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In current research, we investigated the optical parameters of ZnO based nanomaterials 
(pure and Ca-doped ZnO nanostructures). X-ray diffraction study examined that 
nanostructures had good crystallinity and phase purity. Furthermore, energy-dispersive X-
ray spectroscopy reported the composition of nanomaterials and scanning electron 
microscopy (SEM) also illustrated the surface morphology of nanomaterials. 
Photoluminescence and UV-visible spectroscopy were employed to explore the optical 
features. It was observed from results that 3% calcium-doped zinc oxide exhibited highest 
efficiency in the degradation of both MB and MO dyes. Notably, the highest degradation 
efficiency achieved for MB and MO was 84% and 89%, respectively.  
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1. Introduction 
 
The presence of polluted water can result in detrimental consequences for humans, 

encompassing contamination within the food chain, disruption of ecosystems, diminished 
biodiversity, economic repercussions, and environmental degradation [1]. Water contamination is a 
prevalent global issue stemming from various geological and anthropogenic sources [2]. Various 
treatment strategies [3] such as primary (physiochemical and chemical), secondary (chemical and 
biological), tertiary (physical and chemical) and sludge treatment (tipping, incineration and 
recycling) [4] have being used. These techniques use the phenomenon of biosorption, 
bioremediation [5], coagulation, flocculation, precipitation, ion-exchange, membrane filtration, 
reverse osmosis, nanofiltration, and electrochemical [6]. The methodology encompasses chemical, 
physical, and biological approaches capable of achieving partial removal [3] leading towards 
advanced oxidation process. They have practical and effective capacity over wide range of ozonation 
and UV irradiation [7]. Numerous studies have been performed by various researchers in the field 
of wastewater treatment, exploring techniques such as plasma, ultrasound, electron beams and 
electrochemical methods. Effective methods for treating industrial wastewater have been the topic 
of much more study in current decade [8]. 

Wastewater treatment generally falls into two categories: organic and inorganic. Inorganic 
treatments are particularly recommended for treatment of wastewater owing to their essential leads 
over organic counterparts. Dyes are predominantly dispersible pollutants, playing a important part 
in the toxicity of the aquatic system [5]. It can be efficiently degraded via photocatalysis by 
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semiconductor nanoparticles [9]. Furthermore, numerous photocatalyst such as ZnO, TiO2, Bi2O3, 
CdS have been processed [9] but zinc oxide being n-type semiconductor possess greater energy gap 
3.37 eV resultant have greater free  excitation binding energy [10] is greatly accepted in various 
research fields [11]. It has capacity due to its large thermal and chemical stability, broader catalytic 
activity, nontoxicity, lower cost, adjustable band gap and ecologically harmless [9]. Due to intrinsic 
defect like vacancies, greater photo corrosion [12] there are minor concerns regarding the 
photocatalytic efficiency of zinc oxide, particularly its limited absorption of UV-Vis or solar light, 
which restricts its widespread utilization [9]. It has been stated that the visual and electronic 
parameters [12] would be changed along the enhancement of gas adsorption property [13] and sensor 
application in different fields [10].  

Dyes play a vital part in a wide range of fields, including textiles and cosmetics, because of 
their ability to contribute color [14]. MB and MO are distinguished by their unique properties and 
extensive range of uses. These organic dyes have been intensively studied for their possible use in 
photocatalysis, environmental remediation, and as model contaminants in scientific investigations 
[15]. They can act as an excellent agent for examining complex chemical and physical phenomena 
due to their unique features [16]. There are some metals that have great application in the 
enhancement of zinc oxide like the rare earth elements, transition metals (Mo, Fe, Ti, Co, and Ni) 
alkali, alkaline earth metals [17].  In this study, Ca doping has an exceptional capacity to modify the 
visual characteristics and photocatalytic activity of ZnO [18, 19]. Ca inclusion can increase optical 
absorption in range of visible light while also controlling excitation recombination. Furthermore, 
due to the changeover of the Zn2+ binding sites for the Ca2+, further provision may be formed, such 
as oxygen deficits, interstitials, amongst others, which might be favourable for photocatalytic 
process [12]. Moreover, calcium doping can refine the grain dimensions of the nanoparticles, lead 
to a significant increase in their surface area. This enhanced surface area is particularly beneficial 
for applications in photocatalysis and adsorption [20, 21]. The radius of calcium cation (Ca2+) is 
greater than that of zinc cation (Zn2+), which equals to 0.74 Å  [22-24]. The size variation leads to 
the possibility that calcium addition might trigger imperfections inside the structure [25, 26]. 
Furthermore, the compatibility of the Ca-doped ZnO system is improved and the chance of inducing 
other undesirable chemical reactions or instability to the material due to chemical instability of 
calcium, an alkaline earth metal, with zinc  is also reduced [13].  Slama et al. (2016) employed sol-
gel techniques to prepare Zn1−xCaxO nanoparticles, where x is between 0 and 0.05. The absence of 
the typical secondary phases and the wurtzite single crystalline phase observed in the nanoparticles 
implied Ca substitution of Zn in the structure. With regards to Ca loading measurements, 
Zn0.96Ca0.04O  exhibited the highest photocatalytic potential [9].  ZnO was already believed to have 
better photocatalytic activity by the previous study, if calcium dopants were to be employed. The 
charge carrier quantity increase, grain size decrease, and crystal structure modifications are the main 
factors in the growth of photocatalytic activity [27].  

 The main goal of current study is to demonstrate the viability of using visible light-driven 
catalysis with Ca-doped ZnO nanoparticles as a sustainable approach of purifying industrial 
wastewater. In addition, we study how well Ca-doped ZnO NPs degrade organic pollutants found in 
industrial effluent when they are exposed to light. Our synthesized material is more suitable 
photocatalyst for the degradation of dyes and environment remediation.  It showed remarkable 
photocatalytic as well as cyclic stability performance.  

