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Abstract. ZnO-flaky-like nanoflowers with enhanced photocatalytic activity were synthesized by a new hydrothermal
technique. The material was characterized and the photocatalytic studies were conducted under solar light irradiation for a
model azo dye, Orange G. The material was compared with ZnO nanosphere and nanorod. The results showed the particle
size of the nanostructures as a nanorod is 62–81 nm, as a nanosphere is 40–70 nm and as flaky nanoflowers is 20–30 nm
(thickness of the flake). The photocatalytic activity showed an enhanced 2-fold increase in the activity for nanoflowers
when compared to nanorods and spheres. The Brauner–Emmett–Teller results showed that the nanoflowers
(14.197 m2 g-1) had a higher surface area nearly 3.5 times when compared to the nanospheres (4.06 m2 g-1) and seven
times with nanorods (2.1 m2 g-1) which is the possibility of such high photocatalytic activity. The smaller particle size
and the arrangement of nanoflowers play an important role in enhanced photocatalytic activity.
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Introduction

Industrialization and an increase in population have led to an
alarming increase in environmental pollution in the past few
decades [1]. The toxic pollutants present in the environment
are often carcinogens and mutagens [2]. The persistent
organic pollutants (POP) are a major problem for environmentalists to eradicate them from the environment which are
mostly endocrine disrupting agents [3]. These materials are
often discharged as effluents from industrial outlets pertaining to tannery, textile, pharmaceutical, paper industries, etc.
[4]. Mostly, the dyes which are used in the dyeing process
leading to colour impartation on fabric, leather and other
materials are left as effluents in the nearby water streams.
Dyes which are the main contributors of contaminated
wastewater are mainly classified as Azo and non-azo dyes
based on the –N=N– groups present on the dye structure. Azo
dyes are mainly difficult to be removed from the effluents
and needs special treatment methods. Techniques like

adsorption, ion-exchange, chemical precipitation/coagulation, membrane separation are employed widely for removing the pollutants from the effluents, but advanced oxidation
process (AOP) employing semiconductor metal oxides and
light irradiation are highly efficient [5].
Photocatalytic activity and zinc oxide-based semiconductor metal oxides are inseparable in literature [6]. Studies on
zinc oxide received much attention since the discovery of
photocatalytic water-splitting with metal oxides under visible
light irradiation by Fujishima and Honda [7]. Since, the
employability of TiO2 is highly uneconomical, ZnO a lowcost substitute is being researched widely [8]. Though many
procedures are available for the preparation of ZnO including
precipitation [9], sol–gel [10], hydrothermal [11], combustion [12], microwave-assisted [13], etc., the activity of ZnO
was found to be lesser under visible/solar light irradiation
than modified nanomaterials [14,15]. Hence, studies on
modified metal oxides were focussed by many research
groups. Moreover, literature shows the employment of
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hydrothermal technique for ZnO preparation by different
morphologies like nanorod [16], nanopowder using Thai
autoclave [17], nanotubes in the presence of methylamine
[18], etc. But, the preparation of flaky nanoflowers by a
hydrothermal approach remains unexplored.
Photocatalytic activity has been studied under different
light irradiations, such as UV, visible and solar. Since,
sunlight consists of *2–5% UV, 50% visible and 40% IR
irradiation, preparation of nanomaterials active under visible or solar irradiation would be highly economical. UV
light is costly and most of the nanomaterials would be
active under UV light. Hence, modified ZnO which is active
under UV and visible light is an investigation of interest by
researchers targeting a solar-active photocatalyst [19].
When our research group worked on the preparation of
ZnO-based nanocomposites by a hydrothermal approach, the
resulted ZnO possessed higher activity than the prepared
nanocomposite which prompted us to investigate the
hydrothermally prepared ZnO. Jayaraj and co-authors [20]
had prepared ZnO by a hydrothermal technique by a nearly
spherical shape employing zinc acetate and NaOH for 6–12
h. Tam et al [16] prepared ZnO nanorods by a hydrothermal
technique. Snowflake-like ZnO was prepared by using zinc
nitrate, hexamethylenetetramine and NaF hydrothermally
[21]. Hence, a simple preparation of ZnO grown hydrothermally by a surfactant-free procedure are lesser explored in
literature. Hence, ZnO was prepared hydrothermally in a
flaky-nanoflower like morphology and its photocatalytic
properties were compared with ZnO nanospheres and
nanorods prepared by precipitation and sol–gel techniques.
These types of comparative studies are very few in literature.
Herein, we report a technique for the synthesis of flakylike ZnO nanoflowers by a surfactant-free hydrothermal
technique. ZnO nanospheres and nanorods were prepared
by precipitation and sol-gel techniques. All these nano zinc
oxides were characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), ultravioletdiffuse reflectance spectroscopy (UV-DRS), field emission
scanning electron microscopy (FESEM), atomic force
microscopy (AFM) and Brauner–Emmett–Teller (BET)
techniques. The photocatalytic activity under solar light
irradiation were analysed and compared for all the three
prepared zinc oxides. The preliminary and kinetic studies
were conducted and the by-product analyses were conducted by UV–visible absorbance measurement and COD
analysis. The rate constants were found to decrease upon
increase in dye concentrations. The reaction was found to
follow a pseudo-first order kinetics.

