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ABSTRACT

This paper evaluated the photocatalytic activity and reuse potential of ZnO films obtained by
combining two chemical methods, polymeric precursor (PP) synthesis and microwave-assisted
hydrothermal (HMW) synthesis, to remove Rhodamine B dye. This strategy is a promising route
to photocatalyst synthesis, allowing easy control of deposition parameters and fast reactions.
ZnO films had a hexagonal wurtzite structure and a typical bandgap of 3.3 eV, lower than that
of the PP layer (3.9 eV). Films obtained by the PP method showed homogeneous structure and
nanometric grain size (32 nm). The use of PP films as a seed layer for particle deposition by the
HMW method resulted in films composed of spherical particles (25-137 nm) with an irregular
surface. Films obtained after 10 min of PP-HMW reaction showed a less filled surface than those
obtained after 30 min of reaction. The kinetic constant increased from 7 x 10 min™ by the PP
method to 9 x 107 min™ by the HMW method. ZnO films obtained by the PP-HMW route had
the best photocatalytic performance, achieving 67% dye degradation after 120 min of reaction.
This result can be attributed to the presence of an interface between PP and HMW layers, which
increases surface irregularity, consequently increasing contact between dye and semiconductor
particles. The photocatalyst showed good reusability, achieving 56% dye degradation after five
reuse cycles. These findings demonstrate the potential of combining PP and HMW methods
to improve the photocatalytic activity of ZnO thin films.
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1. Introduction most important functional oxides with electronic and

Nanomaterials are an important tool for environ-
mental remediation of pollutants [1,2]. ZnO is one of the
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eco-friendly properties. ZnO materials have been studied
for application as sensors [3], varistors [4], antimicrobi-
als [5], fertilizers [6], and catalysts [7]. Given its chemical
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and physical stability in aqueous systems, this oxide has
also been investigated as a photocatalyst for water decon-
tamination [8,9]. A particularly interesting case is the pho-
tochemical oxidative process, whereby the surface of a
semiconductor is activated by UV radiation to generate
free radicals for oxidation of organic compounds [9,10].

There is a continuous search for strategies to improve
the photocatalytic activity of semiconductors and obtain
these materials in immobilized form. Powder photocata-
lysts, although commonly used and advantageous in terms
of surface area, are notoriously difficult to remove from the
medium [11]. Furthermore, suspended particles tend to
aggregate, which decreases their efficiency in new cycles,
especially in reactions where the concentration of suspended
particles is high. Suspensions cannot be reliably applied in
continuous flow systems, as the photocatalyst is often lost
[12,13]. In such a scenario, immobilization arises as a valu-
able technique that facilitates the use and reuse of semi-
conductor materials [14-17]. There are some reports of the
synthesis of ZnO in immobilized form, with specific focus
on thin films [18,19]. Jongnavakit et al. [18] obtained ZnO
films immobilized on glass substrates by a sol-gel dip-coat-
ing technique. Lower withdrawal speeds resulted in ZnO
films with a denser surface because of a decrease in parti-
cle size. This effect, in turn, reduced the distance between
the solids under a water droplet, increasing the strength of
pinning effects and the water contact angle. The improve-
ment of crystallinity and surface roughness of ZnO thin
films promoted by an increase in calcination temperature
enhanced the photocatalytic activity of methylene blue
degradation. Wanotayan et al. [19] synthesized nanostruc-
tured ZnO thin films by electrodeposition and subsequent
heat treatment. Using annealing temperatures ranging from
300°C to 600°C, the authors developed films with varied
microstructures and distinct properties. The photocatalytic
activities of ZnO films were then studied in the photodeg-
radation of methylene blue dye under UV light. The ZnO
film fabricated at 500°C exhibited relatively high surface
area, had the strongest photocatalytic activity, and showed
good stability after successive reaction cycles.

ZnO films can be prepared by different techniques,
which offers the possibility of selecting the most appropri-
ate synthetic route according to the desired morphological
characteristics [20]. Of note, the photocatalytic efficiency of
semiconductor films is greatly dependent on factors such as
crystal growth and orientation [15]. Compared with powder
catalysts, film materials have easy separation and recovery
[13]. Pal and Sharon [21] synthesized porous ZnO thin films
by the sol-gel method using zinc acetate and found that
the films had good catalytic efficiency in the decomposi-
tion of phenol, chlorophenol, naphthalene, and anthracene
to CO,. Kumar et al. [22] used ZnO thin films produced by
co-sputtering to degrade 2-chlorophenol. Reusability assays
showed that, after four cycles, ZnO thin films were still
effective in catalyzing organic matter degradation, with no
significant changes in photocatalytic efficiency. Sacco et al.
[23] prepared a ZnO photocatalyst immobilized on commer-
cial zeolite pellets (ZEO) by the wet impregnation method.
ZnO/ZEO was applied for caffeine removal from aque-
ous solutions. The catalyst retained its oxidation efficiency
after several reuse cycles.