 
 
2. Experimental work  
 
2.1. Chemicals and materials 
The precursor chemicals that were employed in the fabrication process of doped and pure 

zinc oxide were obtained from Merck at a purity rate exceeding 99%. The photocatalysis process 
included the use of methylene orange (MO) and methylene blue (MB), calcium nitrate and zinc 
nitrate to represent Ca and Zn ions, respectively, ammonia solution to adjust pH, and citric acid. 
And the process of purification was not required after that, and all chemicals were of analytical 
standard. 
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2.2. Synthesis of pure and Ca-doped ZnO nanostructure 
Sol-gel technique was utilized to synthesize both pure and Ca-doped ZnO at altered dopant 

concentrations (1% - 4%, as shown in figure 1). This approach represented an amendment of the 
sol-gel synthesis procedure [28]. For the preparation of pure zinc oxide, dissolve 2 grams of zinc 
nitrate (ZnNO3) in 50 milliliters of water, stir, and let it remain for 30 minutes. Then, effectively 
mix 1 gram of citric acid and stir constantly for 15 minutes. Citric acid was added to the zinc solution 
gradually while stirring continuously, and the combination was allowed to integrate for 
approximately fifteen minutes. To maintain the pH at 9, ammonia solution was slowly poured to 
mixture. The resultant liquid was stirred for six hours, and then heated to 140°C until a thick gel 
formed. After drying, the gel undergone three water washes to achieve a pH of zero. In order to yield 
pure ZnO, the powder was grinded and then calcined at 500°C for two hours. Starting materials 
included zinc nitrate (ZnNO3) 2 g and a calcium dopant (20-80 mg) for the synthesis of calcium-
doped ZnO (1%, 2%, 3%, and 4% wt.). After achieving a transparent solution of 2 grams of zinc 
precursor in 50 ml of water, precisely 30 ml of calcium salt were added as required. This addition 
was performed before to the incorporation of the citric acid, and the remaining stages followed the 
alike procedure as detailed previously. 

 
 

 
 

Fig. 1. Flow chart of pure and doped zinc oxide nanostructure preparation. 
 

 
2.3. Characterization  
The synthesized nanostructure was first analyzed using XRD, with a scanning range of 10 

to 80 degrees (2θ). The Bruker AXS D8 diffractometer was used, generated Cu (kα) radiation with 
a wavelength of 1.5406 Ǻ. This was followed by investigation using FESEM (Philips XL30 electron 
microscope) under an operating voltage of 20 kv, along with EDX analysis to explore the 
morphology and composition associated with the nanostructure. A UVD-3500 double-beam UV-
visible Perkin Elmer equipment was also used to evaluate the synthesized nanostructure's 
photocatalytic degradation efficiency. The UV-visible spectrum corresponding to the accomplished 
synthesized nanostructured using range of the wavelength (200-600 nm). The nanostructure 
photocatalytic and electron-hole recombination processes were tested by the PL technique. 

 
2.4. Photocatalytic application 
The purpose of this research was to observe photocatalytic action of pure and Ca-doped zinc 

oxide nanostructures. A reaction was accomplished in a 10 ppm solution of dye that consisted of 10 
mg of the dye and 25 mg of pure or doped zinc oxide for each 200 mm solution of the dye by 
following the normal procedure. The sample's value of % D (degree of degradation) was calculated 
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at the end of 120 minutes of radiation exposure. About 2 ml of the reaction mixture was collected 
and then subjected to 20 minutes of centrifugation at around 3500 rpm to recover the suspended 
particles. Moreover, model concentration was determined with a UV-Vis spectrophotometer 
analysis [30]. Equation 1 [31, 32]  was used for calculation of percentage degradation. 

 
(%𝐷𝐷) =  𝐴𝐴0−𝐴𝐴𝑡𝑡

𝐴𝐴0
× 100                                                                   (1) 

 
At is the value of the dye and its absorption amount that are measured at a specific time after 

the reaction began, while At=0 is the value of the light at t=0. For kinetic description of the oxidation 
pseudo-first order kinetics using equation 2 was utilized [33]. 

 
ln(At) = ln(A0) – kt                                                                 (2) 

 
The ‘k’ value indicates the pseudo first order rate constant (min-1) for radiation, while ‘t’ 

stands for the time period of irradiation. 
 
 
3. Results and discussion  
 
3.1. Structural analysis (XRD) 
The crystal assembly and phase composition of ZnO nanoparticles were explained by XRD. 

The XRD spectra for Ca-doped ZnO (1-4%) and pure ZnO are shown in Figure 2. Strong diffraction 
peaks in all compositions highlight the samples' exceptional crystalline structure, which is consistent 
with a hexagonal quartzite structure. The synthesized ZnO's strong XRD peak pattern indicates a 
very accurate single-phase composition, and its noticeably narrow peak breadth indicates improved 
purity. The structural indexing suggests that the final product exhibit hexagonal crystalline structure 
(space group P63mc) and no additional contaminants. 

 
 

 
 

Fig. 2. XRD graph of fabricated hexagonal pure and calcium doped ZnO nanostructure. 
 
 
The distinctive peaks of the hexagonal wurtzite structure, emerging at diffraction angle (2θ) 

long miller indices (hkl) are 31.620 (100), 34.320 (002), 36.160 (101), 47.410 (102), 56.390 (110), 
62.640 (103), 67.640 (112) and 68.610 (201) of the bulk ZnO crystal plane, having distinguishing 
peaks of 31.620 (100), 34.320 (002), 36.150 (101) and their corresponding intensities correlated with 
JCPDS card No. 01-079-0208. Due to addition of Ca as dopant, the peaks of the hexagonal wurtzite 
structure shifted to slightly lower 2θ values contrasted to the peaks of pure ZnO suggesting the 
proper doping of calcium ion [22, 34-39]. Similar shift of ZnO peaks towards lower angle have been 
reported by Khataee et al (2017) when incorporated heavier lanthanide ion such as Ho+3 (1.015Å) 
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and Er+3 (0.89Å) [40]. The lattice shift, which causes an increase in internal tension inside the source 
material, is shown by this movement towards lower angles. Dopant was added, and un-indexed peak 
was not seen. There were not calcium-related peaks seen, confirming that ZnO does not include any 
other phases [41]. A decrease in crystal size was confirmed by a fall in peak intensity that was 
proportionate to the dopant concentration [42].  

 
 

Table 1. Crystallographic features of synthesized pure and Ca-doped ZnO nanomaterial. 
 

