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Abstract

This paper reports on a simple and efficient process to obtain semiconductor zinc oxide
(ZnO) nanoparticles (NPs) using Artemisia ludoviciana extract as a chelating agent. The
properties of the ZnO NPs were analyzed using various characterization techniques, reveal-
ing hexagonal and quasi-spherical NPs with sizes going from 30.46 to 16.74 nm and band
gap values of 2.5 to 2.2 eV. Additionally, the structural analysis shows a wurtzite phase
with no secondary phases, while elemental analysis revealed both the presence of residual
carbon from Artemisia ludoviciana and the presence of oxygen vacancies. The photocata-
lytic assay of the obtained ZnO showed excellent methyl orange (MO) degradation. The
best performance was observed with E4, which removed 95.8% of MO after being exposed
to UV light for 120 min. The results demonstrate that the ZnO NPs obtained using Arte-
misia ludoviciana have good photocatalytic capabilities and show potential to be used in
other similar applications.
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1 Introduction

Semiconductors are solid materials whose conductivity and band gap energy fall in the
middle of insulators and conductors and have been applied in many fields, going from
energy generation (Yang et al. 2017) to environmental remediation (Robertson 1996), bio-
medical devices (Rotenberg and Tian 2018), and even consumer electronics (Song et al.
2021). Due to their relatively low band gap, the electrical properties of semiconductor
materials can be modified through applying external stimuli such as temperature, pressure,
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electrical fields or light (Terna et al. 2021). These stimuli induce the promotion of elec-
trons present in the semiconductor’s valence band (VB) towards the conduction band (CB),
resulting in free electrons and the “holes” they leave behind, which are collectively known
as charge carriers (Gomathi and Kumaraguru 2018). These electrons and holes are vital
in various photocatalytic reactions such as water-splitting, CO, reduction, and oxidation
processes (Wang et al. 2018). In this vein, nanostructured semiconductor materials have
attracted interest due to their enhanced properties, such as larger surface area, which in
turn increases available reactive sites for surface-dependent processes, including photo-
catalysis (Lee and Jang 2014). ZnO has been considered a cost-effective alternative for
photocatalysis (Tan et al. 2022). It is a wide band-gap semiconductor with great chemi-
cal stability, high redox potential, favorable optical and electronic properties, high electron
mobility, and good photocatalytic activity (Qi et al. 2017). Additionally, its cost is lower
than other widely used semiconductors, such as TiO, (Sosa Lissarrague et al. 2023). How-
ever, ZnO has some drawbacks preventing its widespread use, such as the high recombi-
nation rate of the electron-hole pair preventing charge carriers from reaching the surface
and limiting the efficiency of the material (Nadeem et al. 2022). Various alternatives have
been investigated to resolve these limitations, such as doping (Mirzaeifard et al. 2020),
photosensitization (Youssef et al. 2018), the formation of nanocomposites (Sardar et al.
2023), or the introduction of surface defects such as oxygen vacancies (Xu et al. 2020).
Furthermore, while ZnO can be obtained through several methods including sol-gel (Per-
veen et al. 2020), spray pyrolysis, hydrothermal synthesis (Wang et al. 2013), chemical
deposition (Tiwari et al. 2022), among others (Hessien 2022), these methods have their
own drawbacks, whether it be high production costs, elevated energy demand, or the use of
toxic reagents (Madhumitha et al. 2015). In this day and age, as global warming and pol-
lution become increasingly relevant concerns, the development of more environmentally
friendly synthesis procedures has become a primary drive of many researchers (Xu et al.
2021). One of the main routes through which we can obtain semiconductor nanoparticles
in a more sustainable manner involves the use of microorganisms, fungi, or plant derived
substances as reducing or chelating agents. This eliminates the need for toxic chemicals
and is often carried out under low temperatures. In addition, this methodology can help in
size-control of the final product, as well as produce materials with various morphologies:
nanoparticles (Alsmadi et al. 2022), nanorods (El-Maghrabi et al. 2021), and flower-shaped
particles (Khan et al. 2014) have all been previously obtained through plant-assisted syn-
thesis, and there are several reports of plant-mediated ZnO NPs used in the photocatalytic
removal of dyes. Gawade et al. in 2017 used Calotrophis procera in the green synthesis
of ZnO and reported 80% degradation after 180 min of exposure to UV light (Gawade
et al. 2017). Chen et al. in 2019 used Scutellaria baicalensis for the green synthesis of
ZnO, which showed good degradation of MB under UV irradiation (Chen et al. 2019).
Ahmed et al. used Hibiscus sabdariffa in the synthesis of ZnO NPs for RhB degradation
and found good results (Alshamsi and Jaffer 2022), Gayathri et al. used extract of Citrus
lemon to obtain ZnO NPs with good photocatalytic activity (Gayathri Devi et al. 2023).
Artemisia ludoviciana (commonly known as “estafiate”) is a medicinal plant which has
been traditionally used to treat gastrointestinal and pulmonary infections (Galvez Romero
et al. 2022), as well as an antiparasitic (Ezeta-Miranda et al. 2020). This plant has been
reported to contain high amounts of organic compounds, mainly terpenes, and flavonoids
(Anaya-Eugenio et al. 2014), and as such is suitable for use as a chelating agent in the fab-
rication of ZnO NPs. The present work provides a simple and efficient process to obtain
semiconductor ZnO NPs with great optical and structural properties, as well as the evalu-
ation of their photocatalytic activity, demonstrating good promise for various applications.
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2 Experimental
2.1 Preparation of Artemisia ludoviciana extract

