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Abstract Three dimensional ZnO microflowers with a huge number of hexagonal

pyramid-like petals have been effectively synthesized via the thermal decomposi-

tion of previously melted nitrate precursor for the first time. The synthesis was done

without the aid of any structure directing agents or templates. Powder X-ray dif-

fraction patterns showed the hexagonal wurtzite crystalline structure of ZnO with

high phase purity. The dimension of the large microflower noted was found to be

around 100 lm with the simultaneous existence of small flowers, with size varying

from 20 lm onwards as realized from the scanning electron microscopic images.

Transmission electron microscopy and selected area electron diffraction patterns

confirmed the oriented growth of the single crystalline basic hexagonal pyramidal

units of the microflower for its oriented aggregation. A possible growth/formation

mechanism was interpreted. The photocatalytic degradation of methylene blue was

investigated over ZnO microflowers. ZnO microflowers showed its excellent pho-

tocatalytic activity in the degradation of several industrial dye pollutants over a low

catalyst dosage under UV-light irradiation. The microflowers were found to be

highly reusable for repeated degradation of methylene blue dye pollutant.
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Introduction

The controlled assembly of nanomaterials to well-defined structures often results in

excellent properties of materials, applicable in electronics, photonics and in

catalysis [1]. The well-oriented growth of nanoparticles to form attractive

morphologies is an art in the material synthesis [2]. Advanced techniques such as

the sol-gel route, hydrothermal method, homogeneous precipitation route etc. were

succeeded in this context with and without the assistance of structure directing

agents [3]. Tedious procedures, careful control of parameters, difficulty in the large

scale production etc. make some of the synthesis routes highly tiresome. The high

cost of the whole process is the main hurdle faced for the achievement of

nanostructures with novel morphologies and properties. Attainment of a simple and

effective synthesis route to overtake the aforementioned complications has caught

much special attention in materials science. ZnO is an important n-type semicon-

ductor with high performance in a wide variety of applications such as in

optoelectronic devices, pyroelectric devices, piezoelectric devices, self-compensat-

ing gas sensors, high power electronic devices, surface acoustic wave devices, field

effect transistors, low threshold optical pumping devices, substrate transparent

electrodes etc. [4–8]. The band gap of ZnO lies in the UV region (3.37 eV), so that

it is applied in solar cells, self-cleaning devices, sun screen lotions and also in

photocatalysis [9–13].

There are several reports on the synthesis and characterization of nano- and

micro-structured ZnO particles with versatile properties [14–17]. The common

synthesis methods, i.e. the solution-based wet methods and the physical methods

were successfully employed for the synthesis of ZnO nanostructures. The physical

methods such as chemical vapor deposition [18], spray pyrolysis [19] etc. have been

used in the formation of high quality inorganic nanostructures, but a low final yield

was noted; as well as the fact that it needs high temperatures and pressures. In

addition, costly equipment was needed to process it. The solution-based wet

techniques include the sol–gel method, precipitation method, solvothermal,

hydrothermal, microemulsion etc. and those which additionally use surfactants or

templates for the structure and morphology development [20–26].

The formation of novel morphologies as a result of the solution-based techniques

is comparatively convenient, facile and is applied on large scales since these are

economically viable. Still, these techniques often require specific requirements

associated with synthesis procedures such as control of pH, temperatures, pressures,

use of costly structural modifiers, requirement of special equipments etc. [27].

Therefore, the development of a preparation method for novel ZnO structures with a

simplified procedure is highly desirable in materials science. The synthesis of size

and morphology controlled ZnO particles is a challenging task in the area of current

materials research. Thermal decomposition is the one of the most promising

methods for the preparation of nano/micro structured materials. Previously, it has

been reported that ZnO nanoparticles with a particular morphology can be achieved

by the thermal treatment of precursors with organic additives [28–32] and the nature

of solvent used in those synthesis has a crucial role in the morphology of ZnO

nanomaterials [33].
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In recent years, numerous studies were carried out on the photocatalytic activities

of ZnO nanoparticles with various morphologies like nanowires, nanorods,

nanotubes, micro and nanoflowers etc. [34–39]. From this discussion, it is

understood that the preparation of morphology regulated ZnO photocatalysts

without the use of any organic modifiers or surfactants is highly demanding. Few

studies have been reported for the synthesis of highly photoactive ZnO nanostruc-

tures by the direct thermal decomposition method. Saravanan et al. [40] prepared

ZnO nanorods by the direct thermal decomposition of acetate precursor and

investigated its photocatalytic activity for the degradation of textile dyes.

