Supplementary Material

1. XRD

Diffractograms of ZnO samples calcined at 400°C, 500°C, 600°C, and 700°C are shown in Figure S1.
In all analyzed samples, peaks corresponding to ZnO with a hexagonal wurtzite structure (JCPDS 036-
1451) were detected [1]. As the calcination temperature increased, the intensity of the ZnO diffraction
peaks increased, indicating greater crystallinity of the material [2-4]. This suggests that higher calcination
temperatures provide sufficient energy for the crystallites to orient at equilibrium positions [5].

In samples calcined at 400°C and 500°C, in addition to ZnO diffraction peaks, peaks at 20 angles of
11.2°, 32.8°, 33.5°, 37.8° and 58.1° were detected, corresponding to hexagonal nanosheets of simonkolleite
[6]. The calcination temperature influences the amount of simonkolleite in the sample. The simonkolleite
content reached 10.4% and 7% at calcination temperatures of 400°C and 500°C, respectively, indicating
incomplete decomposition of simonkolleite. Increasing the calcination temperature to 600°C resulted in
complete decomposition of simonkolleite, consistent with the results of Moezzi et al. [7]. XRD patterns
obtained after sample calcination at 600°C and 700°C reveal that zincite was identified as the only
crystalline phase.
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Figure S1. XRD diffractograms of ZnO samples calcined at different temperatures.

As the samples calcined at 400°C and 500°C contained an impurity in addition to ZnO, a detailed
analysis of the crystal structure of the samples calcined at 600°C and 700°C was conducted to identify the
optimal material for doping with graphene oxide. The structural parameters of ZnO calcined at 600°C

and 700°C are shown in Table S1.



Table S1. Structural parameters of ZnO calcined at 600°C and 700°C.

Sample D ? C cla L V o y
(nm) (A) (A) (nm) (A?) (nm-?) (%)
JCPDS / 3,249 5,206 1,602 1,9767 47,622 / /
600°C 38,2096 3,251 5,206 1,601 1,9782 47,649 6,8494-10+4 0,0897
700°C 38,2538 3,255 5,211 1,601 1,9805 47,812 6,8336-10 0,0896

The crystallite size and intensity of the (101) peaks increase as the calcination temperature rises.
Additionally, the (101) peak narrows at higher temperatures, indicating improved crystallinity of ZnO.
The increase in crystallite size at higher calcination temperatures can be attributed to elevated surface
energies, which promote grain growth [2, 3, 8-11].

The crystal lattice parameters of ZnO are in close agreement with the standard values reported in the
JCPDS database (Table S1). A slight increase in the lattice constants with increasing calcination
temperature was observed, indicating the formation of point defects such as oxygen vacancies and zinc
antisite defects [12]. High-temperature calcination increases the kinetic energy of atoms within the ZnO
lattice, facilitating the release of oxygen atoms and promoting the formation of oxygen vacancies [3, 13],
as confirmed by the decrease in the c/a ratio relative to the standard value [14]. The increase in the lattice
parameters a and ¢ with rising calcination temperature directly results in an expansion of the unit cell
volume (Table 1), reflecting a relaxation of the ZnO crystal lattice and the formation of oxygen vacancies.
The bond length increases with higher calcination temperature due to thermal expansion (Table 1) [15].

The dislocation density of ZnO decreases as the calcination temperature increases (Table 1). Higher
calcination temperatures provide more thermal energy, which facilitates the diffusion of atoms from the
crystal interior to the grain boundaries, enabling their redistribution and reducing line defects and
dislocation density [16]. Additionally, because dislocation density is inversely proportional to the square
of the crystallite size, an increase in crystallite size results in lower dislocation density [17].

Microstrain in ZnO samples depends on the calcination temperature. As calcination temperature
increases, crystallite size increases, leading to decreased dislocation density and lattice relaxation, which
reduces microstrain [2, 18]. A decrease in dislocation and strain density indicates improved crystallinity
of the samples [19].

