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ENHANCED PHOTOCATALYTIC PROPERTIES OF MnOx CO-CATALYTIC MODIFIED
ZnO NANOSTRUCTURED FILMS FOR ORGANIC DYE DEGRADATION
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ABSTRACT

This work aims to enhance the photocatalytic activity of ZnO films for persistent organic pollutants. The
photocatalysis method has gained significant interest as a sustainable and environmentally friendly approach to
enhance the safety of clean water by eliminating persistent organic pollutants. Zinc oxide as a transition metal
oxide is recognized as a highly effective material for photocatalysis. Even so, ZnO can be modified to increase its
action and result in a more significant degradation of organic pollutants. In the photocatalytic process, an electron
from the valence band is excited and moves to a higher energy level, the conduction band. Thus, an electron-hole
puair is formed. Unstoichiometry transition metal oxides, such as MnOx are hole-trapping co-catalysts that promote
oxidation processes.

This research reported the sol-gel synthesis of ZnO nanostructured films co-catalytic modified with MnOx for
organic dye degradation. The confirmed features of ZnO/MnOx films are characterized by different analytical tools
such as atomic force microscopy (AFM), X-ray diffraction analysis (XRD) and UV-Vis spectroscopy. The surface of the
zinc oxide revealed a hexagonal wurtzite structure and a visible ganglia-like pattern. MnOx co-catalytic modification
plays a vital role in the percent degradation of the organic dye under UV-irradiation conditions.
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INNTRODUCTION [8], spray pyrolysis [9], electrodeposition [10], chemical

vapor deposition [11], magnetron sputtering [12],

Zinc oxide is inexpensive, non-toxic, chemically
stable, easy to prepare, reproducible and most of the
modifying materials used with it, also readily available
and become more efficient. It has various applications,
such as solar cell, photoelectric cells, nonlinear optics
[1 - 3] and micro-gas sensing devices [4]. Furthermore,
because of its transparency, ZnO is attractive for
integrated photonic devices [5] and photocatalysts
for wastewater treatment [6, 7]. ZnO thin films are
prepared using various methods - reactive sputtering

chemical bath deposition [13], sol-gel [14, 15], etc.
The sol-gel method has emerged as one of the most
promising techniques, because it is particularly efficient
in producing thin, transparent, homogeneous, multi-
component oxide films of many compositions on various
substrates at low cost.

ZnO has a wide band gap (Eg = 3.28 - 3.32 eV
[16]), which limits its photocatalytic effectiveness under
ultraviolet illumination. Furthermore, the photocatalytic
activity of a photocatalyst is closely dependent on the
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recombination rate of the photogenerated electron-hole
pairs [17]. Therefore, the challenge is to extend the
photosensitization and to improve the separation of the
e/h". A promising strategy for minimizing recombination
losses, while simultaneously improving surface charge
transfers, is through introduction of co-catalysts on the
ZnO surface. It has been found in many studies that the
amount of modifying element used affects the structural,
optical and photocatalytic activities of the catalyst [18,
19]. The incorporation of a transition metal or transition
metal oxide which can form heterojunctions with ZnO
and selectively accumulate either of the photogenerated
charge carriers, thus reducing the semiconductor
band gap [20]. Therefore, the present investigation is
focused on the co-catalytic modifying ZnO with MnOx,
which is a transition metal with half-filled 3d orbitals
([Ar]3d*4s?). S. Senthilkumaar et al. reported that doping
ZnO with an optimum amount of Mn leads to a decrease
in the band gap [21]. Manganese can also act as a trapper
of charge carriers by generating isolated impurity energy
levels in the band gap [22].