2.
2.1

Materials and methods
Materials

Zinc nitrate hexahydrate and zinc acetate were purchased
from Sigma, India. Sodium hydroxide, sodium carbonate,
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ammonia and Orange G (OG) dye were procured from SRL
Chemical, India. Ethanol and HCl (Merck) were used in this
study. All the chemicals used in this study were used as
such without any further purification. The instrument details
are provided in supplementary material.

2.2

Synthesis of ZnO

2.2a Hydrothermal synthesis: The hydrothermal ZnO
was prepared by a modified procedure as shown below.
Required concentrations of zinc nitrate hexahydrate and
sodium hydroxide were prepared by dissolving in doubledistilled (DD) water. To a stirred solution of zinc nitrate,
sodium hydroxide solution was added slowly and a white
precipitate was obtained. The addition of NaOH was
continued till a pH of 12 was reached. The solution was
stirred for 30 min after complete addition. The suspension
was transferred to a Teflon-lined stainless-steel autoclave
and maintained at a temperature of 180°C for 18 h. Then,
the prepared ZnO was filtered and washed with water. The
washing was continued till the pH of filtrate was neutral.
Then, it was washed with ethanol and dried in an oven at
60°C for 12 h. The material was named as ZnO-HT.

2.2b Precipitation synthesis: The preparation of ZnO by
a precipitation procedure was conducted by a technique as
reported in [22]. Equimolar solutions of zinc nitrate
hexahydrate and sodium carbonate were prepared in DD
water. To a stirred solution of zinc nitrate hexahydrate,
sodium carbonate was added slowly. The resulting
suspension of white precipitate was stirred further for 15
min. Followed by filtration, washing was done with water
and ethanol. The white material obtained was dried in a hot
air oven at 110°C overnight and calcined at 600°C for 2 h.
The material was named as ZnO-PPT.
2.2c Sol–gel synthesis: ZnO nanomaterial was prepared
by a sol–gel technique as reported in [23]. In a typical
procedure, zinc acetate solution was prepared by dissolving
the required amount of precursor in water. To this solution,
ammonia was added dropwise under stirring, until it
reached a pH of 8. Zn(OH)2 is precipitated as a gel in this
process which was filtered and separated from the solution
and washed with water. The separated gel was made into a
slurry by the addition of water and further redissolved by
ammonia addition. The addition was continued till a pH of
12 was reached. This resulted in a clear solution. This
solution was placed at 65°C until the complete evaporation
of ammonia takes place. The white precipitate thus formed
was filtered, washed with water and ethanol and dried in an
oven at 150°C for 1 h. Then, calcination was done at 300°C
for 30 min. The material thus prepared was named as ZnOSG.

Photocatalytic studies were conducted under solar light
irradiation from 10 am to 2 pm. The preliminary studies
were conducted in a glassware in a 10 ml of dye solution
with the required amount of catalyst. The time of light
irradiation was fixed as 1.5 h for the preliminary studies.
The kinetic studies were conducted in a glass beaker and the
sample volume was 200 ml.

3.
3.1

Results and discussion
Analysis by FTIR and XRD

The synthesized ZnO-HT, ZnO-PPT and ZnO-SG were
analysed by FTIR and XRD analyses. The results are shown
in figure 1 and supplementary figure S1. FTIR predicts the
functional groups present in the prepared material. As
observed in supplementary figure S1, the peak observed at
400–500 cm-1 in all the three samples, proves the presence
of –M–O–stretching vibration which may be attributed to
the Zn–O bond present in the prepared ZnO nanomaterials
[22]. The band at 3500 cm-1 (–OH) is observed due to the
surface-absorbed water molecule. Only a marginal difference could be inferred in the FTIR spectrum of all the three
prepared ZnO materials. The XRD results reveal the highly
crystalline phase of all the prepared ZnO nanostructures
(figure 1). The peaks which appeared at (1 0 0), (0 0 2), (1 0
1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2) planes correspond to
that of the hexagonal wurtzite crystal structure of ZnO. The
data was corroborated with literature values (JCPDS no.
36–1451) [23]. The crystallite size was calculated from
Scherrer equation and were found to be in the nano range.
The sizes were found to be 35–54 nm.

similar for ZnO-HT and ZnO-PPT (3.087, 3.091 eV), for
ZnO-SG it was found to be 3.19 eV.