A simple infusion procedure was followed to obtain the plant extract using locally pur-
chased Artemisia ludoviciana leaves and deionized water. To start, differing contents
of the Artemisia ludoviciana leaves (0.5 g, 1.0 g, and 2.0 g) were placed in 0.05 L
of deionized water. Subsequently, the samples were stirred for a 2 h period to ensure
proper hydration. Following this, the mixture of water and plant leaves was transferred
to a 60 °C bath for 1 h. Finally, the plant leaves were removed through filtering, and the
Artemisia ludoviciana extract was obtained.

2.2 Synthesis of semiconductor ZnO

The ZnO NPs were synthesized using the previously prepared Artemisia ludoviciana
extracts. Initially, the obtained extract was added to a beaker, and then 2 g of the zinc
precursor (Zn(NO;),-6H,0, 98%, Sigma-Aldrich) was mixed into it. This solution was
mixed for 1 h. Afterward, the uncovered solutions evaporated in a 60 °C water bath
until a viscous consistency was obtained. The samples were then place into and oven
at 400 °C and heat treated for 1 h. The resulting solid was finally pulverized manually.
This procedure was followed for the three variations of extract concentration, labeled
El, E2, and E4 for 0.5 g, 1.0 g, and 2.0 g, respectively.

2.3 Characterization of ZnO NPs

The properties of the obtained ZnO semiconductor materials were studied through vari-
ous techniques. UV-visible (UV-vis) absorbance data was acquired by a Perkin Elmer
Lambda 365 spectrophotometer. Photoluminescence (PL) spectra were obtained by
a Horiba Nanolog spectrometer. X-ray photoelectron spectroscopy (XPS) spectra and
high-resolution data of the main elements were obtained using an XPS SPECS PHOI-
BOS 100 analyzer. Fourier transform infrared (FTIR) spectra were obtained through a
Perkin Elmer Spectrum Two spectrophotometer. X-ray diffraction (XRD) patterns were
acquired on a Bruker D2-Phase Diffractometer. Transmission electron microscopy
(TEM) images were acquired on a JEOL JSM-6310LV microscope. Scanning electron
microscopy (SEM) images were obtained through a JEOL JSM-6310LV microscope.

