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A B S T R A C T

In this work, ZnO particles were fabricated by sol-gel method at different heating rate at 500 °C for 2 h. The ZnO
powders were analysed by X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), UV–vis spectroscopy and photoluminescence, respectively. The effect of
heating rate on photocatalytic activities of ZnO particles was evaluated by degradation of methylene blue (MB).
The non-isothermal kinetics and thermodynamic properties were also estimated. The XRD results showed that
ZnO had hexagonal wurtzite structure. The different heating rate didn’t influence the surface morphology of ZnO
powders. It was observed that the heating rate had a profound effect on reduction of band gap and photocatalytic
performances. The band gap of the ZnO particles varied from 3.10 to 3.17. The ZnO sample prepared at 1 °C/min
exhibited the highest photocatalytic activity. Its relative photocatalytic degradation rate and kinetic constant
were 92.7% and 1.069× 10-2 min−1, respectively. The results might be ascribed to low bulk vacancies, high
surface oxygen vacancies and narrow band gap energy. Also, ZnO photocatalysts showed good stability after four
sequence tests. This study provides a new strategy to improve the photocatalytic performances of ZnO photo-
catalyst for the degradation of organic contaminant.

1. Introduction

Cleaning and removing of environmental pollution by photo-
catalysis process has been becoming more important area because of
the rapid industrial growth in the worldwide [1–3]. As photocatalysts
are exposed to light, the electrons liberate from valance band to con-
duction band because of higher energy of photons than band gap energy
and form electron and hole pairs. These obtained pairs contact with the
adsorbed oxygen molecules and water molecules on the surface in order
to form superoxide radicals (%O2

−) and hydroxyl radicals (%OH) after
reaction. These produced reactive radicals interact with the adsorbed
pollutants resulting in their degradation [4]. Photocatalysis process has
gained essential attention for pollutant treatment. Because, it is an in-
expensive and convenient method that can totally decompose organic
pollutants into small molecules (H2O, CO2, etc.) [5,6]. There have been
different kind of nanostructured semiconductor materials such as ZnO,
TiO2, Fe2O3, CeO2, SnO2, and WO3, etc. which have been used for
photocatalytic degradation in order to get rid of environmental pollu-
tion in water and wastewater treatment [7,8]. Amongst those

nanostructured semiconductor materials, zinc oxide (ZnO) has been
widely used because of its versatile, nontoxic, inexpensive, unique
electronic and optical properties for application of photocatalytic pro-
cess up to now [9,10]. ZnO has a wide direct band gap (3.37 eV) which
generates electron–hole pairs under UV light or visible light irradiation
and high electron binding energy of 60meV at room temperature
[11,12]. Many approaches have been reported in literature up to now
such as thermal annealing [13], wet chemical [14], coprecipitation
[15], spray pyrolysis [16], hydrothermal [17] and sol-gel [18] method
etc. in order to produce ZnO structures with different form varying from
nanoparticles, nanotubes, nanofibers nanorods, nanoribbons, na-
nosheets, nanocups, quantum dots, nanowires and thin films [19].
Among those methods, sol-gel has been becoming one of the most
popular method because of its high controllability, simplicity, re-
producibility and possibility to produce cheap materials [20,21]. The
sol-gel method allows to fabrication of high purity and homogeneous
oxides in different formation. So far, there have been numerous studies
about ZnO nanostructured materials which have been used for photo-
catalytic degradation of organic pollutant prepared by sol-gel method
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[22–24]. There are numerous studies and reports related to effect of
parameters during sol preparation such as pH, molarity, temperature
etc. The various preparation parameters involved in sol-gel method
such as amount of water, solvent, pH, calcination temperature and
holding time etc. have profound influences on morphological and
structural change which consequently modify electrical, optical, di-
electric and magnetic properties of ZnO final material [25,26]. In ad-
dition to that, the parameters during calcination or thermally annealing
process of xerogel particles can also influence final properties. To the
best of our knowledge, there are only two studies about impact of
heating rate during the calcination or annealing process on ZnO ma-
terial’s properties. Gao et al. [27] synthesized Al-doped ZnO films by
means of sol-gel method at different heating rate regime. The electrical
and structural properties were investigated. The results showed that
ZnO nanorod film was obtained by rapid heating rate. Furthermore,
rapid heating rate improved the electrical conductivity of ZnO film.
Lingling and coworkers [28] fabricated rod-like ZnO nanostructure via
pyrolysis of zinc acetate in order to investigate how the heating rate and
calcination affect photocatalytic performances of methyl orange (MO)
and 4-nitrophenol. They claimed that the heating rate influenced the
morphology, optical and photocatalytic activity. ZnO nanorod particles
prepared at 1 °C/min heating rate had the best photocatalytic efficiency
due to oxygen vacancies. In this work, we prepared xerogel powders in
the same preparation sol condition and investigated how the heating
rate regimes affect final properties of the xerogel powders during
thermal annealing in the furnace. Our study is different from the two
studies as mentioned above. Therefore, this study shows novelty in
terms of preparation of ZnO particles with different heating rate re-
gimes during thermal annealing process after obtaining xerogel pow-
ders by using sol-gel method and evaluation of photocatalytic de-
gradation of MB solution. This paper reports effect of the different
heating rate on material crystallinity, surface morphology, intrinsic
electronic properties and photocatalytic degradation performances of
ZnO particles prepared by sol-gel method. Moreover, thermodynamic
kinetic calculation is investigated for production of ZnO particles.
Structural, morphological, optical and photocatalytic degradation of
methylene blue (MB) were scrutinized meticulously. The results showed
that ZnO particles produced at 1 °C/min heating rate regime possessed
the highest photocatalytic activity.