In the present work, three dimensional ZnO microflowers were synthesized by

the pyrolysis of previously grinded/melted precursor, zinc(II) nitrate hexahydrate,

without the aid of any organic modifiers and structure directing agents. To the best

of our knowledge, this is the first report for the synthesis of three dimensional ZnO

microflowers containing a large number of hexagonal pyramid like petals by an

easily performable pyrolysis, the simplest technique of material synthesis. The

photocatalytic activity of as-synthesised ZnO microflowers was studied for the

degradation of dye molecules.

Experimental details

Synthesis of ZnO microflowers

Thermal decomposition of a nitrate precursor was employed for the material

preparation. In the typical experiment, a weighed amount of zinc(II) nitrate

hexahydrate (R&M chemicals, UK) was ground and pulverized in a mortar using a

pestle. Subsequently, it was transferred to a large quartz crucible and kept in air

contact till it become free flowing form (i.e. watery form due to the hygroscopic

nature and melting of the sample during pulverization) and calcined at two

temperatures (400 and 600 �C) in a muffle furnace for 4.5 h to obtain ZnO

microflowers.

Characterization

The as-synthesized ZnO materials were subjected to structural and morphological

analysis using different techniques. Thermogravimetric and differential scanning

calorimetric analysis (TG/DSC) of the treated nitrate precursor was done in a

thermogravimetric analyzer (STA 449 F3 JUPITER) with helium carrier gas.

Powder X-ray diffraction (XRD) analysis of the samples was performed on a Bruker

D8 ADVANCE powder diffractometer with Cu Ka radiation wavelength of

0.15406 nm. The samples were scanned from 3� to 80� with 0.025� step size. The

crystalline size for each sample was calculated from the full width at the half

maximum of the X-ray diffraction peak at around 36� using the Scherrer equation

(processed data). Fourier transform infrared spectra (FT-IR) of the calcined

products were recorded in transmission mode using Thermo Scientific NICOLET

6,700 in the region of 400–4,000 cm-1. Scanning electron microscopy (SEM)
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images of the materials were taken using Carl Zeiss Evo Ma10 VPSEM instrument

and the electron micrographs were obtained at an operating voltage of 10 kV.

Transmission electron microscopy (TEM) images were taken by a Philips CM-12

instrument with an operating voltage of 100 kV. Selected area electron diffraction

(SAED) analysis was taken using a Hitachi 120 kV TEM HT-7700 instrument.

Photocatalytic measurements

The photocatalytic activity of the as-synthesized ZnO microflowers was investi-

gated using methylene blue (MB) degradation under UV-light irradiation in a

Rayonet type photoreactor (Associate Technica, India) with 16 tubes of 8 W UV

lamps, with an irradiation wavelength of 352 nm (HITACHI F8T5 8 WATT

Hittach, Ltd. Tokyo Japan, Made in Japan). Methylene blue dye solution (50 mL)

with a fixed concentration (5 mg/L) was taken in a tubular vessel having a total

capacity of 110 mL and weighed amount of ZnO photocatalyst (0.15 g) was

dispersed in it under continuous air bubbling in the dark for 15 min to ensure the

establishment of an adsorption/desorption equilibrium prior to photodegradation.

Then the mixture was irradiated under UV light in photoreactor with proper

aeration. After the required time of reaction, the solution was centrifuged and its

absorbance spectra were recorded from 200 to 800 nm using a UV–visible

spectrophotometer (Perkin Elmer Lambda-35). The percentage of photodegradation

was calculated based on the following equation:

Degradation (%) = (1 - (A/A0)) 9 100, where A0 and A represents the

absorbance of the initial dye solution and the same after photodegradation. The

efficiency of degradation of some other industrial dyes was also investigated over

ZnO microflowers.