Sample Peak 
Position 

(2θ0) 
Degree 

Peak 
Position 

(θ0) 
Degree 

Peak 
Position 

(θ0) 
Radian 

FWHM 
(2θ0) 

Degree 

β 
Radian 

d-spacing 
(Ǻ) 

Scherrer 
Size (nm) 

Micro-
strain (ε) 

(×10-3) 

Dislocation 
Density 

(δ) 
(× 1014 cm-

2) 

Pure ZnO 36.16 18.08 0.3156 0.1982 0.00346 2.4819 42.17 2.6485 0.5624 
1% Ca 
doped 
ZnO 

36.04 18.02 0.3145 0.3445 0.00601 2.4899 24.15 4.6201 1.70 

2% Ca 
doped 
ZnO 

35.94 17.97 0.3137 0.3685 0.00643 2.4966 22.66 4.9576 1.947 

3% Ca 
doped 
ZnO 

35.88 17.94 0.3171 0.4379 0.00764 2.5004 19.07 5.901 2.75 

4% Ca 
doped 
ZnO 

35.73 17.86 0.3117 0.5564 0.00971 2.5111 15.86 7.533 4.444 

 
 
Calcium doping significantly affected the intensity of diffraction peaks owing to the change 

in radii between calcium (1.14Å) and zinc (0.88Å). [24]. The enhancement in the amount of calcium 
in ZnO changes band gap, owing to either surface defect, localized positive charge around zinc or 
oxygen vacancies within crystal plane which led to decline in crystal size. Calcium ions do not enter 
the ZnO lattice; rather, they substitute Ca²⁺ ions in the lattice of calcium oxide at the interface with 
ZnO. Due to its high oxygen affinities and interstitial location, calcium (II) resides in the interstitial 
site of Ca²⁺-ZnO [43]. Salveraj et al (2019) has demonstrated the reduction of ZnO under 
incorporation of higher ionic radius such as Gd+3 (0.94Å) [26]. Reduction of crystal size of ZnO 
under the impact of heavier ions such as Ho+3 (1.015Å) and Er+3 (0.89Å) [40], Ca+2 [44] have been 
observed in numerous studies. 

 
3.1.1. Scherrer’s method (SM) 
Crystallite size refers to a nanomaterial's coherent volume for a distinctive diffraction peak. 

It also pertains to the nanograin size of materials and also their thickness in films [45]. The XRD 
diffraction peaks were used to control the crystal sizes of both pure and Ca-doped ZnO nanomaterial 
using the Debye-Scherrer formula using equation 3 [29, 46]. 

 
 𝐷𝐷 = 𝑘𝑘𝑘𝑘⁄β𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                                                                         (3) 

 
In this formula, β is the full width at half maximum (FWHM), λ is the Cu Source’s X-ray 

wavelength, and θ is the angle of diffraction. The value of Scherer constant (k) is about 0.9. 
 
3.1.2. Scherrer Equation Average Method (SEAM) 
The Scherrer relationship in mean form was adopted in every XRD pattern to define the size 

of crystalline material. Of the ones selected, FWHM was being used to measure full width at half 
maximum. Similarly, we calculated the average number of crystallites for each β after by the 
Scherrer equation. To control the average crystalline size of the chosen peaks, we used 45.69 nm, 
32.21 nm, 27.51 nm, 25.46 nm, and 24 nm, respectively, based on the instrumentations.  
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3.1.3. Monshi-Scherrer Method (MSM) 
After incorporating changes to the existing Scherrer equation in 2012, Monshi introduced 

the Monshi Scherrer technique, sometimes referred to as the modified Scherer method (Monshi et 
al., 2012). This approach may be used to quantify the size of crystallites of zinc oxide nanomaterial. 
The equation 4  is modified form of equation 3 [47].  

 
𝛽𝛽 =  𝑘𝑘ƛ

𝐷𝐷
 ×  1

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
                                                                       (4) 

 
By taking ln on both side, equation 4 modified into equation 5. 
 

𝑙𝑙𝑙𝑙𝛽𝛽 =  𝑙𝑙𝑙𝑙 𝑘𝑘ƛ
𝐷𝐷

+  𝑙𝑙𝑙𝑙 1
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

                                                                                (5) 
 
To calculate size of crystallite by Monshi Scherrer approach, plot of 𝑙𝑙𝑙𝑙 1

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
 on x-axis 

against 𝑙𝑙𝑙𝑙𝛽𝛽 on y-axis have been plotted as illustrated in of Figure 3.  
 
 

 

 

 
 

Fig. 3. Monshi-Scherrer method (MSM) linear fit plot for measuring crystallite size  
of manufactured ZnO nanoparticles. 
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Comparison of linear fitting of plot against straight line equation (y = mx+c) modified into 
equation 6. 

 
𝑙𝑙𝑙𝑙 𝑘𝑘ƛ

𝐷𝐷
= 𝐼𝐼𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼         𝑐𝑐𝐼𝐼      𝑘𝑘ƛ

𝐷𝐷 (𝑛𝑛𝑛𝑛)
= 𝐼𝐼(𝐼𝐼𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)                                          (6) 

 
The average crystallite size may be determined through an examination at the R2 values, 

intercept, and slope. The crystallites' estimated sizes are 46.42 nm, 31.31 nm, 25.88 nm, 24.81 nm, 
and 19.16 nm, in that order. These numbers are rather close to the typical values for crystalline size. 
The estimated values of dislocation density (1014 cm-2) are as follows: 0.4641, 1.0198, 1.4929, 
1.6237, and 2.7246, in that order. 

 
3.1.4. William-Hall Method (WHM) 
The crystalline size of newly synthesised pure and calcium Ca-doped ZnO nanparticles was 

estimated by the William-Hall (W-H) approach with uniformed deformation model [48, 49]. Since 
it differs from the Scherrer technique, it effect the size of crystallite on XRD peak expansion, but it 
also partially represents the influence of strain brought on by XRD peak enlargement [50, 51]. The 
dependency of 1/cosθ was removed in strain model of William-Hall by doing modification with tanθ 
[35]. The occurrence of distortion in a powdered crystal sample is called strain. In terms of the idea 
of strain, the William-Hall model therefore exhibits that the net physical lines broadening (FWHM) 
of XRD peaks is the result of the combination of strain and size impact according to equation 7 [52, 
53].  