2. Experimental details

2.1. Materials and methods

Zinc nitrate hexahydrate (Zn(NO3)26H2O, 99%, Aldrich Chemistry)
was used as starting raw material in order to synthesize ZnO particles.
59.488 g of Zinc nitrate hexahydrate was added to 300ml absolute
ethanol. The solution was stirred for 30min in order to complete the
hydrolysis process so as to obtain homogenous and transparent solu-
tion. After obtaining the transparent sol formation, 3ml of glacial acetic
acid and 0.1 mol of trietanolamin were added to solution as the che-
lating agent under vigorous stirring for 24 h to facilitate gel formation.
The solution was aged one day for the gelation process. After gelation
process, the gel form was dried at 120 °C for 5 h to obtain the xerogel
structure. The xerogel powders were thermally annealed at 500 °C for
2 h with different heating rate regime. The heating rate regimes for
fabrication of ZnO powders were 1 °C/min, 5 °C/min, 10 °C/min, 20 °C/
min and ∞ °C/min, respectively.

2.2. Materials characterization

Thermogravimetric (TGA) and differential thermogravimetry ana-
lysis (DTA) were performed by TA TGA-SDT Q600 machine under air
atmosphere. X-ray diffraction analysis was carried out by using Rigaku
ULTIMA 3–Rint 2200/PC instrument. This instrument works with vol-
tage and current settings of 40 kV and 36mA, respectively, and uses Cu-

Ka radiation (1.54185 Å). The morphologies of the ZnO powders were
observed through a scanning electron microscopy (SEM, Carl Zeiss 300
VP). Elemental composition and surface chemistry of ZnO powders
were examined by XPS (Thermo-Scientific) with monochromatic Al-Ka

(1486.7 eV) X-ray source and a beam size of 400 nm diameter. Confocal
Raman analysis were made by trademark Renishaw Invia Raman mi-
croscope. The laser was 532 nm wavelength with 2400 l/mm gratings.
7.3 mW laser power was applied to on to the samples. Optical mea-
surement was measured via UV–Vis spectrophotometer machine with
diffused reflectance apparatus (PG Instruments T92+UV–VIS
Spectrophotometer) in the wavelength range of 300–800 nm.
Photoluminescence (PL) emission spectra were performed by using a
FLS920 spectrofluorometer. Decay time was measured with a time
correlated single photon counting (TCSPC) system that was from
Edinburgh Instruments (UK). The instrument was equipped with a
standard xenon lamp and a microsecond flash lamp for steady-state and
lifetime measurements, respectively.

2.3. Photocatalytic measurement

The photocatalytic performances of ZnO particles were tested in a
homemade reactor by using methylene blue (MB) solution under UV
light source (Osram, UltraVitalux E27, 300W). Light intensity is
190mW/cm2. The initial concentration of MB solution was 10−5 M
(pH=8). The distance between the lamp and the beakers was kept at
30 cm for all specimens. During the whole reaction, 3ml of the MB
aqueous solution from each beaker was extracted at certain time in-
tervals in order to measure the absorption spectra of MB. The absorp-
tion of the MB solutions based on the characteristic peak at 664 nm was
conducted and analyzed by a spectrophotometer (Shimadzu, UV-1240).
Prior to photocatalytic study, ZnO samples were immersed in 30ml of
MB solution and then stirred to vigorously in the dark condition for 1 h
to reach adsorption–desorption equilibrium between the ZnO particles
and methylene blue. The concentration of MB solution was tested for
every 30min for all ZnO structures. Furthermore, the mineralization of
MB dye was analyzed by total organic carbon analyzer (TOC)
(Shimadzu Model: TOC-VLPH TOC analyzer). During the experiment,
the photocatalytic degradation efficiency and mineralization perfor-
mance (η) was calculated by using the following formula:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×η C C
C

1000

0 (1)

where η=MB % or % TOC, Co and C are the concentrations of η at the
initial time and given time t.

