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A B S T R A C T   

This study aims to optimize the synergistic effect in photocatalytic processes by facilitating the accumulation of 
graphene oxide (GO) layers onto ZnO nanoparticles, thereby achieving close contact between the two materials, 
leveraging the high surface-to-volume ratio and efficient charge transport pathways inherent in ZnO nanosheets. 
The performance of ZnO nanosheets in the photocatalytic degradation of Simazine was investigated, with the aim 
of further enhancing the performance of the best-performing sample through GO decoration. Accordingly, ZnO 
nanosheets were obtained by the sol-gel method using different concentration of zinc acetate hexahydrate as a 
zinc source. According to the obtained results, it was observed that the sample prepared with a concentration of 
0.44 M zinc precursor salt exhibited the best performance with a degradation rate of 67 %. In order to improve 
the performance of the sample prepared under this condition, graphene oxide (GO) was integrated into ZnO 
nanosheets to form a ZnO/GO nanocomposite structure. This composite structure achieved a photodegradation 
efficiency of 85 % for Simazine. The data obtained showed that the use of GO-based ZnO nanocomposites can 
improve charge separation, light absorption, charge transport and photo-oxidation of organic pollutants.   

1. Introduction 

Due to the development of industrialization to meet the needs of a 
growing population, pesticides are being detected more frequently in the 
environment, and this causes a threat to public health [1,2]. Although 
the concentration of these pesticides is low in the aquatic environment 
(from ng L− 1 to μg L− 1), they pose a hazard due to their high stability and 
bio-accumulative properties. For example, simazine, a kind of herbicide 
that can be considered in the category of pesticides, can remain in the 
soil for up to 149 days and traces of simazine have been found in rivers 
during its widespread usage [3]. According to the literature, simazine, 
which has been widely used in the last 50 years, has been detected in the 
natural environments of Asia, Europe, Australia, and America, and it can 
lead to endocrine disruption in living organisms even at low concen
trations [4]. Therefore, researchers have recently accelerated their 

efforts to develop effective purification methods for the removal and 
detoxification of this herbicide from clean groundwater sources. Among 
these efforts, various treatment methods are commonly employed, 
including chemical precipitation [5], separation [6], adsorption [7], 
coagulation [8], biological treatment [9], and Fenton oxidation [10] 
techniques etc … Each of these mentioned techniques has both advan
tages and disadvantages. For instance, chlorination oxidation, while 
capable of removing up to 60 % of the studied pesticides, can lead to the 
formation of trihalomethanes to make the liquid useful [11]. However, 
these methods suffer from their inherent problems of inefficiency or high 
costs. The use of metal-semiconductor composites as photocatalyst for 
degradation of these pollutants present a solution as an alternative [12]. 

Photocatalytic degradation can be seen as an efficient and energy- 
saving method to be used for the removal of triazines, a class of 
nitrogen-containing heterocycles, from water resources [13]. On the 
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other hand, photocatalysis aims to remove pollutants by breaking the 
bonds of pollutant molecules through the interaction between the 
catalyst and adsorbed pollutant molecules by producing reactive oxygen 
species (ROS) through surface reactions [14,15]. The use of 
metal-semiconductor nanocomposites as photocatalysts for the degra
dation of these pollutants may offer a solution to increase the efficiency 
of photocatalytic process with a potential synergistic effect. In recent 
years, researches have focused on the hybridization of inorganic nano
materials with other materials to improve photocatalytic performance 
for promising results [16,17]. These efforts are generally aimed at 
reducing exciton recombination and thus increasing the production of 
additional ROS [18,19]. In this context, ZnO nanoparticles with a hex
agonal wurtzite crystal structure and special defect chemistry exhibit 
significant states in the band gap energy, which enables photocatalysis 
under UV light [20,21]. However, despite these properties and the large 
direct bandgap of 3.37 eV, the photocatalytic activity of ZnO nano
particles was reported to be very low due to the high recombination rate 
of photo-generated excitons (electron-hole pairs) and poor adsorption 
capacity [22]. For this purpose, as mentioned above, new attempts are 
being made on ZnO-based photocatalysts from doping to obtaining new 
composites [23]. For instance, Adabavazeh et al. [24]. have investigated 
the photocatalytic performance of PANI/ZnO–CoMoO4 nanocomposite 
and, they have leveraged the potential of PANI composites to create a 
p-n heterojunction electric field at the interface with a n-type semi
conductor. Utilizing this electric field, they observed rapid transfer of 
photo-generated holes to PANI, facilitating the oxidation of surrounding 
species. Additionally, they have concluded that photo-generated elec
trons are swiftly transferred to the n-type semiconductor composite, 
inducing reduction reactions on its surface, thereby demonstrating its 
potential as a highly efficient catalyst. Additionally, carbon-based ma
terials, including carbon dots, GO and r-GO, have sp2/sp3 carbon and 
carboxyl or hydroxyl groups. Due to their unique properties, these ma
terials have a wide range of applications [25]. In the study [26], the aim 
was to increase the electron-hole recombination time in TiO2-rGO 
nano-composites. They demonstrated that both the hybridized HBK-rGO 
and P25-rGO were effective in the removal of a pesticide mixture using 
O2 and H2O2 as oxidants. Recently, there has been a significant focus on 
studying the synergistic effects that can arise from the combination of 
graphene oxide (GO) with other semiconductor materials, particularly 
regarding their electrical conductivity and charge separation capabil
ities, and GO-based nanocomposites exhibit notable characteristics in 
photocatalytic processes [27–30]. Essentially, it is anticipated that to 
compose with GO may vary depending on the specific application under 
investigation. Since, ZnO has direct bandgap, 60 MeV exciton binding 
energy, corrosion resistance, non-toxic nature, and ability to adsorb and 
degrade toxic organic compounds, investigation the degradation per
formance of ZnO/GO nanocomposites is significant [31]. Furthermore, 
specific ZnO nanostructures with nanosheets geometry have been syn
thesized within the scope of this study due to their desired advantages 
such as enhanced surface area, improved charge transfer, and adjustable 
characteristics for photocatalytic applications. Additionally, GO has a 
lower work function than ZnO [32], it prevents recombination losses in 
photocatalytic processes by clearing the excited electron from the con
duction band of ZnO. As a result of all these discussions, in the present 
study, considering the potential of graphene oxide layers as excellent 
electron acceptors due to their large surface area, ZnO nanosheets have 
been decorated with GO layers as an alternative to the catalysts 
mentioned in the literature. In summary, this study aims to optimize the 
synergistic effect in photocatalytic processes by facilitating the accu
mulation of graphene oxide (GO) layers onto ZnO nanoparticles, thereby 
achieving close contact between the two materials, leveraging the high 
surface-to-volume ratio and efficient charge transport pathways 
inherent in ZnO nanosheets, as mentioned earlier. 