Results and discussion

The preparation of highly efficient and morphology controlled nano or micro

material is a challenging task in materials research. A wide variety of synthesis

methods have been reported for the synthesis of nanostructured and morphology

controlled ZnO materials. Compared to the conventional methods, simplified

synthesis procedures always have a prominent seat. In this work, we applied the

direct thermal decomposition of previously grinded zinc nitrate hexahydrate for

the development of novel crystalline ZnO microflowers. The deliquescent nature

and low melting point (36.4 �C) of the precursor makes the grinded material to a

liquid phase and its calcination was done directly without the aid of any structure

directing agents. The as-obtained ZnO crystals have well-featured flower-like

morphology with high photocatalytic activity for dye pollutant degradation. In

comparison with the previous reports, ZnO microflowers obtained by the present

method proved its best heterogeneous characteristics and the method takes a

substantial role for its attractive morphology, simplicity, fast performance and

cost-effectiveness.
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Characterization of ZnO microflowers

Fig. 1 represents the TGA/DSC curves of the nitrate precursor, Zn(NO3)2�6H2O.

The precursor was thermally scanned from 30 to 600 �C with a slow heating rate of

4 �C min-1 using helium as the carrier gas. In the TGA plot, the two continuous

adjacent weight losses were noted with a total of 72 %. The first weight loss up to

220 �C was attributed to the loss of water of crystallization from the nitrate

precursor and the second mass loss from 290 to 350 �C was due to the thermal

decomposition of nitrate precursor to zinc oxide with the liberation of nitrogen

oxides [41]. Similar results were also noticed in the DSC plot. In the DSC plot, the

endothermic peaks noted at around 38 and 125 �C were corresponded to the melting

and boiling point or the decomposition temperature of the nitrate precursor. The

decomposition proceeds till 350 �C. The endothermic peak at *330 �C in the DSC

curve was ascribed to the weight loss corresponding to the decomposition of zinc(II)

nitrate to pure ZnO. After 350 �C, there is no weight loss in the sample, indicating

the complete transformation of nitrate precursor to ZnO. Thus it is clear that only

350 �C was required for the complete pyrolysis of the nitrate precursor to ZnO. In

our studies, we selected a slightly higher pyrolysis temperature of 400 �C to ensure

the complete conversion. A higher calcination temperature of 600 �C was also

performed for the synthesis, to study its effect on the properties and activities of

ZnO.

Powder X-ray diffraction patterns of the calcined samples are shown in Fig. 2.

The diffraction patterns at the 2h values 31.7�, 34.1�, 36.2�, 47.5�, 56.5�, 62.8�,

67.9�, 69.0� and 72.5� can be indexed to the hexagonal wurtzite structure of ZnO

with P63mc space group (JCPDS: 01-089-0511), irrespective of the calcination

temperature, which is the exclusive phase present in the as-synthesised ZnO

materials. The sharp and intense diffraction peaks confirmed the high crystalline

quality of the ZnO. The synthesis temperature has slightly affected the crystallite

size of ZnO. ZnO prepared at 400 �C has the crystallite size of *47 nm, whereas

the sample calcined at 600 �C showed a crystallite size of *50 nm. This slight

increase in the crystalline size may be due to the much higher nuclear growth rate of

crystallites at high temperatures [42, 43].

The FT-IR spectra of ZnO crystals are shown in Fig. 3. The intense and broad

band centered at around 475 cm-1 in the spectra was attributed to the characteristic

stretching vibration of Zn–O bond in transmission mode [44, 45]. The absence of

any other prominent peaks indicates the lack of adsorbed surface impurities.

