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ABSTRACT

Various processes have been implemented to purify water; however, photocatalysis is comprehensively utilized
in wastewater treatment and plays a significant role in water remediation. A photocatalyst is a nanostructured
metal oxide ZnO nanoparticles, which boosts the reaction rate by its existence. ZnO nanoparticles show great
performance in the absorption of various organic pollutants from wastewater. The objective of this research was
to enhance the photocatalytic degradation performance of HA-added ZnO NPs using methylene blue as a model
wastewater. Adjusting the main physical properties and photocatalytic efficiency of ZnO-NPs was performed
using hyaluronic acid (HA), a natural bioactive stabilizer. The characterization of the fabricated ZnO-NPs
samples with and without HA involved the utilization of FE-SEM, AFM, XRD, FTIR, PL, and I-V. As demon-
strated by the FE-SEM analysis, ZnO formed rod-like structures, 3.0 % HA:ZnO exhibited cauliflower-like
structures, and 5.0 % HA:ZnO displayed honeycomb-like structures. The X-ray diffraction (XRD) analysis
demonstrated that the HA:ZnO nanoparticles exhibited hexagonal wurtzite structures. The average crystallite
sizes of the ZnO, 3.0 % HA:ZnO, and 5.0 % HA:ZnO NPs were determined to be 25.20, 27.30, and 20.20 nm,
respectively, using the XRD patterns. The surface area was 4.439, 2.987, and 5.204 m?/g of bare ZnO, 3.0 % HA:
ZnO, and 5.0 % HA:ZnO-NPs were 4.439, 2.987, and 5.204 m?/g, respectively. It is very likely that there are two
different decay and/or capture mechanisms in the emission spectra because the TRPL decay profile behaves in a
double-exponential way. The fast decay time constant (t;) was 212 ps for bare ZnO and 3.0 % HA:ZnO NPs and
231 ps for 5.0 % HA:ZnO NPs. The slow decay time constant (t2) has a similar pattern, with values of 3.716,
2.836, and 2.984 ns. The specific contact resistance values of the ZnO NPs increased from 0.113 to 45.624 ( x
10° Q sz) as a function of the HA concentration, as evidenced by the results of the electrical studies. The
outcomes of this research present comprehensive information on noble-modified ZnO-NP materials containing
HA for direct applications in electronic materials and photocatalytic degradation of organic waste in water.

1. Introduction

diverse properties and wide range of applications in various fields,
including optics, energy storage, electronics, environmental protection,

Metal oxides (MO) such as Iron Oxide (Fe:0s), Aluminum Oxide
(Al20s), Zinc Oxide (ZnO), Silicon Dioxide (SiO2), Copper Oxide (CuO),
Magnesium Oxide (MgO), and Nickel Oxide (NiO) are versatile materials
with properties that can be tailored for a variety of applications through
careful control of their composition, structure, and morphology. These
materials have been extensively studied by researchers because of their
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and catalysis [1-7].

Among the various MOs, ZnO is a highly versatile material with a
wide range of applications due to its distinctive properties. ZnO is an
oxide semiconductor belonging to the II-VI group with a bandgap of
approximately 3.37 eV at room temperature. The wide bandgap of ZnO
makes it a promising material for various applications, including
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optoelectronic devices, UV lasers, and photocatalysts. It is an n-type
semiconductor because of the presence of oxygen vacancies and zinc
interstitials. The unique properties such as high exciton binding energy
(60 meV) make it suitable for various applications in electronics, optics,
and catalysis [8-12].

ZnO can be produced using various techniques such as chemical
vapor deposition, sol-gel, spray pyrolysis, hydrothermal synthesis, pre-
cipitation method, combustion synthesis, mechanical milling, electro-
deposition, and successive ionic layer adsorption and reaction (SILAR),
each offering different advantages and special properties [13-17].
Among the above methods, SILAR offers significant advantages such as
controlled thickness and uniformity, low-temperature processing,
cost-effectiveness, versatility and flexibility, environmental friendliness,
and high purity and quality of films and nanostructures [18-20].

Enhancing the physical properties and morphology of ZnO films is of
paramount importance for optimizing their performance in a multitude
of applications. A number of techniques can be employed to achieve
these improvements, including doping with elements, the use of sur-
factants, post-deposition annealing, optimizing synthesis conditions,
and the use of advanced deposition techniques [21-24]. D-glucuronic
acid and N-acetyl-D-glucosamine repetitions joined by glycosidic bonds
to form an anionic, non-sulfated, hydrophilic glycosaminoglycan struc-
ture make up hyaluronic acid (HA), a copolymer. HA, a non-toxic,
water-soluble, biocompatible compound, is a macromolecule used in
biomedical applications due to its viscous properties, hydrodynamic
properties, and water retention capacity [25-27]. Since technology has
advanced so quickly in recent years, a large number of organic chemicals
that are utilized in various sectors and released into the environment
have the potential to be extremely harmful to humans due to their
toxicity and carcinogenicity. In particular, the textile industry’s effluent
is contaminated with dangerous organic pollutants like dyes, which are
extremely poisonous, non-biodegradable, and bad for the environment
and human health. Consequently, it is critical to rid natural waterways
and wastewater of these organic contaminants [28,29]. Utilizing pho-
tocatalysts is one of the chemical methods for breaking down organic
pollutants; its effective degradation and promising characteristics have
drawn attention. The perfect way to exploit the limitless energy of
sunshine to degrade organic compounds is through photocatalytic
technology [30-33].