2.4 Photocatalytic activity assessment

The photocatalytic performance of the photocatalysts was studied through the degrada-
tion of methyl orange dye (90% purity, FagalLab) under UV radiation. First, a 15 ppm
solution of MO was prepared. Then, 50 mg of the ZnO photocatalysts were added to
50 mL of MO solution. The catalyst/dye solution was then left stirring in darkness for
30 min. Afterwards, the dye-photocatalyst mixture was exposed to UV radiation for
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120 min. Over the course of this period, samples were collected every 20 min, and later
analyzed through UV-vis spectroscopy to monitor the concentration.

3 Results and discussion
3.1 Analysis of optical properties

The UV-vis spectra of E1, E2, and E4 is shown in Fig. la. The spectra for E1 shows a
distinctive absorption peak at 375 nm, which is associated to surface plasmon resonance
phenomenon characteristic to ZnO (Vala et al. 2022). This result confirms the formation
of ZnO for all samples, while the sharp peaks suggest small nanosized particles with good
size distribution (Satheshkumar et al. 2020). On the other hand, the PL spectra (Fig. 1b)
shows that all three samples exhibit broad emissions in the 380-550 nm region, per what
has been reported in the literature (Lam et al. 2014). The peaks in the visible range of the
spectrum 422.3 nm, 450.6 nm, 467.8 nm, 481.9 nm, and 492.5 nm are associated to various
defect states (Sun et al. 2013). In more detail, the peaks appearing around 422.3 and 450.6
nm can be related to interstitial Zn, the peak at 467.8 nm is related to Zn vacancies, while
the emission at 492.5 nm is attributed to transitions involving oxygen vacancies (Mishra
et al. 2010).

Furthermore, the absorbance data from UV-vis characterization was used to estimate
the band gap energy for all three ZnO samples following Tauc’s model (Dolgonos et al.
2016) and the Energy equation (Fatima et al. 2023; Munawar et al. 2020b). The resulting
graphs are shown in Fig. 1c-e, the obtained values were 2.5 eV for El1, 2.4 eV for E2, and
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Fig.1 a UV-vis absorption spectra, b PL emission spectra and c,d,e Tauc plots of the Artemisia ludovici-
ana-mediated ZnO NPs
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2.2 eV for E4. Moreover, it was observed that the band gap energy was lower for the NPs
synthesized with higher concentrations of Artemisia ludoviciana. This can be attributed to
the oxygen vacancies, as it has been reported that such defects cause the formation of inter-
mediate energy states, thus producing a decrease in the band gap, which is in agreement
with the PL analysis (Li et al. 2022). Additionally, the NPs can show quantum confinement
at smaller sizes, which can be responsible for a lower band gap (Babu et al. 2018).

3.2 Morphology and structural analysis

The morphology of the ZnO NPs was studied using transmission electron microscopy. Fig-
ure 2 shows TEM images, size distribution, HRTEM, and selected area diffraction patterns
of E1, E2, and E4. The TEM (Fig. 2a—c) images of all three ZnO samples show the pres-
ence of well-defined nanoparticles with hexagonal to spherical shape and sizes of 30.46 nm
for E1 (Fig. 2d), 20.38 nm for E2 (Fig. 2e), and 16.74 nm for E4 (Fig. 2f). We can observe
the NPs size diminishes as the concentration of extract goes higher. The change in the NP
size is a phenomenon that has been reported previously and is attributed to the organic
molecules from Artemisia ludoviciana acting as stabilizing and chelating agents, inhibit-
ing, or preventing further growth of the NPs during synthesis (Christensen et al. 2011;
Fowsiya et al. 2016).

