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This paper presents the synthesis of nanocrystalline zinc oxide (ZnO) particles via the sol-gel method
using zinc acetate as precursor. The calcination temperature of the ZnO was varied to determine its effect
on particle size. The resultant samples were characterized using X-Ray Diffraction (XRD), Fourier
Transform Infrared (FTIR), UltraViolet–visible Spectroscopy (UV–Vis) and Scanning Electron
Microscopy (SEM). Nanocrystalline wurtzite ZnO particles were produced with crystallite size ranging
from �16 nm to �30 nm. Energy Band gap of the synthesized zinc oxide nanoparticles decreased with
increasing calcination temperature and crystallite size. SEMMicrographs showed rice-like microstructure
morphology of ZnO nanoparticles. The usage of the ZnO nanoparticles as a photocatalyst was also
explored in the degradation of Rhodamine B dye using UV – light with particular attention to the effect
of particle size and catalyst load on the degradation efficiency of the dyes. The nanoparticles calcined at
400 �C with crystallite size of 16 nm resulted in the highest degradation efficiency of �95.41% when 0.2 g
catalyst loading was applied.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Sympo-
sium on Nanostructured, Nanoengineered and Advanced Materials.
1. Introduction

Improper disposal of residual dyes and dye effluent into water
bodies by some industries and local textile manufacturers has
become a major contributor to the pollution of water bodies in
recent times [1]. These pose enormous threat to humans, livestock
and the aquatic ecosystem due to their carcinogenic tendencies
and poor biodegradability [2]. Particular attention has been paid
to organic dyes as major environmental pollutants due to their
non-biodegradability and harmful effects on humans owing to
their high potential of been carcinogenic [3,4]. Moreover, they have
deteriorating effect on the nature and quality of water, and also
impede the permeation of sunlight to the detriment of photosyn-
thetic aquatic plants. For instance, traces of organic dyes such as
Methylene blue (MB) in water can result in ailments such as
abdominal disorders, irritations, anemia as a result of hemolysis
and many more [4]. However, the use of this dye is very vital to
the making of textile products in the industry especially in dying
of fabrics [5]. An annual estimation on the production and use of
dyes and pigments worldwide reveals that more than 10,000 dyes
and pigments are used and �7 � 105 tons are produced syntheti-
cally [6] which is an indication that the use of these dyes cannot
be avoided because they form an integral part of industrial opera-
tions of especially textile and paper industries. Therefore, there is
the need to inhibit the harmful effects of these dyes on the ecosys-
tem. Over the years, studies have been done to reclaim dye-
polluted water using water treatment techniques such as adsorp-
tion, coagulation and membrane separation [7]. The techniques
however, only enhanced the conversion of the pollutants in the
water into the solid phase resulting in the generation of secondary
pollutants which may equally have adverse effects on the ecosys-
tem [8]. This calls for a much effective and safe method of remov-
ing the dyes without the generation of secondary harmful
products.

In view of this, degradation of dyes dissolved in water via pho-
tocatalysis using semiconductor nanoparticles as photocatalyst has
been explored in recent times for the removal and reclamation of
dye polluted water bodies and has gained much interest in this
regard [9]. The technique is highly beneficial and safe as it is suit-
terials.
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able for purifying water with some amount of dye contaminants
without yielding toxic intermediate products in most cases [10].
These semiconductor nanoparticles in the presence of light and
at a specific wavelength can generate electron-hole pairs [11]
which undergo series of oxidation and reduction reactions to pro-
duce hydroxyl groups as the main oxidizing agent to breakdown
the organic components of the dye into green products [12]. A
number of photocatalysts explored over the years include titanium
dioxide (TiO2), copper (II) oxide (CuO), zinc oxide (ZnO) and many
others [13]. Amongst these catalysts, titanium dioxide has been
widely used and explored in several studies owing to its photoac-
tivity and ability to oxidize these dyes into green products [14]
amidst some challenges such as low quantum effect and surface
area [15].

