more intense radiation and faster heating. In the mi-
crowave oven used for the experiment, it is estimated by
previous trial runs that 600 W of microwave irradiation
could raise the temperature of 80 ml of the solution to
100◦C in less than two minutes. The lower wattages can
maintain it at lesser temperatures. To maintain the temper-
ature inside the container within the optimum range (75–
100◦C), the intensity of MW radiation was reduced to 180
W for a couple of minutes and then shot up to 450 W and
maintained there. For any container in hydrothermal exper-
iments, 80% volume of filling of container is the maximum
advisable and one must be cautious lest one exceed this
limit.

This procedure was adopted for near about 35 minutes to
let the reaction complete, and then the container was allowed
to cool down naturally to the ambient. In the previous opti-
misation experiments, it was found that there was no effect
of microwave irradiation after the saturation time limit of
35 minutes. From this we ascertain that the liquid precursors
taken were exhausted off the reactants within 35 minutes of
microwave irradiation. The microwave treated solution was
centrifuged and the centrifugate white particles were sep-
arated and subsequently washed with ethanol and double
distilled de-ionised water to remove the ionic impurities if
any may be present in the ZnO powder. The filtered white
slag was dried and the same was subject to X-ray diffraction
analysis and scanning electron microscopy for structural and
morphological analyses, respectively.

2.1 Principles of microwave dielectric heating

Microwave radiation produces efficient internal heating by
direct coupling of microwave energy with the molecules that
are present in the mixture. Microwave heats by two means
of dipolar polarisation (polar solvent molecules) and ionic
conduction. Upon irradiation of the microwave on a solu-
tion, the ions in the solution align in the direction of the
electric field. As the applied field oscillates, the dipole or
ion field attempts to realign itself with the alternating elec-
tric field, and in the process the energy is lost in the form of
heat through molecular friction and dielectric loss [14, 15].

Fig. 1 (a) The X-ray diffractograms of nanocrystalline ZnO, prepared
by a microwave assisted hydrothermal method in the pH range of
8.5–13.5 exhibiting all of the characteristic crystalline peaks, (b) the
hexagonal morphology of ZnO exhibiting the growth faces, and (c) the
wurtzite structure of ZnO
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Fig. 2 A comparison of microstructural parameters of ZnO nanostruc-
tures. (a) The relation of pH and grain size, (b) Williamson–Hall plot
showing the linear fit obtained from the FWHM of ZnO prepared from
the solution of pH 13.5, from the slope of which the strain is calcu-
lated, and (c) the variation of strain with pH as calculated from the
corresponding Williamson–Hall plot

Fig. 3 Growth habits of hexagonal prism and pyramid like ZnO crys-
tals

Microwave heating is not intended to change the results,
but to fasten the reaction process, and to reduce the reaction
time from hours to minutes. In the hydrothermal process, the
inability of water to deprotonate the divalent metal cations
at ambient pressure, requires hydrothermal conditions [16],
and the same can be achieved by conventional or microwave
heating in a sealed container. According to in situ calorime-
try data, dehydration of zinc hydroxide [Zn(OH)2] proceeds
in two stages, namely crystallisation of Zn(OH)2 followed
by its dissolution and recrystallisation of ZnO [17]. The to-
tal heat effect of ZnO dehydration is 8.75 ± 0.15 KJ/mol. In
addition, in synthesis of ZnO under considerably lower tem-
peratures than done earlier [18] it was shown that formation
of ZnO takes place at 60–100◦C. Hence, it is reasonable to
perform synthesis of ZnO under considerably lower temper-
atures rather than higher temperatures. In our experiments
the temperature is maintained in the range 75–100◦C, which
is conducive for the growth of ZnO nanostructures.

3 Results and discussion

3.1 XRD analysis

From the X-ray diffractograms, well-defined crystalline
peaks of well faceted wurtzite ZnO hexagonal structure
have been observed. The diffractograms were recorded by
XPERT PRO PANalytical, Netherlands. The presence of all
the characteristic peaks exhibited in Fig. 1(a) confirms that
all the growth phases are grown in all the cases. The differ-
ence in the pH has shown up in the intensity of the peaks.
The characteristic hexagonal morphology of ZnO indexed
with the growth faces and the wurtzite structure are as pre-
sented in Fig. 1(b) and (c) respectively. For the low pH case,
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Fig. 4 SEM images of nanocrystalline ZnO. (a) Nanoflakes resulting from solution of low pH 8.5, (b) tapered hexagonal rods yielded from pH
10, (c), (d) hexagonal ZnO nanorods produced from pH 12, 13.5 respectively, showing different numbers of size distributions, (e) the TEM image
of a single hexagonal nanocrystal
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Fig. 5 Schematic illustrating
the growth phenomenon in the
solutions of different pH

Table 1 Calculated parameters
of the hexagonal ZnO
nanostructures prepared at
different pH

aStandard values as per JCPDS
card no. 36-1451

pH FWHM (β) Strain (ε) Particle size (nm) Lattice parameter (Å) Atomic packing

a c factor (c/a)

8 0.2952 0.89167 29 3.3056 5.2947 1.6018

10 0.2460 0.79158 35 3.3051 5.2859 1.5993

12 0.1968 0.32200 44 3.3069 5.2909 1.5999

13.5 0.1968 0.41366 44 3.3060 5.2882 1.5996

3.249a 5.206a 1.6023a

the XRD intensity was 400 counts whereas it was 1500,
2000 and 1200 counts for pH 10, 12 and 13.5 respectively.
The grain size calculated from the Scherrer formula [19, 20]
shows that it increases with the increase in pH and the same
is shown in Fig. 2(a).

