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Abstract. In this study, we have prepared ZnO nanoparticles and investigated
their structural as well as photocatalytic degradation of methylene blue (MB).
Herein, we have explored the synthesis of ZnO nanoparticles at different
calcination temperatures (500°C and 600°C) by using ZIF-8 as a precursor, which
is prepared at room temperature. The resulting ZnO nanoparticles were
characterized using techniques like X-ray diffraction (XRD), scanning electron
microscopy (SEM) and UV-Visible spectroscopy to confirm their structural and
optical properties. The photocatalytic activity of the prepared ZnO nanoparticles
was evaluated by studying the degradation of organic pollutants under visible
light irradiation. ZIF-8-derived ZnO nanoparticles obtained at 500°C displayed
excellent photocatalytic activity as compared to another sample obtained at
600°C.
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1 Introduction

Over recent decades, several efforts have been made for the treatment of wastewater
pollutants initiated by synthetic dyes, primarily employed in textile manufacturing. Due
to the high solubility and stability of these synthetic dyes, several traditional methods
like biological treatment, electrochemical treatment, oxidation, reduction, precipitation,
and adsorption still give rise to undesirable drawbacks [1]. Therefore, photodegradation
technology under the illumination of light is regarded as one of the alternative routes
for the purification of water because of its significant performance for the degradation
of toxic and nondegradable pollutants in wastewater without involving complex
technologies [2]. Ever since it was found that TiO2 [3, 4] is the most widely used
photocatalyst due to its suitable optical and electrical characteristics as well as
well as contribute in the process of producing H2 from water. A variety of other sub-
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stances have also been used in photocatalytic processes, such as metal sulfides, ox-
ides, MOFs, and g-C3N4 [5-10]. Among them, the metal oxide-based semiconductor
material zinc oxide (ZnO) with a band gap of 3.2 eV has received a lot of attention as
a photocatalyst because of its high photo reactivity, great photostability, non-toxicity,
low cost, strong oxidation capability and chemical stability [11]. It is capable of de-
grading organic dyes into non-toxic compounds. With the advancement in science and
technology, improvements in the photocatalytic behavior of ZnO are required by
making modifications in the preparation of ZnO nanoparticles.

In recent years, the field of functional materials has witnessed remarkable advance-
ments, driven by the exploration of innovative synthesis strategies and the discovery
of novel precursor materials [12]. Among these, zeolitic imidazolate frameworks
(ZIF) have emerged as a particularly intriguing class of materials due to their unique
structural characteristics, including tunable porosity, high surface area, and versatile
chemical compositions [13]. Within this context, the synthesis of metal oxide materi-
als from ZIF has garnered considerable attention, fueled by the promise of tailoring
the properties of the resulting oxides for a wide range of applications, from catalysis
to energy storage [14].

The pursuit of a simple, time-efficient, and energy-saving method for synthesizing
ZnO continues to draw significant scientific interest. In this study, we present a
straightforward approach to synthesize ZnO nanoparticles by calcining ZIF-8 precur-
sors, prepared at room temperature, at two different temperatures. We then investigate
the structural, optical, and photocatalytic properties of the resulting ZnO nanoparti-
cles, using a modified Williamson—Hall (W—H) analysis and evaluating their perfor-
mance in methylene blue (MB) degradation with different thermal treatment tempera-
ture.

2 Experimental

2.1 Chemicals

Zinc nitrate  hexahydrate [Zn(NO;),.6H,0, >98%], 2-Methylimidazole
[CH;C3H,;NL,H, >98%], methanol [CH;0OH, >98%] were purchased from Loba
Chemie Pvt. Lmt. All chemicals were used directly without any further purification.

2.2 Synthesis of ZnO nanoparticles

Dissolve the zinc precursor and imidazole linker in 50ml methanol. The specific
concentrations will depend on the desired ZIF structure and final ZnO properties. Stir
the solution thoroughly using a magnetic stirrer for 30 minutes to ensure complete
mixing of the precursors. Apply sonication for a predetermined period to promote
faster nucleation and crystal growth of ZIF nanoparticles. Allow the reaction mixture
to rest for 24 hours. The ZIF crystals will precipitate out of the solution. Wash the
precipitate with fresh methanol to remove residual solvent and impurities. Dry the
collected white powder at room temperature using a low-temperature oven (around
60°C) to remove any remaining solvent. The dried ZIF powder was placed in alumina
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crucible and subject to heat treatment in air at a controlled temperature of 500°C and
600°C for 2 hours. This process decomposes the organic framework of ZIF, leaving
behind porous ZnO nanoparticles (ZnO-NPs). The structural investigation of the pre-
pared samples was done using X-ray diffraction by Rigaku diffractometer with Cu-Ka
(L= 1.54 A) radiation source. Furthermore, the surface morphology of the sample was
investigated by scanning electron microscopy carried out by the JSM-6400 micro-
scope. The optical properties were examined by recording UV—Vis diffuse reflectance
spectra (190-800 nm) using a Shimadzu UV-2600 spectrophotometer.