However, zinc oxide in the light of the challenges posed by tita-
nium dioxide is gradually gaining attention as a favourable alterna-
tive material for photocatalytic degradation of dye polluted water.
This is because, it exhibits good photo activity and photo lumines-
cence properties [16] with relatively high surface area and quan-
tum yield compared to titanium dioxide [17]. It also has a high
tendency of exhibiting high reaction and mineralization rates lead-
ing to the generation of hydroxyl ions which are the main oxidizing
units [18].

Zinc Oxide is a heterogeneous n-type semiconductor material
having a wide direct band gap of about �3.37 eV and an exciton
binding energy of �60 meV [19]. With respect to its band gap
energy, zinc oxide exhibits ultraviolet light (UV) absorption at
room temperature and poor response to visible light in the electro-
magnetic spectrum. This restricts the intrinsic semiconductor to be
used actively as a photocatalyst under a visible light source [4].
However, the bandgap of zinc oxide can be modified through p-
type doping to increase its absorption spectrum into the visible
light region [20]. Applications of ZnO span through various areas
including catalysis, optoelectronics, gas and bio-sensors, active fil-
ler for rubber and plastic, UV absorbing agent in cosmetics and
many more [21,22]. ZnO nanoparticles and powders with different
surface morphologies and nanostructured geometries can be syn-
thesized using simpler synthesis techniques including sol–gel,
hydrothermal, precipitation, micro-emulsion synthesis,
mechanochemical and combustion techniques [5,23].

In this study, synthesis of zinc oxide nanoparticles was carried
out using the sol-gel technique. Augmented photocatalytic activity
was achieved without the use of capping ligands. The photoactivity
of zinc oxide nanoparticles at different calcination temperatures
was explored by using it as a catalyst for the photo-induced degra-
dation of Rhodamine B under UV light. Finally, the rate of degrada-
tion with increasing catalyst load was analyzed using Rhodamine B
and the reusability of catalyst.
2. Experimental methods

2.1. Materials and chemicals

The reagents used in this work were Zinc acetate, Oxalic Acid,
Ethanol (99%), Rhodamine B obtained from Loba Chemie Ltd
(India). All the reagents used in this work were of analytical grade
and were used as-received without additional purification.
2.2. Sol–gel synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized using the sol-gel method.
In a typical experiment, �0.01 mol of Zinc Acetate dehydrate was
dissolved in 60 ml of absolute ethanol and stirred at 65 �C for
30 min to obtain a clear solution. Oxalic acid–ethanol solution
was also prepared by dissolving 0.04 mol of oxalic acid dehydrate
in 80 ml of ethanol and stirred for 30 min at 55 �C. The oxalic
acid–ethanol solution was then added to the zinc acetate solution
dropwisely at 65 �C and stirred continuously for 1 h. The resultant
whitish solution was allowed to gel by ageing it for 2 h and subse-
quently dried at 80 �C in an oven for 24 h. The aerogel obtained
was calcined at different temperatures: 400 �C, 500 �C and 600 �C
for 5 h to obtain ZnO nanoparticles. Z_400, Z_500 and Z_600 were
sample designations for ZnO nanoparticles calcined at 400 �C,
500 �C and 600 �C respectively.
2.3. Characterization of ZnO nanoparticles

To determine the phases present and the microstructure of the
ZnO nanoparticles, powder X-ray diffraction (XRD) patterns were
collected on an Empyrean diffractometer (Panalytical BV, Nether-
lands) with theta/theta geometry, operating a Cu-Ka radiation tube
(k = 1.5418 Å) at 40 kV and 45 mA. The XRD patterns of all the ran-
domly oriented powder specimens were recorded in the 20�–80� 2h
range with a step size of 0.017� and a counting time of 14 s per
step. The diffraction patterns were matched against the ICSD’s
PDF database and qualitative phase analysis conducted using the
X’Pert Highscore plus search match software (Panalytical,
Netherlands).