To the best of our knowledge, no activity has been recorded in which
the effect of HA on the physical properties and photocatalytic activity of
ZnO films was investigated by the degradation of methylene blue dye
under UV light. Therefore, in this study, ZnO films with and without HA
were prepared by the SILAR method. Structural, morphological, elec-
trical, and photocatalytic properties were investigated using advanced
analytical techniques.

2. Experimental details

In this experimental process, we produced bare and hyaluronic acid
(HA) added nanostructured semiconductor ZnO thin films as a function
of the HA concentration in the growth bath by the low-cost and easy
SILAR method. 0.1 M concentrations of Zinc (II) acetate dihydrate
(C4H100¢Zn, > 99.0 %, Merck) salts were dissolved in 100 mL of
deionized water to obtain a Zn™2 solution. The pH of the growth bath
was adjusted to ~ 12.0 by adding ammonia (NH4OH). This pH value was
chosen on the strength of our earlier experience on the influence of pH
values on SILAR-fabricated nanostructured metal-oxide samples [34,
35]. The temperature of the solution was increased to 85 °C and
continued steady at this range during the fabrication process. Next, we
immersed the cleaned soda-lime glass substrates in the solution for 20 s,
followed by another 20 s in deionized water at 85 °C. These courses were
repeated 12 times to obtain thick metal oxide-based ZnO films and
powders. Hyaluronic acids are energetically stable, which is partially
attributed to the stereochemistry of their component disaccharides. To
examine the influence of the hyaluronic acid content on the ZnO films,

Journal of Alloys and Compounds 1005 (2024) 175861

three series of samples were synthesized. The fabricated ZnO thin films
and powders were annealed at 350 K for 1 h in a controlled oxygen
environment.

The crystalline structures of the fabricated materials were examined
using an X-ray diffractometer (Cu Ka radiation, A = 1.540056 [o\). In
order to investigate the surface morphology, a JEM-5610 LV field
emission scanning electron microscope (FE-SEM) was used. Brunauer-
Emmett-Teller (BET) (Quanta-chrome, US) was used to analyze the
surface area of the synthesized samples. Approximately 0.9 g of NPs
powder was placed in the tube and allowed to degas at 75 °C for 3 h. The
N, absorption-desorption isotherms of the samples were then measured.
The chemical bonding states of the nanostructured ZnO samples were
determined by Fourier transform infrared spectrometry (FTIR) at room
temperature. Room- temperature photoluminescence (PL) measure-
ments of the samples were performed on an Edinburgh Instruments FS5
model fluorescence spectrofluorometer with an excitation wavelength of
374 nm. The emission spectra were obtained in the wavelength range of
450-600 nm. The electrical performance of the thin film samples was
characterized using a computer-controlled Wonatech ZiveSP1 poten-
tiostat in the dark at 27 °C. In order to determine the comprehensive
electrical resistivity of the grown samples, the transfer length method
(TLM) was applied. Data management for the SMU and all calculations
were conducted using VEE Pro-based SeCLaS software [36,37].

The photocatalytic efficiency of the bare ZnO-NPs and the HA (3.0 %
and 5.0 % HA: ZnO-NPs) added ZnO-NPs was determined by degrada-
tion of the MB solution under UV light irradiation following the pro-
cedure. Briefly, 10 ppm solutions of MB were prepared in distilled water,
and the pH of these solutions was carefully adjusted with NaOH. 20 mg
of each bare ZnO-NPs, 3.0 % HA:ZnO-NPs, and 5.0 % HA:ZnO-NPs was
added separately to each 30 mL aliquot of dyes and stirred for 20 min in
the dark to maintain adsorption-desorption equilibrium. After that, each
mixture was exposed to UV light every 10 min’ exposure, and 3 mL of the
solution was collected after that and centrifuged to remove the catalysts
(3000 rpm, 4 min). Absorbance values were recorded at 665 nm for MB
using a UV-vis spectrophotometer (Shimadzu UV-1201), and UV-light
(3 W, 395-400 nm) was applied as the UV source (Fig. 1). After
60 min of UV light exposure, the color of the dye solutions significantly
decreased.

The absorbance data were used to determine the degradation percent
(D%) of MB using the following equation [33,38,39]:

D% = (Ao —A;)/Apx100 1)

where Ag and A represent the initial and after t minutes of reaction/
irradiation values of mixture, respectively. Based on Beer-Lambert’s
law, these values are proportional to Cy and C;, where Cy and C; are the
dye concentration before irradiation and the final concentration of dye
after each regular interval. The photo-degradation reaction rate (k) of
the MB contaminant was estimated according to the Langmuir-
Hinshelwood (first-order kinetic) model [33,38,40]

In(A,/Ao) = In(C./Co) = —kt @

The photo degradation rate constant (k, min 1) was estimated from
the slope of the linear fit of the plot of In (Cy/Cy) vs. t as a result of the
obtained data.