3.3 Analysis of morphology by FESEM and AFM
techniques
The morphological analysis of all the prepared nanomaterials was confirmed by FESEM analysis. The images are
shown in figure 3. The ZnO-HT was found to be in a flakylike structure, arranged into a flower-like texture. Hence, the
morphology is inferred as flaky nanoflowers. The thickness
of each flake was found to be in the range of 20–30 nm, the
length was ranging from 50 to 200 nm. Each arranged
flower itself is a microstructure (figure 3a). The prepared
ZnO-PPT was found to be a nearly spherical structure
(figure 3b), hence, referred as nanospheres. The particle size
ranged from 50 to100 nm. ZnO-SG was found to be in a
nanorod shape as shown in figure 3c. The particle size was
found to be 60–80 nm in diameter. Hence, all the nanomaterials were in the nano regime. The AFM images are
shown in supplementary figure S2. It confirms that all the
prepared ZnO are in the nano regime. The surface roughness of the prepared nanomaterials could be inferred from
the AFM analysis. Since, there is requirement of a rough
surface for the organic material to be seated on the nanomaterial for photocatalytic activity to occur. Higher the
surface roughness, the higher the probability of the dye
molecule to be easily absorbed on the nanomaterial for
enhanced photocatalysis. The roughness was found to be
27.31 nm for ZnO-HT, 25.22 nm for ZnO-PPT and 0.16 nm
for ZnO-SG for a 2 9 2 lm area.

3.2 Absorbance measurement and bandgap analysis
by UV-visible-DRS
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UV-visible-DRS analysis of the prepared ZnO nanospheres,
nanorods and flaky nanoflowers are shown in figure 2a and
the corresponding bandgap energy plot is shown in
figure 2b. It was observed that the absorbance is higher near
the 200–400 nm region, hence the material would be active
both under UV and visible regions. The bandgap energy
(Ebg) is a deciding factor to give a clear-cut picture of the
materials’ activities under solar light. It is the distance
between the valance and conduction bands, only if the
energy equal to the Ebg is provided. The nanomaterial could
absorb light energy photons and contribute to photocatalytic
activity. A plot of (ahm)2 vs. hm as shown in figure 2b was
drawn and the tangent drawn to meet the x-axis gives the
bandgap energy of the material. It was found to be almost
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Figure 1.
ZnO-SG.

XRD patterns of the prepared ZnO-HT, ZnO-PPT and
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(a) UV-DRS and (b) bandgap energy plots of the prepared ZnO-HT, ZnO-PPT and ZnO-SG.

Figure 3. FESEM images of (a) ZnO-HT, (b) ZnO-PPT and (c) ZnO-SG.

3.4

Surface area analysis by BET

Surface area of the nanomaterials is often tested by the BET
analysis. The analysis results show the surface area of ZnOHT, ZnO-PPT and ZnO-SG as 14.197, 4.06 and 2.1 m2 g-1,
respectively. The higher surface area of ZnO-HT may

contribute to a higher photocatalytic activity of the prepared
ZnO-HT. The N2 adsorption–desorption isotherm plot of
ZnO-HT is shown in figure 4. The pore-size distribution has
been provided in the supplementary figure S3. The total
pore volume was found to be 0.019061 cm3 g-1 for the
prepared ZnO-HT.
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Figure 4. N2-adsorption–desorption plot of ZnO-HT by BET
analysis.

Figure 5.

3.5

Figure 6. Photocatalytic studies on the degradation of OG dye
by all the prepared ZnO under solar light irradiation.

Photocatalytic mechanism for the production of OH radicals.

Photocatalytic mechanism of ZnO

The schematic representation of the photocatalytic production of free radicals by ZnO are shown in figure 5.
When the surface of the ZnO is exposed to sunlight, the
electrons present in the ground state (valance band)
acquire energy and jump to the excited state (conduction
band). The amount of energy required is equal to the
bandgap energy of the nanomaterials. As determined by
the UV-DRS analysis, the Ebg is found to be 3.087, 3.091
and 3.19 for ZnO-HT, ZnO-PPT and ZnO-SG, respectively. Hence, upon excitation, the holes present in the
valance band are free to react with water molecules for the
production of OH free radicals which may continuously
attack the target organic moiety (OG). thereby leading to
complete degradation.