2. Experimental 

ZnO nanosheets were obtained by the sol-gel method using zinc ac
etate hexahydrate as a zinc source. In summary, zinc salt was dissolved 
in 50 mL of ethanol at 60 ◦C to achieve concentrations of 0.40, 0.42, 
0.44, and 0.46 M. For this purpose, 3 drops of HCl were added to each 
solution, resulting in the formation of a transparent solution. Dilute 
NaOH solution was added as dropwise into solutions to increase the pH 
of the resulting solution to 8. Then, the precipitated ZnO precursor 
powders (gel) were allowed to age for 12 h, followed by washing twice 
with deionized water. The dried powders were then ground in an agate 
mortar and subjected to thermal treatment in a muffle furnace at 500 ◦C 
for 4 h. Thus, ZnO nanosheets structures were obtained. The following 
steps were followed to obtain ZnO/GO nanosheets composite structures. 
Firstly, the mixtures obtained by dispersing 100 mg GO and 1 g ZnO 
nanosheets in 25 mL deionized water in two different beakers were 
subjected to ultrasonic treatment for 3 h to create a homogeneous dis
tribution. As stated in the literature [33], the synthetization of GO/ZnO 
nanosheet composites relied on the principle of colloidal coagulation 
effect (CCE), which involved mixing equal volume ratios of GO solution 
and ZnO nanosheet solution mentioned above. After the mixture was 
obtained, it was continuously stirred at room temperature for 30 min, 
and then washed twice with ethanol before being dried at 50 ◦C for 12 h. 
Fig. 1 shows schematically synthesize procedure of the GO/ZnO nano
sheet composites. Additionally, Sol-gel processes typically produce ho
mogeneous products, ensuring consistency in important characteristics 
such as particle size, shape and distribution [34]. This uniformity is 
crucial for large-scale production and facilitates reproducibility in the 
final product. Numerical equations were obtained by using Python codes 
to optimize the synthesis process of ZnO nanosheets nanoparticles 
considering the experimental conditions determined in our study (see 
Fig. 2(b)). For this purpose, the precursor concentration (S) in molarity 
(M) as the independent variable and the average ZnO nanosheet size (B) 
obtained in nanometers (nm) as the dependent variable were consid
ered. Since other external parameters such as temperature and pH were 
kept constant in the experimental process, only the precursor concen
tration was considered as the independent variable. Under these con
ditions, a regression model (B = aSb) was established to describe the 
relationship between the precursor concentration and the average size of 
ZnO nanosheets. In this expression, B is the average particle size, S is the 
precursor concentration, “a” and “b” are the coefficients to be found as a 
result of regression. Regression model was performed using experi
mental data on the precursor concentration and the corresponding 
average crystallite size of ZnO nanosheets (SSP (black line), HW (red 
line) and WH (green line) approaches were used (see Fig. 2(b)) to obtain 
the “a” and “b” coefficients. The higher “a” value obtained even at low 
precursor Zn concentration, ZnO nanoparticles show significant basis 
sizes for ZnO nanoparticles even at low precursor concentrations, which 
requires precise optimization over the precursor concentration during 
production to avoid undesired nanoparticle growth. Also, Regression 
analysis of the three approaches used to determine crystallite size also 
showed positive ‘b’ values, indicating that the size of ZnO nanosheets 
increases with increasing precursor concentration. Therefore, the con
sistency of the ‘a’ and ‘b’ coefficients provides theoretical information 
for the adjustment of the Zn precursor concentration in order to obtain 
the desired particle sizes. In summary, our study has achieved systematic 
optimization of a number of variations under the specified experimental 
conditions for large-scale production through the regression model, with 
the aim of facilitating cost-effective production processes. In conclusion, 
the WH model to explain particle size shows that particle size varies with 
Zn precursor concentration with a variance of 94 % (adj. R2 value) and 
additional factors (here distribution of reactant or precursor stoichi
ometry can be) affect particle size with a variance of 6 %. 

In the study, the performance of ZnO nanosheets in the photo
catalytic degradation of Simazine was investigated, with the aim of 
further enhancing the performance of the best-performing sample 
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through GO decoration. According to the obtained results, it was 
observed that the sample prepared with a concentration of 0.44 M zinc 
precursor salt exhibited the best performance with a degradation rate of 
67 %. For that reason, this sample prepared with 0.44 M zinc precursor 
salt was decorated with GO, and thereafter, a nanocomposite denoted as 
ZnO/GO was synthesized. For photocatalytic research, experimental 
parameters were determined by taking into account the data in the study 
conducted by Flores et al. [35]. In the aforementioned study, the 
ZnO/GO nanocomposite exhibited high performance in the photo
catalytic degradation of Simazine at a solution pH of 2 and a catalyst 
dosage of 40 mg. Therefore, similar experimental conditions were 
employed in our study. In photocatalysis experiments, a solution of 
Simazine prepared at a concentration of 1 ppm was kept in the dark for 
30 min to ensure that the initial concentration of organic pollution 
remained constant at the beginning of the photocatalytic reaction for 
comparison. Photocatalysis studies on simazine were performed using a 
photo-reactor apparatus containing a Luzchem LZC-4X UVA lamp 
emitting light at a wavelength of 350 nm and a power density of 1000 
W/m2, with the UVA source placed 10 cm away from the simazine so
lution. The remaining simazine in solution was measured at certain 
times using a UV–vis spectrophotometer according to the Beer-Lambert 
law at 222 nm. This was used to evaluate the photocatalytic degradation 
performance. Furthermore, X-ray diffraction (XRD), scanning electron 
microscopy (SEM), thermogravimetric analysis (TGA), Fourier trans
form infrared spectroscopy (FTIR) and diffuse reflectance measurements 
were used to analyze the structural, morphological, thermal and optical 
properties of the synthesized samples. 