 
FWHM size    +       FWHM strain            =     FWHM total                                         (7) 

 
Equation 8 can be used to calculate the strain brought on by the crystal imperfection or 

distortion [52]. 
 

𝜀𝜀 =  𝛽𝛽𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
4 × 𝑇𝑇𝑇𝑇𝑛𝑛𝐶𝐶

                                                                            (8) 
 

The equation 9 was produce by combination of equation 3, 7 and 8. 
 

FWHM total      =  𝑘𝑘ƛ/𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  +  4ε(tanθ)                                                          (9) 
 
The equation 10 give rise by rearrangement of equation 9. 
 

FWHM total × Cosθ      =  𝑘𝑘ƛ/𝐷𝐷  +  ε(4sinθ)                                                        (10) 
 
To estimate the crystallite size by means of the William-Hall technique, Figure 4 shows a 

plot of 4Sinθ on the x-axis versus FWHM_total × Cosθ on the y-axis. Equation 11 is the outcome 
of comparing the linear fitting of the plot with the straight line equation (y=mx+c). Generally 
speaking, the W-H model is connected to an ideal crystal system, the slope and intercept of the fitted 
line are thought to represent strain and crystal size. 

 
𝑘𝑘ƛ
𝐷𝐷

= 𝐼𝐼𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼         𝑎𝑎𝑙𝑙𝑎𝑎        𝑆𝑆𝐼𝐼𝐼𝐼𝑎𝑎𝑆𝑆𝑙𝑙 (𝜀𝜀) = 𝑆𝑆𝑙𝑙𝑐𝑐𝐼𝐼𝐼𝐼                                                (11) 
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Fig. 4. Linear fit plot of W-H method for measuring crystalline size of fabricated ZnO. 
 

 
The W-H plot was used to calculate crystallite size as 42.27 nm, 30.47 nm, 27.29 nm, 23.86 

nm, and 19.92 nm while strain (ε) estimated to be -0.0897E-3, -0.1955E-3, -0.3652E-3, -0.5194E-3, 
and -0.5936 respectively. Positive strain (ε) values agree with tensile strain whilst negative values 
(ε) agree with compressive strain [54]. The dislocation density (δ) (1014 cm-2) is intended to be 
0.5596, 1.077, 1.342, 1.756, and 2.52 respectively. 

 
3.1.5. Size-strain method (SSM) 
The size-strain plot approach uses the Lorentz and Gaussian functions for size and strain 

broadening as βL and βG study (Equation 12) [55]. The size-strain plot is mainly explain the 
isotropic crystal system as well as long angle reflection [50, 56].  

 
βhkl =  βL  +  βG                                                                                                     (12) 

 
(𝑎𝑎𝛽𝛽𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐)2 =  𝑘𝑘ƛ

𝐷𝐷
 × (𝑎𝑎2𝛽𝛽𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐) + 𝜀𝜀

2

4
                                                   (13) 
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The d-spacing measures hkl planes inside the hexagonal structure of zinc oxide 
nanomaterials and is determined using equation 13. Figure 5 shows a plot of (dβCosθ)² on the y-axis 
vs (d²βCosθ) on the x-axis. The intercept (ε²/4) and slope (k̛/D) values from this figure determine 
the crystallite size and inherent strain of hexagonal zinc based nanomaterial. The calculated normal 
crystallite sizes are 33.46 nm, 22.47 nm, 21.43 nm, 19.86 nm, and 15.94 nm, respectively. 
Alongside, the inherent strain values for pure and Ca-doped ZnO have not been found. Particularly, 
the scientific calculation of intrinsic strain for the material is rendered impossible due to the negative 
intercept values. However, the dislocation density value (1014) obtained from this model produces 
0.8933, 1.9802, 2.1774, 2.5342, and 3.9372 for the correspondin material. 

 
 

 

 

 
 

Fig. 5. Size-Strain plot with a linear fit for determining the crystalline size of ZnO nanomaterial. 
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3.1.6. Halder-Wagner Model (HWM) 
The Halder-Wagner model's requirement for crystalline size is based on the observation that 

the XRD peak profile's size enlargement depends on a symmetric Voigt function rather than a 
Lorentzian or Gaussian function. To study this problem, the Halder-Wagner method proposes the 
following equation 14 for the Voigt function [50]. 

 
β2

hkl =  βL× β hkl   +  β2
G                                                                                                   (14) 

 
The full-width, half-maximum Lorentzian and Gaussian functions are denoted by the 

functions βL and βG. With reduced diffraction peak overlap and a greater focus on the peaks at low 
and medium angles, the Halder-Wagner approach provides benefits over other techniques. The 
Halder-Wagner approach's computational equation is shown in equation 15. 

 
�𝛽𝛽

∗

𝑑𝑑∗
�
2
 =  𝑘𝑘𝛽𝛽∗

𝐷𝐷(𝑑𝑑∗)2
+ (2𝜀𝜀)2                                                                (15) 

 
where                

   𝛽𝛽∗ =  𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
ƛ

     and   𝑎𝑎∗ =  2𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝐶𝐶
ƛ

                      
 
The equation 15 rearranged and produce equation 16. 

Linear fitting plot of equation 16 was drawn by taking � 𝛽𝛽
𝑇𝑇𝑇𝑇𝑛𝑛𝐶𝐶

�
2
on y-axis against 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑑𝑑𝑑𝑑𝑛𝑛𝐶𝐶)2 on 

x-axis which can be seen in Figure 6. K˛/D gives the slope, and 16ϵ^2 gives the intercept value, 
which may be utilized to calculate the dislocation density, crystalline size, and strain. The measured 
crystalline sizes are 33.49 nm, 22.47 nm, 21.39 nm, 20.12 nm, and 15.93 nm; however, the sample 
strain could not be quantitatively determined because of the negative intercept value. Additionally, 
the synthesized sample's dislocation density (Η1014) is calculated to be 0.8915, 1.9802, 2.1842, 2. 
4693, and 3.9371, in that order. 