3. Results and discussion

3.1. TG analysis, non-isothermal transformation kinetics and
thermodynamic studies

Thermogravimetric analysis (TGA) of the prepared ZnO precursors
at different heating rate are employed in order to investigate thermo-
dynamic studies. TGA plots of the prepared ZnO precursors were de-
picted in Fig. 1. As can be seen in Fig. 1, two weight loss stages were
observed. In the first stage, the weight loss was approximately % 30
which might ascribe to volatilization of solvents such as ethanol and
moisture, thermal decomposition of Zn based oxalate complex and their
transform to Zn hydroxide form between 200 °C and 300 °C. The tem-
perature range originates from the different heating rate. It was very
obvious that the curve of the TGA of the samples shifted towards higher
temperature values when the heating rate increased. In the second
stage, the weight loss was almost 5% which should be due to the de-
composition of the organic compound and conversion of Zn hydroxide
to ZnO form at around 400 °C. No weight change was observed at
higher temperature particularly after 500 °C [29,30]. Furthermore, non-
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isothermal kinetics and thermodynamic values were calculated. The
second stage was taken into consideration in order to determine the
non-isothermal kinetics and thermodynamic studies. General speaking,
there are two different ways to determine kinetics and thermodynamic
values. These are model-free and model-fitting for non-isothermal
techniques. Nowadays, the model-free techniques have attracted much
attention because of application of easier and quicker calculation of
kinetic parameters such as pre-exponential factor (A) and the activation
energy (Ea) [31]. The well-known model-free techniques are Flynn–-
Wall–Ozawa (FWO) (Eq. (2)), Kissinger-Akahira-Sunose (KAS) (Eq. (3))
and Starink (Eq. (4)) technique which are described as following
equations, respectively [32–34].

⎜ ⎟= ⎛
⎝

⎞
⎠

− −logβ AE
Rg α

E
RT

log
( )

2.315 0.4567a a

(2)
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⎛
⎝

⎞
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= −
β

T
C E

RT
Ln 1.0008Starink

a
1.92 (4)

A, β, R, Ea and g(α) are pre-exponential factor, heating rate, gas con-
stant, activation energy and proper mechanism function, respectively.
Firstly, fractional conversion (α) for different heating rate are required
in order to estimate thermodynamic values and kinetic studies. Fig. 2

illustrated the fractional conversion of ZnO precursor. After obtaining
fractional conversion plot, the well-known model free techniques
should be applied in order to assess thermodynamic and kinetic studies.
The curves of FWO, KAS and Starink model-free techniques were shown
in Fig. 3. The activation energy (Ea) for each model free techniques
might be determined by using the slope of plots based on above men-
tioned equations. The calculated activation energy (Ea) values for each
method were given in Table 1. According to Table 1, FWO method had

Fig. 1. TGA curves of the prepared ZnO xerogel powders at different heating
rate under air atmosphere.

Fig. 2. The plot of fractional conversion (α) versus temperature (T).

Fig. 3. The curves of the FWO (a), KAS (b) and Starink (c) model-free models
for thermodynamic calculations.
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the highest the activation energy (Ea) values. The thermodynamic
properties such as Gibbs free energy (ΔG), enthalpy (ΔH) and entropy
(ΔS) were investigated according to the following equations [35].

− = −LnA E
RT

Ln
kT
h

G
RT
Δa

p

p

p (5)

= −H E RTΔ a p (6)

= −G H T SΔ Δ Δp (7)

where k and h represent the Boltzmann and Planck constant, respec-
tively. Tp is the peak temperature. The calculated thermodynamic va-
lues were given in Table 2.

3.2. XRD analysis

XRD analysis was exploited to characterize phase and crystalline
structure for the prepared ZnO nano-scale particles. Fig. 4 showed the

XRD results of the analyzed ZnO particles. It could be said that the
fabricated ZnO particles showed strong, sharp and intense diffraction
peaks. It is noticeable to mention that having narrow, sharp and intense
diffraction peaks is an indication of the existence of highly crystalline
phases which means to the enhancement of crystallinity degree for the
fabricated ZnO nano-scale particles. All the diffraction peaks were in-
dexed to hexagonal wurtzite structure of ZnO (JCPDS
079–0206, P63mc). No other phases were detected. The diffraction
peaks were observed at 2θ values of 31.76°, 34.42°, 36.29°, 47.62°,
56.68°, 62.93°, 66.46°, 67.99°, 69.13°, 72.58° and 77.62° with corre-
sponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0),
(1 1 2), (2 0 1), (0 0 4) and (0 0 2) miller indice planes, respectively.
According to Fig. 4, the peak at 2θ=36.29° with (1 0 1) miller indice
plane had the highest intensity which is main peak for all the samples.
Based on the diffraction spectrum of the prepared ZnO particles in
Fig. 4, it is worthwhile to note that there was no remarkable change in
terms of the intensity of produced ZnO particles when the heating rate
was varying from 1 °C/min to ∞ °C/min. Moreover, the crystalline size
mean of the prepared ZnO particles were calculating from main dif-
fraction peak (1 0 1) by means of Deybe-Scherrer equation [36]. The
equation is described by following equation; =D kλ

βcosθ where k is 0.94,
λ is the X-ray wavelength, β is the peak width at half-maximum in
radian and θ is the Bragg's angle. According to Deybe-Scherrer equa-
tion, the calculated crystalline size of the prepared ZnO particles were
quite close to each other. There was slightly difference between the
crystalline size which could be negligible. The crystalline size values of
the produced ZnO particles were 6.97, 7.21, 7.13, 7.87 and 6.68 nm
concerning the heating rate (1, 5, 1, 20 and ∞ °C/min), respectively.