The surface morphologies of the as-synthesized ZnO samples were studied with

the help of SEM images and the results are shown in Fig. 4. It is reported that the

zinc(II) nitrate sintering produces hexagonal pyramids instead of flowers [46], but in

the present case, flower-like morphology was observed for ZnO. Hexagonal

pyramids form the basic unit of such microflowers and which are aggregated three

dimensionally for the formation of microflowers. The hexagonal pyramids in the

ZnO microflower have well separated six triangular faces and a sharp end tip at the

top, characteristic of the normal pyramids obtained by the direct pyrolysis of the

nitrate precursor [47]. The microflowers were formed in such a way that many of the

hexagonal pyramids joined together through the hexagonal bottom portion and
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which forms the center of microflower and the pyramidal end was oriented outwards

like the petals of a flower. Also from Fig. 4, it is visibly evident that even though the

size of the microflowers was different; the size of hexagonal pyramid is found to be

almost same with average size varying from 10 to 15 lm. Some studies reported the

Fig. 1 TGA/DSC curves of zinc nitrate hexahydrate

Fig. 2 XRD pattern of the samples at (a) 400 �C, (b) 600 �C
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use of additional reagents such as KI or hydrazine for the formation of flower like

morphologies from single units [48–50]. However, in our case, we ruminate that the

initial melting happened by the grinding followed deliquescence of the precursor

and the oriented growth during the calcination, reasons the step growth or

aggregation of hexagonal micropyramids.

As shown in Fig. 4, the sample calcined at 600 �C shows variety of microflowers

with a huge number of hexagonal pyramidal petals. An increase in the synthesis

temperature resulted in the formation of microflowers with increased number of

hexagonal pyramidal petals. In the first image (Fig. 4a), a highly aggregated flower

is shown with a huge number of pyramidal clusters oriented in a three dimensional

manner. The average size of this large ZnO microflower was found to be about

100 lm. This type of microflower has been not reported in literatures so far by the

ordinary thermal decomposition of the nitrate precursor. ZnO microflowers with

lower number of pyramidal petals with size ranging from 10 lm to 70 lm were also

observed at the same calcination temperature. At a lower annealing temperature of

400 �C, flower-like structures were observed as shown in Fig. 4c, with the same

basic hexagonal pyramidal petal units; but the observed change was in the low

number of pyramidal petals in the flowers, which may be due to the lower

aggregation rate of pyramidal petals compared to that at 600 �C. In addition to the

microflowers, star shaped microstructures were also noticed at 400 �C as seen in

Fig. 4d. The inset of Fig. 4d shows the magnified image of a single hexagonal

pyramidal petal in the flower, which is oriented in a single direction.

Thus, it is clear that the flower growth or pyramidal aggregation was more

pronounced at 600 �C because a large flower with the approximate size of 100 lm

Fig. 3 FT-IR spectra of ZnO calcined at (a) 400 �C, (b) 600 �C
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was formed by the rapid aggregation of hexagonal micropyramids. However, at a

lower temperature of 400 �C, the agglomeration rate was found to be low compared

to 600 �C. This may be the reason for the formation microflowers with low number

of pyramidal petal combs. Saravanan et al. [40] found that the calcination

temperature has a great role in the morphology of the ZnO nanorods obtained by the

thermal decomposition of the acetate precursor and reported that at higher

calcination temperatures, their nanorods changed to irregular shape, but in our case,

even at a higher calcination temperature of 600 �C, the flower-like morphology was

preserved, indicating the morphology preservation at high temperatures. The step

growth for the formation of microflower bundles was increased with the calcination

temperature.

Fig. 5 shows the TEM image of the ZnO microflower at 600 �C, where highly

dense and aggregated hexagonal pyramids were visibly clear. The inset figure in

Fig. 5a represents the selected area electron diffraction pattern of the single

pyramidal unit in the microflower. SAED pattern shows the sharp and bright

diffraction spots indicating the single crystalline nature of the pyramid petal unit

and the growth direction can be indexed along the c-axis or [0001] direction [51].

The TEM-EDX analysis of ZnO microflowers was also carried out (Fig. 5b). From

this spectrum, it is seen that the ZnO microflower contains only Zn and O, without

any other elements. The signal of Cu originates from the copper grid used for

viewing TEM images and the signal of C was due to the thin carbon film on Cu grid.

