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Abstract

Improving the absorption of visible light in photocatalysts could enhance photocatalytic reactions
and reduce energy consumption, particularly in sunny regions like Ecuador. This study reports the
synthesis of ZnO and ZnO nanoparticles doped with 1.5 at.% Er, 5 at.% Al, and 1.5 at.% Er:5 at.% Al
using the sol-gel method. The effect of doping on the structure, morphology, absorption spectra, and
photocatalytic properties was analyzed by XRD, SEM, EDS, and UV-Vis spectrophotometry. XRD
confirmed the presence of the wurtzite ZnO structure, and UV-Vis diffuse reflection spectra showed
a red-shift in the band-gap for doped ZnO compared to pristine ZnO. Photocatalytic activity was
evaluated through the degradation of methyl orange (MO) under artificial visible light and natural
sunlight in Quito, Ecuador. ZnO doped with Er/Al nanoparticles exhibited significantly enhanced
photocatalytic performance under solar light, suggesting the potential for replacing artificial light
and reducing operating costs in photocatalytic processes. Moreover, all doped samples retained the
antibacterial properties of ZnO against B. subtilis, and Er/Al co-doping improved the inhibition of E.
coli compared to undoped ZnO.

Keywords: photocatalysis; ZnO nanoparticles; erbium; aluminum; sol-gel; anti-bacterial properties

1. Introduction

The removal of organic pollutants from wastewater is an important measure in environmental
protection[1]. Synthetic organic dyes are specifically used in the textile, paper, plastic leather, food,
and other industries [2]. Textile wastewater often contains large amount of azo dyes, which are
considered as non-biodegradable, persistent and highly stable pollutants in the environment, posing
acute hazard to aquatic life [3].
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Advanced oxidation processes (AOPs) are considered important, promising, efficient and
environmentally friendly methods for the removal of persistent organic pollutants (POPs) such as
dyes from water and wastewater [4]. Generally, AOPs rely on the in situ generation of a powerful
oxidizing agent, such as hydroxyl radicals (¢ OH), produced at a sufficient concentration to effectively
decontaminate water [5]. In situ formation of *OH radicals can occur through various chemical,
photochemical (heterogeneous photocatalysis), sonochemical or electrochemical reactions. In
photochemical processes, heterogeneous photocatalysis involves a process in which a semiconductor
(e.g., TiO2, ZnO, ZrO2, SiOy, etc.) is excited by photons from a light source with energy (hv) greater
than or equal to the forbidden energy gap (Eg) of the catalyst, electrons from the valence band (VB)
are excited and move to the conduction band (CB) region, leaving holes in the VB. This creates an
electron-hole pair (e /h*). The photoexcited electrons then diffuse to the catalyst surface, where they
react with adsorbed oxygen, reducing it to a superoxide radical ion (O2*). Meanwhile, the holes move
towards the surface and react with neighboring adsorbed H20 or dye molecules, oxidizing them to
hydroxyl radicals (¢OH) and oxidized dye radical cation (Dye**) [6]. The most typical catalysts used
for photo-electrocatalytic degradation of pollutants are titanium dioxide (TiO2) and zinc oxide
(Zn0O)[7,8]. Both are semiconductors with a wide band gap: Eg = 3.2 eV for TiO:2 anatase and 3.4 eV
for ZnO [9,10]. Titanium dioxide (TiOz) has been primarily used for decolorizing and decomposing
organic dyes [11]. However, ZnO presents a clear advantage compared to TiO:2 under illumination
conditions, particularly in inhibiting bacterial growth (even at the lowest tested dose of 10 ppm) [12].
Additionally, ZnO is one of the multifunctional semiconductors with exceptional antibacterial
capabilities due to its excellent optical, electrical, mechanical and chemical properties. ZnO typically
has a lower cost and high surface-to-volume ratio at the nanometer scale [13]. These characteristics
make ZnO a potential alternative that can meet the demand for an efficient and low-cost catalyst,
making it a very promising catalyst for the removal of dyes from wastewater [14].

