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Al-ions effect on structural, optical, antibacterial,
and photocatalytic activities of ZnO nanostructures

Z. Ullah®, M. T. Qureshi™’, K. Sultana®, F. Ullah®, A. Khalid®, N. Masood’,
F.LA. Abdella’, S. A. Elhag®

“Department of Physics, Hazara University Mansehra, 21300 Khyber
Pakhtunkhwa Pakistan

®Basic Science Department, College of Preparatory Year, University of Ha'il,
Ha'’il 1560, Saudi Arabia

‘Departement of Physics and Biophysics, University of warmia and Mazury,
Olsztyn, Poland

‘Department of Chemistry, Faculty of Science, University of Ha'il, Ha'il, Saudi
Arabia

‘Department of Chemistry, University of Bahri, Khartoum, Sudan

In this work, Pure and aluminum doped zinc oxide nanostructures were successfully
synthesized through a well-established hydrothermal method. The hexagonal wurtzite
structure, and nano porous shape for Al dopant in ZnO were confirmed via XRD and SEM
analysis. The reduction in energy band gap (3.40 to 3.19 eV) for Al dopant samples and
enhancement in inhibition zones (7 mm- 17 mm) for pure and Al-doped ZnO were
recorded. The photocatalytic activity of Al doped ZnO was shown to be several times
more efficient than in prior studies. The enhancement in these parameters suggest that
these materials are good candidates for biomedical and optoelectronic applications.
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1. Introduction

Nanotechnology has evolved into an efficient technology with a wide range of
applications. Nanosized have been shown to improved surface morphology for a variety of
biomedical applications, along with antibacterial activity, environmental clean-up, tissue
engineering, drug delivery, etc [1]. Zinc oxide (ZnO) is an n-type semiconductor with bandgap
(Eg) energy of 3.37 eV and a higher binding energy than other semiconductors (60 meV), due to
such distinctive properties as low price, large amount in nature, non-toxicity, suitability to doping
[2]. Semiconductors have a wide range of applications including Photocatalysis, thin-film
transistors, nonlinear optics, and gas transistors are illustrations of optical and electrical
applications for solar energy conversion. Sensors, pigments, cosmetics, LEDs, UV and low
radiation sensors, photo luminescent sensor and textiles [3]. In addition, ZnO has a good UV
response in this region and great electron transport properties. ZnO not only has virtually zero
toxicity but is also a biocompatible oxide. Suitable material or use in internal biological implants,
biosensors, as well as medium and bimolecular sensors for drug delivery [4-6].

UV radiation having a wavelength of 385 nm or less can be absorbed by ZnO. However,
as visible light contributes for 45 percent of solar radiation energy (SRE) and UV light accounts
for a smaller amount less than 10%, photo catalysts like ZnO should absorb not only UV but
visible light also for better photocatalytic efficiency and various practical uses. The band gap (Eg)
of ZnO must be constricted or split into numerous sub-gaps in absorbing visible light,
accomplished by placing transition metal ions. Microbial infections are major problem in the
healthcare and food industry, but antimicrobial agents and surface coatings have become
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widespread in recent years [7]. Several researchers have tried to add transition metal ions to the
ZnO lattice to improve the antibacterial function of ZnO. Metal oxide nanostructure (MON) has
been extensively analyzed to determine their ability as an antibacterial agent. The production of
nanoparticles on bacteria's surfaces, as well as their development in the cytoplasm and periplasm,
causes cellular disruption [8]. Hydrothermal method has many advantages over other preparation
such as reactive thermal evaporation. [9], electro spray method [10], sol-gel [11], solvent casting
method [12], chemical bath deposition (CBD) [13], salvo-thermal process [14], rf-magnetron
sputtering [15], co precipitation method [16], and pulsed laser deposition [17]. In this study, Al
doped ZnO nanostructures with various Al concentrations (0, 10, 15, 20 at. %) were prepared
using the hydrothermal method. Further it has examined the effect of pure and aluminum-doped
ZnO-Ns on the band gap and gram-negative bacteria (P. aeruginosa). We observed the band gap of
nanoparticles reduced (Eg) and enhanced the inhibition zone of gram-negative bacterial strains by
the Al-doped ZnO-NS.