3. Results and discussions 

The thermal properties of the precursor have been the subject of 
investigation by means of TG-DTA measurements. For this purpose, at a 
temperature scan rate of 5◦/min, the precursor was heated in a nitrogen 
atmosphere in an alumina crucible. Fig. 2(c) shows that the precursor 
lost weight in two stages. The initial weight loss (120–140 ◦C) is due to 
the removal of water molecules adsorbed on the surface, while the 
subsequent weight loss (140–400 ◦C) is attributed to the decomposition 
of Zn(OH)2 into ZnO. This observation corresponds to the literature 
[36]. Supporting this observation, two endothermic peaks are clearly 
observed in the DTA curves, corresponding to the two weight loss steps 
in the TGA curve. In support of this observation, it has been clearly 
observed in DTA curves that correspond to the two weight losses in the 
TGA curve, manifesting two distinct endothermic peaks. The endo
thermic peak at approximately 130 ◦C, indicative of weight loss, 
observed on the surface of Zn(OH)2 nanoparticles, as noted in the studies 
by Ref. [37], may be attributed to the dehydration of adsorbed water 
trapped on the surface. Additionally, the endothermic peak at 225 ◦C 
could be attributed to the loss of weight due to the release of OH− ions. 
The cumulative weight loss of the precursor from room temperature to 
400 ◦C is approximately 20 %, which closely aligns with the theoretical 
weight loss (18.48 %). This observation strongly suggests that the mo
lecular formula of the precursor is Zn(OH)2. Furthermore, the increasing 
trend in the DTA curve after 225 ◦C indicates the initiation of ZnO 
nucleation beyond this temperature point. XRD patterns of the synthe
sized ZnO nanosheet structures have been shown in Fig. 2 for various 
molarities. These results have been compared with the Joint Committee 
on Powder Diffraction Standards (JCPDS∕=36–1451) X-ray data file, and 
the appearing peaks have exhibited good agreement with the hexagonal 

Fig. 1. Representation of experimental procedures for GO/ZnO composites.  
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structure base. Furthermore, no characteristic diffraction peaks due to 
possible impurity phases such as C, Zn(OH)2, etc. were observed, indi
cating the preparation of pure phase ZnO sample by sol-gel method. All 
samples were polycrystalline and exhibited the highest peak at around 
36.28◦ (2θ) in the (101) plane. The thermal effect applied during the 
synthesis process is thought to be of critical importance in preferential 
orientation. At the same time, the observation of sharp peaks in the XRD 
diffraction patterns of the samples indicating high crystallinity 
strengthens this prediction. 

Goswami et al. [38] mentioned in a study that high thermal energy 
can lead to re-crystallization in the ZnO lattice. Since trends or corre
lations between characteristics of the materials can provide information 
about the crystal structure, size and strain within the material, it is 
important to examine the correlation between these parameters for 
samples prepared for various molar concentrations of Zn precursor. In 
this context, parameters such as lattice parameters, interplanar distance, 
unit cell volume, bond length between Zn–O can be calculated using the 
following formulas [39,40]; 

a= λ
/ ̅̅̅
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The value “u” given in equation (5) is a positional parameter in the 

wurtzite hexagonal structure and indicates the amount of displacement 
of each atom relative to the next atom. Another word, the parameter “u” 
is used to describe the relative vertical displacement of the cation and 
anion layers along the c-axis. When “u” is equal to 0, it means that there 
is no displacement and the cation and anion layers are perfectly aligned. 
When “u” is not equal to 0, it indicates that the layers are displaced and it 
causes deviation from perfect alignment. The value of “u” can be easily 
calculated by the formula given in equation (6). 

U =
a2

3c2 + 0.25 (6) 

The structural parameters of the samples prepared at different Zn 
precursor concentrations have been shown in Table 1. As can be seen 
here, Zn–O bond length increased until the zinc acetate concentration 
was 0.44 M, but decreased in the sample synthesized at 0.46 M con
centration. Increasing the zinc acetate concentration (from 0.40 M to 
0.44 M) means that we have more Zn ions available for incorporation 
into the crystal lattice of ZnO, which leads to an increase in Zn–O bond 
length. However, as observed in the sample synthesized at the more 
advanced zinc concentration (at 0.46 M zinc acetate concentration), 
there may be excess Zn ions, which can cause a decrease in these pa
rameters by increasing Zn ions causing structural defects [41] such as 
interstitial atom and oxygen vacancies. Another reason for this may be 
the differences in ionic size between Zn–O ions [42]. Since “Zn” ions are 
larger than “O” ions, when you add more Zn ions to the crystal lattice, it 
disrupts the ideal packing of the smaller “O” ions. Considering that an 
ideal ZnO crystal should be arranged to accommodate larger Zn ions 
between smaller “O” ions, this size difference will create tension in the 
lattice [43]. The calculated sizes of the unit cell volume and the internal 
parameter values did not change appreciably as the concentration 
(molar) of the zinc precursor increased. Thus, it can be concluded that 
the geometry of the ZnO nanosheets does not change when the zinc 
concentration increases in agreement with the SEM photographs. Due to 
these observations, the amount of Zn precursor was increased up to 0.46 

Fig. 2. XRD pattern of the samples (a) and regression model of predicting of the particle size (b), TGA/DTA analysis for precursor (c).  
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M, and this value was determined as the limit value of our study. 
Moreover, the characteristic diffraction peak of GO was not observed in 
the XRD pattern of ZnO-GO. This result is in agreement with some of 
literature [44,45], and the probable reason for this is the limited amount 
of GO that can change the structure of ZnO crystals. In summary, there 
are boundaries between crystal grains in ZnO and ZnO-GO nano
composites. These boundaries are indicated by the presence of amor
phous (non-crystalline) layers on the surface and between the grains of 
photocatalysts. These layers cannot be seen in X-ray diffraction (XRD) 
patterns commonly used to analyze the crystalline structure of materials. 
Considering the experimental conditions, it is considered as a very 
satisfactory explanation. The diffraction data also allow the calculation 
of the crystallite size (D) and intrinsic micro strain (ε) values of the 
materials. Within the scope of the study, these values were calculated 
and compared in terms of consistency by considering both the 
Williamson-Hall (WH), the Size-Strength plot (SSP) and the 
Halder-Wagner approaches (HW). 