A high resolution FEI Nova NanoSEM 450 scanning electron
microscope operated at 2.0 kV was used in the surface morpholog-
ical investigations of the as-produced particles. Prior to the SEM
analysis, the samples were metallized with carbon coating to ren-
der them conductive.

Transmission FTIR spectra were recorded on a PerkinElmer
Spectrum TwoTM FTIR Spectrometer in the 4000–400 cm�1 range
with a 4 cm�1 resolution. Spectra were recorded and analysed with
the Spectrum Touch software. UV–vis absorption spectroscopy was
carried out on a GENESYS 10S UV–Vis spectrophotometer over a
wavelength range of 200 nm–900 nm. The Tauc plot was used to
estimate the band gap energy of zinc oxide nanoparticles. This

was done by plotting a graph of ðahvÞ2 against hv where
a ¼ 2:303A

d , A is the absorbance, d is the thickness of the material,
h is Planck’s constant and m is the frequency of light absorbed.
2.4. Dye photocatalytic degradation experiment

Photocatalytic degradation experiments were carried out for
the degradation of Rhodamine B under ultraviolet light illumina-
tion using ZnO nanoparticles as photocatalyst. A specially designed
UV chamber was used for the experiment. 0.01 g/l Rhodamine B
dye solutions were prepared using distilled water. A homogeneous
mixture for each dye was obtained through stirring. A dye–catalyst
mixture was prepared for each dye by adding 0.1 g of ZnO nanopar-
ticles to 100 ml of each dye followed by rigorous stirring for 1 h in
a dark room to enhance adsorption and desorption equilibrium
reactions. Respective dye–catalyst mixtures were illuminated on
a bench top Ultraviolet light source (UV transluminator, 330 W).
Maximum illumination period was 160 min. The samples were
swirled at every 5 min’ interval whiles under illumination. About
3 ml of each sample was taken using a syringe at every 20 min’
interval, centrifuged and the resulting supernatant analyzed by
UV–vis spectrometry. Absorbance at wavelengths ðkmaxÞ 555 nm
and 665 nm was recorded for Rhodamine B. This experiment was
carried out using Z_400, Z_500 and Z_600 to investigate the effect
of crystallite size on the rate of photodegradation. ZnO nanoparti-
cle dosage was varied from 0.1 g to 0.3 g for each dye with an inter-
val of 0.05 g to investigate the effect of catalyst load on the rate of
photodegradation.
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3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction (XRD) patterns as shown in Fig. 1 for
Z_400, Z_500 and Z_600 samples gave a characteristic ZnO wurt-
zite structure with characteristic peaks at the following 2h posi-
tions; 31.81�, 34.44�, 36.31�, 47.602�, 56.62�, 63.01�, 66.48�,
67.97�, and 69.19� corresponding to the (1 0 0), (0 0 2), (1 0 1),
(1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), and (2 0 1) planes, respec-
tively for all samples [24]. The estimated crystallite size for all
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Fig. 1. XRD patterns of ZnO nanoparticles calcined at 400 �C, 500 �C and 600 �C.

Table 1
Crystallite size of ZnO nanoparticles at different calcination temperatures and their
respective FWHM.

Calcination
Temperature �C

Full width at Half maximum
(FWHM)

Crystallite Size
(nm)

400 0.544 16
500 0.314 28
600 0.290 30
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Fig. 2. Modelled XRD patterns of ZnO nanoparticles calcined at 400 �C an
samples was calculated using the Debye Scherer equation:
D ¼ Kk

bcosh where k, the Scherer constant = (0.89), X-ray wavelength

k = (0.154 nm), Bragg’s diffraction angle h ¼ 36:30
�
corresponding

to ZnO (1 0 1) reflection, and b, the Full Width at Half Maximum
(FWHM) of the peak profiles for all samples were estimated using
the Gaussian fitting.