Although the literature [24-26] on ZnO thin films is exten-
sive, further research on deposition methods can contribute
to improving their intrinsic properties. Additionally, it can
help elucidate the relationship of structure and morphology
with photocatalytic activity. Yang et al. [27] prepared ZnO
thin films via the chemical bath deposition method without
using any catalysts or templates. The effects of solvents (such
as water, ethanol, and n-propanol) on structure and morphol-
ogy of ZnO thin films were investigated. Thin films prepared
in different solvents had different sizes and morphologies
and different growth behaviors. ZnO thin films prepared
in water showed superior photocatalytic activity in the deg-
radation of Rhodamine B compared with other specimens.
Mao et al. [28] obtained ZnO micro/nanostructures with dif-
ferent morphologies through a solvothermal process in the
presence of surfactants. The morphology of as-synthesized
ZnO samples included nanospheres, hexagonal disks, hex-
agonal bilayer disk-like structures, and 3D flower-like
hierarchitectures depending on surfactant conditions.

The aim was to synthesize ZnO thin films by combining
two chemical methods, polymeric precursor (PP) synthesis
and microwave-assisted hydrothermal (HMW) synthesis.
The advantages of the PP method include reasonable stoi-
chiometric control and fine deposition of oxides [29]. HMW
can achieve higher reaction rates in shorter times [30] and
at lower temperatures than conventional heat-based meth-
ods. The central idea consists in harnessing the advantages
of both methods to obtain ZnO thin films composed of two
layers. This strategy is expected to produce ZnO thin films
with excellent substrate adhesion properties, a greater num-
ber of active sites, improved photocatalytic activity, and
enhanced stability in reuse cycles, representing a promis-
ing alternative to remove contaminants and reduce envi-
ronmental pollution.

2. Materials and methods
2.1. Synthesis of ZnO thin films
2.1.1. PP method

ZnO was deposited on glass substrates by the PP method
[31]. The reactants used were zinc acetate (Zn(CH,COO),
Synth), citric acid (C,H,O,, Synth), ethanol (CH,CH,OH,
Synth), and ethylene glycol (HOCH,CH,OH, Synth). First,
zinc acetate (10.0 g) was mixed with citric acid (26.0 g).
The mixture was then added to 400 mL of ethanol under
constant stirring at about 70°C. Nitric acid was added at
this stage to promote the dissolution of precursors. At last,
16 mL of ethylene glycol was added for citrate polymeriza-
tion. For synthesis by the PP method, the viscosity of the
polymeric solution was adjusted to 12 mPa by modifying
the water content. Viscosity analyses were performed on a
Brookfield viscometer (ADV). Next, films were deposited
onto glass substrates (1 cm x 1 cm) by the spin coating tech-
nique. A few drops of the polymeric solution were placed
onto the substrate, which was then spun in a spin coater
(1-EC101DT-R790, Headway Research, Inc.) at 6,000 rpm
for 30 s. After each layer was deposited, the substrate was
dried on a hot plate (~50°C) for a few seconds. A two-stage
heat treatment was used. In the first stage, films were heated
to 300°C at a heating rate of 1°C/min for 2 h to promote the
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pyrolysis of organic material. In the second stage, films were
heated to 450°C at 1°C/min, then cooled down at the same rate.
Heat treatments were performed in an EDG-3000 furnace.

2.1.2. HMW method

The films obtained by the PP method as described in
(Section 2.1.1 — PP method) were subjected to a subsequent
deposition step by the HMW method, affording PP-HMW
ZnO thin films. That is, PP films were used as a seed layer
for HMW deposition. HMW synthesis of ZnO films was
performed according to the procedures described by
Wojnarowicz et al. [32]. Briefly, 1.66 g of zinc acetate, 25.00 mL
of ethylene glycol, and 0.150 mL of deionized water were
added to a beaker and maintained under magnetic stirring
at 100 rpm and 70°C for 20 min. After this period, the solu-
tion was transferred to an Erlenmeyer flask containing ZnO
films obtained by the PP method. The flask was sealed with a
rubber stopper and treated in a microwave digestion system
(MARS™ 6, CEM) at 600 W with a heating ramp of 5 min to
180°C. The plateau time varied from 10 min (PP-HMW-10)
to 30 min (PP-HMW-30). Upon completion of the reac-
tion, samples were subjected to heat treatment at 600°C for
2 h at a heating rate of 1°C/min.