2. Experimental details

2.1. Materials and methods

Pure ZnO and Aluminum doped ZnO nanostructures with different concentration
(AlyZn, O, where x=10% wt., 15% wt., 20% wt.) were prepared using well-known hydrothermal
approach [18]. Zinc Chloride (ZnCl,) and Aluminum chloride hexahydrate (AICl;.6H,0) used as
precursors for the preparation of samples. ZnCl, (3.4g) dissolved in 50 mL distilled water under
steady stirring. The 0.47g of hexamethylenetetramine (HMTA) was also diffused into 30ml of
deionized water and poured into prepared solution drop wise under vigorous stirring at room
temperature for 40 minutes. For doping, three different ratios of Al (10%wt, 15%wt, 20%wt) were
added along with ZnCl,. The resulting solution was shifted in an autoclave and kept in oven for 14
hours at 150°C. The obtained product was then allowed to cool down to room temperature,
centrifuged, and filtered several times with D.I water and ethanol. The pure and doped solutions
were both handled in the same way; this duration was determined by prior studies and was chosen
to maintain excellent crystalline nature. Finally, the structures were dried at 100°C, and ready for
further use.

The crystalline nature of ZnO and Al:ZnO samples were evaluated with X-ray
diffractometer (JDX-3532) and Morphological features were analysed through scanning electron
microscope (JEOL JSM-6460LV). Chemical composition was determined through energy
dispersive X-ray spectroscopy and absorption spectrum was obtained using UV-visible
spectrometer (Shimadzu UV-1600). Antibacterial activity of ZnO and Al:ZnO nanopowders with
various concentrations of stock solution were tested using Pseudomonas aeruginosa (gram-
negative) bacterial strains. Initially, 500 ml distilled water was stirred in 9.5 grams Muller Hinton.
The resulting product was placed in the autoclave, and the reaction temperature (121°C) was
maintained for 15 minutes before placing 25 ml into each plate. With the use of cork bores, create
a 6mm well using the well diffusion method. Then, pour 100 volumes of bacterial strain onto a
plate and establish a colony, as well as 50ul of zinc oxide into each well incubate each well at
370°C for 24 hours.

Under UV light irradiation, the photocatalytic activities of ZnO and AZO nanostructures
were tested utilizing methyl orange (MO) degradation in aqueous solution (1000W, main wave
crest at 365 nm). To produce adsorption/desorption equilibration, 30 mg of photo catalysts were
combined with 42 mL of MO aqueous solution (200 mg/L) in a quartz beaker to form a suspended
solution, which was then ultrasound dispersed for 30 minutes. From the beaker, 4 mL of
suspensions were removed. After then, the suspension was subjected to UV light. In 10 minute,
intervals, 4 mL of suspensions were removed from the beaker. To separate the suspended solid,
each suspension was centrifuged right away. The band maximum (466 nm) in the absorption
spectra of these suspensions was then used to calculate the MO concentrations.



997
3. Results and discussion

3.1. X-rays diffraction Analysis

The X-ray diffraction pattern of synthesized for pure and aluminum doped zinc oxide
nanostructures are shown in figure 1. In the XRD spectrum, the peaks observed at 31.6°, 34.3°,
36.1°,47.4°, 56.4°, 62.7°, and 67.8°. These peaks can be linked to the hexagonal wurtzite structure
(JCPDS: 01-079-0207) of zinc oxide correspond to planes (100), (002), (101), (102), (110), (103),
and (112) and the lattice parameters (a=b=3.2568 nm and ¢=5.2125 nm). When the concentration
of dopant was increased, the FWHM (full with half maxima) increased, and the peaks shifted to
somewhat higher angles. Because aluminum has a smaller ionic radius then zinc and oxygen, this
phenomenon is explained by Bragg's rule, which states that dopants produce a decrease in the
interplanar distance. The effects of crystal size can be attributed to the broadening of the peaks
exhibited in the X-ray diffraction pattern of the manufactured samples.
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Fig. 1. X-ray diffraction patterns of powder samples (a) pure ZnO, (b) 10 wt.% (c) 15 wt.% and
(d) 20 wt.% Al doped.