Fig. 4 SEM images of ZnO microflowers a, b calcined at 600 �C c, d calcined at 400 �C
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As ZnO is a polar crystal [52], it prefers the growth in polar axis i.e. along the

[0001] direction or c-axis as shown in the SAED pattern. The continuous growth along

this direction can occur by the adsorption of growth units on this [0001] facet and

which results in the formation of one dimensional hexagonal nanorod [53]. Due to the

Fig. 5 TEM image of a ZnO microflower at 600 �C and its SAED pattern (inset figure), b EDX pattern
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adsorption of impure groups on this plane, the hindering of growth unit attachment

takes place and the crystal growth has been retarded along this facet. The formation of

hexagonal pyramid-like petal structures in the ZnO microflower was due to the

attachment of nitrate ions on the facet [46, 47]. More clearly, the nitrate ions adsorb on

the polar plane and which retards the rapid growth of ZnO and a sharp end at the c-axis

takes place, resulting in the formation of hexagonal pyramids [54, 55].

Photocatalytic degradation of methylene blue

The photocatalytic activity of the as-prepared ZnO microflowers was investigated

using the photodegradation of methylene blue under UV light irradiation. Addition-

ally, we did some experiments to confirm the degradation effectiveness of ZnO

microflowers for other industrial dyes. For the photocatalytic oxidation process, we

supplied air as the potential oxidizing agent, until the dye solution became

completely degraded (colorless). 2 % self-degradation of methylene blue (noncat-

alytic dye degradation) was noted when the reaction was conducted in the absence of

ZnO photocatalysts and under UV irradiation. ZnO microflowers prepared by the

thermal decomposition method have a considerable role in the permanent removal of

dyes from waste water by the use of UV irradiation, because the as-synthesized ZnO

presented a negligible adsorption (\1 %) in the dark reaction [56–58]. Therefore,

exclusive photocatalytic degradation was resulted over the ZnO microflowers.

We performed the degradation of MB solution over ZnO microflowers obtained at

400 and 600 �C; where 98.5 % dye degradation was noted for both samples within

60 min, which indicates that both samples show almost the same activity due to their

close crystallinity and the well-defined flower-like morphology. The reaction was

performed under the conditions of 50 mL of 5 mg/L concentration of methylene blue

solution with a catalyst dosage of 150 mg. To study the effect of various parameters

such as illumination time, catalyst weight, initial dye concentration, volume etc., we

selected ZnO calcined at 400 �C as the photocatalyst and methylene blue as the

model dye pollutant. Fig. 6 shows the photodegradation efficiency of ZnO calcined

at 400 �C with time over a catalyst dosage of 150 mg. Over the photocatalyst, around

99 % degradation was achieved within 60 min and after that no increment was

observed while doing the reaction for further time. Fig. 7a shows the effect of

catalyst dosage on the photodegradation efficiency. An increase in the catalyst

weight exhibited a positive effect in the degradation rate as shown in the plot, and

within 45 min, 97 % degradation was observed for the dye solution over 0.30 g ZnO.

An increase in the amount of ZnO photocatalysts provides more photoactive sites to

absorb the UV light, so that the time required for the methylene blue degradation was

decreased [59]. Fig. 7b shows the effect of volume of dye solution on the degradation

efficiency and noted that with increase in the volume of dye solution, the degradation

rate was decreased, since only the same amount of catalyst was available for more

dye molecules. As we expected, the initial dye concentration has a significant role in

the degradation rate of dye solution and observed that, with an increase in the initial

dye concentration, the rate of degradation decreased drastically. 37, 45, 88 and 99 %

degradation was observed for 20, 15, 10 and 5 mg/L dye concentrations in 2 h of

reaction time as shown in Fig. 7c.
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Many of the photocatalysts have not been useful for further photodegradation

experiments due to the deactivation of the catalyst. But over the prepared ZnO

microflowers, we have done several experiments to prove its reusability. ZnO

photocatalysts left after the degradation experiments were washed, filtered, dried and

calcined before it is used for next run. Fig. 8 represents the reusability data for the

ZnO photocatalysts. From the figure, it is evident that the microflowers have high

reusability for seven consecutive runs, which depicts the high photostability of the

catalysts against photocorrosion [26]. We also compared the photocatalytic activity

of ZnO microflowers with commercial grade ZnO for methylene blue degradation

and found that commercial grade ZnO was more active than ZnO microflowers.