The high-resolution TEM micrographs (HRTEM) and the selected area diffraction pat-
terns (SAED) were analyzed to examine atomic arrangement and measure the interplanar
distance of the NPs. The HRTEM image of E1 (Fig. 2g) shows the presence of several crys-
tallographic planes with an interplanar distance of around 0.253 nm, which can be matched
to the main (110) plane in wurtzite phase ZnO (Klinbumrung et al. 2022). Likewise, E2
(Fig. 2h) and E4 (Fig. 2i) measured interplanar distances of 0255 and 0.250 nm, both of
which match the (110) plane of ZnO. Furthermore, the selected area electron diffraction
(SAED) pattern for E1 (Fig. 2j) shows a pattern of dots and rings, indicating a crystalline
structure. The dots were matched to the (100), (101), (102), and (103) planes of wurtzite
ZnO (Vinotha et al. 2019), which is consistent with XRD analysis. For E2 (Fig. 2k) and
E4 (Fig. 21), the SAED patterns show similar well-defined dots and rings, which match the
main planes of the ZnO wurtzite structure.

The SEM images and the Energy Dispersive X-Ray analysis (EDX) are shown in Fig. 3.
Analysis of the micrographs reveals the formation of large aggregates for all three samples
(Kwabena et al. 2019). Similar to TEM results, we can observe a decrease in size for the
ZnO NPs obtained using higher concentrations of Artemisia ludoviciana extract, confirm-
ing the influence of the extract on the properties of synthesized ZnO. Meanwhile, EDX
data shows the presence of Zn and O elements, as well as a significant amount of C, due to
residual content from the extract’s carbon-rich organic molecules (Verbi€ et al. 2023).

X-ray diffraction was used to analyze the crystalline structure and confirm the phase
of the obtained NPs. The diffraction patterns for E1, E2, and E4 are shown in Fig. 4. The
same diffraction peaks were observed for the 3 samples. The peak at 31.75° corresponds to
(100) plane, the one at 34.42° to (002), 36.25° to (101), 47.54° to (102), 56.60° to (110),
62.87° to (103), and 67.97° to (112). These planes match a hexagonal structure, identifying
the obtained material as wurtzite phase ZnO (according to JCPDS no. 36-1451) (Falamas
et al. 2022). The diffractograms display no other peaks, thus confirming the ZnO NPs are
free of impurities. On the other hand, we can observe a slight broadening and decrease in
intensity for the samples obtained using higher concentrations of Artemisia ludoviciana.
This is reflected in the crystallite size, calculated using Scherrer’s formula (Kumar et al.
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Fig.2 TEM micrographs, size distribution, HRTEM, and SAED diffraction patterns of Artemisia ludovici-
ana-mediated ZnO NPs: E1 a,d,g.j, E2 b,e,h,k, and E4 ¢ fi,]

2019). The obtained values were 35.94 E1 for nm, 23.96 nm for E2, and 11.5 nm for E4.
This is similar to the NP size observed in TEM images, and indicates the individual ZnO
nanoparticles are comprised mainly by few large crystals (Basak et al. 2022). The XRD

data was further analyzed to find the lattice parameters and average d-spacing (Mukhtar
et al. 2021a, b, 2022). The results are shown in Table 1.
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Fig.3 a-c SEM images and d EDX analysis of Artemisia ludoviciana-mediated ZnO NPs

3.3 FTIR spectroscopy

The FTIR spectra for Artemisia ludoviciana extract and the ZnO NPs (E1, E2, and E4)
are displayed in Fig. 5. The FTIR spectrum for Artemisia ludoviciana shows a band at
3265 cm™~! due to OH bond stretching, as well as a smaller band at 2936 cm™! associ-
ated to C—H bond vibrations, while the signals observed at 1407 cm~! and 1358 cm™!
are assigned to the bending of O—H bonds in phenolic groups. In addition, the bands at
1615 cm™! and 1724 cm™! are attributed to C=C and C=0 bonds present in aromatic
rings and carboxyl groups, while the bands at 1015 cm™! and 1055 cm™' correspond to
C-0 and secondary OH bonds of the polyphenols present in the extract (Owais Mushtaq
et al. 2022). In the case of the ZnO NPs, the spectra for E1, E2, and E4 all show the
presence of peaks associated to phenolic groups in addition to a band at 400 cm™!,
which is associated to stretching vibrational mode of the Zn-O metal-oxygen (Jebali
et al. 2023). The presence of both this peak and the characteristic peaks of the main
phenolic groups of Artemisia ludoviciana extract even after calcination suggests strong
interactions with the zinc ions during the synthesis process. These results confirm the
functionalization of the extract on the NPs surface and are similar to those previously
reported in literature (Yashni et al. 2020).
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Fig.4 X-ray diffraction patterns of Artemisia ludoviciana-mediated ZnO NPs
Table 1 Lattice parameters of ZnO NPs determined from XRD analysis
Semiconductor a (A) b (A) c (A) Average d-spacing Micro-
strain
(ex1077)