3.3. Surface morphology

The surface morphologies of ZnO particles were characterized by
SEM to explore shape and size of ZnO nanostructures. The SEM images
shown in Fig. 5 revealed that ZnO samples had granular, spherical and
round-like structures. The SEM figures indicated a homogeneous shape
and size for ZnO particles. The SEM imaged showed the ZnO powders
were well dispersed in the powder form. Also, the SEM images of ZnO
samples demonsrated that the fabricated particles had high degree of
agglomeration. Furthermore, the particle size of ZnO samples varied
from 100 nm to 300 nm. The agglomeration might originate from
higher energy of ZnO particles [37].

3.4. XPS analysis

The XPS measurement was carried out in order to scrutinize and
gain chemical information and the oxidation states of the elements of
ZnO powders. Fig. 6(a) displayed the XPS survey spectra of ZnO sample
which was produced at 1 °C/min heating rate. It was obtained that the
ZnO composed of Zn, O and C elements. The dominant peaks belonging

Table 1
Activation energies and pre-exponential factors based on FWO, KAS and Starink methods.

Α FWO KAS STARINK

Activation Energy (Ea) (kJ/mol) LnA (s−1) Activation Energy (Ea) (kJ/mol) LnA (s−1) Activation Energy (Ea) (kJ/mol) LnA (s−1)

0.1 155.57 13.91 150.11 17.07 136.66 16.59
0.2 158.54 14.08 152.98 17.44 139.29 16.93
0.3 160.97 14.22 155.31 17.74 141.41 17.19
0.4 163.29 14.36 157.55 18.03 143.44 17.46
0.5 165.47 14.49 159.64 18.30 145.34 17.71
0.6 167.51 14.61 161.59 18.55 147.11 17.94
0.7 169.45 14.72 163.47 18.78 148.82 18.15
0.8 171.35 14.82 165.29 19.00 150.47 18.35
0.9 173.11 14.91 166.99 19.18 152.02 18.51

Average 165.03 14.46 159.21 18.23 144.95 17.65

Table 2
Thermodynamic parameters of ZnO powders.

Β (°C/min) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/molK) Tp (°C)

5 152.21 211.67 −0.118069311 230.5422
10 152.08 213.56 −0.118329592 246.5556
20 152.00 214.64 −0.118474976 255.7208
50 151.78 217.79 −0.118882864 282.3069

Average 152.02 214.42 −0.118439186

Fig. 4. X-ray diffraction (XRD) pattern of the ZnO powders prepared with dif-
ferent heating rate.
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to Zn and O were clearly detected as could be seen in the Fig. 6(a). The
existence of carbon is due to absorbed from the environment which is
impossible to be removed from the surface. Furthermore, Fig. 6(b) and
(c) exhibited the high resolution XPS scans over Zn 2p and O1s peak
regions, respectively. As shown in Fig. 6(b), the binding energy peaks of
Zn 2p3/2 and Zn 2p1/2 at 1022.38 eV and 1045.48 eV, respectively.
The binding peaks at 1022.38 eV and 1045.48 eV might be ascribed to
Zn-O bond which corresponds to Zn2+ in ZnO structure [38,39]. As can
be seen in Fig. 6(c), the binding energy peak at 531.18 eV confirmed the
existence of absorbed OH group on the ZnO surface [40,41].

3.5. Confocal Raman analysis

The confocal Raman spectra of ZnO particles prepared at different
heating rates were given in Fig. 7. According to literature, perfect ZnO
wurtzite crystal (space group of symmetry P63mc) group has six Raman
active modes which can be defined Γopt=A1+E1+2E2+2B1 where

A1 and E1 are polar modes. B1 and E2 represent silent and nonpolar
modes, respectively [42–44]. Special Raman modes were observed as
can be seen in Fig. 7. Transversal acoustics (TA) and E2low modes were
seen at 204 cm−1 in the spectrum which were related with Zn sublattice
vibration of ZnO crystals. The Raman bands of ZnO particles at
333 cm−1 represented difference of two E2 silent modes. Transversal
optical (TO) of A1 was observed at 334 cm−1 which was about polarity
of Zn and O bonds. E1 (TO) silent modes of ZnO particles seen at
412 cm−1. E2high mode of ZnO particles was observed at 436 cm−1

which was attributed to oxygen atom vibration of ZnO crystal lattice. In
other words, it is indication of crystallinity. [45]. Longitudinal acoustic
(LA) mode was observed at 540 cm−1 which was ascribed to pho-
non–phonon interaction into the ZnO lattice. The other important
Raman band was E1(LO) mode seen at 581 cm−1 which was concerned
with lattice defects and impurities of ZnO particles. The presence of
high intensity E1(LO) mode might be appointed to the oxygen defi-
ciencies such as oxygen vacancies (VO) [46]. TA and LO bands were