In this work, ZnO and ZnO/MnOx thin films are
prepared using the sol-gel method, chemical deposition,
and dip-coating technique. For the first time, we
evaluated the photocatalytic activity of MnOx co-
catalytic modified ZnO nanostructures photo-fixed with
ultraviolet illumination at different doses of illumination
(2.5, 5, 10 J cm?). The structural properties are
analyzed by X-ray diffraction (XRD). The morphology
and elemental composition of the modified films are
examined using Atomic Force Microscopy (AFM)
and Energy Dispersive X-ray Spectroscopy (EDS).
The optical properties are investigated using UV-Vis
spectroscopy. The photocatalytic efficiency of pure and
MnOx-modified ZnO nanomaterials are assessed using
Reactive Black 5 (RBY) as a typical organic pollutant
in an aqueous solution under UV irradiation.

EXPERIMENTAL

Zinc acetate dehydrate (> 99.9 %) was obtained from
Sigma-Aldrich. Monoethanolamine and 2 methoxyethanol
(> 99.9 %) - from Fluka. Manganese (II) sulfate (> 99
%) and Potassium iodate (> 99.5 %) were from Sigma-
Aldrich. All chemicals were of analytical reagent grade
and without further purification. The glass substrates (ca.
76 mm x 26 mm, [ISO-LAB,) are used as substrates.
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Reactive Black 5 (C,;H, N.Na,O S, A =595nm,
dye content ca. 55 % from Sigma—Aldrich) was chosen
as a typical organic pollutant for the photocatalytic
experiments. The reason is his large-scale application
in practice - textile industries for cotton, viscose, wool,
and polyamide fabric dyeing. It is also used as a staining
dye in clinical laboratories for cell biology, hematology,
and history research. RB5 may cause allergies, asthma
symptoms, or breathing difficulties, as pointed out by the
supplier. Distilled water was used for the experiments to
prove the photocatalytic degradation of Reactive Black
5 in the presence of ZnO and ZnO/MnOx, photo-fixed
with UV light at different doses of irradiation.

In this study, pure and MnOx-modified ZnO films
were prepared using a sol-gel method. Briefly, to prepare
ZnO thin films, zinc acetate dehydrate was dissolved
in 2-methoxyethanol under constant stirring at room
temperature. After that, monoethanolamine was added
dropwise to the solution. The precursor sol was kept
under magnetic stirring for 1 h at 60°C to obtain a
homogenous and clear color. The solution was aged 24
h and then was used for depositing over glass substrates
by means of a dip-coating technique. After that, the
samples were dried at 100°C for 10 min to evaporate the
organic residual material. The pure sol-gel films had 5
coats. Finally, nanostructure samples were annealed at
500°C for 1 h in the oven.

MnOx solution was obtained as the aqueous solution
(5 mM precursor ion content) of Mn?* was added to an
equimolar electron scavenger (10,). ZnO/MnOx sol-
gel films were received by chemical photo-deposition
in three steps: (i) pure ZnO films were immersed in an
as-prepared MnOx solution with 10 M concentration,
(i1) photo-fixed with UV light at different doses of
illumination (2.5, 5 and 10 J cm™), (iii) after the photo-
fixation. The three types ZnO/MnOx samples were
washed with water and dried at 100 °C for 10 minutes.

AFM imaging was performed on the NanoScope V
system (Bruker Ltd, Germany) operating in tapping mode
in the air at room temperature. Silicon cantilevers (Tap
300AI1-G, Budget Sensors, Innovative Solutions Ltd,
Bulgaria) with 30 nm thick aluminum reflex coatings
were used. According to the producer’s datasheet, the
cantilever force constant and the resonance frequencies
are in the range of 40 N/m and 300 kHz, respectively. The
tip radius was less than 10 nm. The scan rate was set at
1 Hz and the images were captured in height mode with
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512 x 512 pixels in JEPG. Subsequently, all images were
flattened using NanoScope software. The same software
was also used for section and roughness analysis.

X-ray diffraction (XRD) was used to confirm the
purity and the crystalline of the as prepared films using
a Siemens D500 with CuKa radiation within 26 range
30 - 70° at a step of 0.05° 26 and counting time 2 s/step.