El 3.2210 3.2510 5.2070 2.0409 2.61
E2 3.2203 3.2503 5.2027 2.0397 2.82
E4 3.2214 3.2514 5.2063 2.0405 2.88

3.4 X-ray photoelectron spectroscopy (XPS)

Elemental analysis was carried out through XPS spectroscopy. The general wide scan
spectra for E1, E2, and E4 are presented in Fig. 6a. The XPS data confirms the presence
of Zn and O elements all the obtained ZnO NPs, in addition to C, which indicates the
presence of residual carbon from the Artemisia ludoviciana extract (Sahai and Goswami
2015). Meanwhile, the Zn2p high-resolution spectra for E1, E2, and E4 is displayed in
Fig. 6b. For E1 we can observe two peaks at 1043.7 and 1020.6 eV, which correspond to
Zn2p'? and its doublet at Zn2p*?, with a difference of 23 eV in binding energy between
the two peaks. Likewise, those two peaks also appear in the core-level spectra for E2
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Fig.5 FTIR spectra of Artemisia ludoviciana extract and the Artemisia ludoviciana-mediated ZnO NPs

and E4 at similar positions. A single component was found for the three samples, indi-
cating that the oxidation state in all cases was Zn** (Zhang et al. 2023).

Analysis of the core level Ols peak for E1 (Fig. 6¢) reveals the presence of two dis-
tinct components. The component that appears at 529.2 eV can be associated to oxygen
atoms which form part of the ZnO lattice (Molla et al. 2019), while the other component at
530.8 eV is attributed to surface hydroxyl groups (Joshi et al. 2019). Meanwhile, the high-
resolution spectrum of the Ols peak for E2 (Fig. 6d) and E4 (Fig. 6e) both show 3 compo-
nents. The first one is located at a lower binding energy of 529.6 eV and is assigned to oxy-
gen ions in Zn—O bonding of the ZnO lattice. The next component, positioned at 531.4 eV
is associated to oxygen related defects such as vacancies or interstitial atoms (Al-Gaashani
et al. 2013), the presence of these vacancies is consistent with the appearance of related
peaks in PL spectra (shown in Fig. 1b). Finally, the third peak appearing at 532.4 eV is
attributed to the presence of C=0 bonds from the Artemisia ludoviciana molecules func-
tionalized to the surface (Vilar et al. 2019).

3.5 Evaluation of photocatalytic performance

The photocatalytic performance of the obtained ZnO NPs was studied through the degra-
dation of methyl orange. Figure 7a shows the comparative photocatalytic removal of MO
under sunlight for E1, E2, and E4. For all three samples no adsorption was observed during
the period of stirring in darkness. The lack of adsorption is attributed to poor interaction
between the anionic MO dye molecules and the photocatalyst (Ebrahimian et al. 2020).
Once subjected to UV radiation, E1 was able to remove 73.1% of MO after 180 min, while
E2 degraded 82.5% in the same time, and E4 showed the best photocatalytic activity with
95.8% of MO removal after only 120 min.