3. Results and discussion

The surface morphologies of ZnO thin films with and without HA
were investigated by FE-SEM analysis, as shown in Fig. 2(a—c). The rod-
like structure of ZnO in the absence of HA is shown in Fig. 2(a). In the
presence of 3.0 % or 5.0 % HA in the reaction solution, the surface
structures of the ZnO thin films become cauliflower- and honeycomb-
like structures, respectively (Fig. 2(b,c)). It can be seen in Fig. 2(c)
that the FE-SEM images of HA-mediated ZnO films generally show a
highly porous structure as the percentage of HA increases. HA
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Fig. 1. Schematic of the photocatalytic degradation procedure (photo taken from MB + 3.0 % HA:ZnO NPs and the sample was stirred for 20 min in the dark to
maintain the adsorption-desorption balance before exposure to UV light).

Fig. 2. Surface morphologies of fabricated ZnO thin films with and without HA. The rod-like structure of ZnO in the absence of HA is shown in Fig. 2(a). In the
presence of 3.0 % or 5.0 % HA in the reaction solution, the surface structures of the ZnO thin films become cauliflower- and honeycomb-like structures, respectively
(Fig. 2(b,)).

significantly affected the surface morphology of the ZnO films with [41-44]. Due to its structure, which is a polysaccharide made up of

which it interacted, resulting in a structure with increased porosity. This repeating disaccharide units of glucuronic acid and N-acetylglucos-
morphological change may be due to properties such as HA’s ability to amine, HA can have different surface morphologies based on its mo-
form hydrogels and retain water. In other words, HA’s capacity to create lecular weight and concentration [42,45-48].
hydrogels results in a highly hydrated and porous surface morphology EDS is a powerful analytical technique that can be used to analyze
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Fig. 3. EDS spectrum of nanostructured ZnO film.
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the elemental composition of thin films. The EDS method was used to
analyze the chemical composition of the ZnO NPs. The EDS spectrum of
the bare sample is shown in Fig. 3. The presence of Zn and O peaks in the
ZnO film is confirmed by the EDS spectrum shown in Fig. 3. The weight
percentages of the ZnO films are shown in Fig. 3.

AFM is a common technique that can generate a topographic image
of a film surface by providing information about the surface properties
of ZnO NPs as a function of HA. The surface roughness (Sa) and root
mean square (Sq) values of the ZnO film surfaces are listed in Table 1.

The ZnO nanoparticles containing HA exhibited a rougher structure
than the pure sample, as shown in the AFM images (Fig. 4). The increase
in surface roughness in the interaction between HA and ZnO may result
from the chemical interaction between the functional groups of HA
(such as hydroxyl, carboxyl, and amine groups) and the ZnO surface, as
well as phase separation between HA and ZnO due to their different
chemical and physical properties during the reaction. In addition, this
change may be caused by mechanical stress and thermal processes such
as annealing, which may occur between the addition of HA to the re-
action bath and ZnO [25,49-51]. As a result, both FE-SEM and AFM
images revealed morphological changes with increasing HA content in
the growth solution.

The crystalline structures of the fabricated ZnO-NPs were examined
by X-ray diffraction (XRD). Fig. 5 shows the XRD spectra of the ZnO NPs
treated with HA. The obtained XRD patterns can be indexed as highly
crystalline hexagonal wurtzite nanostructured ZnO form (Joint Com-
mittee on Powder Diffraction Standards (JCPDS) card, no 36-1451).

No diffraction peaks belonging to other impurities were observed in
the XRD patterns; thus, it can be assumed that bare hexagonal-phase
nanostructured ZnO structures were fabricated using this low-cost and
simple solution-based technique. The diffraction peak intensities
decreased with increasing HA content in the growth solution for all the
orientations. This can be elucidated by the change in crystallization
induced by the alteration in nucleation speed and centers from ho-
mogenous to heterogeneous solution components [52-54].

The XRD spectra of the manufactured ZnO-NPs exhibit dominant,
sharp, and intense diffraction bands, implying good crystallinity of ZnO-
NPs structures. The average crystallite sizes of the samples were esti-
mated from Scherrer’s formula (given by Eq. (3)) using the half-wide full
maximum (HWFM) intensity of the (100), (002), and (101) peaks. The
Debye-Scherrer’s equation is given by [55,561:

Ki
where D is the estimated crystallite size at the nanometer scale, K is a
numerical factor, A wavelength of Cu-Ka radiation, g full width half
maxima in radian, and 6 Bragg’s angle for the X-ray. The estimated
average crystallite sizes were in the range of 25.20 nm (for bare ZnO-
NPs) to 20.20 nm (for 5.0 % HA:ZnO-NPs). The estimated sizes of the
grown samples are tabulated in Table 2.

These crystalline changes also showed good agreement with the FE-
SEM observations. The surface morphologies of the prepared thin-film
materials were compact, as evidenced by the FE-SEM images (see
Fig. 2). The XRD diffraction and FE-SEM results clearly demonstrate
effective evolution of the crystalline structure and morphology of the
samples. Additionally, the obtained film thickness results show that the
thickness increased approximately threefold with 3.0 % HA added and
approximately fourfold with 5.0 % HA.