3.6

Photocatalytic studies

3.6a Preliminary studies: Preliminary studies were
conducted to optimize the parameters for conducting the
photocatalytic reaction under solar light irradiation. The
studies on the variation of initial pH of the aqueous phase,
dosage of catalyst and initial concentration of dyes were
conducted. A test reaction was initially conducted to know
the photocatalytic activity of the prepared ZnO-HT, ZnOPPT and ZnO-SG. To a 10 ml volume of 10 ppm OG dye,
10 mg of the respective photocatalyst was added and
irradiated under natural sunlight for 1.5 h. A blank reaction
was conducted side by side without any catalyst. The results
are shown in figure 6. It shows that ZnO-HT shows nearly
twice the activity when compared to ZnO-PPT and ZnOSG.

247

Page 6 of 8

(a)
Figure 7.

Bull. Mater. Sci.

(b)

(2021) 44:247

(c)

Preliminary studies on the photocatalytic degradation OG dye by ZnO-HT under solar light irradiation.

The photolysis accounts for only 5% ZnO-HT showed
86% activity when compared to 40.54 and 37.51% by ZnOPPT and ZnO-SG, respectively. Hence, the ZnO-HT
showing better photocatalytic activity was used for further
studies. Figure 7a shows the results on the effect of initial
pH of aqueous phase. The pH from 2 to 12 were prepared by
the addition of 0.1 N HCl and 0.1 N NaOH. Ten millilitres
of 10 ppm dye solution was prepared in the appropriate pH
and 10 mg of catalyst added and irradiated under sunlight
for 1.5 h. It is inferred that the prepared ZnO-HT was highly
active in the neutral to basic pH. At very low pH (acidic),
the photocatalytic activity showed a slight decrease. This
may be attributed to the competition of H? ions present in
the solution to neutralize the OH radicals formed before
attack on the dye moiety. Hence, for the ease of operation,
neutral pH was chosen for the study. Further, the catalyst is
active in a wider pH range, hence, suitable for treatment of
environmental contaminants. Figure 7b shows the results on
the variation of catalyst dosage. The study was conducted
from 3 to 20 mg of ZnO-HT in 10 ml per 10 ppm dye
solution. As the dosage of catalyst increases from 3 to 10
mg, a gradual increase in percentage of degradation was
observed. A further increase in catalyst dosage beyond 10
mg, leads only to a marginal increase. Hence, 10 mg 10
ml-1 was fixed as the optimum catalyst dosage. The effect
of variation of dye concentration on the degradation of
organic moiety was conducted from 5 to 50 ppm. It was
observed that as the concentration of dye increased, the
percentage of degradation decreased from 93.54 to 48.67%
(5–50 ppm) (figure 7c). Hence, a complete kinetic study is
needed to analyse the order of the reaction and time needed
for complete degradation.
3.6b Kinetic studies: Percentage dye degradation was
monitored with respect to time for the 10, 15, 20 and 25
ppm OG dye concentration.
Aliquots of sample were taken at regular time intervals
and the aliquots were centrifuged for photocatalyst removal
and the absorbance was recorded. The results are shown in
figure 8a. It could be observed that as the time of irradiation

increased, the percentage of degradation neared completion
at 120, 180, 240, 300 min for 10, 15, 20 and 25 ppm,
respectively. Figure 8b shows the rate constant plot, the rate
constants were found to be 33.39, 18.28, 14.19, 11.77 9
10-3 min-1 for 10, 15, 20 and 25 ppm, respectively. The
reaction followed a pseudo-first order kinetics. Hence, at
lower concentration, the reaction completed very fast.
3.6c By-product analysis: Complete degradation of the
organic moieties was confirmed by recording the full
absorbance spectrum from 200 to 800 nm for all the aliquots
of sample collected during the kinetic studies conducted.
The spectrum of degradation of 20 ppm OG is shown in
figure 9a. It is clearly observed that the peak at 483.5
decreased gradually and reached nearly zero. Also, the
completion of degradation could also be analysed by
conducting chemical oxygen demand (COD) analysis. It
was observed that as the time of irradiation increased, the
photocatalyst completely degraded the organic moiety
present in the system. The COD decreased from 567.36,
677.68, 772.24, 1029.26 mg l-1 to 94.56, 39.4, 15.76 and
15.76 mg l-1 for the tested 10–25 ppm, respectively
(figure 9a). Hence, these results prove the complete
degradation of the organic moiety by the prepared ZnOHT photocatalyst.
The ESI-MS? analysis of the photodegraded samples of
original OG dye and photocatalytically degraded OG by
ZnO-HT under sunlight are shown in supplementary
figure S4a and b. The absence of peak at m/z 453 which is
the molecular ion peak of OG, confirms the complete
degradation of the original OG dye. A plausible mechanism
for the degradation of OG dye under solar light irradiation
has been elucidated and shown in supplementary figure S5.
The peak at m/z 202 in the mass spectrum of degraded OG
dye corresponds to the degraded fragments, OG2. Upon
solar light irradiation on ZnO-HT in the presence of water
molecule, the OH radicals are formed in the reaction, which
attack the OG dye molecule. The reaction is initiated by the
attack of OH radicals on the azo bond (–N=N–) of the OG
dye moiety which leads to the cleavage of aniline [24].
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Figure 8. (a) Kinetics and (b) rate constant plot of the degradation of OG dye by ZnO-HT under solar light
irradiation.