A more comprehensive understanding of the crystalline properties of 
materials can be achieved by analyzing crystallite size. Each method 
used for this purpose has its positive aspects and limitations. By using 
more than one approach, the results can be checked, and an idea about 
the reliability of the crystallite size values obtained can be obtained. The 
peak broadening caused by the strain induced by crystal defects and 
distortion is related to ε ≈ β/tanθ as stated by Ref. [46]. Furthermore, 
the dependence of Eq. (7) on the diffraction angle θ is important. The 
Williamson-Hall (W–H) method differs from the 1/cosθ dependence 
seen in the Scherrer equation [47,48], instead showing a relationship 
with the tangent of the Bragg angle (tanθ). This allows for a more 
nuanced analysis of X-ray diffraction peak broadening, as the W–H 
method can distinguish between reflection broadening caused by 

reduced crystallite size and microstrain occurring simultaneously. 
Therefore, the expansion reaches its peak due to the size and strain 
components. The total expansion can be formulated as follows: 

β(hkl) = βsize + βstrain (7)  

where, considering that βhkl is the FWHM value for peaks at different 
diffraction planes, and βstrain is equal to 4εtanθ, expression (7) can be 
rewritten as follows: 

β(hkl) =
1

cos θ

[
kλ
D
+ 4ε sin θ

]

(8) 

This equation is a kind of Williamson-Hall equation obtained as a 
result of uniform deformation modelling. Thus, a graph is drawn 
assuming an isotropic crystal structure where all material properties are 
direction-independent [49]. This means that the strain is the same in all 
crystallographic directions. The (βcosθ) vs. (4 sinθ) plot is drawn 
considering the preferential orientation peaks of the ZnO nanoparticles 
confirmed to have hexagonal wurtzite crystal phase using Eq. (8) and 
shown in Fig. 3. 

The slope and y-intercept of the line fitted to the obtained pattern 
allow to analyze the strain and particle size, respectively. Based on the 
observation of Fig. 3, it can be concluded that all samples have a positive 
slope, and results belongs to uniform deformation model have been 
given in Table 2. It can be inferred that larger crystallites result in 
narrower diffraction peaks, leading to a positive slope in the W–H plot. 

The W–H approximation has a non-zero slope and intercept, i.e. 
negligible (or) randomly distributed data points, indicating that all 
crystallites are isotropic with microstrain [50]. Furthermore, a common 
cause of peak broadening is size and strain within the crystal structure. 

Table 1 
Calculated structural parameters of the synthesized samples.  

Sample (hkl) d (hkl) (Å) FWHM (◦) V(Å) u L (nm) Lattice Parameters 

a (Å) c (Å) 

ZnO-0.40 M (100) 2.8099 0.238 47.4869 0.3794 1.9729 3.2446 5.2086 
(002) 2.6001 0.203 
(101) 2.4730 0.244 
(102) 1.9092 0.277 
(110) 1.6241 0.323 
(103) 1.4759 0.348 
(200) 1.4068 0.337 
(112) 1.3780 0.348 
(201) 1.3579 0.379 

ZnO-0.42 M (100) 2.8097 0.234 47.4847 0.3793 1.9758 3.2444 5.2090 
(002) 2.6000 0.196 
(101) 2.4729 0.243 
(102) 1.9092 0.280 
(110) 1.6240 0.323 
(103) 1.4759 0.346 
(200) 1.4068 0.321 
(112) 1.3773 0.346 
(201) 1.3578 0.383 

ZnO-0.44 M (100) 2.8102 0.236 47.4956 0.3793 1.9759 3.2449 5.2086 
(002) 2.6004 0.199 
(101) 2.4732 0.238 
(102) 1.9093 0.280 
(110) 1.6241 0.322 
(103) 1.4768 0.343 
(200) 1.4069 0.323 
(112) 1.3780 0.345 
(201) 1.3579 0.383 

ZnO-0.46 M (100) 2.8096 0.225 47.4761 0.3793 1.9757 3.2442 5.2087 
(002) 2.5998 0.197 
(101) 2.4728 0.235 
(102) 1.9091 0.275 
(110) 1.6240 0.317 
(103) 1.4759 0.340 
(200) 1.4061 0.333 
(112) 1.3780 0.345 
(201) 1.3578 0.370  
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Therefore, instead of evaluating the contribution of size and strain to 
peak broadening separately, direct information about the crystallite size 
and strain of the material can be obtained by considering the mean SSP 
[51]. In this approach, it is assumed that the mathematical functions 
describing the distribution of dimensions and strains within the material 
are characterized by Lorentzian and Gaussian profiles, respectively. For 
this purpose, Eq. (9) is obtained by modifying eq. (7) [52]. 

(dhkl + βhkl cos θ)2
=

0.9
D
(
d2

hkl + βhkl cos θ
)
+
(ε

2

)2
(9) 

In Fig. 4, (dhklβhklcosθ)2 vs. (dhkl
2 βhklcosθ) has been plotted consid

ering the peaks indicated in the characteristic XRD diffractogram of ZnO 
nanoparticles with wurtzite hexagonal phase. The slope and the root of 
the y-intercept of the obtained graph indicate the crystallite size and 
strain, respectively. When the obtained results are compared with those 
obtained from the W–H approach, it can be concluded that there is a 
similar trend in crystallite size and strain depending on molarity and GO 
integration. The SSP method traditionally models the broadening of 
XRD peak profiles by assuming a Lorentzian function for the size 
contribution and a Gaussian function for the strain contribution. How
ever, the actual XRD peak shape does not perfectly fit either a Lorentzian 

or Gaussian function [53]. 
The XRD spectrum’s peak regions align well with the Gaussian 

function and effectively capture the central part of the profile. However, 
the tail part of the peak profile shows a rapid decay that cannot be 
accurately represented by a pure Gaussian function. This region shows a 
good agreement with the Lorentzian function. However, this model also 
fails to accurately represent the XRD peak region. Factors such as crys
tallite size, strain, defects and instrumental characteristics affect the 
complexity of the XRD peak profile, leading to the observed discrepancy 
[54,55]. To better understand the intricate details of XRD peak shapes, 
researchers should utilize more detailed approaches, such as hybrid 
functions or pseudo-Voigt function [56], to examine the consistency of 
the results. In this method, Eq. (10) can be written for determining 
FWHM. 