Fig. 6 shows the Ny adsorption—desorption isotherms for bare ZnO,

Table 1

Surface roughness (Sa) and root mean square (Sq) values of ZnO film surfaces.
Sample name Sa (nm) Sq (nm)
Bare ZnO-NPs 70.05 91.61
3.0 % HA: ZnO-NPs 305.99 380.64
5.0 % HA: ZnO-NPs 360.69 446.37
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3.0 % HA: ZnO, and 5.0 % HA:ZnO. According to the IUPAC classifica-
tion, the nitrogen adsorption isotherms in ZnO are classified as type IV,
and the adsorbed and desorption are classified as type H3 for all sam-
ples. The forms of the steepness and isotherms were not affected by the
HA content. The type IV isotherm is generally associated with capillary
condensation in its mesopore. The H3-type hysteresis loop is charac-
terized by a steep adsorption branch and a more gradual desorption
branch, and it does not exhibit any limiting adsorption behavior at high
P/Py values. This asymptotic increase in relative pressure is usually
associated with aggregated particles, as seen in the FE-SEM images
(Fig. 2.). The average pore sizes and volumes estimated by applying the
Brunauer-Emmett-Teller (BET) method to the isotherms of the samples
are presented in Table 3.

The table shows that the surface area (BET) of bare and HA-added
ZnO NPs decreases with increasing HA content to a certain degree,
while the pore volume decreases appreciably. However, when the HA
content increased, the pore volume and surface area increased, and the
values were close to those reported in the literature [57,58].

The diameters of bare and HA-added ZnO NPs can be calculated
using the following equation:

where dpgr is the mean crystalline size (in nm), p is the estimated density
of ZnO (5.60 g/cm®), and S is the specific surface area determined from
the isotherm (see Table 3) [59-61]. The agglomerations in the ZnO
nanoparticles were indicated by the inconsistency in the crystalline size
as determined by the BET method and by the XRD Scherrer formula. The
agglomeration coefficient is the ratio of the sizes of the crystallites, and
higher values suggest that agglomeration occurs more readily [58-60].

Agglomeration is a confining factor on the surface area, and a higher
surface area material is beneficial for superior photocatalytic activity.
This may explain the decrease in photocatalytic efficiency with HA
doping, but no correlation was observed with the parameters related to
photocatalytic degradation (such as TON, TOF, %D, and k values), and
the sample with the largest surface area has not the highest catalytic
degradation performance. Thus, we conclude that the specific surface
area is not the only factor influencing the photocatalytic degradation
performance of metal oxide catalysts [62,63].

The Pore-Size Distributions (PSD) of the samples (Fig. 7), obtained
from Ny desorption isotherms using the NLDFT approach exhibit more
strict differences in the porosity of the fabricated materials [64,65].
These distribution functions are very similar to each other. All samples
exhibited the presence of mesopore with a characteristically prominent
peak between 20 and 25 nm. In addition, characteristic cavities with
pore sizes between 13 and 40 nm is clearly observed. In addition, very
weak volume pore size values demonstrate remarkable microporosity
(below 10nm) and are difficult to characterize properly by
low-temperature nitrogen adsorption [64].

The different vibration modes of the HA:ZnO-NPs were studied by
Fourier transform infrared spectroscopy (FT-IR). The size, shape, and
clustering of the nanoparticles influence the behavior of FT-IR [66]. The
FT-IR spectra of the samples composed of bare ZnO NPs and-NPs, sam-
ples containing 3.0 % and 5.0 % HA were displayed in Fig. 8. These
materials were tested to verify their structural characteristics. The FTIR
spectra of the produced samples, measured in the wavenumber range of
500-4000 cm™?, indicated the presence of several vibrational modes.

Typically, metal oxide nanoparticles have distinct absorption peaks
in the fingerprint area (below 1000 cm 1) as a result of stretching vi-
brations. The vibrations are result of the interatomic vibration modes of
metal oxides [67,68]. The absorption peak observed at 897 cm ! is
attributed to the specific stretching mode of the Zn—O bond. The ab-
sorption peaks at 3732 and 3622 cm™! are often ascribed to the
stretching modes of O-H in surface adsorbed water molecules or the
hydroxyl groups in Zn—-OH. The absorption of atmospheric carbon di-
oxide by metallic cations can account for the prevalence of absorption
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Fig. 4. 2D and 3D AFM images of nanostructured ZnO thin films with different HA contents.
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Fig. 5. XRD spectra of the bare ZnO-NPs and HA (3.0 % and 5.0 %) mediated
ZnO-NPs.

Table 2
Crystallite sizes, film thicknesses, and full width at half maximum (p) values of
metal-oxide semiconductor ZnO samples.

Sample name Crystallite size Film thickness Full width at half

(nm) (um) maximum (f)
Bare ZnO-NPs 25.20 0.59 0.4330
3.0 % HA: 27.30 1.95 0.3542
ZnO-NPs
5.0 % HA: 20.20 2.11 0.5038

ZnO-NPs

42 - Bare ZnO-NPs (Ads.)
| - Bare ZnO-NPs (Des.)
3.6 = 3.0%HA: ZnO-NPs (Ads.)
20 = 3.0 % HA: ZnO-NPs (Des.)
é 30 L= 5.0 %HA: ZnO-NPs (Ads)
a0 b= 5.0% HA: ZnO-NPs (Des.)
~ -
N4
@ =
g£18F
E K
= L
> 12
06

0.00 0.15 030 045 0.60 0.75 0.90
Relative pressure (P/P,)

Fig. 6. N, adsorption—desorption isotherms of bare and HA-doped ZnO NPs:
Filled symbols represent adsorption; open symbols, desorption.