ZnO can be activated under UV irradiation with a wavelength below 387 nm due to its large
band gap (3.2-3.4 eV). However, these oxides absorb only a small fraction of sunlight, as less than 5%
of solar energy is emitted as UV radiation. This aspect limits the application of these oxides on a large
scale [15]. Additionally, the recombination of the photo-generated carrier, hole and electron is also a
disadvantage in semiconductor photocatalysis [16]. Developing new photocatalysts by incorporating
other elements into ZnO is a major challenge, but it is a promising strategy to enhance the potential
application of ZnO-based photocatalysts.

Several dopants are available for ZnO, including anionic, cationic, rare earths elements, co-
dopants and couple semiconductors [17]. Cationic doping is typically carried out by the addition of
transition metals and elements from group I and group V. The incorporation of dopant cations such
as Ce, Mn, Cu, Mg, Al, and others into the crystal lattice of ZnO results in interesting modifications
to its properties by introducing additional energy levels to the new photocatalyst [18]. This reduces
the activation energy required to initiate photocatalytic activity and increases the catalytic efficiency
of the new material. Consequently, cation-doped ZnO exhibits a lower band gap energy compared
to undoped ZnO. Additionally, the dopant elements act as electron traps, suppressing the
recombination of photogenerated electrons and holes. This process slows down the formation rate of
electron-hole pairs. Moreover, dopants can extend the range of light absorption and enhance the
photoresponse of cation-dopen ZnO in the visible light range [19].

Recently, rare earths such as erbium (Er®*) have been used as dopants, since pristine ZnO cannot
directly utilize visible light for photocatalysis due of its wide band gap. Doping rare earths into the
ZnO structure can enable the conversion of visible light into ultraviolet light, thereby enhancing the
photocatalytic activity of ZnO under visible light. This effect can improve the photocatalytic
degradation of dyes in the visible light region, which may be attributed to the enhanced adsorption
and 4f electron transition of the rare earth ions [20,21].

Moreover, rare earth metals can reduce the work function of adsorbed oxygen species,
increasing the oxygen adsorption capacity and forming more superoxide anions on the ZnO catalyst
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surface. This boost in oxidizing species (hydroxyls, peroxyls and superoxides) accelerates the rate of
photodegradation of organic pollutants [19].

Furthermore, the co-doping of Al/Er in ZnO could further enhance its response to visible light.
These doped catalysts may offer an efficient alternative for the degradation of aquatic pollutants
under visible light (sunlight), particularly, in countries with high solar incidence, such as Ecuador.

In the present work, ZnO nanoparticles doped with Er3* Al>* were synthesized using the sol-gel
method, which is one of the most efficient techniques for nanoparticle synthesis. This method allows
precise control over the material’s structure during its formation and ensures homogeneity in the
solution, resulting in unique properties for the nanoparticles synthesized via the sol-gel method [22].
However, little is known about how co-doping affects the antibacterial properties of the catalyst. The
doped ZnO nanoparticles were employed for the removal of dyes in synthetic textile wastewater. The
photocatalytic activity was evaluated by degrading methyl orange in water under visible light
irradiation and natural sunlight conditions in Quito, Ecuador. The optimal operating conditions were
then applied to treat real textile wastewater from a textile company in Quito. Additionally, the effect
of the dopant on the antibacterial activity against Gram-positive (Bacillus subtilis) and Gram negative
(E. coli) bacteria was also assessed in this study, shedding light on how doping influences the
antimicrobial properties of the catalyst.

2. Experimental Section

2.1. Materials

Zinc nitrate hexahydrate, 99% (metals basis) and erbium nitrate hydrate (99.9%) were purchased
from Alfa Aesar (Belgium). Oxalic acid dihydrate (99.5%) and aluminum nitrate nonahydrate (95.5%)
were supplied by Sigma Aldrich (Belgium). Ethanol (EtOH, absolute alcohol) was provided by VWR
Chemical Co., Ltd. (Belgium). Methyl orange (MO) was obtained from Sigma Aldrich (Fisher
Scientific®, Reactive Grade: ACS Certified). All reagents were of analytical grade and used without
further purification.