3 Results and discussion

3.1 XRD analysis
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Figure 1. XRD graphs of ZnO nanoparticles obtained at (a) 500°C and (b) 600°C.

The X-ray diffraction (XRD) patterns for the ZnO samples obtained at separate
temperature, 500°C (A500) and 600°C (A600), are shown in figurel. The entire set of
XRD peaks corresponds to each plane closely matches with the standard reference
pattern (ICDD 36-1451) [15], which reports to hexagonal structure with lattice con-
stant (a=3.2498 A, c=5.2066 A). Notably, both samples obtained at 500°C and 600°C
exhibit their most intense peak, corresponding to the (101) crystallographic plane. It is
evident that the reflection peaks become more distinct as the calcination temperature
increases to 600°C, indicating an improvement in crystallinity. The lattice parameters,
including the values of lattice constants (a and c¢) and unit cell volumes, are calculated
using the lattice geometry equation [16-19]. The slight increase in lattice constant and
volume clearly attributes the thermal effect on the crystallographic properties of pre-
pared zinc-oxide nanoparticles.

Table 1: The crystallographic parameters of ZnO-NPs treated at S00°C and 600°C.
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Tempera- 2 theta hkl Structure Lattice parame- \% (nm)3
ture ter (nm)
500°C 31.8457 (100) hexagonal a=0.3241 0.051068
34.46298 (002) hexagonal c/a=1.6040 -
600°C 31.81692 (100) hexagonal a=0.3243 0.051198
34.46341 (002) hexagonal c/a=1.6025 -

3.2 Particle size and strain
3.2.1. Scherrer method

The diffraction peak widening due to the microstrain and dislocation-related lattice
defects can also be assessed by the XRD analysis. The size of prepared oxide nanopar-
ticles was evaluated through X-ray line broadening after applying the Scherrer equa-
tion:

D = ( kA ) (1)

BhkicosOnki

where 0y is the peak location, By is the peak breadth at half-maximum intensity, k
is a constant equal to (0.9), A is the wavelength of the radiation (1.5406 A) and D is
the particle size in nanometers.

3.2.2. Williamson-Hall methods

The Williamson-Hall plot was generated using XRD data to examine peak broaden-
ing by the following equation.
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Figure 2. UDM graph for the ZnO sample obtained at (a) 500°C and (b) 600°C.
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The parameters of the fitted linear line (slope and intercept) were extracted from the
plot between Py cosOy and 4sinby, shown in figure 2 for both samples A500 and
A600 represent the strain and particle size, respectively. Furthermore, the equation (2)
represents the model known as Uniform Deformation Model (UDM). In UDM, it was
considered that the crystal's structure is isotropic in nature and the strain was assumed
to be uniform in all directions within the crystal [20].

3.2.4. Uniform Stress Deformation Model (USDM)

The current model described Hooke's law a relation between stress and strain rep-
resented by 6=Ye¢, where o is the stress inside the crystal and Y is its modulus of elas-
ticity [20]. This equation is useful to calculate only for a very micro strain. Hooke's
law can be applied in this case by assuming that the ZnO-NPs include a tiny strain.

Bracosd = (£) + (122mm) 3)

Yhit

For a hexagonal crystal system, the Young’s modulus is given by the following re-
lation [21]

2
[(hz + (h3+ 26)%) (a_l) ]

Cc

Yar =

4 2 2
Sp1 (B2 + (h + 2k)?)2 + Sa (%l) + (2513 + S4a) (h2 + M) (a?l)
Where s;;, 13, s33 and sy4 correspond to the elastic compliances of zinc oxide
(ZnO) having specific values [22]. The analysis revealed that the prepared zin oxide
nanoparticles have a Young’s modulus of approximately 127 GPa. The plots between
(4sinB)/Yyq and Ppy cosO for both samples A500 and A600, were used to determine
stress from the slope of the fitted line.
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Figure 3. USDM for ZnO sample obtained at (a) 500°C and (b) 600°C.
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3.2.5. Uniform deformation energy density model (UDEDM)

The UDEDM, a different variation of the Williamson-Hall methods, is employed
to determine the energy density (u.y) of the crystal. For elastic systems that adhere to

Hooke's law, the relationship between strain and [
0.5
d) )

kA . 2u
ﬁhleOSQhkl = (;) + (4Sln6hkl (Y £

After plotting By qCosyyy versus 4sinf (

energy density ([

hkl

Yhit

is expressed as (€2 Yy)/2 [23]

“4)

2Ueq 0.5

) ", we can calculate the anisotropic

) using the slope, the crystallite size (D) is approximated from the

intercept. While the stress (1) and microstrain ([1) are computed from ([1,,) and Yy
[23]. Figure 4 shows the UDEDM for each of the samples, and Table 2 lists the out-

comes.
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Figure 4. UDEDM for the ZnO sample obtained at (a) S00°C and (b) 600°C.