2.2. Characterization

X-ray diffractometry (XRD) was used to examine film
structural properties. Analyses were performed using a
Bruker D8 Advance ECO X-ray diffractometer in the 20
range of 20°-90° at a scanning rate of 4.5°/min. Film mor-
phology was determined by field-emission scanning electron
microscopy (FE-SEM), performed on a FEI Magellan 400 L
apparatus. Bandgap values were determined by diffuse
reflectance spectra (DRS) in the ultraviolet/visible/near-infra-
red (UV-Vis-NIR) region (200-1,200 nm) using a Shimadzu
UV-Vis (Tokyo, Japan) equipment in the diffuse reflectance
mode at room temperature. Bandgap energies were esti-
mated by applying the Kubelka-Munk function [33,34] and
constructing Tauc plots.

2.3. Photocatalytic assays

The photocatalytic activity of films was tested in the
oxidation of Rhodamine B (RhB) under UV-C illumination.
Films were repeatedly subjected to the same conditions to
evaluate their potential for reuse over five photocatalytic
cycles. First, photocatalysts were submerged in a 15 mL
beaker containing RhB solution (5 mg/L) during 120 min.
Assays were performed in a batch reactor equipped with
four 15 W Philips mercury lamps (UV-C, A = 254 nm).
The reduction in dye concentration was estimated based
on color removal percentage (%), which was deter-
mined by spectrophotometry (Cary 60 UV-Vis, Agilent
Spectrophotometer, Santa Clara, CA, EUA, A = 554 nm).

3. Results and discussion

3.1. Characterization

XRD was used to characterize ZnO films obtained by
HMW treatment. As seen in the diffractogram of Fig. 1, HMW

treatment promoted the formation of the typical wurtzite
ZnO phase from the crystal plane in both PP-HMW-10 and
PP-HMW-30, according to JCPDS file number 361451 [35].
Additionally, there was a decrease in the amorphous halo
compared with the PP film. Heat-treated samples showed
an increase in the intensity of crystal planes after expo-
sure to microwave radiation for 10 or 30 min. This finding
can be attributed to an increase in crystallinity and for-
mation of the ZnO phase promoted by exposure to micro-
wave energy, which enhanced network order.

Film crystallization quality was influenced by synthesis
time in samples subjected to HMW treatment (Fig. 1). The
diffractogram of films treated for the longest time (30 min)
exhibits more well-defined peaks with higher intensity.
Both PP-HMW films showed preferential orientation in the
(002) plane. Amrani and Hamzaoui [36] obtained ZnO thin
films deposited by sputtering and observed a preferential
orientation in the (002) plane. The authors attributed these
results to the reduced energy loss of atoms, which influences
the growing film. Consequently, the collision frequency of
atoms with plasma neutrals at low pressures is lower than
at higher ones. Therefore, particles have more energy to
rearrange themselves according to the hexagonal wurtz-
ite crystal structure at the substrate surface. An important
factor determining the preferred orientation of thin films
is the relationship between minimum surface free energy
and volume energy. The surface-to-volume ratio is high at
a lower thickness, and more densely packed planes have
lower surface free energy. For example, in ZnO films, the
(002) plane has the most inferior surface free energy [37].
These mechanisms are governed by physical processes of
deposition.

In chemical processes, the oriented growth of films can
be related to the nature of the solvent and the ability to com-
plex Zn(II). For example, Znaidi et al. [38] obtained ZnO thin
films by the sol-gel method using two solvents, ethanol and
2-methoxy ethanol. Use of 2-methoxy ethanol promoted a
well-defined orientation of the (002) plane. This preferential
alignment was attributed to the boiling point and ability to
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Fig. 1. X-ray diffractograms of ZnO films.
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complex Zn(II). On the other hand, the initial Zn-oxo acetate
gel can rearrange more completely in 2-methoxy ethanol. The
solvent is more stable at relatively high temperatures during
deposition—thermal treatment cycles (2-methoxy ethanol
boiling point = 125°C) than ethanol (boiling point = 78°C).
ZnO seeds exhibited agglomerated particles, which can
contribute to defining orientation, as random nucleation
is more probable in smaller-sized samples. In the present
study, ZnO films were synthesized by HMW treatment using
ethylene glycol as solvent. It is believed that the preferred
orientation observed in the (002) plane was promoted by
the high boiling point of ethylene glycol (197°C) and the
solvent’s ability to complex Zn(II), as previously discussed.