The Table1 shows calculated values of the crystallite size of ZnO
nanoparticles obtained at different calcination temperatures. ZnO
nanoparticles calcined at 400 �C has the smallest crystallite size
followed by samples calcined at 500 �C and 600 �C respectively.
This trend indicates that an increase in temperature results in an
increase in the crystallites of a material and hence an increase in
grain size. Sharpness of peaks was also observed as calcination
temperature was increased. This is as a result of increased
crystallinity.

When the experimental XRD profiles were modelled using the
Whole Powder Pattern Modelling (WPPM) technique incorporated
in the PM2K software, a very low goodness of fit was obtained: an
indication of a better fit between experimental and calculated data.
The results of modelled XRD profiles are shown in Fig. 2a and b,
respectively.

The domain size increased and broadened slightly as the calci-
nation temperature was raised up to 400 �C, with the domain size
distribution revealed to be between 1 nm and 15 nm. However, the
domain size increased and broadened drastically over a wide size
distribution when the calcination temperatures were increased to
500 �C.

Distribution of grains in ZnO particles as calcination tempera-
ture was increased was investigated by plotting the domain size
against its frequency. This was done using the modelling tool.
Results from the graph below shows that 14.2 nm domain size
was predominant in Z_400, 32.0 nm in Z_500 and 42.0 nm in
Z_600.
3.2. Fourier transform infra-red (FTIR) spectra

FTIR spectra of ZnO nanoparticles calcined at different temper-
atures (400 �C, 500 �C and 600 �C) are shown in Fig. 3. This charac-
terization was done to determine the presence of zinc and oxygen
molecules in the prepared zinc oxide nanoparticle and other func-
tional groups that might be present. Fingerprint bands observed at
861 cm�1 and 688 cm�1 represent the inter-atomic vibrations of
Zn–O bond. These bands are also characteristic of the metal zinc
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since bands of metals are usually observed below 1000 cm�1 [25].
The bands observed at 3400 cm�1–3500 cm�1 are due to O–H
hydroxyl group) bond stretching and deformation owing to the
molecules of water adsorbed onto the surface of zinc. A decrease
in the intensity of the band is observed as the calcination temper-
ature was increased from 400 �C to 600 �C. This is an indication
that more water molecules leave the sample at higher tempera-
tures. Bands stretching from 2400 cm�1 to 1300 cm�1 represent
O@C@O and C@O bonds as a result of carbon dioxide adsorption
from the atmosphere during synthesis [26,27]. It is also observed
that there is a negligible shift to a lower wavenumber due to
increase in the calcination temperature. This shift can be related
to a change in the lattice parameters of the ZnO nanoparticles [28].
3401
688

861

Zn-O
O-H Bending vibrations

Zn-O

Fig. 3. FTIR Spectra of ZnO nanoparticles.

Fig. 4. SEM images of ZnO nanoparticles cal
3.3. Scanning electron microscopy (SEM)

The SEM (see Fig. 4) micrograph obtained for the various sam-
ples portrayed fibrous (rod-like) morphological structures with
considerable particle agglomeration. With increase in the calcina-
tion temperatures, the level of agglomeration increased as seen
for particles calcined at 600 �C showing the most agglomeration
(Fig. 4c). Particle agglomeration could be attributed to the high
nucleation and grain growth rate at higher temperatures. This
observation is consistent with the increased in crystallinity and
grain sizes observed from the x-ray diffraction analysis in Sec-
tion 3.2. Nanoparticles with very small crystallite size and less
agglomeration possess large surface area (active sites) which tends
to enhance photocatalytic reactions.

3.4. Optical band gap estimation from UV–Vis spectra

From the UV–vis spectra in Fig. 5a, the bandgap energy of the
synthesized ZnO nanoparticles were estimated using the Tauc Plot

(Fig. 5b). A graph of ðahvÞ2 against hv was plotted, where a is the
absorption coefficient of the material. The absorption coefficient is
the amount of radiations absorbed by the material with respect to
its thickness. The absorption coefficient: a ¼ 2:303A

d ; where A is the
absorbance and d is the thickness of the material. A tangent to
the curve is extrapolated to the x-axis to read the band gap energy
of ZnO nanoparticles as shown in Fig. 5b. The tangent was taken at
the point where the curve begins to linearize.