Table 3
BET analysis surface areas and porosities of bare and HA-mediated ZnO NPs.
Sample name DFT method BET
summary
Pore volume Surface area Surface area S
(cc/g) (m?/g) (m?/g)
Bare ZnO-NPs 0.005 2.742 4.439
3.0 % HA: ZnO- 0.003 1.898 2.987
NPs
5.0 % HA: ZnO- 0.006 3.595 5.204
NPs

peaks at 2356 cm™! [69]. Further bands observed at approximately
3000-2900 and 1600-1000 cm ™!, which were previously ascribed to
chemical bonding, could potentially have arisen due to the deformation
and bending vibrations of CO and CHy-CH3 molecules that were chem-
ically or directly absorbed [34,70]. The following vibration modes were
identified as a consequence of different structural bonds: 1521 and
1026 cm ™! for CO stretching vibrations induced by air and 2951, 2885,
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Fig. 8. FT-IR spectra of the bare ZnO-NPs and HA (3.0 % and 5.0 %) mediated
ZnO-NPs.

1465, and 1287 cm™! for CH,-CHs vibrations.

By investigating the regions associated with the vibration of ZnO
bond in FT-IR spectra, it was possible to ascertain the optical phonon
frequency (vp). vo represents the frequency of the optical phonon in
hertz (Hz), v denotes the wave number in reciprocal centimeters (cm’l),
and A signifies the wavelength in centimeters (cm). Equations were used
to calculate the values of vy and Debye temperature 0 based on the
observed vibration of ZnO bonds. ¢ = Avy = vy /v and hvy = kg6p, where
h and kg are the Planck’s constant and Boltzmann constant [71].

1 (k\'?

ZnO’s force constant can be determined utilizing Eq. (5). Here, k is
the force constant, c is the speed of light (3.00 x 10'° ¢m/s) and pis an

effective mass of ZnO, given by y = ﬂi iﬂz, where m; and my are the

atomic weights of bounded atoms. The calculated vibrational

Table 4
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parameters are listed in Table 4.

PL is a preferable method to research the crystalline quality and
presence of impurities in catalysts and provides knowledge about the
different energy states available between the conduction band (CB) and
valence band (VB) responsible for irradiative recombination due to the
exciton-exciton collision (near-band-edge emission, NBE) and deep level
(DL) emission (caused by intrinsic point defects and surface defects) in
ZnO [72-76]. In particular, defining the recombination mechanism and
time dependency of it provides an explanation of carrier dynamics,
which is directly related to conductivity and photocatalytic activities
[76-78]. Usually, the PL spectra of nanostructured ZnO materials are
composed of two peaks: one related to NBE emission in the UV range and
the other to defect level emission in the visible region. The first strong
peak in the UV-emission region (at 380 nm) was attributed to
near-band-edge emission through exciton-exciton collision processes.
The other peak is in the visible region and presumably comes from
electron-hole recombination at a deep level caused by intrinsic point
defects and surface defects, oxygen vacancies (Vp), zinc interstitials
(Zny), zinc vacancies (Vz,), oxygen interstitials (O;), anti-site oxygen
(Ozn), and the incorporation of hydroxyl groups in the crystal lattice
during solution growth [72,74,77,79].

Fig. 9 presents the PL spectra of the fabricated materials measured
under room conditions. The visible blue-green emission at 460.7 nm was
attributed to the radiative transition of an electron from the shallow
donor level of Zn; to the acceptor level of neutral or singly ionized Vz;
defects [74,75,80]. The blue and green emission peaks (between
468.4 nm and 498.7 nm) originated from the electron transition from
the shallow donor level of Vg to the valence band (which occurs in three
diverse charge states: the singly ionized, the doubly ionized and the
neutral) and the electron transition from the shallow donor level of Zn;
to the valence band [77,79,81,82]. It is common to associate the
green-yellow emission at 545.3 nm with the defect of Zn; and anti-site O
(Ozn) [83]. In addition, the morphology of the nanostructures is asso-
ciated with sub-bandgap emission in ZnO. A blue-green emission at
460.7 nm and a green emission at approximately 545.3 nm were
observed in the literature for honeycomb-like nanoparticles, as indi-
cated by the SEM results [77,80]. Finally, the peak observed in the or-
ange region (~ 582.8 nm) is attributed to the radiative recombination of
localized electrons with deeply trapped holes in the O; located at 2.14 eV
below the conduction band, which results in orange luminescence [82,

,,j(vil.z — Bare ZnO-NPs
LA460.7 — 3.0% HA: ZnO-NPs
— 5.0 % HA: ZnO-NPs

Yl(‘“‘-‘

Counts

1 I L 1 n —

460 480 500 520 540 560 580 600
Wavelenght (nm)

Fig. 9. Photoluminescence spectra of bare and HA-mediated ZnO
nanoparticles.

FT-IR bands, wavenumber, effective mass, force constant, optical phonon frequency, and Debye temperature value for nanostructured ZnO.

Sample  Wavenumber Effective mass (102°kg)  Force constantk (N/cm)  Optical phonon frequency, vy (Hz) Bending Debye temperature 6p (K)
(em™) 10"
ZnO 897 2.1343 6.1018 2.691 1291
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84].