β2
hkl = βLβhkl + β2

G (10) 

In eq. (10) βL and βG represent Lorentzian and Gaussian broadening 
of the XRD peaks. The important step required for the calculation of 
crystallite and strain with this approach is the calculation of the lattice 
distance (dhkl) between the (hkl) planes. For hexagonal crystal structure, 
dhkl can be related with the lattice constant as follow [57]: 

Fig. 3. Williamson–Hall plot for ZnO nanosheets.  

Table 2 
Comparison of crystallite sizes and micro strains calculated using WH, SSP and HW approaches.  

Sample SSP approach HW approach WH approach  

D (nm) ε×10− 3 R2 D (nm) ε×10− 3 R2 D (nm) ε×10− 3 R2 

ZnO-0.40 M 44.44 9.12 0.91174 49.38 5.92 0.91174 87.75 1.90 0.84818 
ZnO-0.42 M 45.46 9.20 0.89877 50.55 5.97 0.89870 90.62 1.96 0.85700 
ZnO-0.44 M 45.91 9.37 0.88499 51.07 6.08 0.88498 93.68 2.10 0.88349 
ZnO-0.46 M 48.82 10.01 0.92431 54.31 6.50 0.92431 99.75 1.96 0.85439 
ZnO-GO 45.46 8.55 0.91202 50.22 5.31 0.90589 90.03 1.94 0.90908  
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d2
hkl =

(
4
(
h2 + k2 + hk

)

3a2 +
l2

c2

)− 1

(11) 

Moreover, this method focuses on peaks at low and medium angles 
where the overlap of diffraction peaks is less, other formula to be used 
for the Halder-Wagner method can be categorized as in Eqs. (12)–(14) 
[58]. 
(

β∗
hkl

d∗
hkl

)2

=
1
D

β∗
hkl

d∗
hkl

2 +
(ε

2

)2
(12)  

β∗
hkl = βhkl cos θ

/
λ (13)  

d∗
hkl = 2 sin θ

/
λ (14) 

The graph of β∗
hkl/d∗

hkl
2 vs. 

(
β∗hkl
d∗hkl

)2 
is obtained using Eqs. 10–14. The 

resulting graph is shown in Fig. 5. The crystallite size is determined by 
considering the mathematical inverse of the slope of the data fitted 
linearly to the graph in Fig. 5, while the root of the y-intercept gives the 
microstrain [59]. The results obtained by applying three different ap
proaches to XRD data are given in Table 2. It is concluded that external 
effects such as molarity increase and GO hybridization in all three ap
proaches meet the change in ZnO crystal structure with a similar trend. 
This trend shows that the average crystallite size increases with 
increasing concentration of zinc precursor salt. High zinc concentrations 
increased the formation of agglomerates during the precipitation pro
cess, which is the most likely reason for this situation. Similar obser
vations have been made by other researchers who synthesized 

nanoparticles using the solution-based method [60,61]. Furthermore, 
the average particle size of the ZnO/GO nanocomposite structure was 
reduced compared to that of the pure ZnO structure. The possible reason 
for this could be the division of larger nanoparticles during the synthesis 
of the ZnO/GO composite through the colloidal coagulation effect. 
Morphological analyses of the synthesized samples have been evaluated 
by SEM analysis. Fig. 6 reveals SEM images of the ZnO that most of the 
ZnO nanoparticles are in the geometry of nanosheets, and their size 
increase with increasing zinc concentration, as revealed by the histo
gram curves embedded in the SEM photographs. The results are larger 
than compared to the values calculated from XRD and are in agreement 
with the trend resulting from the effect of zinc salt concentration and 
GO. This can be explained in relation to the geometries of the obtained 
ZnO nanosheets. Namely, the nanosheets agglomerated in a way that 
can be attributed to the large specific surface area and high surface 
energy, which is presumed to have occurred during the post-sintering 
cooling process [62]. The formation of ZnO nanocrystals requires 
directional growth, followed by differential aggregation in the respec
tive media, and subsequent formation of nanosheet structures through 
nucleation. This process occurs when the concentration of precursors (i. 
e. nanocrystals or monomers) exceed the critical supersaturation level 
[63]. To better understanding about the nucleation process, it should 
consider the chemical reactions. Formations of ZnO nanosheets in 
alcoholic medium can be summarized as follow: 

Zn(CH3COO)2 • 6H2O + 2HCl→ZnCl2 + 2CH3COOH + 6H2O (15)  

Zn2+ + 2OH− →Zn(OH)2 (16)  

Fig. 4. The size-strain plot (SSP) plot for samples.  
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Zn(OH)2 → ZnO + H2O (17)  
ZnO assembly into nanosheets during the calcination

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→
ZnOnanosheets (18) 

Fig. 5. Halder-Wagner plot for ZnO nanoparticles.  

Fig. 6. SEM images of ZnO nanosheets and ZnO/GO composite a) 0.40 M b) 0.42 M c) 0.44 M d) 0.46 M e) ZnO/GO and f) EDX spectra of ZnO/GO nanocomposite.  
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In the initiation reaction step, Zn2+ from ZnAc2 used as zinc pre
cursor and OH− ions from ethanol coordinate with each other to form 
aggregates of the type (ZnXOHy)

2x− y exhibiting octahedral coordination 
sequences [64]. Depending on the used medium (in this case ethanol), 
the initially randomly oriented nanocrystals begin to aggregate with 
different tendencies. After the nanocrystals aggregated, the nanosheets 
may have formed by random Brownian motion collisions [65], inter
particle fusion [63,66], or interparticle molecular exchange (dissolution 
and diffusion), also known as Ostwald ripening and defect density dif
ference [67]. Fig. 6(e) clearly shows the wrinkled GO sheets and ZnO 
nanosheets coated on the GO sheets. It is suggested that there is a strong 
interaction between ZnO particles and GO layers. This strong interaction 
prevents the exfoliation of GO layers during photocatalysis applications 
and ensures efficient processes [68]. Indeed, our photocatalysis results 
confirmed this prediction. In addition, the particle size reduction 
observed in the XRD results and estimated as the cleavage of existing 
ZnO nanoparticles during hybridization with GO is also clearly seen in 
the SEM photographs. Fig. 6(f) presents the EDX results, confirming the 
elemental composition. The weight percentages obtained are accept
able, considering the incorporation of graphene oxide into the ZnO 
nanoparticles. The carbon and oxygen percentages are consistent with 
the presence of graphene oxide, while the predominant zinc percentage 
is consistent with the ZnO component. The structural analysis of the 
synthesized compounds can be strongly investigated by FTIR spectros
copy. FTIR spectroscopy of ZnO nanosheets and ZnO/GO nano
composite particles are shown in Fig. 7. It has been shown by XRD 
analysis that high quality crystals were obtained with increasing zinc 
precursor salt concentration. In support of this observation, sharp peaks 
were observed in the FTIR spectrum. Furthermore, samples prepared at 
increasing zinc concentration up to 0.46 M exhibited high trans
mittance. Taking into account dislocations, which are a kind of defects in 
a crystalline material, and their density (δ =
1/