 
� 𝛽𝛽
𝑇𝑇𝑇𝑇𝑛𝑛𝐶𝐶

�
2
 =  𝑘𝑘ƛ

𝐷𝐷
× 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

(𝑑𝑑𝑑𝑑𝑛𝑛𝐶𝐶)2
+  16𝜀𝜀2                                                       (16) 

 

Linear fitting plot of equation 16 was plotted by taking � 𝛽𝛽
𝑇𝑇𝑇𝑇𝑛𝑛𝐶𝐶

�
2
on y-axis against 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑑𝑑𝑑𝑑𝑛𝑛𝐶𝐶)2 on 

x-axis which shown in Figure 6. K˛/D gives the slope, and 16ϵ^2 gives the intercept value, which 
may be used to calculate the strain, crystalline size, and dislocation density. The measured crystalline 
sizes are 33.49 nm, 22.47 nm, 21.39 nm, 20.12 nm, and 15.93 nm; however, the sample strain could 
not be quantitatively determined because of the negative intercept value. Additionally, the 
synthesized sample's dislocation density (Η1014) is calculated to be 0.8915, 1.9802, 2.1842, 2. 4693, 
and 3.9371, in that order. 

The interplaner spacing (d) is calculated by Bragg equation although other lattice constraints 
and volume of hexagonal structured pure NPs and calcium doped zinc oxide was calculated by 
equation 17-19 mention in documented studies [22, 39, 57-59]. 
 

𝑎𝑎ℎ𝑘𝑘𝑘𝑘 =  𝑙𝑙ƛ 2 𝑆𝑆𝑆𝑆𝑙𝑙𝑐𝑐ℎ𝑘𝑘𝑘𝑘⁄                                                             (17) 
 

1
𝑑𝑑ℎ𝑘𝑘𝑘𝑘
2 =  4

3
 �ℎ

2+ℎ𝑘𝑘+𝑘𝑘2

𝑇𝑇2
� + 𝑘𝑘2

𝐼𝐼2
                                                          (18) 

 
𝑉𝑉 = √3𝑇𝑇2𝐼𝐼

2
= 0.866𝑎𝑎2𝑐𝑐                                                            (19) 
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Fig. 6.  Estimating the crystalline size of ZnO nanomaterial using a linear fit plot  
of the Halder-Wagner plot method.  

 
 
The computed lattice parameters of pure zinc oxide (Table 2) are as follows: a = 3.2627 Å, 

b = 3.2627 Å, c = 5.2218 Å, ℽ= 120o, and V = 48.21 and related to documented studies [22, 36, 37, 
58-61]. The difference of crystalline size and lattice constants and are in agreement to Vegard’s law. 
Using obtained X-ray data, the crystallite density (g/cm3) may be calculated using equation 20, 
which is documented in literature [33, 62] where, in accordance with equation 19, V stands for the 
volume of the material's unit cell under examination, which is hexagonal. Since a hexagonal crystal 
structure has two molecules in its geometry according to the JCPD card and NA is an element of the 
Avogadro number having value of 6.02*1023 mol-1. 

 
𝜌𝜌𝑥𝑥 =  𝐴𝐴

𝑁𝑁𝐴𝐴×𝑉𝑉
   𝑐𝑐𝐼𝐼   𝜌𝜌𝑍𝑍𝑛𝑛𝑍𝑍 =  2×𝑀𝑀𝐶𝐶𝑘𝑘𝐼𝐼𝐼𝐼𝑀𝑀𝑘𝑘𝑇𝑇𝐼𝐼 𝑤𝑤𝐼𝐼𝑑𝑑𝑤𝑤ℎ𝐼𝐼

𝑁𝑁𝐴𝐴×√3𝑠𝑠
2𝑐𝑐

2

                                                (20) 
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Table 2. The comparison of Lattice constraints of JCPDS card and experimental synthesized nanomaterials. 

 
Lattice Parameters 

(Ǻ) 
a (Ǻ) b (Ǻ) c (Ǻ) ℽ0 Volume of unit cell 

V (Ǻ)3 
Crystal 

density 𝝆𝝆𝒙𝒙 
(g/cm3) 

Specific 
Surface Area 

(m2/g) 

JCPDS value (01-080-
1916) 

3.2648 3.2648 5.2194 120 48.18 5.61 - 

Pure ZnO 3.2627 3.2627 5.2218 120 48.14 5.618 0.023426 
1% Ca doped ZnO 3.2274 3.2274 5.1859 120 46.78 5.776 0.032250 
2% Ca doped ZnO 3.2151 3.2151 5.2203 120 46.73 5.782 0.037720 
3% Ca doped ZnO 3.2148 3.2148 5.1599 120 46.05 5.862 0.040201 
4% Ca doped ZnO 3.2085 3.2085 5.1476 120 45.89 5.899 0.042380 

 
 
The modification of lattice properties in crystalline material was known as the micro-strain 

or local strain [63]. Using equations 21 and 22 [33, 64], the macro-strain and dislocation density (δ) 
calculated. Table 1 presents the attained values of micro strain and dislocation density of produced 
NPS for a certain plane. These values were impacted by both promiscuous grain dispersion and atom 
replacement or relocation.  

 
ε = β/4tan θ                                                                      (21) 

 
δ = 1/D2                                                                         (22) 

 
Scherrer equation 3's average particle size yields the SSA value indirectly. The SSA value 

has a significant influence on the features of NPs, and the manner that the surrounding medium 
interacts with the nanoparticles is also very influential. Equation 23 may be used to get the specific 
surface area of an presumed spherical particle by using its density (ρ-x) and average particle size 
(D) [65]. 

 
𝑆𝑆𝑆𝑆𝑆𝑆 =  6

𝐷𝐷 ×𝜌𝜌
                                                                        (23) 

 
3.2. Morphological and compositional investigation (SEM, EDX) 
The morphological characteristics of the synthesized nanomaterials, which included pure 

ZnO and Ca-doped ZnO at different doping percentages (1%, 2%, 3%, and 4%), were examined by 
SEM analysis. The high resolution surface morphology of the nanomaterials was shown by the SEM 
micrographs in Figure 7 (a-d). Smooth surfaces and apparent grain boundaries defined the uniformly 
packed structure of the pure ZnO nanoparticles. There were noticeable morphological alterations as 
the calcium doping % increased. The nanoparticles showed small differences in grain size and 
distribution and minimal surface feature changes as compared to pure ZnO at lower doping 
concentrations (1% and 2%).  On the other side, the SEM images of the ZnO nanoparticles with 3% 
Ca doped showed notable morphological modifications that suggested enhanced photocatalytic 
activity. These nanoparticles seemed to have a more porous structure and rougher surfaces, which 
suggests that they had greater surface area and better light-absorbing capabilities. At this optimal 
concentration, the Ca dopant seems to encourage the creation of distinctive nanostructures, which 
may have an impact on the formation and effective application of photoinduced charge carriers.  
However, the doping percentage up to 4% led to the formation of irregularly shaped agglomerated 
nanoparticles and a loss in surface homogeneity.  
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Fig. 7.  SEM of metallic NP (a) Pure ZnO, (b) 1% Ca doped ZnO, (c) 2% Ca doped ZnO (d) 3% Ca doped 
ZnO. 