Fig. 5. SEM images of the ZnO powders annealed at 500 °C at different heating rate (a) 1 °C/min. (b) 5 °C/min. (c) 10 °C/min. (d) 20 °C/min. and (e) ∞ °C/min.
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seen at 615 cm−1 [47]. According to Table 3, even though E2high mode
Raman bands position did not change significantly with increasing
heating rate ZnO powders but their intensity of the mode changed. Full
width of high maximum (FWHM) values of ZnO particles of E2high mode
decreased almost 3.2% for ZnO sample prepared at 20 °C/min heating
rate. The decrease in FWHM of E2high mode represented for increasing
disorder of oxygen atoms in ZnO particles lattice. Moreover, the heating
rate also affected E1(LO) mode position and FWHM of ZnO particles.
E1(LO) mode positions were almost same for ZnO samples prepared at
5, 10 and ∞ °C/min heating rates. The position of E1(LO) mode

changed ± 1 cm−1 when ZnO samples prepared at 1 and 20 °C/min
heating rate were taken into consideration. The intensity of E2high and
E1(LO) modes were compared. ZnO particles prepared at 20 °C/min
heating rate had the lowest I-E2high/I-E1(LO) ratio. Scepanovic et al [47]
explained that having lower intensity ratio of I-E2high/I-E1(LO) was
about oxygen atom defects amounts and increasing anisotropy in the
ZnO crystal lattice. All Raman analysis results showed that the heating
rate directly affected atomic orientation of ZnO crystal lattice. ZnO
powders fabricated with a heating rate of 5 °C/min exhibited the
highest ratio which means obtaining perfect crystal lattice and low zinc
and oxygen atom vacancies in ZnO crystal. Hence, ZnO sample pre-
pared at 5 °C/min heating rate could has high degree crystallinity based
on Raman spectrum.

3.6. Optical properties

The reflectance spectra of the all ZnO samples were measured in the
range of 300–800 nm, as shown in Fig. 8(a). The UV–Vis reflectance
value was used to determine the optical band gap energy (Eg) of the
prepared ZnO powders. The corresponding diffuse reflectance spectra
of all samples was converted into the the Kubelka-Munk (K-M) function
to estimate band gap energy by using the following equation [13,28]

= −F R R
R

( ) (1 )
2

2

(8)

where R and F(R) are the reflectance and Kubelka-Munk function, re-
spectively. The Kubelka-Munk (K-M) function was utilized to construct
Tauc plot of (F(R)hν)0.5 versus photon energy (hν), as shown in
Fig. 8(b). Eg was calculated by extrapolating the linear part of the plot
of (F(R)hν)0.5 versus (hν) to the × axis. It was found in the Fig. 8(b) that
the band gap energies of fabricated ZnO particles were estimated to
vary between 3.10 and 3.17 eV. The ZnO sample prepared at 1 °C/min
heating rate regime possessed the lowest band gap energy which was

Fig. 6. XPS spectra of ZnO powders prepared at 1 °C/min heating rate: survey
spectrum (a) and high-resolution spectra for Zn 2p (b) and O 1 s (c).

Fig. 7. Raman spectra of ZnO particles between 100 and 700 cm−1 which are
annealed at 1 °C/min, 5 °C/min, 10 °C/min, 20 °C/min, and ∞ °C/min heating
rate.

Table 3
Wavelength of E2high, E1(LO) modes, FWHM and intensity ratio were given for
ZnO particles.

Raman Band 1 °C/min 5 °C/min 10 °C/min 20 °C/min ∞ °C/min

E2high 436.16 436.14 436.09 436.21 436.07
FWHM (E2high) 15.639 15.549 15.626 15.102 15.657
E1(LO) 582.18 581.71 581.4 579.36 581.84
FWHM (E1(LO)) 20.862 21.317 18.589 34.974 21.962
I− E2high/I− E1(LO) 16.95 17.45 16.98 9.64 16.55
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∼3.10 eV. The highest band gap value was 3.17 eV which belonged to
ZnO powders fabricated at ∞ °C/min heating rate regime. Other ones’
band gap energies were found 3.15 eV. Having the lower band gap
energy has a profound effect on enhancement of photocatalytic per-
formances due to absorption ability of much light.

3.7. Photocatalytic performances

The photodegradation efficiency of ZnO particles was studied. The
photocatalytic properties of the ZnO samples were given in Fig. 9. The
absorbance spectrum of MB solution containing ZnO particles against
time was given in Fig. 9(a). It can be deduced that the prepared solution
was purified from MB organic dye with increasing time according to the
absorbance spectrum of MB at 664 nm. Fig. 9(b) showed relative de-
gradation of MB solution for ZnO powders prepared at different heating
rate regime. Also, the photodegradation of MB solution without pho-
tocatalytic was given in order to compare and evaluate direct photo-
lysis. It was observed that ZnO sample prepared at 1 °C/min heating
regime exhibited the highest photodegradation performances which
was 92.7% degradation efficiency. It can be understood that the ZnO
sample prepared at 1 °C/min heating rate regime had the strongest and
fastest photocatalytic activity. The ZnO sample fabricated at ∞ °C/min
heating rate regime exhibited the lowest photodegradation efficiency.
The degradation efficiency of the lowest one is 79.5%. Fig. 9(c) illu-
strated the percent of the degradation rate of MB in the form of bar
chart in order to compare each other easily for ZnO structures. The

photocatalytic kinetic study of the ZnO particles was also investigated
in order to understand kinetic mechanism. As can be seen in Fig. 9(d),
the photocatalytic degradation kinetic mechanism follows the pseudo-
first order kinetic model which was defined as given below formula:

=C
C

ktln( )o
(9)

C0 and C are the original concentration of MB and the corresponding
concentration along with the exposure time (t), respectively and k is the
degradation rate constant. The k values can be extracted from the linear
shape of the data. The slope of the linear fittings represents the reaction
rate constants (k) of the MB solution [48]. It was apparent in Fig. 9(d)
that the ZnO particles fabricated at 1 °C/min heating rate regime pos-
sessed the biggest degradation rate constant (k) that was 1.069×10-2

min−1 value, whereas the ZnO powder synthesized at ∞ °C/min
heating rate regime showed the lowest rate constant (k). The lowest
rate constant was approximately 0.578×10-2 min−1. Moreover, the
photocatalytic degradation rate constant (k) tended to decrease when
the heating rate regime increased. The aim of this study was to prepare
photocatalysts able to achieve the total degradation of organic com-
pounds, it was necessary to measure the real degree of mineralization of
the MB dye. This degree can be evaluated on the basis of the total
amount of organic carbon (TOC) remained in the solutions after the
reactions were over. The % TOC of ZnO particles prepared at different
heating rates was given in Table 4. According to the Table 4, miner-
alization performances of ZnO particles for 1 °C/min, 5 °C/min, 10 °C/
min, 20 °C/min and ∞ °C/min heating rate regimes showed % 74.5, %
69.9, % 60.1, % 59.7, % 56.7, respectively after 210min of UV irra-
diation. These results depicted that the photocatalytic activity of the
prepared ZnO particles changed with heating rate regime. It can be
considered that the distinct in the degradation efficiency might origi-
nate from various surface features, crystallinity and optical properties
for ZnO structures. Firstly, the optical band gap energy is crucial to
generate more charge carriers which involve the photocatalytic process.
Having a low band gap energy stimulates the generation of more charge
carriers as the materials are exposed to external energy. ZnO particles
produced at 1 °C/min heating rate had the lowest band gap energy
when the optical band gaps were considered and compared. Therefore,
its photocatalytic performance should be better. Secondly, the distinct
in photocatalytic performance of the fabricated ZnO particles should
derive from surface oxygen defects. According to the Raman spectrum,
ZnO samples prepared at 1 and 5 °C/min heating rates had higher in-
tensity for E1(LO) mode than that of other ones. The finding represented
that ZnO samples prepared at 1 and 5 °C/min heating rate held much
more surface oxygen defects which acted as charge carrier traps where
charges easily move and react with adsorbed species without re-
combination of the photogenerated electrons and holes [49]. This is
very important to improve the photocatalytic efficiency. In addition,
the decrease in photocatalytic activity as an increase in heating rate
could be attributed to bulk or native defects in ZnO crystal lattice.
These bulk or native defects capture the photogenerated electrons/
holes. These defects act as a recombination centers [46,50,51]. Photo-
luminescence and Raman analysis supported this results in this study.
Emission intensity of ZnO samples rose with increasing heating rate
when the photoluminescence analysis was analyzed. The rise could be
assigned to boosting of bulk or native defects [52]. Therefore, ZnO
particles prepared at 1 °C/min heating rate had the lowest defects
which consequently showed better photocatalytic efficiency. E2high

mode of ZnO particles observed at 436 cm−1 in Raman spectrum was
related to totally about oxygen atom vibration of ZnO crystal lattice. In
other words, it is an indicator of how perfect crystalline phase is
formed. Augmentation of intensity of E2high mode depicts the existence
of high crystalline degree materials. Hence, ZnO samples prepared at 1
and 5 °C/min heating rate could have high degree of crystallinity. They
had the highest intensity of E2high mode in Raman spectrum. Having
higher degree of crystallinity enhances the photocatalytic performance

Fig. 8. Optical diffuse reflectance spectra (a) and energy band gap (b) of ZnO
powders fabricated at different heating rate at 500 °C.
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[53]. Within this framework, the highest photocatalytic efficiency for
ZnO particles prepared at 1 °C/min heating rate might be ascribed to
low band gap energy, higher degree of crystallinity and more surface
oxygen vacancies. Furthermore, Mott-Shottky and EIS analysis were
conducted in order to comprehend intrinsic electronic properties at the
semiconductor/electrolyte interface region. The carrier densities(Nd) of
ZnO particles fabricated at different heating rates might be calculated
using following equation [13,54].