D2;D : estimated crystallite size) [69], changes in the local environment 
of Zn–O bonds due to the reduction of defects may have reduced 

absorption and thus achieved high transmittance. 
On the other hand, there was a decrease in optical transmittance in 

the sample prepared at 0.46 M precursor zinc salt concentration. 
Moreover, there was a decrease in optical transmittance in the sample 
prepared at 0.46 M precursor zinc salt concentration. The observation of 
a similar trend in the Zn–O bond length strengthens the idea that this 
concentration value indicates a saturation or equilibrium point. In other 
words, it can be predicted that the structural and chemical properties of 
the material to be obtained after a certain concentration will not change 
significantly. This is thought to lead to the stabilization of the FTIR 
spectrum. The transmittance band observed at about 697 cm− 1 in Fig. 7 
(given as “A” in the figure) can be attributed to Zn–O stretching, indi
cating that ZnO nanosheets are positively obtained [70]. The peak 
indicated by B (at 879.65 cm− 1) in Fig. 7 can potentially be attributed to 
specific vibrations within the zinc-hydroxy-acetate complex, given that 
zinc acetate-based synthesis was performed [71]. The C––O vibration 
band, which is also contributed by acetate ions (Zn(CH3COO)2), which is 
a source of zinc, is dominant at 1427.57 cm− 1 (C point in Fig. 7) as 
Thongam et al. [72]. Moreover, the broad absorption band observed at 
about 3000 cm− 1 in the ZnO/GO nanocomposite is attributed to the 
stretching vibration of the surface hydroxyl groups (-OH) [73]. 

As stated in the literature, ZnO crystallizes in the hexagonal wurtzite 
structure, which belongs to the C46v space group [74]. According to 
group theory there can be eight sets of phonon modes, 2E2, 2A1, 2E1 
and 2B1, but 2B1 is not Raman-active. When the incident and scattered 
polarizations are perpendicular, only the E2 mode is observed in Raman 
measurements (see Fig. 7 (b)). In this context, the high frequency E2 
mode is clearly visible at 426 cm− 1. According to the literature [75], 
certain modes may not be detectable in the Raman spectrum due to 
variations in crystallite size. In our study, we investigated the effect of 
varying the concentration of the Zn precursor salt on the size of ZnO 
nanoparticles’ crystallites. As a result, there was agglomeration, which 
changed the electronic environment of the nanoparticles, which can lead 
to the appearance of fluorescent regions that block the E2 mode. This 
explanation has been mentioned as a possible reason for the 

Fig. 7. FTIR (a) and Raman (b) spectra and BET analysis (c) of the samples.  
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non-observation the E2 mode in some examples. Furthermore, multiple 
A1-symmetric phonons were observed at around 1075 cm− 1, indicating 
that multiple phonons absorbed or emitted simultaneously during the 
scattering event [76]. In addition, in the Raman spectrum obtained for 
ZnO/GO composite material, peaks belonging to D (observed at 1336 
cm− 1) and G (observed at 1577 cm− 1) bands typical for GO were clearly 
observed. This result is fully consistent with the literature [77]. The 
Raman spectrum of the ZnO/GO sample shows a decrease in the in
tensity of the ZnO Raman peak, suggesting a weaker intensity. Also, 
Fig. 7(b) illustrates that the intensity of the D band is slightly higher than 
that of the G band. This suggests that high defect regions in the graphene 
lattice, as indicated by the D/G ratio, serve as useful nucleation sites for 
ZnO [78]. As a result, there is less agglomeration of ZnO nanoparticles, 
which is consistent with the photocatalytic performance of the ZnO/GO 
sample. Photocatalytic processes are influenced significantly by the 
active reaction area on the catalyst’s surface. In order to determine the 
physical properties such as surface area and porosity of the ZnO pre
pared at a precursor concentration of 0.44 M Zn and the ZnO/GO 
nanocomposite, a Brunauer-Emmett-Teller (BET) surface area analysis 
was carried out. For this purpose, under the N2 adsorption/desorption 
isotherm at ~77 K, the BET surface areas of the samples were reordered. 
Isotherm and multi-point fit curves of the samples are shown in Fig. 7(c). 
The samples reflected the isotherm of type IV, showing a curve that rises 
slightly as the volume of gas adsorbed increases and then rises at a slow 
rate [79]. This indicates that there are pores and voids in the material. 
The multipoint graph indicates that the surface area of ZnO and 
ZnO/rGO samples are 3.9860 and 24.5961 m2/g, respectively. Addi
tionally, compared to the ZnO/GO sample, the BET measurement shows 
that the surface area of ZnO is significantly lower. Moreover, the 

cumulative pore volumes and sizes of ZnO and ZnO/GO samples were 
found to be 0.0100, 0.0487 cm3/g and 31.70,11.37 nm, respectively. 
These obtained results from BET analysis are consistent with the per
formance of ZnO/GO sample in the photocatalytic degradation of 
simazine. 