2.2. Synthesis of Catalysts

ZnO was synthesized using the conventional sol-gel method[23]. Specifically, 1.503 g (0.005 mol)
of zinc nitrate was dissolved in 30 mL of EtOH and stirred at 60 °C for 30 minutes. Based on Zhang’s
work [20], the optimal concentrations of the dopants were determined, for this Ex(NOs)s and AI(NOs)s
with different Er and Al doping amounts (Table 1) were dissolved in this suspension and stirred
continuously for 30 minutes to obtain solution A. Solution B was prepared by dissolving 2.507 g (0.02
mol) of oxalic acid dihydrate in 80 mL of EtOH and stirring at 50 °C for 30 minutes. Solution B was
then added dropwise to the warm solution A while stirring continuously for 1 hour. A white sol was
obtained, which was aged to form a gel and subsequently dried at 80 °C for 24 hours. Finally, ZnO
doped and undoped were obtained by thermal treatment at calcination temperature of 400 °C for 1

hour.
Table 1. Composition of catalyst with different dopant ratios.
Sample at% Er¥ at % Al
Zn0O 0 0
ZnO-Er 15 0
ZnO-Al 0 5
ZnO-Er/Al 1.5 5
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2.3. Characterization of Catalyst

The surface morphology of the samples was examined using scanning electron microscopy
(SEM) with a JEOL, IT300 instrument, which includes an energy dispersive X-ray (EDX) detector, at
accelerating voltages of 15 kV.

The structure of both doped and undoped ZnO powders were analyzed by X-ray diffraction
(XRD) using a Bruker AXS - D8 Advance diffractometer with a Cu Kal source (A = 1.5406 A). XRD
patterns were recorded in the 20 range from 20° to 80° with a scan rate of 2° min-! and a step of 0.02°.

The average crystallite size was estimated using the Scherrer equation D = KA/B cos6, where K is
a constant (0.92) reflecting the shape factor, A= 0.154 nm, is the wavelength of CuKau radiation, B is
the full width at half maximum (FWHM) of the Bragg peak, and 6 is Bragg angle in radians.

Diffuse reflectance UV-Vis (DRUV) spectra were recorded on a Shimadzu UV-Vis-NIR
spectrometer (Shimadzu Benelux, The Netherlands) equipped with a Praying Mantis accessory. The
spectral range covered was from 200 to 600 nm using the Shimadzu UV software package. A
Spectralon pellet was used for background measurement, and the Kubelka—Munk function F(R) was
calculated based on the reflectance (R). The band gap energy value (Eg) was calculated from the
optical absorption edge in the DRUV spectra using the Tauc method: (F(R) hv) = A(hv-Eg)", where F
(R) is the Kubelka—Munk function, A is a constant, & is Planck’s constant, v is the photon frequency,
Eg is the optical band gap and 7 is 2 for a direct semiconductor [18].

Finally, BET surface area was measured using the Micromeritics AutoChem II apparatus.

2.4. Photocatalytic Activity

The photocatalytic activity of pristine ZnO and Er, Al co-doped ZnO was evaluated through the
degradation of methyl orange (MO). 0.01, 0.03 and 0.05 g of the photocatalyst were added to 100 mL
of MO solution at concentrations of 10, 25 and 50 mg/L in a 200 mL beaker under continuous stirring
(Figure 1).

Under artificial visible light, the suspension was irradiated by three different commercial lamps: a
20W UV Blacklight lamp (Sylvania MLX 20W BL368), an 18 W LED lamp (4000K, 2000 lumens, Philips
CorePro LED bulb A67 18W 840 Mat), and a 9W LED lamp (4000K, 987 lumens, Osram Parathom
Classic A 9W 840 Matt). All lamps were provided by Budgetlight (Belgium) and were positioned 15
cm above the liquid level.

Under solar light, the photocatalytic activity of the catalysts was also studied by degrading
aqueous solution of methyl orange at the aforementioned concentrations. The tests were conducted
in Quito, Ecuador, during the hours of 11:00 a.m. to 2:00 p.m. to standardize the UV irradiation
conditions [24]. Testing was performed when the UV Index in Quito started in 10, according to the
Ecuadorian National Institute of Meteorology and Hydrology [25].