A decrease in bandgap energy was observed for ZnO nanoparti-
cles as the calcination temperature was increased from 400 �C to
600 �C. This is attributed to the increase in the vibrational ampli-
tude of electrons at higher temperatures. It can also be attributed
to quantum size effect where smaller crystallite size materials have
high confinement of electrons in the energy levels resulting in an
increase in the band gap [25]. Therefore, band gap energy for
ZnO nanoparticles increases with decreasing crystallite size due
cined at (a) 400℃, (b) 500℃, (c) 600℃.
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Fig. 5. (a) UV–Vis Spectrum and (b) Classical Tauc plot of Zinc Oxide nanoparticles synthesized at 400 �C.
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to quantum size effect and decreases with increasing temperature
due to electrons vibrational amplitude.

3.5. Photocatalytic degradation of Rhodamine B

Photocatalytic degradation of the Rhodamine B dye was carried
out with the use of zinc oxide nanoparticles in the presence of
ultraviolet light from a UV transluminator of 330 W. Results from
(a

(b)
Fig. 6. Rhodamine B (a) degradation with catalyst under UV light irradiation, (b) without
the UV–vis spectrometry analysis during photocatalytic degrada-
tion experiment are shown in Fig. 6. The degradation of the dye
(Fig. 6a) was marked successful based on the observations that
the initial concentrations of the dye in the solution decreased
resulting in the decolourization of the solutions after UV illumina-
tion for 160 min. Dye–catalyst solutions did not undergo degrada-
tion without UV illumination (Fig. 6b) likewise no degradation of
non-catalyst dye solution under illumination (Fig. 6c). This is an
)

(c)
catalyst under UV light irradiation and (c) with catalyst but no UV light illumination.
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indication that degradation of dye concentrates in the solution is
solely due to photocatalytic reactions.

The reaction mechanism for the degradation is shown below:
ZnO particles are photoinduced to generate electron–hole pairs,

as shown in Eq. (1) when illuminated with light of photon energy
greater than the bandgap energy of ZnO.

ZnOþ hv ! e� CBð Þ
� �þ ðhþ

VBð ÞÞ ð1Þ
The electron–hole pairs generated by photo-excitation undergo

redox reactions as shown in Eqs. ((2)–(4)) below. The holes (h+

ions) undergo series of oxidation reactions with water to release
hydroxide ions and subsequently into hydroxyl radicals (Eqs. (2)
and (3)). Electrons, e� reduces oxygen into superoxide radical
(Eq. (4)) and subsequent reactions between superoxide radical
and H+ ions generate several hydroperoxyl compounds which com-
bine together to form hydrogen peroxide (Eqs. (5) and (6)) [11].

hþ
VBð Þ

� �þ H2O ! Hþ þ OH� ð2Þ

hþ
VBð Þ

� �þ OH� ! OH� ð3Þ

e� CBð Þ
� �þ O2 ! O2

�� ð4Þ

O2
� þ Hþ ! HO2� ð5Þ

HO2 � þHO2� ! H2O2 þ O2 ð6Þ
Further reaction between hydrogen peroxide and superoxide

radicals results in the generation hydroxyl radicals as shown in
Eq. (7). Excess hydrogen peroxide is also converted into hydroxyl
radicals in the presence of light as shown in Eq. (8) below:

H2O2 þ O2
�� ! OH � þOH� þ O2 ð7Þ

H2O2 þ hv ! 2OH� ð8Þ
The hydroxyl radicals released are the main oxidizing agents

that break down complex organic pollutants adsorbed on the
ZnO and convert them into intermediate products and subse-
quently into green products such as water and carbon dioxide as
shown in Eqs. ((9) and (10)) [29].