 
EDX technique is employed to study the elemental conformation of a material. EDX 

provides additional information about elemental composition [66]. The fundamental composition of 
synthesized pure and doped metal oxide nanostructures was examined. The EDX spectra of pure 
and 3% Ca doped ZnO NPs made by means of the sol-gel method are shown in Figures 8(a-b), 
respectively. These spectra verified the distribution of Ca on ZnO's surface. The EDX spectra of 
pure ZnO depicted the presence of Zn and O peak that confirm the synthesis of pure metal oxides 
without any impurity. The spectra of doped materials depicted an additional peak of Ca with 
immense %age that guarantee the doping of calcium in pure ZnO nanomaterials. 

 
 

 
 

Fig. 8. EDX spectrum of (a) pure and (b) 3% Ca doped Zinc Oxide.  
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3.3. Optical and Luminescence Properties (UV, PL) 
The UV-Vis technique was utilized to explore the optical properties of ZnO nanoparticles. 

Figure 9 illustrates absorption bands corresponding to different compositions: pure ZnO, as well as 
ZnO doped with 1%, 2%, 3%, and 4% Ca. The samples displayed unique absorption peaks at specific 
wavelengths: 360 nm for pure ZnO nanoparticles, 370 nm for ZnO doped with 1% Ca, 375 nm for 
2% Ca doping, 375 nm for 3% Ca doping, and 381 nm for 4% Ca doping. The observed slight shifts 
in the absorption bands were attributed to the presence of the dopant material. Notably, a more 
significant shift in the absorption bands was observed as the dopant material concentration increase 
[67]. This change was ascribed to the higher dopant concentration's improved interaction potential 
with UV-Vis radiation of the nanomaterials [68]. Consequently, these doped nanoparticles exhibit 
potential for use in photocatalytic dye degradation, particularly when exposed to sunlight [31, 69]. 

 
 

 
 

Fig. 9. Absorption spectra and Tauc plot of pure and Ca-doped ZnO nanostructure. 
 
 
The energy gap has been pushed nearer the visible area by doping. Figure 9 illustrates the 

estimation of the direct energy gap of pure and doped nanomaterials using the Tauc plot relation 
from equation 24 [33, 69]. Direct bandgap of pure and calcium doped from this relation is 3.22 eV, 
3.09eV, 3.00 eV, 2.88 eV, 2.95 eV respectively. 

 
𝑎𝑎ℎ𝑣𝑣 = (ℎ𝑣𝑣 − 𝐸𝐸𝐸𝐸)2                                                                  (24) 

 
These findings indicate that adjusting the dopant concentration reduces the band gap 

towards the visible region when compared to pure samples. This adjustment is highly favourable for 
photo-catalytic applications. The band gap was decreased by calcium doping from 3.22 eV to 2.88 
eV. The photoluminescence (PL) spectra in Figure 10 illustrated the examination of the prepared 
NPs. 

 

 
 

Fig. 10. Photoluminescence (PL) spectra of nanostructure zinc oxide. 
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PL spectroscopy was employed for the assessment of optical features and the effectiveness 
of electron-hole recombination. The photoluminescence (PL) emission spectra for pure and Ca-
doped ZnO samples are shown in Figure 10, with the results spanning from 380 nm to 540 nm. The 
most prominent peak at 421 nm is the exposition of the near-band-edge emission of ZnO [70]. 
Interestingly, CaO addition can introduce the band gap shift itself, which is the opposite effect [21]. 
Incorporation of Ca-dopant ions in the bandgap creates some levels of energy, which may seem 
responsible for the changed peak position [13]. It was reported that the strength of a peak was limited 
as the concentration of calcium dopant rised. The beginnings of intensity at the peak were associated 
with changes in ionic radii arises from the incorporation of Ca dopant. Furthermore, doping the 
compound causes a charging carrier's separation that is considerably pronounced, which enhances 
photocatalysis effectiveness. This enhancement can be due to the decrease in electron-hole pair 
recombination events, which eventually is the main factor affecting the process performance [28]. 

 
4. Photocatalytic wastewater treatment 
4.1. Effect of contact time  
In order to test the photocatalytic potential of ZnO NPs and Ca-doped ZnO NPs, the 

degradation of dyes was performed. A temperature control system was established for the reaction, 
and a 300W visible-UV lamp, which has wavelengths longer than 420 nm, was used as the 
photocatalytic material to degrade organic contaminants in the reactor. The model pollutant at a 25 
ppm concentration was next placed in the absence of light with the solution under investigation.  

 

 
Fig. 11. The suppression of characteristic absorption peaks indicative of dye degradation (a-b), while the 

percentage of dye removal facilitated by the fabricated nano-photocatalysts (c-d). 
 
 
Alternately, UV-visible absorption spectroscopy was employed to confirm this solution, and 

the peak absorption value of the MO was 464 nm, whereas in the case of the MB, the peak absorption 
value was 665 nm [71]. The amount of 100 mg of NPs was added to mixture [72]. The 40 minutes 
was given to performed the reaction process. The complete reaction process was completed in a dark 
condition to maintain the phenomena of absorption and adsorption. The entire reaction took place 
in the corresponding lab, at room temperature, and under normal conditions. Subsequently, for 120 
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minutes, the suspension was exposed to light. UV-visible spectroscopy was utlized to track the 
changes at intervals of 20 minutes [69]. The degradation of the dyes, as illustrated in Figure 11 (a) 
and (b) was indicated by a decrease in the strength of the distinctive absorption peaks. This process 
was repeated for every sample concerning both MB and MO dyes. During the complete experiment, 
optimized conditions were espoused for factors such as pH, catalyst dose and temperature. 