During the experiment, 2 mL samples of the solution were collected at various time intervals,
centrifuged for 15 minutes at 13000 rpm, and analyzed using a UV-Vis spectrophotometer to
determine the concentration of MO at 464 nm. All experiments were conducted in a dark chamber to
prevent interference from ambient light and were performed in triplicate, with average values
reported.

The removal rate () of MO was calculated using the following equations:
n= C“C;(ffxmo% 1)

n= ‘“‘A%(:‘fx1oo% @)
where Co, and Ct, are the concentrations of MO at t=0 and after an irradiation time t, respectively,
and, Ao and at are the absorbance of MO at t=0 and after an irradiation time ¢, respectively.
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Dark Artificial light Sunlight

Figure 1. Scheme of experimental determination of photocatalytic activity under different irradiation sources.

2.5. Antibacterial Activity

The antibacterial activity of four catalyst suspensions was evaluated by measuring culture
turbidity as an estimation of cell growth in test tubes. The test tubes containing each sample were
placed in a thermostatic bath with agitation. Experiments were conducted under both, dark and light
conditions to assess the influence of visible light on the antibacterial activity of the synthetized
nanoparticles. To simulate dark conditions, the test tubes were wrapped in aluminum foil. For light
conditions, an 18 W artificial light bulb (2000 lumens) was positioned 30 cm above the liquid level
(Figure 1).

Bacillus subtilis (Gram positive) and Escherichia coli (Gram negative) bacteria were used to test
the antibacterial activity of nanoparticles. Fresh bacterial suspensions were prepared, with an initial
concentration of 102 CFU/ mL into the test tubes.

Aqueous catalyst stock suspensions (10 000 mg/L) were prepared under constant stirring. Then,
test tubes containing 10 mL of Iso-Sensitest broth medium were supplemented with the appropriate
volume of each catalyst’s stock suspension to achieve a final catalyst concentration of 300 mg/L.
Finally, 100 uL of bacterial suspension were added to each test tube. Blanks were also prepared for
each sample.

To evaluate bacterial growth behavior, the optical density (OD) at 600 nm was measured using
a HACH DR1900 UV-vis spectrophotometer. Blank readings were taken to measure the OD due to
the culture medium and nanoparticle suspensions. A tube containing only 10 mL of culture medium
and 102 CFU/ mL of bacteria was used as positive control.

These test tubes were placed in a shaker and were allowed to grow at 35°C overnight, for B.
subitilis and E. coli respectively. The OD at 600 nm of the suspension (containing the bacteria and
catalysts) was periodically monitored, and the OD of test tubes after 24 hours was measured. The
percentage of growth inhibition compared to the positive control was used as an indicator of the
antibacterial activity of the nanoparticles. Cultures of nanoparticle-free medium under the same
growth conditions were used as a negative control.

To avoid potential optical interference during optical measurements caused by the light-
scattering properties of the nanoparticles, a blank control containing the same culture liquid medium
without microorganisms but with the same concentration of nanoparticles was used. After 24 hours,
cultures were diluted to 10-° and plated onto tryptic soy agar (TSA) plates in triplicate, then incubated
at 37 °C to determine the presence of viable bacteria. Colonies were counted, and the percentage of
growth inhibition was calculated and plotted for each catalyst. The experiments were repeated at
least three times.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results and Discussion

3.1. Morphology of Composites

The morphology of synthesized pristine ZnO and doped ZnO samples was investigated using
SEM. Figure 2 (a-d) shows that Er-Al co-doped ZnO synthesized by the sol-gel method exhibits the
typical morphology of ZnO nanoparticles. The pristine ZnO structures in Figure 2a align with the
literature, showing a granular form [23]. However, ZnO-Er, ZnO-Al and ZnO-Er/Al nanoparticles
displayed a mixed structure of rod-like and flake shapes, with an increased presence of flake shapes
when erbium and aluminum were used as dopants (Figure 2b-d). The incorporation of both Er?* and
Al ions replacing the Zn? lattice could influence the formation of nano-sized rods.