The time-resolved photoluminescence (TRPL) system was used to
investigate the excitonic emission and related carrier lifetime (t) of the
bare ZnO NPs and HA doped ZnO NPs. Fig. 10 shows the TRPL decay
profiles of the samples at room temperature. All bare and HA-doped ZnO
NPs exhibited double-exponential behavior, which strongly implies the
existence of two distinct decay and/or capture mechanisms in the
emission spectra. Thus, the double-exponential function fits well (R =
Bie /" 4 Byet/72) to explain the emission (Fig. 11). The fast decay
component (t;) describes the radiative lifetime of the free photo-
generated carriers, and the slow decay component (t2) is attributed to
electron recapturing and nonradiative recombination processes. The fast
decay time was nearly constant for bare and 5.0 % HA:ZnO NPs and
slightly increased for the 3.0 % HA:ZnO NPs. However, the amplitude
ratios (AR = B1/By) were 120.15, 108.58, and 90.19 for bare ZnO-NPs,
3.0 % HA:ZnO-NPs, and 5.0 % HA:ZnO-NPs, respectively. This ratio
indicates that electron recapturing and nonradiative recombination
processes become the dominant mechanisms in the carrier’s kinetic
behavior, as mentioned in the literature [79]. This phenomenon may
also be correlated with the charge-transfer interactions in aqueous so-
lutions of MB and HA.

The electrical properties of bare and HA-added ZnO-NPs thin film
samples were examined by the Transfer Length Method (TLM). To
perform I-V measurements, Au contact patterns were prepared on thin
films by the physical vapor deposition (PVD) method. In each sample,
there are four Au contact patterns with different distances between
them, represented by numbers 1, 2, 3, and 4. I-V measurements were
taken by connecting two contacts from patterns 1-2 (@12link), 2-3
(@23link), and 3-4 (@34link), respectively.

A schematic representation of the experimental system and a
photographic image of the Au contact patterns on bare ZnO thin films
are shown in Fig. 12. To obtain the electrical parameters using the TLM
method, Egs. (6) and (7) given below were used.

R = Ri’/‘VLT coth(d/Ly) ©)
_ [P
L=\ [2o %)

The width of the patterns is represented by w and the length by d. Rg
is modified sheet resistance under the contact. From these equations,
important electrical parameters of thin film samples, such as effective
transfer length (Lr), specific contact resistance (p,) and total contact
resistance (R.) can be obtained. Thus, detailed information can be ob-
tained about the homogeneity, conductivity, and overall performance of
thin films [85]. Details of the method can be found in previous studies
[34,86].

I-V measurements of the thin film samples were carried out in
potentiostatic I-V mode at a 50 mV/S scan rate by connecting two

10° E — Bare ZnO-NPs
E — 3.0 % HA: ZnO-NPs
C — 5.0 % HA: ZnO-NPs
10*
) E
= C
- L
010’k
10°

0 4 8 12 16 20
Time (ns)

Fig. 10. Time-resolved PL spectra of bare and HA-mediated ZnO nanoparticles.
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Fig. 11. Fitted time-resolved PL spectra of the fabricated samples. The TRPL
analysis data were fitted according to the differential rate (biexponential decay
function) law.

Photo picture of
TLM patterns

Fig. 12. Experimental setup of the I-V measurement system and an example
photographic image of contact patterns from bare ZnO for the TLM method.

electrodes and using a potentiostat. The current ranges were set to 1 nA
for bare ZnO and 10 nA for 3.0 %HA:ZnO-NPs and 5.0 % HA:ZnO-NPs to
obtain more sensitive measurements. Because the current values of the
HA-added samples were lower at the same potential difference
compared to bare ZnO. Fig. 13-a—c show the [-V characteristics of the
bare ZnO, 3.0 % HA: ZnO, NPs and 5.0 % HA: ZnO NPs samples,
respectively. From these I-V measurement results, series resistance
values were calculated for the @12, @23, and @34 links. Fig. 14 a—c
show the series resistance values of bare ZnO-NPs, 3.0 %HA:ZnO-NPs
and 5.0 %HA:ZnO-NPs samples, respectively. Resistance values increase
in all samples as the distance between contacts increases. This may
provide positive information about film homogeneity. It can be
concluded that the film thickness does not significantly change in the
region of the TLM patterns or spreads homogeneously. Because the film
thickness and the change in distance may have different effects on the
change in series resistance. The effects of film thickness on resistance
were mentioned in the previous study [87].

It has been reported that impurities such as organic compounds that
affect the crystallinity quality of ZnO-NPs can alter their photocatalytic
performance by changing the absorption of light and transport efficiency
of photogenerated charge carriers [88]. On the other hand, it has also
been reported that phosphonic acid-modified ZnO films have low
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Fig. 13. I-V characteristics of the bare ZnO-NPs and HA (3.0 % and 5.0 %) mediated ZnO-NPs.

conductivity in electron transport/hole blocking layer [89]. The change
in specific contact resistance upon doping is shown in Fig. 14-d. The
value, which was 1.13 x 10* Q c¢m? for bare ZnO, increased to 4.56 x
10° @ cm? with 5.0 % HA. The values of the electrical parameters ob-
tained for the fabricated ZnO thin films are given in Table 5.

Ly values decrease as the HA content increased. While it is 14.81 um
for Bare ZnO-NPs decreased to 2.10 um for 5.0 % HA: ZnO-NPs. R,
values increase as the HA content in ZnO increased. The highest Rc value
was 0.623 x 10° Q for 5.0 % HA: ZnO-NPs. It seems that HA doping of
ZnO has a significant effect on the electrical parameters of the material.
The increased electrical resistance with the addition of HA to ZnO may
be due to the increase in the organic compound density in the film
(which can also be observed in the morphological structure), and this
increase may also have changed the photocatalytic effect by regulating
the formation of electron-hole pairs in the photons absorbed by ZnO.