Fig. 2 shows the scanning electron microscopy (SEM)
images of PP, PP-HMW-10, and PP-HMW-30 ZnO thin films.
All samples displayed smooth, crack-free surfaces, indicat-
ing oxide phase formation, such as organics, and elimination
of intermediates during heat treatment. The homogeneity of
the film—substrate interface observed in all samples suggests
good film adhesion. Such good adhesion is due to the ZnO
seed layer (Fig. 2a), as confirmed by SEM with energy-dis-
persive X-ray spectroscopy (EDX) (Fig. 3). SEM-EDX analysis
of the ZnO film obtained by PP deposition showed a homo-
geneous surface, suitable as a base layer for future process-
ing steps. The presence of Zn and O elements was observed
along the entire surface of the film, indicating material
homogeneity.

Elemental composition analysis revealed the presence
of Zn and O in greater intensity, corroborating ZnO detec-
tion. Si, Al, and Mg, which compose the support glass,
were detected at lower concentrations. C is attributed to
the carbon tape that supports the film, as depicted in SEM
images. The findings show that the precursor film exhibited
homogeneity and elemental purity before microwave pro-
cessing and heat treatment.

Fig. 2b shows the SEM images of PP-HMW-10. A firstlayer
with a stable surface and nanometric dimensions (32 nm) was
identified. The surface of this layer contained agglomerates
ranging from 330 nm to 1.213 um in diameter. Agglomerates
were composed of particles measuring 30-117 nm in diam-
eter. Thus, it appears that HMW treatment leads to the for-
mation of a homogeneous layer with complete saturation
until the following layer is formed. PP-HMW-30 exhibited a
surface filled with superimposed agglomerates ranging from
252 nm to 1.164 pm in diameter, composed of 25-137 nm
particles (Fig. 2c). Thus, the addition of the HMW stage,

conducted in an aqueous medium under high pressure and
temperature conditions, allows for simultaneous occurrence
of dissolution and precipitation. Consequently, the process is
favorable to particle changes, as verified by the decrease in
particle size of thin films treated for 30 min (PP-HMW-30).
UV-Vis spectroscopy was used to assess the optical prop-
erties of ZnO films. Fig. 4 shows the Tauc plots [39] used to
determine the direct optical gap (n = 1/2) from the intercept
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Fig. 3. Energy-dispersive X-ray spectra of PP film.
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Fig. 2. Scanning electron microscopy-field emission gun micrographs of ZnO films. (a) PP, (b) PP-HMW-10 min and

(c) PP-HMW-30 min.
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of (ahv)2 vs. hv. For all PP-HMW samples, the direct gap
energy value was about 3.3 eV. The values found here for
bandgap energy are consistent with those reported in the
literature for ZnO [40,41]. However, the PP thin film had a
greater bandgap energy (3.9 eV) than PP-HMW films. This
result can be explained by the fact that the PP film has a more
homogeneous surface and lower ZnO typical structural
phase (Fig. 1). As a result, it undergoes less deformation
than PP-HMW films and, consequently, has higher bandgap
values [42].

3.2. Photocatalytic assays

Dye degradation assays were carried out to assess the
oxidative potential of samples. Synthesized films were used
to oxidize an RhB solution under UV irradiation. Fig. 5
shows the color removal profiles of RhB in the presence of
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Fig. 5. Kinetic study for photocatalytic degradation of
Rhodamine B dye: (a) color remotion according to the time
of process and (b) first-order kinetics of degradation by
employing the ZnO films.

ZnO films under UV irradiation. A similar experiment was
performed in the dark to assess RhB adsorption, and no
color removal was observed after 120 min, indicating that
adsorption does not occur under these conditions.