In addition, the increase in particle size in Er-Al co-doped ZnO suggests that the grain growth
of ZnO particles can be hindered by the presence of doping elements (Er and Al) [26]. Moreover, the
small size of the particles results in a large specific surface area, leading to strong local aggregation
visible in the images. A few larger particles are also observed in the micrograph, which may be due
to the aggregation or overlapping of smaller particles [27].

The EDX spectra of ZnO (Figure 2e) was compared whit doped ZnO samples (Figure 2f-h),
showing the presence of Al, Er and the Al/Er ratio. The weight percentage of oxygen content
decreased in co-doped nanopowders, confirming the incorporation of Al and Er into the ZnO matrix.
The atomic percentages in all samples were verified and found to be as expected based on the
synthesis (Table 2). All doped samples contained only O, Zn, Al, and Er, with no impurity-related
peaks observed, indicating the high compositional purity of the samples.

Table 2. Elemental composition of synthesized pristine ZnO and doped ZnO samples.

Sample at%

Zn o Er Al
ZnO 56.61 43.24 0 0
ZnO-Er 50.42 47.32 1.52 0
ZnO-Al 50.10 44.80 0 5.06
ZnO-Er/Al 44.74 48.51 1.46 5.15
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Figure 2. SEM images: a) pristine ZnO, b) ZnO-Er, ¢) ZnO-Al, and d) ZnO-Er/Al, as well as EDX spectrum: e)
pristine ZnO, f) ZnO-Er, g) ZnO-Al, and h) ZnO-Er/Al .

3.2. XRD Analysis

The crystal structure of the prepared nanopowders was investigated using powder X-ray
diffraction (XRD). Figure 3 displays the XRD patterns of pure ZnO (Figure 3a: ZnO) and doped ZnO
samples (Figure 3b: 0% Al, 1,5% Er, Figure 3c: 5% Al, 0% Er and Figure 3d: 5% Al, 1,5% Er). The XRD
peaks at 20 values of 31.8°, 34.4°, 36.3°, 47.6°, 56.6°, 62.9°, 66.5°, 68.0°, 69.1°, and 77.0° were indexed
to the (100), (002), (101), (102), (110), (103), (200), (112), (201), and (202) planes of the ZnO crystal, as
per the standard data file. These peaks align with the wurtzite type structure, consistent with data
from JCPDS card No. 36-1451.

No additional peaks corresponding to any oxides of Al or Er were observed (Figure 3b-d),
indicating the complete dissolution of Er and Al dopants within ZnO crystal lattice, where they

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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occupy Zn sites [28]. Interestingly, the presence of Er and Al caused a decrease in all ZnO peak
intensities (Figure 3d), resulting in an increase in the full width at half maximum (FWHM), which
implies that Er—Al co-doping inhibited the growth of the crystal size. This suggests that Al* and Er®
ions substituted Zn?* ions sites within the ZnO crystal, leading to changes in the lattice parameters.
Despite these changes, all samples exhibited a preferred orientation along the (101) direction of the
Zn0O phase.

The calculated crystallite sizes of ZnO-Er, ZnO-Al, ZnO-Er/Al and pristine ZnO were 17.46 nm
13.90nm, 10.28nm, and 21.84 nm, respectively, according to the Scherrer equation [18].

(101)
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Figure 3. - XRD patterns: a) un-doped ZnO, b) ZnO-Er, ¢) ZnO-Al and d) ZnO-Er/Al and f) zoom-in view for the
range 31-38% (FR hv)Y2 versus hv curves for band gap determination of the ZnO and the doped ZnO

nanoparticles.

In addition, the ZnO-Ex/Al photocatalyst exhibited the highest specific surface area measuring
119.48 m? g -1, in comparison to 92.59 m?2 g for pure ZnO. This represents a 22.5% increase in surface
area for the ZnO-Er/Al catalyst relative to pure ZnO. The increase in surface area may be attributed
to the alteration of the crystal structure of the host ZnO due to the introduction of Er and Al dopants,
which likely inhibit crystal growth by integrating these elements into the ZnO lattice. Consequently,
the ZnO-Er/Al photocatalyst is more likely to achieve an optimal dye removal rate, owing to its
enhanced textural properties.