=N
qεε A slope

2
d

0
2 (10)

in which q is the electron charge, ε is the dielectric constant (for ZnO,
ε =10), ε0 is the permittivity of vacuum and A is area. The slope values
for prepared ZnO particles can be obtained from Mott-Shottky plots in
Fig. 10. The carrier densities (Nd) of ZnO particles for 1 °C/min, 5 °C/
min, 10 °C/min, 20 °C/min and ∞ °C/min heating rate regimes were
found to be ×3.7 1022, ×1.85 1022, ×6.44 1021, ×2.4 1019 and

×9.42 1016, respectively. It is apparent that the carrier density findings

support our photocatalytic performances. Because, the ZnO sample
prepared at 1 °C/min heating rate had the highest carrier densities.
Hence, the possibility of the photogenerated electron and hole pairs
which involve in surface reaction with adsorbed species is higher than
that of others which enhances photocatalytic activity. Also, the EIS
spectra was given in Fig. 10(f). The smaller arc radius implies efficient
carrier charge transfer at semiconductor/electrolyte interface. In other
words, the resistance during the transfer becomes smaller [13]. In this
context, the ZnO particles manufactured at 1 °C/min heating rate pos-
sessed the lowest arc radius and charge transfer resistance. The arc
radius for ZnO particles soared with increasing heating rate regime. The
comparison of our study with literature in terms of photocatalytic
parameters was given in Table 5. According to the Table 5, our samples
showed better photocatalytic activity as compared to literature. The
photocatalytic reactions are conducted by three main active species:
holes (h+), superoxide radicals (%O2

−), and hydroxyl radicals (%OH).
The capture experiments were conducted to determine the active spe-
cies generated during the photocatalytic process of ZnO particles in-
cluding some scavengers. Ammonium oxalate (AO), ascorbic acid (AC),
and isopropyl alcohol (IPA) were used as scavengers to capture holes
(h+), superoxide radicals (%O2

−), and hydroxyl radicals (%OH), re-
spectively [75,76]. The effects of scavengers on the MB degradation
efficiency were shown in Fig. 11. The type of the photocatalytic me-
chanism was determined by the change in the relative concentration of
MB by addition of scavengers into the photocatalytic system. Only
38.5% of the MB was degraded when ascorbic acid (AC) was added into
the system as shown in Fig. 11. The degradation rate of MB was 39.7%
in the presence of isopropyl alcohol (IPA). For the addition of Ammo-
nium oxalate (AO), the photodegradation ability of MB was 72.2%. The

Fig. 9. (a) Absorbance spectrum of MB solution versus irradiation time, (b) relative concentration changes (C/C0) of MB solutions, (c) photocatalytic degradation
efficiency (η) of ZnO photocatalysts against irradiation time and (d) photocatalytic degradation kinetic constant of ZnO photocatalysts.

Table 4
% TOC removal under 210min irradiation time.

Samples TOC (mg/L) % TOC Removal

MB Blank 120.2 0.248
ZnO (1 °C/min) 30.7 74.5
ZnO (5 °C/min) 36.2 69.9
ZnO (10 °C/min) 48.0 60.1
ZnO (20 °C/min) 48.5 59.7
ZnO (∞°C/min) 52.1 56.7
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degradation rate of the MB solution was obviously limited with loading
of the active species into the photocatalytic system. The decrease is due
to trapping of photogenerated radicals by scavengers. These results
clearly indicated that the hydroxyl radicals (%OH), and superoxide ra-
dicals (%O2

−) played the important role in the photocatalytic process.
Those active species were dominant for degradation process. The pho-
tocatalytic mechanism of MB solution using by ZnO particles could be
described by the following equations

ZnO+hv→ ZnO (e−+h+) (11)

ZnO (e−)+O2→ ZnO+ %O2
− (12)

ZnO (h+)+OH−→ ZnO+ %OH (13)

ZnO (h+)+H2O−→ %OH+H+ (14)

Dye+ (%O2
−+ %OH)→Degradation Products (15)

Fig. 10. Mott-Schottky curve of (a) 1 °C/min, (b) 5 °C/min, (c) 10 °C/min, (d) 20 °C/min, (e) ∞ °C/min and (f) EIS spectra of ZnO nano particles prepared at different
heating rates.
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As can be seen above photocatalytic degradation mechanism, the
photocatalytic mechanism basically consist of four steps. The first step
is light absorption. The second step is separation of photogenerated
charge carriers. The third one is transfer carriers to surface of the cat-
alyst. The last one is to react with redox reaction with the adsorbed
reactants, respectively [77]. The ZnO synthesized at 1 °C/min heating
rate photocatalysts were used to evaluate the reusability test for MB dye
solution with multiple cycles in order to confirm the stability of the
photocatalysts as shown in Fig. 12. After recycling four times, there
were no significant changes in the degradation efficiency. This clearly
indicates that the synthesized ZnO photocatalyst samples are reusable
and stable enough for industrial and environmental applications. Pho-
toluminescence analysis is a good technique in order to figure out,
understand and verify the charge carrier trapping, migration and
transfer. The PL emission spectrum is the result of recombination rate of
electron-hole pairs generated by light irradiation. The ZnO samples
exhibited emission peak center at ∼506 nm when they are subjected to
excitation at 372 nm as can be seen in Fig. 13(a). The existence of