The lattice strain of the synthesised ZNS was calculated
by a Willamson–Hall plot using the formula [21]

β cos θ = Kλ

L
+ ε sin θ (1)

where β is the FWHM intensity of the diffraction lines, L is
the crystallite size, and ε the lattice strain of the ZNS, where
the shape factor K was assumed to be 0.89 and λ was the
wavelength of the CuKα radiation (1.5406 Å).

A model of the Williamson–Hall plot is shown in
Fig. 2(b). The β cos θ value was plotted against sin θ . The
θ , β values were taken from the corresponding 100% peaks
of X-ray diffraction lines. The strain is equivalent to the
slope of the linear fit drawn to the plotted values. The cal-
culated lattice strain is plotted against the pH of the initial

precursor. The strain of the nanocrystals decreases with the
increase in pH. This can be attributed to the increased grain
size of the ascending pH of the initial precursor. The plot
of strain against the pH value is presented in Fig. 2(c). In
this the ZnO nanostructure formed at pH 12 shows a lowest
strain compared to others. The atomic packing factors of the
prepared ZNS are simulated and tabulated using their cor-
responding lattice parameters. All the parameters calculated
above are given in Table 1. It is noteworthy that the simu-
lated c/a value is closer to the standard value for all the four
different samples. The c/a values of the lattice parameters
of standard ASTM values in the table are denoted with an
asterisk (∗) symbol.

3.2 Morphological analysis and growth kinetics

Zinc oxide is a polar crystal, in which O2− is in hexago-
nal closest packing, and each Zn2+ lies within a tetrahe-
dral group of four oxygen ions. Zn and oxygen atoms are
stacked alternatively along the c-axis and the top face (0001)
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consists of tetrahedral zinc having a terminal OH ligand
as shown in Fig. 3 (pyramid). The formation of hexago-
nal prism and pyramid like zinc oxide crystal is attributed
to the difference in the growth velocities of various crys-
tal phases. The growth velocities under hydrothermal condi-
tions along the different directions are known to follow the
pattern V (0001) > V (1011) > V (1010) [22, 23]. The rel-
ative growth rate of these crystal faces will determine the
final stage and aspect ratio of the ZNS and the preferential
growth along the (0001) polar.

Various nanostructures obtained for the different pH val-
ues experimented with are as depicted in Fig. 4(a)–(d). Elec-
tron microscopy images were taken with the aid of Philips
XL 830. Figure 4(e) shows a TEM image of single ZnO
nanorods. At pH 8, flake like nanostructures were obtained.
This particular structure has more surface area and a very
high aspect ratio. The formation of large number of flake like
morphologies and a very little growth on the axial growth di-
rection of ZnO indicates the rapid formation of large number
of spurious nuclei i.e. Zn(OH)2, and comparatively lesser
constituents of growth units [Zn(OH)4]2− which are respon-
sible for growth. Hexagonal rods with tapered tip are formed
when the solution pH was 10. The faster the growth on a
plane the sooner the plane disappears. So, the tapering fea-
ture insists that the growth along the c-axis i.e. along (0001)
direction is very much faster than the other faces. The faster
growth makes evident the rapid production of [Zn(OH)4]2−
units by the internal heating by microwave irradiation. By
changing the pH of the solution with a higher volume of the
mineraliser—ammonia in this case—has favoured the pro-
duction of the growth units ([Zn(OH)4]2−) of ZnO in large
volume [24]. However, the opposite face of this is a slow
growing phase and so, the other end of the rods is maintained
flat [25]. At higher pH well-defined hexagonal rod like
morphologies are obtained. The schematics of the specific
growth conditions favoured by the effect of pH are illus-
trated in Fig. 5. In order to compare the growth and size vari-
ations i.e., the diameter of the hexagonal nanorods against
the percentage of number of particles viewed from SEM are
plotted as a histogram. Figures 6(a) and 6(b) show the his-
tograms illustrating the various diameters of the nanorods.
For the pH 12 case there is a higher number of size distrib-
utions (9 sizes) ranging from 50 nm to 250 nm, whereas the
pH 13.5 case has a smaller number of sizes (6 sizes) in the
range from 100 nm to 350 nm. The pH 12 has produced a
higher number of particles in the diameter range of 125 nm
and 200 nm, whereas for the 13.5 case, more particles are in
the diameter range of 300 nm and the least number of parti-
cles in the 100 nm. For the cases of pH 8 and 10, the SEM
images, obtained are un-geometrical, and therefore, it is not
easily measurable manually. They may give rise to more er-
rors, and hence they are not illustrated in detail.

Fig. 6 Histograms illustrating the difference in size distributions of
hexagonal rods produced (a) 12, (b) 13.5

It is suspected that the secondary growth called Ostwald
ripening is more pronounced in this. The growth of the big-
ger particles at the cost of the smaller ones is known as Ost-
wald’s ripening process [26]. Since the growth units are in
smaller numbers, the histogram can depict more size dis-
tributions with a lesser rod diameter. But when the pH is
13.5, this favours a smaller number of zinc hydroxide and a
larger number of zinc metal ion complexes, the growth units
which are responsible for the growth [24]. This is evident in
the histogram of Fig. 6(b).

4 Conclusions

Rapid microwave assisted one step syntheses of ZnO nano-
structures of different morphologies were produced from the
solutions of different pH values as is demonstrated. The pre-
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pared nanostructures are found to be well crystalline, hexag-
onal wurtzite structured ZnO. Their mean grain sizes and
strains were calculated by using the Scherrer formula and
the Williamson–Hall method, respectively. The grain sizes
and strains show a pH dependent variation and an inverse
relation. The morphology of the obtained nanostructures are
seen from the SEM are compared and found to be different
for different pH conditions. The reasons for the formation
of different morphologies, based on the growth kinetics, are
explained schematically. The size distribution histogram has
confirmed the phenomenon.
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