Figure 9.

(a) UV–vis absorbance spectrum (15 ppm) and (b) COD of the aliquots of sample collected.

First, the N=N breaks and further continuous attack of OH
radicals, leads to degradation into linear chain by-products
of lower molecular weight molecules. These results suggest
that the extent of irradiation time may lead to complete
mineralization of the selected molecules due to the continuous attack of OḢ radicals.

3.7 Relationship between morphology and photocatalytic
activity of the prepared ZnO
The present study shows that ZnO-HT (flaky nanoflowers)
has nearly two-fold activity when compared to ZnO-PPT
(nanospheres) and ZnO-SG (nanorods). The activity of ZnO
depends on both the surface area and structure of the ZnO.
Considering UV-DRS measurements, there is only a

marginal difference in the bandgap energy with only a
difference of *0.01 eV (3.087, 3.091 and 3.19). Hence, the
absorption of light factor is nearly the same and hence, this
factor cannot be taken into account in the present study, as
the catalyst is the same (ZnO). If we consider the particle
size, surface area and morphology: for ZnO nanorods, the
size is 60–80 nm and lesser surface area of 2.1 m2 g-1, for
nanospheres. the size was 50–100 and surface area of 4.06
m2 g-1. But in the case of flaky nano-flowers, the surface
area is very high 14.197 m2 g-1 which is nearly 3.5 and 7
times more than nanorods and nanospheres. Hence, these
observations correlate the higher activity of flaky nanoflowers when compared to the other two shapes. The
thickness of the flakes was only 20–30 nm. So, the morphology plays a very important role as it increases the
surface area also. Moreover, the surface roughness results
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from AFM, further supports the higher activity of ZnO-HT.
Since roughness is high, the dye moiety could easily sit on
the surface of the catalyst for the reaction to occur, as
adsorption is the preliminary step of the photocatalytic
process. So, this study gives a clear picture that particle
size, surface area and morphology play an important role in
the photocatalytic activity of the prepared catalyst.

4.

Conclusion

In conclusion, a simple hydrothermal procedure has been
employed for the synthesis of flaky like ZnO nanoflowers
which possessed enhanced photocatalytic activity under
solar irradiation. The prepared ZnO-HT was also compared
with ZnO-PPT and ZnO-SG prepared by precipitation and
sol–gel techniques for sunlight-induced photocatalytic
activity for the test azo dye, OG. The prepared materials
were characterized by FTIR, XRD, UV-DRS, FESEM,
AFM and BET analyses. The results show that the prepared
materials to be in the nano regime with morphology varying
from flaky nanoflowers (ZnO-HT, 20–30 nm), nanospheres
(ZnO-PPT, 50–100 nm) and nanorods (ZnO-SG, 60–80
nm). The BET analysis supports the high surface area of the
hydrothermally prepared ZnO compared to those prepared
by precipitation and sol–gel techniques. The preliminary
studies under solar light irradiation showed ZnO-HT to
show twice the photocatalytic activity than ZnO-PPT and
ZnO-SG for the degradation of model azo dye. The kinetic
studies showed the reaction to follow a pseudo-first order
kinetics. The decrease in COD to \100 mg l-1 for all the
tested 10–25 ppm, shows that the materials are highly
active. A plausible mechanism for the degradation of OG
dye has also been elucidated. Literature shows various
doped ZnO as a better photocatalytic material. Hence, this
synthesis procedure for ZnO paves a way for the preparation
of even better doped material prepared by the current
hydrothermal procedure. Since, the studies are conducted
under solar light, it is highly cost-efficient and environmentally benign.
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