The sharper peaks not only indicate that the particles are smaller, but they also reflect the
effects of the experimental conditions on crystalline nuclei nucleation and growth. This also
indicates the quantum confinement of the particles. The highest intensity for (101) reflection is
found in pure ZnO nanostructures, indicating that the particles (grains) are predominantly
orientated along the c-axis. This is due to the low internal stress and surface energy, as well as the
high atomic density, which allows crystallites to develop easily along the c-axis. For 20 wt. % Al
doping, the intensity of (101) reflection increases [18]. It’s happened due to the lower surface
energy caused by the substitution of Al at Zn sites, the preferential orientation along the (101)
plane is more pronounced. The addition of Al, the intensities of diffraction peaks reduced
(broadening), indicating a loss of crystallinity and an increase in the surface defect content of the
samples. Extra defects and distorted lattice structures arise as the concentration of Al doped
increases. As a result, the Al doped ZnO nanostructures material has larger grain sizes and shapes
than the undoped sample. However, as the doping level is increased, the crystallite size decreases,
eventually reaching 7.04 nm for 20 at% Al-doped ZnO nanostructures. This was due to the
hydrothermal process's lower sintering rate. The pure and aluminum doped Zinc Oxide (ZnO)
nanostructures having average crystallite size was calculated using the Debye-Scherer formula

D=0.91/p cos 6 (1)
where D is the crystallite size in nanometers (nm), A is the wavelength of incident X-ray (nm), § is

the full width at half maximum, and @ is the diffraction angle. Table 1 shows the tabulation of the
crystallite size, lattice constants (a and ¢ values), unit cell volume, c/a ratio, and dislocation
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density. When the c/a ratio was kept constant, a decrease was observed in the cell volume and the
lattice parameter of the nanostructure.

The extent of defects in the sample is determined by the dislocation density, i.e., larger the
dislocation density, higher the hardness. Increased dopant concentrations resulted in a rise in the
extent of defects and the nanostructure's dislocation density (3). This is caused by the Al ions of
the ZnO lattice being replaced by a material with a lower valance band [19-23]. The obtained
values are very close to those that have been published previously. We can therefore conclusively
state that the addition of aluminum affects the structure of the ZnO significantly.

3.2. Morphological studies

Scanning electron microscopy (SEM) was used to determine the shape of the material as
shown in figure 2. These micro porous structures have demonstrated the development of ZnO and
AZO nanostructures. The Al concentration increased then agglomeration increased [24], the
particle size of zinc oxide (ZnO) treated with aluminum reduced significantly due to varying of
doping concentrations [25]. Pure ZnO nanostructure have grains like shape evenly spread across
the whole surface of the substrate, resulting in a granular surface, whereas ZnO doped with 10%
Al have light glassy structures, with a 15% of Al doping, the particles grains of nanostructure are
granular and spherical. Similarly with further 20% increase in Al content, the particle has a porous
nature and lacks a close-packed shape, which is advantageous for photovoltaic and high potential
for sensors applications [26-27].
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Fig. 2. SEM micrographs for (a) pure ZnO,(b) 10wt %, (c) 15 wt.% and (d) 20 wt.% of Al doped ZnO

nanostructures.

3.3. EDX analysis

Energy dispersive X-ray spectroscopy was used to confirm the chemical composition of
the samples. Figure 3 shows the EDX spectra of a pure ZnO, 10 wt.%, 15 wt.%, and 20 wt.% Al
doped ZnO, indicating that undoped ZnO and Al doped ZnO nanostructure were synthesized. This
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indicates that Al has been successful in his doping efforts. Sharp signals for zinc and oxygen were
observed in undoped ZnO nano structure confirming the growth of ZnO nano structure, also a very
small amount 0.22 by wt% are present in pure ZnO arise due to the aluminum foil. However, some
chlorine signals were observed, their percentage has been negligible. This could happen during the
synthesis of a chemical reaction involving the extract that was used to prepare the samples. Peaks
and percentage composition of EDX for all the prepared samples fabricated through hydrothermal

method are shown in table 2.
ML
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Fig. 3. EDX spectra of (a) pure ZnO, (b) 10 wt. %, (c) 15wt%., and (d) 20wt.% Al-doped ZnO NPs.

Table 2. Quantitative analysis of samples by weight % for elements Zn, O and Al.

Elements Pure ZnO 10wt% Al:ZnO 15wt% Al:ZnO 20wt% Al:ZnO
Zn 55.99 49.65 62.13 47.60

O 33.70 46.86 24.99 39.16

Al 0.22 2.87 1.48 5.18

Cl 10.09 0.62 11.40 8.06

100.00 100.00 100.00 100.00 100.00

3.4. Optical properties

Optical properties of pure and Al doped ZnO were studied by obtaining the absorbance
spectra in the UV-visible range as well as by calculating the band gap value through Tauc plot
method as shown in figure 4. Figure 4(a) designates the absorption spectra of pure and aluminum
doped zinc oxide measured between 200 and 600 nm. The bandgap coefficient develops in the
range 200260 nm depending on the concentration of the solution, which indicates that with an
increase in the concentration of the doping material, aluminum ions in Zn ion, the absorption
edge of the spectra changes towards longer wavelengths, higher energy (blue shift) [28], this blue
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shift can be attributed to the agglomerations in the samples. The direct transition of electrons in
ZnO nano crystals blue shift of the absorption edge can be explained. The band gap (Eg) can be
obtained from the absorption coefficient, which can be calculated as a function of the photon
energy.
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Fig. 4. UV-Vis spectroscopy curves here (a) Absorbance spectra and (b): Tauc-plot for pure ZnO and Al
doped ZnO nanostructures.