intense emission spectrum implies the rapid recombination rate of
photogenerated electron-hole pairs [78–81]. The emission spectrum
intensity of the particles became higher as the heating rate increased.
The ZnO particles prepared at ∞ °C/min heating rate showed the
highest intensity in emission spectra which means recombination of the
photogenerated electron-hole pairs was very fast. Having a fast re-
combination influences the photocatalytic performances inversely. The
fast recombination for ZnO particles prepared at ∞ °C/min heating rate
could attributed to more surface defects such as oxygen vacancies [56].
The PL emission spectra of ZnO particles are supported by photo-
catalytic results. In addition to PL emission, decay time curves of ZnO
powders are also measured. Lifetime of electrons and holes are very
important for the photocatalytic application. The decay time profile
provides an understanding of how long the photogenerated free carrier
charges will recombine each other which is called lifetime of the
charges [82,83]. The decay time profiles of the ZnO powders are given
in Fig. 13(b). It was clearly seen that the ZnO powders prepared at 1 °C/
min heating rate had slow decay time curve. There was a decline in

Table 5
The comparison of our study to the reported studies of the ZnO particles in terms of photocatalytic degradation performances.

Photocatalytic Synthesis Method Time
(min)

Light Source Photodegradation amount
(%)

kapp (min−1) Ref.

ZnO nanoparticles Sol-gel 210 UV Light 92.7% MB 0.0169 This
Study

Quasispherical ZnO
nanoparticles

Coprecipitation 60 UV Light 67.78% MB 0.0197 [55]

ZnO nanoparticles Flame spray pyrolysis 60 UV Light ∼70% MB 0.0055 [56]
ZnO nanoparticles Precipitation 180 UV Light 81.02% MB 0.0084 [57]
ZnO nanoparticles Sol-gel 180 UV Light 92.48% MB 0.0124 [57]
ZnO nanoparticles Precipitation 180 UV Light 6.6% MB 0.00015 [58]
ZnO nanoparticles Biological synthesis 30 UV Light 38.08% MB 0.3594 [59]
ZnO nanoparticles Coprecipitation 360 UV Light 79% MB 0.0032 [60]
ZnO nanorods Sonarchemical 300 UV Light ∼50% MB 0.00277 [61]
ZnO nano flower-like particles Microwave‐assisted sol–gel 60 UV Light 90% MB 0.0249 [62]
Au-ZnO nanocomposites Green biomimetic approach 180 Visible Light 88% MB 0.0115 [63]
ZnO nanocubes Pyrolysis 120 Visible Light 50% MB 0.00398 [64]
Sm doped ZnO thin film Sol-gel spin coating 200 Sunlight 60% MB 0.00430 [65]
ZnO nanoparticles Ball milled solventless process 150 Visible Light ∼90% MB 0.0186 [66]
Au/ZnO/H2O2 catalytic system Deposition–reduction method 120 Visible Light – 0.0032 [67]
ZnO/70%CNT nanocomposites Ultrasonication/hydrothermal 180 Visible light 98% MB 0.015 [68]
ZnO/Au10/Pd5 nanocomposites Three–step pulsed laser ablation in liquid and

photodeposition technique
180 Visible light 97% MB 0.0145 [69]

ZnO nanoparticles Green synthesis approach 210 UV Light 98.6% MB 0.016 [70]
Ag doped ZnO nanoparticles Combined sol-gel and chemical reduction 240 UV Light 81.2% MB 0.0068 [71]
ZnO nanoparticles Conventional methodpeel extraction 120 UV Light 63% MB 0.00812 [72]
Cd doped ZnO nanorod film Dip Coating 360 UV Light – 0.00859 [73]
ZnO nanoparticles One-step wet-chemical route 80 UV Light 32.68% MB 0.010 [74]

Fig. 11. Photocatalytic degradation of MB in the presence of different sca-
vengers under light irradiation.

Fig. 12. Stability and reusability study of ZnO photocatalyst powders in the MB
degradation process under irradiation for four runs.
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decay time curves with increasing heating rate which indicates that
recombination is becoming faster.

4. Conclusion

As a conclusion, pure ZnO particles were successfully fabricated by
sol–gel method with different heating rate regime at 500 °C for 2 h. XRD
patterns revealed that all ZnO samples had high degree of crystallinity.
The heating rate didn’t change the morphology of the ZnO powders
which possessed almost same morphologies. Thermodynamic proper-
ties of the ZnO particles are calculated. The band gap of the ZnO par-
ticles prepared at 1 °C/min heating rate was 3.10 eV. The pure ZnO
particles prepared at 1 °C/min heating rate had high surface oxygen
vacancies based on Raman spectrum. The photocatalytic degradation
efficiency of MB by ZnO particles dropped with increasing heating rate.
ZnO sample prepared at 1 °C/min heating rate demonstrated the best
photocatalytic properties. The photodegradation rate of MB solution
was 92.7% and 1.069×10-2 min−1 kinetic constant value, respec-
tively. Moreover, the ZnO particles showed good stability after four
consecutive experiments. The heating rate regime should be a good way
to enhance photocatalytic properties for photocatalytic materials.
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