Additionally, degradation rate constants were calculated for all photocatalysts (Fig. 7b).
Results showed the reaction kinetics of MB photodegradation followed a pseudo-first
order rate for all samples. According to the analysis, approximate k values were 0.00665,
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0.00882, and 0.03126 were obtained for E1, E2, and E4, respectively. In general, these
values show the effect of the extract concentration during synthesis is an enhancement
of the photocatalytic properties for the obtained NPs. This enhanced performance can be
attributed to the oxidation of molecules from the extract during synthesis introducing a
higher number of oxygen vacancies, generating intermediate energy states to trap electrons
and prevent recombination (Acedo-Mendoza et al. 2020), thus increasing photocatalytic
efficiency.

The photocatalytic assessment results for ZnO NPs obtained in this study demonstrates
their excellent potential for future applications. Table 2 shows a comparison of the photo-
catalytic degradation of MO using ZnO NPs as reported in the literature.

The mechanism for the photocatalytic degradation of methyl orange is presented in
Fig. 8. The photocatalytic process starts with the photo adsorption of radiant energy at the
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Fig. 7 Photocatalytic degradation of MO under UV irradiation using the Artemisia ludoviciana-mediated
ZnO NPs: a MO concentration over time, b degradation rate constants, and absorbance data of MO dye in
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Table2 Application of different photocatalysts in the degradation of organic dyes

Photocatalyst Dye Time (min) Degradation (%) Reference

ZnO MO 80 35 (Chauhan et al. 2020)
ZnO RhB 120 75 (Rajendrachari et al. 2021)
SnO, RhB 120 46 (Rathinabala et al. 2022)
SnO, MO 180 88 (Gawade et al. 2023)
CuZnCd MO 50 96.1 (Munawar et al. 2021)
SnO, MO 80 64.3 (Munawar et al. 2022)
SnO,/rGO MO 80 83.2

SnZnO,/GO MO 80 95

ZnO MO 120 95.8 This work

surface of a photocatalyst material, like ZnO (Kannan et al. 2022). When a photon with
enough energy to breach the bandgap of the material is adsorbed, some of the electrons
(e7) in the valence band (VB) enter an excited state, moving to the conduction band (CB)
and thus generating vacant spaces called “holes” (h*) (Alshamsi and Jaffer 2022). Once
separated, the e~ can convert the O, molecules dissolved in the solution into O, ™ radicals
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Fig.8 Schematic of the degradation mechanism of Artemisia ludoviciana-mediated ZnO NPs for MO dye
degradation under UV light

(Kannan et al. 2020), while the h* in the VB of the material can react with the water mole-
cules to produce O," and OH” species (Mukhtar et al. 2021b; Munawar et al. 2020a). These
highly reactive species can then break down the methyl orange molecules into harmless
compounds such as H,O, CO,, and other subproducts (Kannan et al. 2021; Nachimuthu
et al. 2022).

4 Conclusions

Here we present an efficient and simple method for the fabrication of ZnO NPs with
enhanced optical properties. The successful synthesis of ZnO and its functionalization with
Artemisia ludoviciana extract was confirmed by FTIR and UV-vis characterization. TEM
images showed hexagonal NPs with average sizes between 30.46 and 16.74 nm. XRD and
SAED npatterns indicate the formation of wurtzite phase ZnO with HRTEM confirming a
highly crystalline structure. XPS analysis revealed the presence of Zn, O and C elements in
the samples, as well as the presence of oxygen defects in the ZnO lattice. Additionally, the
photocatalytic assay demonstrated the ZnO NPs excellent potential in the degradation of
organic pollutants, with the best sample (E4) being capable of reaching 95.8% degradation
of MO in under 120 min of UV light exposure. The high performance of these ZnO NPs
demonstrates for the first time that Artemisia ludoviciana is a promising source of organic
compounds for use in the synthesis of semiconductor NPs with good photocatalytic activ-
ity, as well as favorable potential not only for the degradation of different pollutants, but
other photocatalytic applications.
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