The degradation percentage of dye calculated using equation 25 [33, 37, 69]. 
 

 % 𝐼𝐼𝐼𝐼𝑟𝑟𝑐𝑐𝑣𝑣𝑎𝑎𝑙𝑙 = (𝑑𝑑𝐼𝐼 −  𝑑𝑑𝐶𝐶)
𝑑𝑑0� × 100                                                     (25) 

The degradation percentages of MB were 54%, 73%, 77%, 84%, and 79% respectively for 
concentrations of 0%, 1%, 2%, 3%, and 4% of Ca-doped ZnO as illustrated in figure 11 (c). This 
trend is reflected in the breakdown of MO, which exhibited degradation percentages of 54%, 77%, 
83%, 89%, and 86% respectively with the concentration of 0%, 1%, 2%, 3%, and 4% Ca-doped ZnO 
as depicted in figure 11 (d). These results significantly highlight the sharp photocatalytic efficacy of 
ZnO owing to the value of dopant concentration. The increase of dopant concentration improved the 
photocatalytic potential by dropping the rate as photogenerated electron-hole pairs recombine. 
Furthermore, various studies using UV-Vis spectroscopy have shown that the addition of Ca implied 
in the reduction of ZnO band gap. The decrease in the band gap facilitates the proficient utilization 
of visible light, adding another dimension to the heightened photocatalytic activity. Additionally, 
XRD studies emphasized the impact of doping on particle size reduction, consequently amplifying 
the effctive surface area. The expanded active surface area facilitates the adhesion of a greater 
number of pollutant molecules to the catalytic surface area, thereby promoting the photocatalytic 
reaction. The photocatalytic effectiveness was raised from 54 to 84% for 3% calcium doped ZnO 
sample because an upsurge in dopant concentration enhances the active surface area, decreases the 
band gap, recombination rate, and particle size. When 4% Ca is doped with ZnO, due to Burstein 
Moss result [73], band gap energy is improved which could be the reason for decrease in catalytic 
efficiency. It indicates that 3% Ca doped is optimal for ZnO and that further raising the dopant 
concentration could have a negative impact on efficiency.     

 
4.2. Kinetic modelling 
Photocatalysis can exhibit pseudo-first-order behavior under different conditions. Various 

factors can impact the rate of reaction over time and depart the process from rigid pseudo-first-
order kinetics, equations 26 and 27 of the Langmuir-Hinshelwood (L-H) model must be used to 
study the photocatalytic reaction rate constant at the solid-liquid interface [33].  

 
𝑑𝑑𝐶𝐶
𝑑𝑑𝐼𝐼

= −𝑘𝑘𝑑𝑑                                                                  (26) 
 

−𝑙𝑙𝑙𝑙 𝐶𝐶0
𝐶𝐶𝑡𝑡

= 𝑘𝑘𝐼𝐼                                                                  (27) 

 
The rate constants for the degradation of dyes are shown in Figure 12(a) and (b), 

respectively. For every linear fitting, the R2 value is more than 0.95, suggesting a stronger 
correlation between the L-H model. It is clear from the calculations that the photocatalyst has slightly 
higher tendency for degrading MO as compared to MB. The higher rate constant in both cases were 
given by the 3% Ca-doped ZnO samples. The rate constant is increased by 2.11 and 2.02 times 
respectively for MO and MB removal in contrast to pure samples.  
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Fig. 12. Representation of rate constant for the degradation of MO and MB dye  

in synthesized nano-material. 
 
 
4.3. Effect of pH 
The pH plays major role in surface charge properties and the efficacy of contaminant 

adsorption on the photo-catalyst. The effects of 3% Ca-doped zinc oxide on methyl orange were 
examined within a pH range of 3-10. The pH of the combination was different before to radiation 
and was not maintained at the same level during the process. Figure 13(a) displays the percentage 
of dye degradation in the 3% Ca-doped zinc oxide at various pH levels. The ZnO photocatalyst's 
(PZC 9) isoelectric point (IEP) and surface characteristics are the sources of this variability [74], as 
well as the charge properties of dye molecules in aqueous media. ZnO powder has an isoelectric 
point (IEP) of around pH 8.60/9 [61]. ZnO surfaces carry a positive charge in acidic and neutral 
media, whereas they become negatively charged in highly alkaline solutions [38, 75]. This implies 
that the surface of photocatalyst is protonated when pH<pH pzc leading to greater adsorption of 
anionic dye and deprotonation will occur when pH>pH pzc causing electrostatic repulsion of 
photocatalyst with hydroxyl ion. MO being anionic dye will preferentially  adsorbed on fabricated 
ZnO at pH <9 due to electrostatic attraction [76]. Performance of degradation has been improved 
with the change of pH, with highest 93% exhibition of deterioration at pH 8 which has declined 
further with the pH increased. The maximum degradation action at alkaline media mainly attributed 
to facilitation of methyl orange (positively charged) adsorption on photocatalyst (negatively 
charged) due to electrostatic interaction [31, 77]. The deterioration in photocatalytic efficiency in 
acidic pH correlated to lower dissolution of zinc oxide NPs [28]. This implies that lesser activity of 
ZnO at acidic media is due to higher instability of ZnO and formation of Zn+2. Similar case of 
fabricated AgBr-ZnO against anionic dye BPB and EY have been stated by Ahmed et al., (2018) in 
which greatest activity was observed at pH 8 and declined at higher pH=10 [76]. Toloman et al 
(2021) have demonstrated the greater efficiency of Cu-doped ZnO MWCNT nanocomposites at pH 
6 against RhB, Phenol, and OTC contaminants which declined at higher pH [78]. Moreover, 
AgIO4/ZnO against RhB dye have demonstrated similar effect [36]. Numerous documented 
research indicating greater rate of degradation of several cationic dye at larger pH through modified 
zinc oxide, have been published [36, 61, 76, 79]. 
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Fig. 13.  (a) Influence of pH on catalytic functioning (b) Scavenger experiment confirming contribution of 
hydroxyl radicals in photocatalytic reaction.  