The results indicate that increasing the calcination temperature from 600°C to 700°C increases the
number of oxygen vacancies and the sample's crystallinity. The increase in crystallinity reduces the
recombination of photogenerated pairs, allowing more efficient use of charge carriers in photocatalytic
processes. At the same time, the presence of oxygen vacancies increases the number of active sites for the

adsorption of organic pollutants.

2. FTIR

To identify functional groups and assess the purity of ZnO synthesised from waste Zn-C batteries
and calcined at temperatures from 400°C to 700°C, FTIR analysis was performed. The results, shown in
Figure S2, indicate that all tested samples exhibit an intense peak in the region from 400 to 600 cm’,



corresponding to stretching and deformation of the Zn-O bond at the surface of the photocatalyst, and a
peak at 900 cm!, representing a weak vibration of the Zn—-O bond [20-22]. The presence of these peaks
indicates the formation of ZnO nanoparticles [23]. For samples calcined at 400°C and 500°C, in addition to
the peaks indicating ZnQO, a broad absorption band between 3400 and 3500 cm™! was observed, along with
a peak at about 720 cm”, attributed to stretching vibrations of the O-H bond [24,25]. These absorption
peaks are characteristic of simonkolleite [8, 26]. The results indicate that in ZnO samples calcined at 400°C
and 500°C, simonkolleite was also identified in addition to ZnO. In contrast, ZnO samples calcined at
higher temperatures exhibited only absorption peaks corresponding to ZnO. The FTIR analysis results are
consistent with those of the XRD analysis.
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Figure S2. FTIR spectra of ZnO samples calcined at different temperatures.

3. Photocatalytic activity of ZnO NPs

The photocatalytic activity of ZnO nanoparticles calcined at 600°C and 700°C was evaluated based
on the efficiency of photocatalytic degradation of malachite green during 90 minutes of exposure to UVA
radiation. The results are shown in Figure S3 and indicate that the efficiency of photocatalytic
degradation increases with increasing calcination temperature. This trend is also supported by previous
research by Nedelkovski et al. [14] and Nguyen and Nguyen [1]. The higher photocatalytic activity of the
ZnO sample calcined at 700°C can be attributed to the presence of oxygen vacancies. At higher calcination
temperatures, the kinetic energy of atoms in the ZnO lattice increases, facilitating the release of oxygen
atoms and the creation of oxygen vacancies [2, 3]. Oxygen vacancies serve as effective sites for dye
molecule adsorption and also promote the separation of photogenerated pairs, reducing their
recombination and increasing the efficiency of photocatalytic decomposition. As the calcination
temperature increases, the crystallinity of ZnO improves, reducing resistance to charge transfer [3]. This
enables faster electron transport to the catalyst surface and leads to the formation of more hydroxyl
radicals, which act as oxidants in the photocatalytic degradation reactions of malachite green.
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Figure S3. Effect of ZnO calcination temperature on the efficiency of photocatalytic decomposition of
malachite green.

The degradation kinetics of malachite green in the presence of ZnO samples were studied using a
pseudo-first-order model, which is widely applied to describe photocatalytic processes in heterogeneous
systems [14]. The linear relationship of In(Ci/Co) as a function of time clearly confirms that the
decomposition of malachite green in the presence of ZnO follows pseudo-first-order kinetics (Figure S4).
The rate constant of photocatalytic degradation of MG in the presence of ZnO calcined at 700°C was
0.02271 min!, while in the presence of ZnO calcined at 600°C it was 0.01455 min™. This indicates that
ZnO calcined at 700 °C has higher photocatalytic activity. Its good crystallinity, phase purity, and high
photocatalytic activity make ZnO calcined at 700 °C the most suitable material for GO modification.
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Figure S4. Kinetic analysis of the photocatalytic degradation of MG using ZnO calcined at 600°C and
700°C.
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