The optical properties were investigated using UV-
Vis spectroscopy by Evaluation 300 Thermo Scientific
spectrophotometer. The obtained absorption data were
converted to estimate the band gap energies (Eg) by
applying the Tauc’s formula (ahv)" = A(hv-Eg) [23],
where A4 is a constant of proportionality, « is the linear
absorption constant, 4 is the Planck’s constant, and »
= 2, assuming an indirect band gap transition for ZnO
materials [23].

The photocatalytic tests were conducted in glass
reactor, equipped with magnetic stirrer and UV lamp
(36 W). The assays were performed at room temperature
and at a constant stirring rate of 500 rpm.

The photocatalytic activity of ZnO and ZnO/MnOx
films was compared in the degradation of Reactive
Black 5. The volume of the pollutant solution was 150 ml
with an initial concentration of 5 mg/L. The degradation
process of the dye was measured by UV-Vis absorbance
spectroscopy (spectrophotometer Evolution 300 Thermo
Scientific, wavelength range from 400 to 800 nm) at
room temperature under UV illumination.

The degree (D (%)) of photocatalytic degradation
of Reactive Black 5 was calculated using the equation:

D%=(C-C)/C,.100 (1)

where C represents the initial concentration, C,

represents the drug concentration after ¢ min of
photocatalysis.

RESULTS AND DISCUSSION

The sectional analysis (scanned area 5 x 5 pm) of
the surface of the samples, as and ganglia-like structures
with height in the interval from 500 nm to 250 nm for
ZnO/MnOx sol-gel films, photo-fixed with ultraviolet
light at different UV doses 2.5 Jcm?, 5J cm2and 10J
cm? are shown in Fig. 1. The roughness values for the
ZnO/MnOX samples are close, but the roughness of
the modified films at UV dose 10 J cm™ is the lowest
(Rq = 243 nm, Ra = 191 nm). The largest roughness
is observed in the nanostructures that are irradiated
with the lowest dose of UV light (Rq = 280 nm, Ra
= 231 nm). Surface morphology has a key impact on
the degradation of organic pollutants found in polluted
waters. Therefore, the nanostructure samples that have
the most developed surface (roughness) are expected to
have the highest photocatalytic efficiency and to degrade
the dye most fast.

The elemental analysis is investigated using energy
dispersive spectroscopy (Fig. 2). The EDS analyses
indicate the presence of Zn, O, and Mn, confirming the
absence of external impurities in the prepared solid.
On the other hand, the elemental chemical composition
obtained in the ZnO/MnOx sample shows (60.07 wt. %
Zn, 39.21 wt. % O, and 0.72 wt. % Mn).

The X-ray pattern of ZnO/MnOx film is in
concordance with the characteristic peaks of zinc oxide
with a hexagonal wurtzite structure (Fig. 3). The peaks
are indexed with a JCPDS card (N0.96-230-0117), which
corresponded to the (100), (002), (101), (110) and (201)

Fig. 1. Three dimensional AFM of the surface of ZnO/MnOx, photo-fixed with UV light at different doses of illumination:

(a)2.5Jcm?, (b) 5J cm?, (¢) 10 J cm™.
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Fig. 3. XRD patterns of MnOx co-catalytic modified ZnO film.

planes. The diffraction peaks are sharp, indicating the
high crystallinity of the material produced. However,
when manganese is presented with a concentration of
10 M, additional peaks correspond to the planes (111,
200, 220, and 311) of the ionic form of Mn?*" (JCPDS
96-900-6670). The ionic radius of Mn** (0.80A) is larger
than that of Zn>* (0.74A), and no significant distortion
in the lattice structure is observed. No impurity phase
at tributes to manganese oxides could be detected,
indicating that Mn*" was completely modified onto the
ZnO crystal lattice.