Within 6 min, 100 % degradation was noted in the case of commercial ZnO, but we

faced a separation difficulty while using it for the reaction, due to its lower

sedimentation power because of the fine powder nature [60]. This enhances the use of

ZnO microflowers as heterogeneous photocatalysts. Table 1 represents the effi-

ciency of degradation of various industrial dye pollutants over ZnO microflowers

calcined at 400 �C. It was clear that more than 70 % of all of the organic dyes studied

were degraded within 60 min under UV-light irradiation. Complete degradation of

malachite green was noted within 60 min over the present catalyst, but only 73 %

degradation was noted for the methyl orange dye solution. The high catalytic activity

of the prepared ZnO microflowers for the photooxidation process may be attributed

to the crystallinity of ZnO samples [20, 40].

The photoactive ZnO microflowers were synthesized by a method easy to

perform: thermal decomposition of previously melted nitrate precursor without any

special care and procedures. Therefore, this is encouraged for its bulk production.

Fig. 6 Change in absorbance spectra of methylene blue dye solution with time (50 mL 5 mg/L dye
solution, 0.15 g ZnO at 400 �C with constant air bubbling)
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The method is found to be simple and efficient compared to the solvent-based

conventional wet methods and other tedious methods previously reported in

literature, in terms of its morphology and degradation capacity. In comparison with

literature reports, ZnO prepared by the pyrolysis of precursor enhanced the

degradation efficiency and the method of preparation is substantial for its best

characteristics such as simplicity, cost-effectiveness, rapid synthesis and also for the

formation of well oriented flower like morphology.

Conclusion

Highly oriented three dimensional ZnO microflowers have been successfully

fabricated by the direct thermal decomposition of the previously grinded/melted

nitrate precursor at two different calcination temperatures of 400 and 600 �C,

without the use of any structure directing agents or surfactants. The as-synthesized

ZnO microflowers were characterized by means of various analytical techniques.

X-ray diffraction studies confirmed the phase pure hexagonal wurtzite crystalline

Fig. 7 a Effect of catalyst dosage (50 mL 5 mg/L dye solution, 45 min UV irradiation with constant air
bubbling), b Effect of volume of dye solution (0.15 g ZnO at 400 �C, 60 min UV irradiation with
constant air bubbling), and c Effect of initial dye concentration (50 mL dye solution, 0.15 g ZnO at
400 �C, 120 min UV irradiation with constant air bubbling)
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structure. SEM and TEM images showed the various microflower and star-like

morphology of the prepared samples. Hexagonal pyramids form the fundamental

unit of such microflowers, whose regulated aggregation resulted in the formation of

3D microflowers. SAED analysis confirmed the single crystalline nature of the ZnO

hexagonal micropyramids. The photocatalytic degradation of hazardous industrial

dye pollutants were effectively done over ZnO microflowers. Several concentrations

of dye solution were degraded effectively under UV-light irradiation at a low

catalyst dosage. Reaction parameters were varied to optimize the degradation

conditions and noted that irrespective of the calcination temperature, ZnO

microflowers exhibited same degradation efficiency due to their excellent crystal-

linity. The microflowers exhibited high reusability for dye degradation.
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Table 1 Catalytic efficiency of

ZnO microflowers for the

degradation of various organic

dye pollutants (50 mL 5 mg/L

dye solution, 150 mg ZnO

(400 �C), continuous air

bubbling for 60 min under UV

illumination)

Dye Degradation (%)

Methylene blue 99

Malachite green 100

Methyl orange 73

Acid blue 80

Congo red 77

Fig. 8 Reusability of ZnO microflowers (50 mL 5 mg/L MB solution 65 min of light irradiation)
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