Organic pollutantsþ OH� ! Intermediates ð9Þ

Intermediates ! CO2 þH2O ð10Þ
Therefore, ZnO nanoparticles (catalyst), in the presence of light

generated electron–hole pairs which migrate to its surface to initi-
ate the reactions. Hydroxyl radicals and superoxide radicals are
Fig. 7. (a) Amount of RhB degraded against time an
produced when holes combine with hydroxyl groups and electrons
combine with oxygen on the surface of the catalyst respectively.
The radicals constitute the major species that oxidize the Rho-
damine B into green products such as carbon dioxide, water and
mineral acids.
3.6. Effects of catalyst crystallite size and loading on dye degradation

Photocatalytic degradation of Rhodamine B was carried out
using ZnO nanoparticles of different crystallite sizes to investigate
the effect of different crystallite size on the rate of degradation. The
rate of degradation was calculated as the amount of dye degraded
within 160 min. Nanoparticles having the smallest crystallite size
showed the highest degradation rate of the dyes. This is due to
the existence of large surface area (more reactive sites) for increased
photocatalytic reactions. Nanoparticles with the smallest crystal-
lite size were achieved at 400 �C calcination temperature. The
amount (%) of dye degraded is give as:

d %ð Þ ¼ CO � Ct

Co
� 100 ð11Þ

where CO is the initial concentration of the dye and Ct is the concen-
tration of the dye at a particular irradiation time. The amount of cat-
alyst used in the photodegradation process was varied from 0.1 g to
0.3 g with an increment of 0.05 g to determine its effect on the dye
degradation. For every catalyst load, the volume of dye was main-
tained at 100 ml. Zinc oxide nanoparticles calcined at 400 �C were
used in this experiment. A graph of the amount of dye remaining
against time of irradiation is shown in Fig. 7 for the various catalyst
load. It was observed that, photodegradation increased as catalyst
load was increased from 0.1 g to 0.2 g and eventually decreased
for 0.25 g and 0.3 g catalyst load.

Catalyst load of 0.3 g recorded that lowest dye degradation after
160 min as it comes with the highest amount of dye remaining as
shown in Fig. 7 whereas the highest photodegradation was
observed for 0.2 g catalyst load as it shows the lowest amount of
dye remaining in 160 min. This makes the 0.2 g catalyst load the
optimum amount for the degradation of the dyes. The obtained
results compare well with literature values [4,30] even though cap-
ping ligands were not used in this present work.

The increase in catalyst load from 0.1 g to 0.2 g, increased the
number of ZnO active sites resulting in the absorption of more light
photons and high adsorption of dye molecules and hence an
increase in the rate of photocatalytic reaction to degrade the dyes.
However, a decrease in the photodegradation of the dyes was
observed as the catalyst load increased from 0.25 g to 0.3 g due
d (b) Catalyst load effect on RhB degradation.



D. Dodoo-Arhin et al. /Materials Today: Proceedings 38 (2021) 809–815 815
to the presence of excess ZnO nanoparticles which inhibited the
penetration of light and hence reduced the amount of photons
absorbed.

4. Conclusion

Zinc oxide nanoparticles were synthesized using the sol-gel
method. Various characterization methods, including XRD, FTIR,
SEM and UV–vis spectrometry have been used to substantiated
the formation and presence of ZnO NPs. The Microstructure, crys-
talline nature and the existence of specific functional groups were
confirmed by XRD and FTIR. The effect of temperature on the crys-
tallite sizes, energy bandgap and photocatalytic activities of the
nanoparticles have been explored. The fibrous nanorod-like mor-
phology of the particles provided a larger surface area and reactive
sites for photocatalysis. The as prepared ZnO nanoparticles were
used as a photocatalyst to degrade Rhodamine B dye with an opti-
mum catalyst load of 0.2 g and efficiency of 95.41% degradation of
within 160 min. Hence, sol-gel is a preferred method in attaining
higher photocatalytic activity of ZnO nanostructures for the
removal of various organic contaminants from wastewater. This
study offers a low-cost eco-friendly solution to water purification.
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