3.3. Optical Properties

The optical properties of pure and co-doped ZnO nanopowders were analyzed using Diffuse
Relectance Spectroscopy (DRS). The bandgap energy (Eg) was determined using Tauc’s plot by
applying equation: (FR hv)2 = A(hv — Eg) [29]. From the intercept of the linear portion in Figure 3f,
the estimated bandgap energies were found to be 3.22 eV for ZnO-Er/Al, 3.23 eV for ZnO-Al, 3.24 eV
for ZnO-Er, and 3.32 eV for pure ZnO, as determined by the extrapolation of the (FR hv)'2 versus hv
plots [30].

The data revealed that the co-doping with Er and Al slightly reduced the bandgap energy (Eg)
compared to pristine ZnO (Figure 3f). This reduction can be attributed to the defects introduced by
the dopants and changes of lattice parameters due to the incorporation of Er and Al into the ZnO
crystal lattice. Moreover, these dopants can lead to the formation of oxygen vacancies and additional
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energy levels, which increase the average atomic distances and decrease the energy gap [31,32], which
can harvest more photons to excite the electron from the valence band [28]. The smallest Eg leads to
the highest photocatalytic efficiency under visible light illumination [31,33], which correspond to the
sample co-doped with both Er and Al.

3.4. Catalyst Dosage on Metil Orange Degradation

To determine the optimal catalyst concentration for methyl orange (MO) degradation,
experiments were conducted using three different concentrations of ZnO-Er/Al: 0.01%, 0.03, 0.05%
wt under an 18W LED lamp with 25 mg /L MO solutions. The results indicated MO removal
efficiencies 85.8%, 98.7%, and 97.5 % for the 0.01%, 0.03%, and 0.05% wt concentrations, respectively.

This trend suggest that increasing the photocatalyst concentration leads to a higher number of
active sites on the catalyst surface, thereby enhancing the formation of reactive radicals and
increasing the degradation efficiency of MO [23]. However, there is a slightly higher value for the
0.03 %wt (0.3g/L) concentration compared to the following concentration 0.05 %wt (0.5g/L), which
could be due to the probability that at higher catalyst concentration the probability of aggregation of
catalyst molecules also increases, decreasing the amount of available active sites where photocatalysis
takes place. Thus, 0.3g/L (0.03%wt) of catalyst was chosen as the optimal amount to continue the
study.

3.5. Photocatalytic Performance of Synthesized Nanoparticles

Following a comparison of various light sources (see supporting information S1), it was
concluded that there were no significant differences in photocatalytic performance across the
different lamps. Therefore, only the results obtained using the 18W LED lamp are presented here,
due to its lower energy consumption compared to the other light sources tested.

Since the photocatalytic reaction occurs on the catalyst surface, and the recombination of
photogenerated electron-hole pairs happens within nanosecond, efficient charge transfer to reactants
is possible only when the electron donor or acceptor is pre-adsorbed on the catalyst surface before
the reaction begins [34]. To account for this, adsorption equilibrium of MO was studied. Suspensions
of the catalyst were stirred in the dark for 30 minutes to ensure MO adsorption on the oxide surfaces
had reached equilibrium. The amount of MO adsorbed on each oxide was determined by comparing
the concentration before and after stirring.

Preliminary adsorption of substrates is critical factor for achieving high degradation efficiency.
As summarized in Figure 4a, the adsorption capacity of the capacity of the catalysts followed the
order: ZnO-Er/Al > ZnO-Al > ZnO-Er > ZnO. ZnO exhibited the lowest adsorption capacity for MO,
while ZnO-Er/Al had the highest. All doped ZnO samples demonstrated stronger adsorption
capacities than pure ZnO, suggesting that higher reactivity is likely in samples with stronger
adsorption capacities. This data shows a clear positive correlation between photocatalytic activity
and the amount of substrate adsorbed on the catalysts surface, indicating that adsorption plays a vital
role in determining photocatalytic activity.
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Figure 4. Photocatalytic degradation curves of methyl orange (25 mg/L) using ZnO, ZnO-Er, ZnO-Al, and ZnO-
Er/Al catalysts. a) Comparison of the photodegradation rate of MO using different catalysts after 30 minutes of

exposure, b) under artificial white light irradiation (18W) and ¢) under solar light irradiation.