Applying the UDM, UDSM, and UDEDM models yields nearly equal mean crys-
tallite size values, indicating that the introduction of strain to the modified W—H equa-
tions does not alter the average value of crystallite size. Even though all Williamson-
Hall models for the sample annealed at 600°C show incredibly large crystallite sizes,
according to previously published data [24], all of the € and o values found using all
of the Williamson-Hall models decrease inversely with the crystallite size [25, 26].
When comparing the information produced by the three models, it is evident that
there is a lot of similarity in the parameter values that verify the nanoparticle's iso-

tropic nature.
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Table 2. Ordered parameters of ZnO-NPs obtained at 500°C and 600°C.

Temperature Scherrer
method Williamson-Hall method
UDM USDM UDEDM
D(nm) D 3 D(n 13 no o D 3 no o u
(nm) no unit | m) unit x 107 (MPa) (nm) | unit x 107 (MPa) (KIm?)
x10°
500°C 18 2 1.9 23 1.92 244 23 1.97 250 247
3 3
600°C 27 3 1.5 39 1.57 200 39 1.61 204 165
9 8

3.3 Scanning Electron Microscopy (SEM)

re 5. SEM images of ZnO NPs obtained at 500°C.

Figu

SEM imaging (Figure 5) revealed distinctive morphological features of the ZIF-
derived ZnO sample. The micrographs exhibit homogeneous distribution with faceted
morphology of the ZnO nanoparticles sticking together after calcination. Additionally,
the ZnO-NPs are encapsulated in porous carbon, which contributes to enhanced pho-
tocatalytic activity.
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3.4 UV-visible spectroscopy
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Figure 6. UV-vis spectra of ZnO nanoparticles obtained at S00°C and 600°C.

Figure 6 shows the UV-vis optical spectra of ZnO nanoparticles obtained after the
thermally decomposition of ZIF-8 at 500 °C and 600 °C. The spectra were used to
investigate the modification in the band gap of ZnO nanoparticles with temperature.
The value of band gap (E,,), can be estimated using Ey,,=1239.83/A,. The value of A,
will be evaluated by extrapolating the linear of the (Abs(A)/A)"™ vs. 1/A for m=1/2
[27].

Figure 6 clearly illustrates the influence of temperature on the optical band gap. As
the temperature increases, the optical band gap widens—from 2.90 eV for sample
A500 to 2.94 eV for sample A600. This increase is attributed to the reduction of local-
ized defect states within the band gap, leading to an overall enhancement in band gap
energy

3.5 Photocatalytic activity

The degradation of methylene blue (MB) is used to assess the photocatalytic be-
havior of the obtained samples. The adsorption-desorption equilibrium was estab-
lished in the dark reactor for 6 hours prior to recording the dye removal as a result of
photoexcitation of the produced catalysts. The elimination of MB dye under visible
(100W white LED) irradiation is then depicted in figure 7, employing a 20 mg/L cata-
lyst in 100 ml of dye solution.
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Figure 7. (a) Relative removal, and (b) pseudo first order kinetics of MB dye under visible
LED irradiation by using ZnO-NPs obtained at 500°C and 600°C.

As seen in figure 7(a), an aliquot was taken from the reaction media at 10-minute
intervals to document the temporary dye elimination. It was found that at the calcina-
tion temperature of 500°C, the overall elimination of MB dye is observed to be
98.05%. On the other hand, catalytic performance was reduced (93.16%) by doing
calcination at 600°C. Physisorption was taken into consideration for the successful
contact between dye molecules and the catalyst surface in order to comprehend the
kinetics of photochemical reactions using the pseudo first order rule. A rapid interac-
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tion was seen during the first 30 minutes of the two-step adsorption process shown in
figure7(b), but after that time, the photochemical reaction slowed down. Figure 7(b)
lists all of the rate constants (min") and shows that, when compared to other calcined
ZnO powders, the ZnO catalyst calcined at 500°C had the greatest rate constant. Simi-
lar outcomes involving the multistep degradation of rhodamine B dye, have previous-
ly been reported by Kaur et al. [28]

4. Conclusions

This work reported a successful synthesis of ZnO nanoparticles derived through
ZIF-8 prepared at room-temperature. The structure and morphology of the samples
were characterized using XRD and SEM. The XRD results indicate that the prepared
ZnO nanoparticles are well-crystalline in nature. Further, XRD analysis is also used to
calculate strain, stress and energy density by following different methods, such as the
modified Scherrer, W-H plot, via XRD peak broadening analysis. From the SEM
results, we have observed a facetated morphology of ZnO nanoparticles of uniform
size, indicating effective production and control over the distribution of particle sizes.
From the analysis of the UV-Vis absorption spectra, we have observed a variation in
the band gap of the obtained ZnO nanoparticles with temperature. The assessment of
photocatalytic activity demonstrated the effective breakdown of MB dye when ex-
posed to white light, underscoring the superior photocatalytic capabilities of the ZnO
nanoparticles that were produced after calcination of ZIF-8 at 500°C.
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