 
 
4.4. Scavenger experiment and reusability    
Photocatalytic reaction produces numerous species i.e., holes (h+), free e-, and oxidation 

radicals. The trapping of radical investigation Figure13(b) by means of 1mM of various reagents 
like (NH4)2.C2O2, t-butanol and silver nitrate, on the best sample have been conducted to confirm 
solely responsible active species for dye degradation [33, 80]. Higher disintegration rate has been 
observed for scavenger free system. Silver nitrate and tertiary butanol addition has substantially 
declined the dye degradation by extinguishing hydroxyl and electrons produced during reaction, 
representing the influence of hydroxyl and electron in the process of dye degradation [23, 33, 38]. 
The addition of (NH4)2.C2O2 trap the electrons and hydroxyl radicals. Reusability experiments were 
carried using the best samples i.e. 3% Ca doped ZnO over six cycles to check the stability of the 
catalyst in light. The results shown in Figure 14 have revealed that minor significant change in the 
activity of synthesized photocatalyst has taken place over the many cycles, affirming the high photo-
stability of material [36, 37, 39, 61]. An experiment was conducted to assess the photo-stability of 
3% Ca-doped Zinc Oxide through six cycles of reuse. The degradation value decreased from 89.11% 
to 81.33% after six cycles, indicating improved stability and remarkable photocatalytic activity of 
the material. 

 
 

 
 

Fig. 14. Reusability experiment to check the photo-stability of the 3% Ca-doped Zinc Oxide over six cycles. 
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4.5. Mechanistic path for photo-degradation of dyes 
The proposed protocol for the photocatalytic decomposition of MO is illustrated in Figure 

15. When the material is photoexcited, it triggers the photocatalytic degradation of the dye in the 
attendance of a catalyst, leading to the generation of electron-hole pairs, as depicted in equations 
28-33. A specific part of  methylene orange dye combine with photogenerated carriers, while 
remaining move towards catalyst surface, where hole acts as powerful oxidant and electron as 
reductant [28, 81]. By using hole as a reactive intermediate in hydroxyl ion reactions or H2O 
breakdown, hydroxyl radicals are created, which causes the dye to breakdown [82]. Moreover, when 
a dye molecule shares electrons with the conduction band, a dye radical is formed that is eventually 
depleted. The dissociation and the association of photogenerated charge carriers are possible routes, 
and significant photocatalytic activity may be achieved [32]. Scavenger studies proving hydroxyl 
and oxygen radicals were the primary reactive radicals for the photodegradation of methylene blue 
dye support this hypothesis. The comparative reported investigations of the ZnO nanoparticles 
doped by Ca are presented in Table 3. 

 
ZnO + hv → ZnO(h+) + ZnO(e-)                                                   (28) 

 
Electron + Ca+2 → Ca+1                                                (29) 

 
h+ + H2O/OH-  → ●OH                                                                 (30) 

 
Ca+1 + O2 → ●O2

-  + Ca+2                                                 (31) 
 

O●
2  +  2H+  →  2OH●      (32) 

 
O●

2  +  2OH● + dye  →  Non − Pollutant by-product                                             (33) 
 
 
 

 
 

Fig. 15. Proposed reaction mechanism of methylene orange degradation via free radical reaction to dye 
solution. 
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Table 3. Comparative studies of synthesized photocatalyst with documented photocatalyst. 
 

Photocatalyst Dye Irradiation 
Source 

Photocatalyst 
(mg) 

Time (min) Degradation 
(%) 

References 

AgIO4/ ZnO RhB Hg lamp 100 120 81 [36] 
Hf doped ZnO MB Sunlight 250 120 85 [60] 
Bi2MoO6/ZnO MB UV-Vis - 150 90 [83] 
N- doped ZnO R6G Xe lamp 10 160 85 [84] 
Pt- doped ZnO MB Hg lamp 5 120 70-75 [85] 
Bi-doped ZnO CR UV lamp 100 60 85 [86] 
Cu-doped ZnO RhB Halogen 

Lamp 
10 240 <80 [78] 

Mn-doped ZnO RhB UV light 100 300 75.55 [32] 
Ag-ZnO AY99 UV lamp 100-1000 90 <88 [37] 

Ni-doped ZnO RhB UV light 100 300 68.52 [32] 
Sn:Cu:ZnO MB Halogen 

Lamp 
100 180 99 [39] 

Ag-doped ZnO RhB UV light 100 300 93.82 [32] 
Cu-ZnO MO UV light 50 180 99 [23] 
Cu-doped ZnO RhB UV light 100 300 79.37 [32] 
Mg-ZnO CR Sunlight 50 120 57 [87] 
Cd-doped ZnO RhB UV light 100 300 76.99 [32] 
ZnO MB Sunlight 100 150 <88 [88] 
Ca-doped ZnO MO Sunlight 10 129 89 Our work 

 
 
5. Conclusions  
 
The pure and Ca-doped ZnO NPs were easily prepared by sol-gel method. A combination 

of numerous characterization techniques was applied to define the optical, structural, and 
morphological properties of the nanomaterial fabricated, namely UV-visible spectroscopy, 
photoluminescence analysis, XRD, EDX and SEM. The XRD study has clearly confirmed the 
hexagonal crystalline structure of the synthesized materials. The effect of the dopant concentration 
on the band gap of ZnO was distinctly observed via UV-visible analysis. Initially, the band gap 
showed a reducing trend as the dopant concentration just increased up to 3%. Subsequent increments 
in the dopant concentration led to a reduction in the band gap, attributed to the Burstein-Moss effect. 
Furthermore, the PL analysis has revealed that the rate of recombination of electron-hole pairs was 
suppressed in the doped samples. Remarkably, among the doped samples, the 3% doping level 
demonstrated the most noteworthy photocatalytic degradation efficiency. This specific sample 
achieved degradation rates of up to 89% for MO and 84% for MB. The highest degradation 
efficiency of the 3% doped sample can be attributed to its minimal band gap, which enhances 
absorption in the visible spectrum. Moreover, the size of the doped samples particle was smaller 
than that of the pure sample, resulting in an improved specific surface area for the material. This 
larger surface area delicate the likelihood of dye molecule attachment to the catalyst's surface, 
thereby augmenting the degradation process. 
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