Fig. 6 shows a cross-sectional view of the PP-HMW-10
film. The difference between the seed layer and agglomer-
ates from HMW deposition is clear. ZnO films obtained
using PP-HMW exhibited the same photocatalytic activity,
promoting 67% RhB degradation in 120 min. This result indi-
cates that HMW synthesis time did not influence the pho-
tocatalytic properties of materials. Furthermore, PP-HMW
films had better photocatalytic activity than the PP film,
which reached 58% degradation. These results show that
combining synthetic methods improved the photocatalytic
activity of ZnO thin films. Photoactivity gain is attributed
to the interface formation, which generates a rough film,
enhancing contact between RhB dye and the semiconductor.
Photocatalysis occurs at the interface between the catalyst
and organic pollutants [43]. It is well known that photo-
catalytic activity is closely related to catalyst surface area,
in that large surface areas imply more active sites [44—47].
Therefore, rough structures may effectively improve the
photocatalytic activity of semiconductor materials.

Dye decolorization was monitored over time, allowing
the reaction rate constant to be calculated. Eq. (1) relates
the degradation time to RhB concentration:

—ln( RhB J = —ln[gJ =k't 1)
RhB, C

0

where k' = k [AS], k is the reaction rate constant (min™), [AS]
is the concentration of active sites on the photocatalyst sur-
face, t (min) is the irradiation time, and C is the RhB con-
centration (mg/L) [48].

The formation of radicals responsible for dye degra-
dation is correlated to high-rate constants (k). However,

Fig. 6. Cross-section of the PP-HMW-10 film.
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Table 1
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Fig. 7. Rhodamine B photocatalytic degradation cycles of
ZnO films.

for k' to be high, the concentration of available active sites
must also be increased. Therefore, the number of active
sites will strongly influence degradation kinetics, given
that these parameters are directly proportional, as depicted
in Eq. (1). According to Eq. (1), -In(C/C)) vs. t represents a
curve with an angular coefficient equal to k’. Fig. 4b depicts
the graph of -In(C/C) vs. t. All reactions were found to
follow first-order kinetics, indicating that all degradation
reactions have the same mechanism.

Eq. (2) was used to estimate the time required to
reduce the concentration of organic compounds by half:

In2
t,,= 2
= @
where t,, (min) is the half-life.

Table 1 lists the kK’ values obtained from Fig. 4b and the
respective half-life values, calculated from Egs. (1) and (2),
respectively.

These results are associated with the surface charac-
teristics of materials. For example, PP films have a homo-
geneous layer free of pores. In addition, HMW treatment,
which resulted in heterogeneous agglomerates and reduced
particle size, promoted an increase in the diffusional
exchange of molecules from the aqueous medium to the film
surface, increasing efficiency.

Film reusability is an essential parameter for practi-
cal application. The reusability of samples was analyzed
for up to five cycles. After each cycle, thin films were sub-
jected to heat treatment at 300°C to remove RhB residues.

As shown in Fig. 7, PP-HMW films exhibited the highest
reuse capacity (67.5% in the first cycle and 56.3% in the last
cycle) compared with the PP film (58.3% in the first cycle
and 47.4% in the last cycle). These results corroborate that
PP-HMW films have superior performance to PP films.
Photocatalytic activity was not influenced by synthesis
time. After the second cycle, there was a slight decrease in
photocatalytic activity in all films. Nevertheless, all samples
showed good photocatalytic activity and a high potential
for reuse. The findings revealed that ZnO thin films are
stable and retain their photocatalytic activity in aqueous
media during subsequent reuse cycles.

4. Conclusion

This paper reported the successful preparation of ZnO
films through a combination of chemical methods, namely
PP synthesis and HMW treatment. A second layer of ZnO
(PP-HMW) was deposited on the seed layer (PP method),
promoting modification of structural and morphological
properties of thin films. All ZnO thin films exhibited a pure
wurtzite phase. However, PP-HMW films showed a prefer-
ential orientation in the (002) plane. PP-HMW films exhib-
ited a minor bandgap energy of 3.3 eV rather than 3.9 eV
(PP film). PP-HMW film surface contained large particle
agglomerates, resulting in an uneven, rough texture. As a
result, the efficiency of PP-HMW films was higher than that
of the PP film. PP-HMW films obtained in 10 and 30 min of
synthesis showed similar photocatalytic efficiencies (67%)
in RhB degradation. Thus, synthesis time did not influence
the photocatalytic properties of films. Such results can be
attributed to the interface between PP and HMW layers,
which increased surface irregularity and enhanced contact
between pollutant and semiconductor. Photocatalysts main-
tained integrity after five use cycles (56% dye removal). The
combination of PP and HMW treatment led to improvements
in the photocatalytic properties of ZnO thin films, indi-
cating potential for environmental remediation.
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