In order to get information about the optical properties of the syn
thesized nanoparticles and ZnO/GO composite, the UV–Vis diffuse 
reflectance spectra (DRS) of the samples were analyzed and Kubelka- 
Munk function vs. energy curves have been presented in Fig. 8. The 
change in the band gap with increasing concentration of Zn(Ac)2–6H2O 
was analyzed by fitting the absorption characteristics obtained from 
diffuse reflectance data to the (αhν) = A(hν − Eg)0.5 expression (Fig. 8) 
[80,81]. According to Fig. 8, it has seen that the optical band gap values 
increased with the increasing ZnAc2 • 6H2O content. The increase in the 
band gap is attributed to the increase in particle size, which is a 
consequence of the increasing concentration of Zn(Ac)2 • 6H2O, as 
observed in Ref. [82]. One possible explanation for the lower band gap 
observed in small particle nanoparticles is the increased band bending at 
the grain boundaries. This is a result of the higher grain surface area of 
samples with a smaller grain size [83]. Fig. 8(e) shows that the band gap 
of ZnO/GO decreases to 2.94 eV after GO is added to ZnO. In many 
studies examining the effects of ZnO/GO composite in the literature, a 
decrease in the band gap of zinc oxide was encountered after the addi
tion of GO. The authors explain this observation by relating it to 
chemical bonds such as Zn–O–C or Zn–C bonds formed in the compos
ites. Alamdari et al. [84], mentioned that this reduction may be the 
result of the absorption of part of the light by the heterogeneous bands of 
Zn–O–C and also by the carbon structure in the sample. Also, Puneetha 
et al. [85] mentioned in their study that the narrowing of the band gap 

Fig. 8. Plots of the Kubelka-Munk function vs. energy for the determination of the band gap for zinc oxide nanostructures synthesized at different concentrations. a) 
0.46 M b) 0.44 M c) 0.42 M d) 0.40 M e) ZnO/GO. 
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due to the presence of GO is a result of the increased surface charge 
between the ZnO nanoparticle and the GO layer, and thus increased 
electronic coupling. That is, the presence of GO clears the ZnO con
duction band by transporting excited electrons to the GO layer via π 
electrons and quenches the Burstein-Moss effect. As a result, the Fermi 
energy level decreases, narrowing the band gap and approaching 
valence band. In addition, Durmus et al. [86], reported that the decrease 
in the optical bandgap with GO doping in a similar composite material. 
They said that the size reduction of ZnO particles during the synthesis of 
the composite structure may be due to the 2D order and the limited 
agglomerated structure on the GO nanosheet. In addition, the bandgap 
energy of ZnO was observed to remain unchanged despite the presence 
of two different phases (ZnO nanoflakes and GO) in the ZnO/GO 
nanocomposite heterojunction as reported in the literature [87]. This is 
likely attributed to the experimental method used in the synthesis of the 
nanocomposites. 

Fig. 9 shows the photocatalytic degradation of herbicide Simazine 
after 180 min of UVA exposure, using ZnO nanosheets and ZnO/GO 
composite powders as catalysts. In photocatalytic investigations, UVA 
light was used as irradiation source, while simazine was used as organic 
pollutant. UVA light was used as the light source in this study because 
UVA light is very similar to natural sunlight, which contains a significant 
portion of UVA radiation, can penetrate photocatalytic materials more 
deeply than short wavelengths such as UVB and UVC, and most photo
catalytic materials exhibit optimum photocatalytic activity under UVA 
light [97]. As shown in Fig. 9(a–e), the absorption intensity of the illu
minated solutions decreased in the presence of ZnO nanosheets, and this 
decrease was maximized in the presence of ZnO/GO. In general, this 
decrease can be attributed to the fact that ZnO nanosheets absorb UVA 
light to form electron (e− ) hole (h+) pairs that can directly or indirectly 
degrade simazine (such as hydroxyl radicals) [98]. In the experiment 

where ZnO nanosheets prepared with 0.40 M–0.46 M zinc precursor salt 
were used as catalyst, the sample prepared with 0.44 M zinc precursor 
salt provided a maximum degradation of 67 % at the end of 180 min 
UVA irradiation as shown in Fig. 9(f–g). However, when the samples 
prepared with 0.46 M zinc precursor salt were considered, this ratio 
decreased to 47 %. Mass transfer and diffusion of reactants and products 
in photocatalytic processes is a very important parameter. Considering 
XRD and SEM analyses, increasing precursor concentration led to higher 
crystallite size. It is estimated that this may be due to the limitation of 
access to active sites as a result of increased agglomeration of nano
particles prepared at 0.46 M precursor concentration, thus preventing 
the degradation of simazine molecules. In addition, the optical charac
teristics of the sample prepared at a precursor concentration of 0.46 M 
(see Fig. 8(a)), which affects the formation and separation of 
electron-hole pairs under UVA irradiation, may also be responsible for 
this. 

Therefore, the nanosheets with the highest performance in the 
photocatalytic degradation of Simazine under UVA light (here, nano
sheets prepared at a zinc precursor salt concentration of 0.44 M) were 
further enhanced by incorporating graphene oxide (GO) into the com
posite structure. As expected, with the addition of GO, Simazine was 
photocatalytically degraded by 85 % (see Fig. 9(f–g)). In the literature, 
some researchers have studied the reaction mechanisms of simazine 
degradation in UV/TiO2 system in a broad perspective [3,89]. This study 
also has shown same type reactions. Reaction mechanisms for the 
UV/ZnO-GO system can be written as shown in Eqs. (19)–(22): 

ZnO+ hν → e−cb + h+
vb → GO+ e−cb→GO

(
e−cb

)
(19)  

GO
(
e−cb

)
+O2 → •O−

2 +H2O→ • OH (20) 

Fig. 9. Photoreduction of Simazine (ZnO catalyst obtained at 0.40 M (a), 0.42 M (b), 0.44 M (c), 0.46 M (d), and ZnO/GO (e)), C/C0 curves (f), % degradation vs. 
time plot of Simazine (g) and kinetic (ln(C/C0)) vs time curves (h) of simazine in photocatalytic degradation. 
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h+
vb +H2O → • OH + H+ (21)  

•OH + Simazine → Intermediates → CO2 + H2O (22) 

According to the mentioned equations, when the ZnO/GO nano
composite is exposed to UV light, energy transfer to electrons occurs due 
to the effect of irradiation, and the electrons jump from the valence band 
to the conduction band of ZnO, leaving holes behind. After this step, the 
electrons that move from the conduction band of ZnO to GO combine 
with oxygen molecules to form superoxide species, which in turn 
interact with water molecules to produce hydroxyl radicals. Simazine 
mainly contains nitrogen atoms in the triazine ring structure, but carbon 
atoms are also present in the aromatic rings attached to the nitrogen 
atoms, allowing hydroxyl radicals (•OH), superoxide radicals (•O−