The band gap of pure and Al-doped ZnO was calculated by using Tauc-Davis and Mott
relation given by.

(ahv)'"? = A(hv - Eg) ©)
where a, v, A and Eg are absorption coefficient, light frequency, proportionality constant and band
gap, respectively as shown in figure 4(b). The calculated values of the energy for forbidden zone
are varies from 3.46 to 3.19 eV depending on the concentration of the Aluminum solution from
0% to 20% are in good agreement with the indicated values [29-30]. The inclusion of Al in a ZnO
nanostructure induces lattice damage or structural defects that generate defect energy levels below
the conduction band (CB), resulting decrease in the forbidden energy of the nanostructure, since
lattice defects are proportional to the Al concentration. Therefore, the energy gap (Eg) gradually
decreases with an increase in the Al content in ZnO nanoporous structure.

Table 3. Band gap values of pure ZnO and, 10%, 15%, and 20% Al-doped ZnO.

Samples Band gaps
ZnO 3.40eV
10%Al 333 eV
15%Al 3.27eV
20%A1 3.19eV

3.5. Determination of antimicrobial activity

Pseudomonas aeruginosa is a frequent nosocomial bacterium that causes high-mortality
infections. Hyper-mutable (or mutator) P. aeruginosa, which has a high genetic variation, is found
in a variety of chronic diseases, including lung infections in cystic fibrosis patients (CF). As a
result, new plans for the development and approval of unique manufacturing agents against these
bacterial species are extremely desirable. The antibacterial activity of zinc oxide (ZnO) and
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aluminum doped zinc oxide (Al:ZnO) was investigated in different amounts of Pseudomonas
aeruginosa bacterial strains, and the zones of inhibition of these samples were measured as shown
in figure 5. When the quantity of Al doping in the samples was raised, the antibacterial
characteristics of the samples were observed to improve [31]. It can be observed from figure 5(d)
that increasing the Al doping level up to 20 wt% which improves the antibacterial activity of Al:
ZnO nano powders, which might be due to the formation of a greater number of free electrons
generated by the substitutional assimilation of Al ions.

Fig. 5. Zone of inhibition against P. aeruginosa bacteria where (Z1)shows Pure ZnO, (Z2), (Z3) and (Z4)
represents 10 wt.%, 15 wt.% and 20 wt.% Al doped ZnO respectively.

Pairs of electrons and holes play a very vital role in the production of reactive oxygen
species (ROS). Amongst ROS, H,0, is a dominant oxidizing agent; it penetrates directly into the
cell membrane of bacteria, causes different kinds of damage, and inhibits cell growth, although
negative charge hydroxyl radicals and superoxide anions cannot enter the cell membrane, these
cause significant damage to proteins, lipids, DNA, and the outer wall components of bacteria [32
33]. As a result, bacteria will be destroyed. The antibacterial activity of the samples is linked to the
generation of reactive oxygen species (ROS), particularly hydroxyl free radicals (OH'), when they
are exposed to ultraviolet light. Oxidative stress is caused by the creation of reactive oxygen
species (ROS), that causes DNA damage and cell death [34]. The released Zn2'-ions can enter into
the cell membrane, destroying the cell wall and causing cell content leakage. The diffusion of Zn*"
ions from ZnO nanostructure into food, drinking water, and other materials will not harm humans
because Zn is a good nutrient.
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Figure 5 shows the rate of inhibition of Gram-negative bacteria culture growth in the
existence of ZnO and Al-ZnO nanostructures, ZnO NS steadily decreased the development of the
bacterial culture after doping with aluminum. The antibacterial properties of the preparations are
affected by a variety of parameters including pH, size, ionic strength, and capping agent. Doping
with aluminum oxide caused a sharp decrease in bacterial growth, while the degree of inhibition
depended on the concentration (1%, 2.5%, 5%, 10%, and 15%).
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Fig. 6. Growth inhibition of P. aeruginosa by (a) Pure ZnO, (b) 10 wt.%, (c) 15wt.%, and (d) 20wt.% Al
doped ZnO.