The optical properties of pure and Mn co-catalytic
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modified ZnO samples are further analyzed using
UV-Vis spectroscopy (Fig. 4). Zinc oxide shows
maximum absorption at 361 nm due to its band gap
of 3.28 eV. After Mn?* modifying of ZnO samples, the
absorption increases (Fig. 4(a)). The band gap values
were determined from UV-Vis spectra by converting
the absorption to the Kubelka-Munk function and are
found to decrease from 3.28 for ZnO to 3.25 eV for
ZnO/MnoX, (Fig. 4(b)). Therefore, this indicates that
the e/h* recombination is completely inhibited through
the Mn?" co-catalytic modification and the presence of
a large number of carrier traps within the nanoparticles.
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Fig. 4. Absorption spectrum (a) and Band gap (b) energy of ZnO and ZnO/MnOx sol-gel films.

This is one of the reasons why modified sol-gel films
possess higher photocatalytic activity compared to pure
zinc oxide.

The photocatalytic performance of the prepared
nanostructure films is assessed under ultraviolet light
irradiation using Reactive Black 5 (RB5) as a model
dye. The obtained results are shown in Fig. 5. The rate
constants k are estimated from the slopes of the linear
plots of Ln(C/C) versus irradiation time (Fig. 5(a)). The
results indicate that the photocatalytic degradation of the
dye with the pure and ZnO/MnOx, photo-fixed at different
UV doses, are pseudo-first-order reactions in agreement

with a generally observed Langmuir—Hinshelwood
mechanism [24]. The experimental results show that the
rate constant for ZnO/MnOx (k = 0.4618 h!) is about
1.4 times higher than that of pure ZnO (k= 0.3283 h!).
On the other hand, Fig. 5(b) shows the RB5 removal
curves as a function of irradiation time under ultraviolet
illumination. The pure ZnO film exhibited the lowest
photocatalytic activity (D % = 69.79 %, calculated using
Eq. 1). This behavior is expected, as the optical results
showed that pure zinc oxide has a wider band gap (Eg
= 3.28 e¢V). The modification with Mn?*" improved the
photocatalytic performance of ZnO because decreasing
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Fig. 5. Photocatalytic degradation of Reactive Black 5, using nanostructure films - ZnO and ZnO/MnOx, photo-fixed with

UV illumination at different UV doses - 2.5, 5 and 10 J cm™.

in E, for the ZnO/MnOx photocatalysts. These results are
in agreement with the AFM results since they show that
they have the most developed surface. It should be noted
that the Mn co-catalytic modification of ZnO improved
the RB5 degradation, leading to an almost complete
elimination of the dye under UV irradiation (D
=83.42%at2.5Jem* D,

and D, - =83.42 % at 10 J cm?). Our results are
comparable to those reported by several authors [25, 26],
who reported that ZnO doped with manganese exhibited
a better photocatalytic performance compared to pure
zinc oxide. Therefore, ZnO nanostructures modified by
manganese nanostructures are promising and efficient

ZnO/MnOx

=78.70 % at 5 J cm™

catalysts for the decomposition of organic pollutants by
photocatalytic oxidation.

CONCLUSIONS

In this work, pure and modified ZnO nanostructures
are successfully synthesized using a sol-gel method
and dip-coating technique. The films modified with
manganese are carried out by photo-fixation with
ultraviolet light at different UV doses, for the first time.
The influence of the Mn*" and UV dose of the photo-
fixation on the structural, optical and photocatalytic
properties of ZnO:Mn samples are investigated. ZnO/
MnO_ (UV dose = 2.5 J cm?) exhibit the highest
photocatalytic efficiency for the degradation of
Reactive Black 5 under ultraviolet illumination. This
material also exhibits a higher developed surface
(roughness) and decreases in the E, than pure ZnO.
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The manganese acts as an electron trap and decreases
the photogenerated e/h" pair recombination resulting
in an increase of the hydroxyl radicals by the ZnO/
MnOx films and thus of its photocatalytic properties.
The technique developed gives easy and fast access
to Mn co-catalytic modified ZnO films (ZnO/MnOXx)
displaying high interest in environmental protection
from organic pollutants.
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