2 ) and 
holes (h+) to attack the simazine molecule at various carbon atoms 
through oxidation reactions to form intermediates corresponding to 
different m/z. As can be seen from Fig. 9(f–g), the degradation efficiency 
of simazine has significantly enhanced by the interaction of ZnO with 
GO. In this way, the ability of the photocatalyst to degrade persistent 
organic pollutant has been achieved. Moreover, considering the per
formance of the studied nanocomposite of ZnO/GO, it can be thought as 
a preferable catalyst for organic pollutants for the herbicide group in 
Table 3. The synergistic effect created by the presence of graphene oxide 
in close proximity to ZnO makes them electron acceptors and carriers for 
efficient separation of the photo-charge carrier from bare nano
structures, creating additional surfaces where electrons and holes can be 
spatially separated. This ensures efficient charge separation by reducing 
the probability of electron-hole encounters [99]. In addition, due to the 
high electron affinity of graphene oxide (GO) compared to ZnO, the 
energy level between the conduction band of ZnO and the π* orbitals of 
GO is aligned (Eq. (19)) and photogenerated electrons are transferred to 
GO, preventing electrons from recombining with holes in the valence 
band of ZnO [100]. Besides, the decrease in the optical bandgap of the 
ZnO/GO nanocomposite as a result of the synergistic effect between ZnO 
and GO is shown in Fig. 8(e). This means that the nanocomposite can 
absorb a wider range of light wavelengths, including visible light, and 
thus act as an efficient catalyst by obtaining a high density of photo
generated charge carriers. Numerous studies investigating the photo
catalytic degradation of organic pollutants using ZnO as a catalyst have 
shown that the degradation rates obey Langmuir-Hinshelwood kinetics 
[101–104]. The expression showing that photocatalytic degradation 
occurs via Langmuir-Hinshelwood first order reaction [17] is shown in 
Eq. (23). 

ln
C
C0

= kt (23) 

Fig. 9(h) has been obtained using Eq. (23). The slope of this graph 
gives the rate constant (k) and the half-life time (t1/2) can be obtained 
using Eq. (24). 

t1/2 = ln 2
/

k (24) 

The values of kinetic parameters are shown in Table 4. Accordingly, 
it is seen that the value of t1/2, which is inversely proportional to the rate 
constant, decreases with increasing rate constant. Fig. 9(h) clearly shows 
that the rate of reaction slows down after 60 min. This can be explained 
by the concentration of organic impurities remaining in the solution 
after a certain time, as observed in the study by Yang et al. [105]. So, 
considering Fig. 9(f–g), 67 % of the maximum degradation can be 
mentioned. In this case, relatively high dye concentration is present in 
the reaction solution at the end of 60 min, so that mass transport limi
tations, which can be related to the rate at which dye molecules reach 
the catalyst surface, dominate the overall reaction kinetics. 

In addition, a constant reaction rate was observed throughout the 
whole process with GO integration into ZnO. Graphene oxide (GO) is 
effective in adsorbing organic pollutants onto the composite surface due 
to its high surface area and abundance of functional groups. Therefore, 
this observed phenomenon can be explained by the presence of GO in 
the composite structure, which provides a continuous supply of reactant 
to the ZnO photocatalyst surface leading to a constant reaction rate. In 
addition, the R2 values shown in Table 4 were found to be close to 1, 
indicating that the photocatalytic process strongly fits the first-order 
kinetic model. 

4. Conclusion 

In the scope of this research, ZnO nanosheets and ZnO/GO nano
composite structures were synthesized via a facile and easily applicable 
sol-gel method. Structural characterization results confirmed that the 
obtained samples possess the characteristic hexagonal wurtzite crystal 
structure of ZnO, and the increased zinc precursor concentration influ
enced the size of the nanosheets. The structural characterization of the 
samples was conducted through FTIR analysis, revealing characteristic 
spectrum peaks corresponding to ZnO and ZnO/GO structures. Addi
tionally, optical bandgaps of the samples were calculated based on 
diffuse reflectance results, showing an increase in the optical bandgap 
with the increasing concentration of zinc precursor salt. This observa
tion was associated with the increased particle size due to the zinc 
precursor salt. The photocatalytic activity of the synthesized samples 

Table 3 
Comparison of the performances of the catalysts reported in the literature in the photocatalytic degradation of commonly used herbicides.  

Catalyst Light Source Pollutant %degradation Time (min.) Ref. 

TiO2 Nanotubes UV Simazine 57.4 240 [88] 
TiO2 Nanotubes UV Simazine 60 240 [89] 
Ni@NiFe2O4/TiO2 +PMS Solar Simazine 99 240 [90] 
FTO-BiMoVO4 Solar Simazine 100 120 [2] 
Au–TiO2 (Sonophotocatalysis) UV Simazine 43 420 [91] 
AFG@30MIL(Fe) Visible Atrazine 81 105 [92] 
ZnO–TiO2 UV Atrazine 87 120 [93] 
WO3 UV Diazinon 99 120 [94] 
hydrogenated F-doped TiO2 UV Atrazine 87.58 180 [95] 
Cu–ZnO/g-C3N4. Visible Atrazine > 80 120 [96] 
ZnO/GO UVA Simazine 85 180 This work  

Table 4 
Kinetic parameters of Simazine degradation.  

Catalyst k1 

(min− 1) 
k′

1 
(min− 1) 

t1/2 

(min.) 
t′1/2 

(min) 
R2 R2′ 

ZnO-0.40 
M 

0.0089 0.0029 77.881 239.016 0.9443 0.9486 

ZnO-0.42 
M 

0.0107 0.0030 64.780 231.049 0.9959 0.9690 

ZnO-0.44 
M 

0.0098 0.0033 70.729 210.044 0.9831 0.9907 

ZnO-0.46 
M 

0.0073 0.0016 94.951 433.216 0.9858 0.9758 

ZnO/GO 0.0105 – 66.014 – 0.9998 –  
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was studied under UVA illumination in the presence of Simazine. After 
180 min of illumination, samples prepared with 0.40 M, 0.42 M, 0.44 M, 
and 0.46 M zinc precursor salts have degraded Simazine by 62 %, 64 %, 
67 %, and 46 %, respectively. The sample exhibiting the highest per
formance was integrated with GO to obtain ZnO/GO nanocomposite, 
resulting in the degradation of 85 % of Simazine within the same 
duration. This indicates reduced recombination losses, proving effective 
charge separation. Additionally, the ZnO/GO nanocomposite exhibited 
a constant reaction rate (0.0105 min− 1) throughout the entire reaction 
and showed a high R2 value close to 1, indicating strong agreement with 
the first-order kinetic model, further validating its photocatalytic 
performance. 
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