Additionally, ZnO co-doped with Er and Al exhibited a significantly enhanced removal
efficiency, followed by ZnO doped solely with Al. In this study, the Al** ions act as electron and hole
traps, effectively preventing recombination and thereby improving photocatalytic activity [22,35].
This enhancement is attributed to the presence of Al** on the catalyst surface, which, by being placed
at the donor level, inhibits the recombination of excited electrons and holes within the valance band.
Furthermore, Al doping leads to a reduction in band gap energy (as discussed in section 3.3), creating
a sideway band that forms an intermediate energy level between the conduction and valence bands.
This reduced bandgap facilitates more efficient photocatalysis by reducing the energy barrier for
electron excitation [22,36,37]. The following equations describe the proposed mechanism:

Zn0+UV - e~ +h* 3)
ABY +e” > Al** (trap of electron) (4)
AT + ht > Al* (trap of hole) 5)
Al** + 0, > A3t + 05 (release of electron) (6)
Al** + OH™ > AI®* +- OH (release of electron) (7)

As illustrated in Equations (4) and (5), AI** ions can react with electron and holes, resulting in
the formation of Al** and Al* ions. These ions are less stable compared to Al** and react with oxygen
and hydroxyl ion on the catalyst surface to achieve stability, generating superoxide and hydroxyl
radicals [22]. Consequently, Al** ions capture electrons and holes, preventing recombination, and
release them at the catalyst surface (Equations (6) and (7)).

Moreover, Er doping in ZnO-Al facilitated visible-to-UV up-conversion, which enhanced the
photocatalytic oxidation of MO. This is due to Er®”s ability to accommodate discrete 4f energy levels
of rare-earths ions within ZnO’s broad forbidden bandgap, thereby tuning excitation and emission
wavelengths [38]. Although Er® has efficient luminescence in the green spectrum and low UV
absorption, its doping with ZnO enhances both absorption and luminescence efficiency.
Additionally, Er doping reduces the crystal size of ZnO, leading to an overall improvement in
photocatalytic activity [26]. As a result, ZnO-Er/Al presents a promising class of luminescent
materials.

Interestingly, the Er-doped ZnO exhibited lower photocatalytic activity under artificial light
(Figure 4b). This result may stem from the fact that the band-gap energies of the rare-earth oxides
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used in these experiments were insufficient to initiate a photocatalytic reaction after UV irradiation
[34,38]. In contrast, ZnO-Er showed a slight improvement in photocatalytic activity under sunlight
(Figure 4c), which may be attributed to the high level of UV radiation in Quito, Ecuador, during the
evaluation period. This observation is further supported by increase in pure ZnQO'’s photocatalytic
activity in under sunlight as well.

3.6. Determination of Antibacterial Activity of Doped and Undoped ZnO Samples

The catalyst concentration of 0.03%wt was found to be an effective minimum inhibitory
concentration (MIC) against Bacillus subtilis and Escherichia coli under both dark and light conditions,
as illustrated in Figure 5.

For B. subtilis, all catalysts exhibited remarkable bacterial growth inhibition (~ 93%). Notably,
the dopants had no adverse effect on the inhibition of B.subtillis growth, as shown in Figure 5a. In the
case of E. coli, the undoped ZnO displayed a lower inhibitory activity (78%) compared of the doped
samples. Doping appared to enhance the inhibitory effects, with the ZnO-Er/Al sample
demonstrating the highest antibacterial activity (94%) among the doped samples (Figure 5b).

ZnO is known to act as a photocatalyst under UV light, which could lead to the production of
reactive oxygen species (ROS). However, the antibacterial tests conducted in this study also yielded
positive results under dark conditions. These findings indicate that ZnO retains its antibacterial
properties even in the absence of light, consistent with previous studies [39].