Alterations in the structure and size of particles in metal-oxide thin
film materials have great importance for assaying their conductivity
performance. The FE-SEM images of bare ZnO and HA are shown in
Fig. 2. This confirms that the addition of HA is the principal reason for
the transformation from rod-like to cauliflower-like growth. It has been
reported that the electrical conductivity of nanostructured oxide mate-
rials is dictated by carrier mobility and principally affected by electron
scattering at the surface of nanostructures or grain boundaries. To
interpret the catalytic performance of ZnO, its stability and charge
carrier dynamics must be considered in common photocatalytic imple-
mentations. From this viewpoint, the conductivity of ZnO-NPs is
strongly affected by the addition of HA. Similar outcomes to the con-
ductivity results, related to particle size and morphology, have been

reported in previous studies on nanostructured metal oxide materials
[90-92].

The electrical performances of the samples influenced the desired
photocatalytic reactions. Hence, optimizing both the electrical conduc-
tance and photocatalytic efficiency of the synthesized materials can be
employed to achieve the desired properties. If materials have low re-
sistivity, they can induce the mobility of these charge carriers, which
leads to their participation more effectively in photocatalytic abilities.
Hence, both the crystalline and electronic structures of metal oxides play
an important role in the degradation of pollutants [11,93].

In a similar manner, the relationship between particle size and the
catalytic efficiency of the fabricated materials has been described in the
literature. Adjustments to the particle size and distribution of
semiconductor-based nanoscale photocatalysts are crucial for opti-
mizing their catalytic efficacy [94]. At the nanoscale, as the particle size
changes, the surface-area-to-volume ratio of the materials changes. If
particles are nano-sized, they have more active sites available per unit
mass for catalysis, thereby boosting the catalytic activity. Nano-
structured semiconductors commonly have a larger optical bandgap
energy, allowing them to absorb higher-energy photons in the visible
region, which is more effective for initiating photocatalytic reactions.
Meantime, nano-scale particles can absorb more visible light owing to
their extensive surface area, which promotes photon absorption and
boosts electron excitation, which is an important factor in the photo-
catalytic process [95,96].

The photocatalytic decolorization of MB with manufactured bare
ZnO and HA (3.0 % and 5.0 %) mediated ZnO-NPs was measured by
UV-vis spectra, and the results are presented in Fig. 15. The initial
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Table 5
Electrical parameters of the ZnO thin films obtained by the TLM method.
Sample R, Ra Rs Ly pe (X 10° R,
() @ @ (pm) Q cm?) @
Bare ZnO-  1.073x  1.155x  1.240 x  14.805 0.113 0.495 x
NPs 10° 106 10° 106
3.0% HA:  6.993x  3.034x  6.674 x 1.048 4597 0.125 x
Zno- 107 108 108 10°
NPs
5.0% HA:  1.990 x 2728 x  3.475 x 2.098  45.624 0.623 x
Zno- 10° 10° 10° 10°
NPs

Fig. 16. Changes in degradation percent of MB solutions with UV-light expo-
sure time: pure HA (), bare ZnO-NPs (@), 3.0 % HA: ZnO-NPs (l), and 5.0 %
HA: ZnO-NPs (a).

charge transfer process is known to enhance photocatalytic degradation
via interfacial charge transfer of ZnO doped with highly conductive
dopants, such as reduced graphene oxide (rGO) [102]. However, HA is
an organic compound and does not contribute to conduction.

The degradation rate constant (k) obtained from linear fits to first-
order kinetic plots (Fig. 17.). The degradation rate of pure hyaluronic
acid was ~ 1.86 x 1073 min’l, which is lower than that of pure ZnO (~
5.76 x 102 min~1). However, the rate constant values of (3 % and 5 %)
HA-doped NPs were between these two values and decreased expo-
nentially with increasing HA concentration (Fig. 18).

absorption peak at 665 nm systematically declined and became almost
transparent after 60 min under UV light irradiation.

The fabricated ZnO-NPs exhibit better photocatalytic activity than
HA-incorporated ZnO-NPs under UV light. No synergistic effect of HA on
the photocatalytic degradation was observed. However, a reducing ef-
fect of HA on the degradation percentage was clearly observed. This is
due to its reducing effect on OH ions, which are part of the nature of
photocatalytic degradation and form a basic environment, and they
could interfere with the photocatalytic activity [33,97-101]. This phe-
nomenon is consistent with the increase in the degradation percentage
due to the increase in the HA ratios (Fig. 16).

It is also known that a complex can form between aqueous solutions
of MB and HA through charge-transfer interactions, leading to the
degradation of MB through photoinduced electron transfer [97]. This

Fig. 17. First-order kinetic plots of pure HA (4), bare ZnO-NPs (@), 3.0 % HA:

Time (min)

ZnO-NPs (M), and 5.0 % HA: ZnO-NPs (a).
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Fig. 18. Rate constants of bare ZnO-NPs, 3.0 % HA: ZnO-NPs, and 5.0 % HA:
ZnO-NPs.

This indicates that the incorporation of ZnO-NPs with HA has largely
influenced the rate constant. In addition, the activity comparison of bare
ZnO and HA-implanted ZnO-NPs in terms of the rate constant k was not
based on the same surface area of the active photocatalyst but on their
total mass.