The inhibition zone in P. aeruginosa is different for pure and aluminum doped zinc oxide
as shown by bar graphs in figure 6. The zone of inhibition for pure ZnO solution and Al doped
ZnO compositions (1-15% solution concentration) increased from 7-17 mm as shown Fig. 6(a-d).
Aluminum Zinc Oxide has a unique antibacterial property against Gram-negative bacteria (GNB),
as indicated by the efficiency of ZnO and Al:ZnO Ns in inhibiting P. aeruginosa growth [35-36].
The nanostructures activity may be caused in two stages: first, by causing damage to the bacterial
cell wall's outer membrane through direct interaction or electrostatic with the materials; second,
oxidative stress is created by establishing an active oxygen environment.

3.6. Photocatalytic activity

The photocatalytic activities of the samples were assessed by detecting the degradation of
methyl orange in an aqueous solution when UV light was irradiated. Photo-excitation of the photo
catalyst surface with UV-Vis irradiation initiates the photocatalytic reaction, which can supply the
required band gap energy to form photoactivated electron-hole pairs [39]. Photo generated holes
can oxidize organic molecules to form R+ or OH-/H20 to form OH radical [40-41]. Most MO
dyes can be oxidized to mineral end-products by the OH radical, which has a high oxidizing
capability [42]. The photo generated electrons on the photocatalyst surface react with adsorbed
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oxygen as electron acceptors, which is critical for lowering the electron-hole pair recombination
rate. The recombination of electrons and holes on the photo-catalyst surface has a detrimental
impact on reduction and oxidation reactions, diminishing the effective interactions and, as a result,
the performance.
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Fig. 7. The photocatalytic activity of pure and Al doped ZnO nanostructured under UV light.

Figure 7 depicts the results and shows that with the addition of Al, the absorption
capacities and photocatalytic activity rise. The absorption action could explain the modest increase
in MO content after 50 minutes for pure ZnO. The nanostructure containing 20 wt.% Al has
unrivalled absorption ability, lowering MO concentration from 200 to 2.7 mg/L and photo
degrading MO completely within 30 minutes of irradiation. The photo stability of 20 wt% doped
was also demonstrated. This dominating photocatalytic activity is thought to be related to a slower
charge recombination rate produced by the presence of Al, as well as a larger surface area caused
by the smaller particle size [43]. The 15 wt.% doped and 20 wt.% doped curves are slightly
separated, indicating that the absorption capacity and photocatalytic activity have reached
saturation. When the doping content reaches a certain level, the superfluous Al is thought to
convert to amorphous Al,O;. Furthermore, the amount of amorphous Al,O; increases with the
amount of doping, and the presence of amorphous Al,O; lowers Al doped ZnO homogeneity.

4. Conclusion

The hydrothermal approach was used for successful synthesizes of pure and Al doped ZnO
nanostructures and their physical and biological properties were investigated. The XRD results
shows that the crystallite size reduced when doped 20 wt.% of Al in ZnO. The absorption spectra
exhibited a blue shift. This clearly indicates a shift of the bandgap (Eg) towards lower values,
which was also confirmed by UV spectroscopy. The bandgap reduces from 3.40 to 3.19 eV with
increasing Al concentration. Al: ZnO NSs have strong antibacterial capability against the harmful
microorganisms that were tested. Antibacterial activity tests on Pseudomonas aeruginosa were
used to confirm the materials' antimicrobial activity, with rise in the quantity of doping, higher
antibacterial activity is observed. As a result, the use of Ns materials as bactericidal agents is
motivated by their bacteriostatic properties. To put it another way, the effect of ZnO NSs on
bacteria is demons treated by their direct interaction, which alters the permeability of the outer
membrane, produces intracellular oxidative stress, restricts cell development, and eventually leads
to bacterial death. The characteristics of the produced nano powders indicate that they have a lot of
potential for variety technological applications. Under visible light illumination, 20% doped
sample has the maximum photocatalytic efficiency.
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The Al doped ZnO samples with high concentrations had outstanding photocatalytic and
adsorption capabilities. Nanostructures containing 20% Al have already demonstrated exceptional
absorption ability, lowering MO concentration from 200 to 2.7 mg/L. and photo degrading MO
completely within 30 minutes of irradiation which finally recomemmded that these materials can
be used as a suitable dose against bacterial diseases.
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