The antibacterial activity of ZnO nanoparticles against Gram-positive and Gram-negative
bacteria may be attributed to their ability to generate reactive oxygen species (ROS) and to
coordination bonds between metal ions and the nitrogen, oxygen, or sulfur atoms presents in
biomolecules [40,41]. The enhanced inhibition of B. subtilis could be due to the greater ability of Zn?*
ions to penetrate and damage the cell walls of Gram-positive bacteria, which tend to be softer than
those of Gram-negative bacteria such as E. coli. Although the exact reason for zinc’s different affinity
towards Gram-positive bacteria remains unclear, it could be related to differences in the protein
composition of their cell walls [42].

ROS facilitate mass transport, and the dispersion of reactant molecules generated by
mitochondria. These species can damage cellular DNA and proteins either direct by diffusion or
through endocytic vesicle formation. When particles are incorporated into the cytoplasm or nucleus,
they can disrupt the plasma membrane or DNA [43]. Additionally, doping ZnO nanoparticles with
ions may enhance their antibacterial activity. Saxena & Pandey (2019) demonstrated that Al-doped
ZnO nanoparticles showed superior antibacterial activity against E. coli and E. hirae compared to
undoped ZnO, likely due to electrostatic interactions between bacterial cell and positively charged
Al-doped nanoparticles [44]. Similarly, studies have found that lanthanide oxides nanoparticles,
including Er oxide, are effective against E. coli and Pseudomonas aeruginosa under both dark and light
conditions [45].

In this study, Er and Al co-doping of ZnO significantly increased antibacterial activity against
E. coli compared to undoped ZnO. Furthermore, the co-doping did not negatively affect the high
antibacterial efficacy exhibited by pure ZnO against B. subtillis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0559.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2025 doi:10.20944/preprints202507.0559.v1

12 of 15
a) b)
1A 94 02 9 93 100 ~ 14 1 o b 100~
. + ¢ ‘ kS 90 89 A 9
1.2 \ [ 90 = 12 78 b t F 90 3
| -8 £ : L 8 g
= 1 L 70 8 g! 2
™ B. Subtilis £ . E. coli £
éox - 60 =2 £08 1 60 =
4 L 50 g - 50 .E
'0.6 K 2 f, !0.6 4 & ‘_§
=§ - 40 = 4 w0 3
o4 F 30 £ C o4 - 30 §
20 20 3
02 1 § “ 10 E
v 2 IH B s
0 v S NSSEN - RS Y 0 e —_——
Control INO ZnO-Er ZnO-Al  ZaO-Er-Al Coatrol INO ZnO-Er ZnO-Al  ZaO-Er-Al
BODDark ©ODLight «Dark -+ Light WDark mLight »Dark - Light

Figure 5. Effect of dopant on ZnO nanoparticles in inhibiting the growth of (a) B. subtilis and (b) E. coli strains.
Growth was analyzed by measuring optical density (OD) at 600 nm after 24 hours, and inhibition was

determined by counting viable bacteria recovered from TSA plates following 24 hours of incubation at 37°C.

4. Conclusions

The ZnO-Er/Al photocatalyst, synthesized via the sol-gel method, demonstrated a simple and
flexible preparation process with high photocatalytic efficiency. SEM-EDX analysis confirmed
successful incorporation of Er and Al ions into the ZnO structure. While Er doping slightly decreased
photocatalytic activity, Al doping significantly enhanced it, and co-doping with Er and Al yielded
the highest methyl orange (MO) degradation efficiency. Both artificial and natural sunlight exhibited
comparable effectiveness in MO degradation, with sunlight showing a slight improvement. This
enhancement is attributed to the broader absorption spectrum of the doped catalyst, slightly shifted
towards the visible region, resulting in a reduced band gap. These results suggest that sunlight could
replace artificial light for MO degradation, thereby reducing operational costs of the ZnO-Er/Al
catalyst.

In terms of antibacterial activity, co-doping with Er and Al enhanced the inhibition of E. coli
compared to pure ZnO, while maintaining the strong antibacterial properties of ZnO against B.
subtilis. These findings highlight the promising potential of ZnO-Er/Al catalysts for both
environmental remediation and antimicrobial applications.
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