The photocatalytic degradation of organic dyes, such as MB by metal
oxides under light irradiation usually occurs via two main mechanisms
[103]. The first mechanism is based on the excitation of metal oxides to
create electron (e ) / hole (h™) pairs and subsequent chemical reactions
with the surrounding media. The other mechanism is based on the
excitation of electrons in the dye molecule, which then becomes an
electron acceptor, i.e., a cationic dye radical. Thus, self-degradation or
degradation by the reactive oxidation species occurs. The photocatalytic
degradation of MB in this work can be represented by the following Eqs.
(8)-(10) [104].

Zn0 + h9—2Zn0O* ®
ZnO* + H,0—~ZnO" +H' + OH ()]
OH™ + MB—intermediate—CO, + H,O + mineral salts (10)

In aqueous HA solutions, a proton detached from the carboxyl group
leaves behind a hyalunarate anionic compound. Thus, the presence of
additional protons to the protons generated in step (9) leads to the
protonation of OH ions in step (10) without interacting with MB, leading
to a weakening/decreasing of the degradation process. This process is
part of natural, native chemical properties (e.g. neutralizing free radi-
cals) [105].

The term "active site" in heterogeneous catalysis refers to the specific
locations on the catalyst surface where the adsorption of reactants oc-
curs and where catalytic reactions are facilitated. Active sites are the
specific spots on a catalyst that facilitate the adsorption of reactant
molecules and the subsequent catalytic reaction. The presence and
characteristics determine the catalyst’s efficiency and selectivity. Here,
the turnover number (TON) defines a quantitative measure of a cata-
lyst’s effectiveness and is simply defined as dividing the total number of
product molecules by the total number of active sites (or catalyst mol-
ecules) available in the reaction system;[106-108]

(%D)(Number of molecules of substrate)

TON =
Number of molecules of catalyst

1)

This is a key metric in photocatalytic degradation and measures the
effectiveness of a catalyst in facilitating a reaction, especially in het-
erogeneous reactions. In our experiment, 20 mg ZnO (m, = 81.379 g/
mol) contained 16.068 mg Zn as an active site, which corresponded to
24.576 mmol (m, = 65.36 g/mol). Similarly, a 30 mL, 10 ppm MB so-
lution contains 9.379 x 10~7 moles as catalyst number. The active sites
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of the doping molecules were also calculated, taking into account the
doping level. We assume that four biding sites (three OH" and one —~CH3s
groups) of HA act as acceptors, whereas the remaining molecule was a
donor [109,110]. Percentage conversion (D%) or degradation efficiency
of MB actually means the extent of the degradation of a substrate
molecule, which can be calculated using Eq. (11).

Another useful term is defined as turnover frequency (TOF), which
equals the number of reaction cycles taking place in a given time period.
This parameter has a time-inverse unit, and it was given by the following
equation [107];

TON

TOF = —,
time

(12)

This method provides a more dynamic measure of a catalyst’s per-
formance compared to the TON, which is a static count of reactions per
active site. The calculated parameters are listed in Table 6. As can be
seen, the TON and TOF parameters decrease with increasing doping
concentration, which indicates that ZnO NPs are less effective catalysts
for HA doping.

4. Conclusions

In conclusion, bare and HA-mediated ZnO-NPs were effectively
manufactured and characterized using different well-known instru-
mental techniques. The present study focuses on the investigation of the
relationship between the electrical activity and photocatalytic degra-
dation of MB in the presence of ultraviolet light. Both the crystalline and
electronic structures of metal oxides play important roles in pollutant
degradation. The average crystallite sizes were in the range of 25.20 nm
(for bare ZnO-NPs) to 20.20 nm (for 5.0 % HA:ZnO-NPs). The change in
the specific contact resistance, which was 1.13 x 10* Q cm? for bare
ZnO, increased to 4.56 x 10° Q cm? with 5.0 % HA in the growth bath.
The photocatalytic efficiency of ZnO catalysts is not solely influenced by
the specific surface area; agglomeration was observed in the calculated
crystalline morphologies. The emissions in the visible region, including
blue-green, green, and orange, are likely a result of the recombination of
electrons and holes at a deep level emission within the band gap.
Furthermore, the amplitude ratio and double-exponential function well
fit the decay curves, suggesting that the carrier kinetic behavior is
dominated by electron recapturing and nonradiative recombination
processes. The degradation results showed that both bare and HA-
mediated ZnO nanoparticles were considerably active photocatalysts
in the degradation of MB. We hope that these results will provide insight
into the design of ecologically safe, nontoxic, and stable nanoscale metal
oxide structures emulsified using natural materials in the future.

Table 6
Parameters calculated for the photocatalytic degradation process.
Sample Active Active Total (%D) TON TOF (x
sitesubs.  site active 1073
(x 107 dopant site (x min~1)
mol) (x 10°° 1074
mol) mol)
Bare 2.457 0 2.457 95.410 0.364 6.071
ZnO-
NPs
3.0 % 2.383 1.582 2.399 88.079 0.344 5.740
HA:
ZnO-
NPs
5.0 % 2.334 2.636 2.360 84.519 0.336 5.598
HA:
ZnO-
NPs

* The number of molecules of MB is 9.379 x 10~ mol and the time was 60 min.
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