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ABSTRACT

Waste dyes are a major source of water pollution, which is a critical environmental issue. The purpose of this study is
to synthesize double-layer ZnO: Fe 5-20% thin films and investigate the degradation of rhodamine B in these films.
The creation of the ZnO phase with the wurtzite hexagonal structure may be seen in the thin film X-ray diffraction
pattern. Only marginally lessened energy bandgap (3.11-3.09 eV), optical transmission spectra, and lattice strain was
seen after Fe was added to ZnO thin films. With increasing Fe concentration, it was found that the hydrophilicity and
photocatalytic characteristics of ZnO thin films considerably decreased, as shown by the contact angle going from
51.4 to 70.71 and the decomposition efficiency going from 61.46% to 50.35%. The double-layer ZnO layer's optical
characteristics diminish as the Fe concentration rises.
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INTRODUCTION

Textile industry wastewater is a source of serious water pollution because non-biodegradable dyes contain
azo compounds and are carcinogenic. The dyes commonly used in the textile industry are Methylene Blue,
Rhodamine B, Methylene Orange, and Direct Red.! Azo compounds have the general structure
R—N=N—R', where R and R' are the same or different organic chains. Azo compounds can be aliphatic or
aromatic compounds that are stable and have fiery colors. Rhodamin B is carcinogenic and mutagenic, so
an effective alternative is needed to degrade this compound.? Methods such as ozonation,
electrocoagulation, membranes, and others require operational costs which are quite expensive, making
them less effective in dealing with liquid pollutants. Semiconductor-based photocatalyst methods such as
TiO», ZnO, CdS, WOs, and others,? are the most effective ways to treat liquid pollutants because they are
cost-effective and environmentally friendly, as well as stable. ZnO is an effective and popular n-type
semiconductor because it has a higher electron mobility of about 60 MeV at room temperature and a band
gap of 3.37 eV."* The challenge of developing ZnO as a photocatalyst material is related to the wide band
gap energy and limited light absorption. The way to reduce the band gap energy is to add doping to improve
the optical properties and crystal structure. It is believed that doping using transition metals can reduce the
ZnO energy gap and increase the trapping state, such as Cu?*, Co?*, and Fe*".® In this study, Fe was chosen
for doping because its ionic radius is not much different from that of Zn in ZnO to facilitate the synthesis
process.®

Previous research by Sutanto ef al. reported that single-layer ZnO: Fe thin films had been successfully
synthesized and were effective for dye degradation.” This study aims to deposit double-layer ZnO: Fe thin
films using the sol-gel spray coating method and analyze their photocatalytic ability for dye degradation.
The deposited thin layer was characterized using a contact angle meter, X-Ray Diffractometer, and a UV-
Vis Spectrophotometer.
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EXPERIMENTAL

Instruments and Materials

The materials used include Zinc nitrate dehydrate (Zn(NO3),.4H,0) 0.1 M (Sigma Aldrich, 97%), Iron (I1I)
Nitrate (Fe(NO3);.9H>0), Methanol (CH3OH) (Merck, 99,9%), Acetone (Merck, 99.5%), Aquades,
Rhodamin B and glass preparations. The tools used in this research are Compressor (Krisbow, AS 186),
VMC digital balance (VB 304), UV-C lamp (20 W), Hotplate Stirrer (Yellow MAG HS 7), UV-Vis
Spectrophotometer (Shimadzu UV-Vis 1240 SA), sprayer (Krisbow HS, 1200333), Contact Anglemeter,
and X-Ray Diffraction.

Synthesis of ZnO: Fe

The preparation of double-layer ZnO: Fe thin films was carried out by dissolving 0.1 M zinc nitrate
dehydrate (Zn(NO3),.4H,0) in 13 ml of distilled water and stirring with a magnetic stirrer at 60 °C for 60
minutes until the solution is homogeneous. Preparation of ZnO: Fe solution by adding ZnO solution mixed
with Fe doping material sourced from ferrite nitrate (Fe(NO3)3.9H,0O) with various concentrations of 5, 10,
15, and 20% for 60 minutes at 60 °C. The deposition process was carried out at 450 °C with a solution of
ZnO as the first layer to be deposited, followed by a solution of ZnO: Fe.

Degradation and Characterization

The degradation test was carried out by making a solution of 10 ppm Rhodamine B dye by dissolving 10
mg of Rhodamine B powder into 1 litter of distilled water. The degradation process was carried out for 180
minutes, where every 30 minutes, the dye solution was taken. The degraded dye solution was then
characterized using a UV-Vis spectrophotometer with photometric mode to determine its optical properties.
The contact angle measurement using a contact angle meter aims to determine the hydrophilicity of the
double-layer ZnO: Fe thin film and the XRD test to determine the phase of the constituent material.

RESULTS AND DISCUSSION

Crystal Structure of ZnO: Fe Thin Film

The characterization of the crystal structure of the deposited thin film is shown in Fig.-1. The analysis
results at a range of 20 between 10° to 90° show that the diffraction pattern formed in the double-layer ZnO:
Fe 5, 10, 15, and 20% thin films corresponded to the ZnO peaks with the hexagonal wurtzite phase (JCPDS
No. 36-1451).% All of the diffraction peaks that appear show agreement with the diffraction peaks of ZnO.
It proves that the thin film deposited does not contain another phase (single phase). The crystal structure of
the thin layer of deposition formed is a ZnO polycrystal. The addition of Fe doping causes the peak at an
angle of 26 to change. In general, the peak shift of ZnO has the same pattern, which is shifted to the left (a
decrease in angle of 20) compared to pure ZnO in the reference. More details can be seen in Fig.-1b. The
shift occurs because the addition of the Fe doping concentration causes dislocations in the ZnO crystal so
that the atoms are not in their proper position. At the miller index (100) peak widening occurs along with
the addition of Fe doping. The widening occurs because the ZnO lattice is deformed by Fe doping.’ The
difference in Fe doping affects the number of diffraction patterns that appear. At the miller index (102)
some samples with a specific doping concentration were not observed diffraction peaks but reappeared at
the miller index (110). The peak with the Miller index (102) shows that the target atoms are not deposited
evenly or homogeneously so the intensity of the diffraction pattern decreases or even disappears (Fig.-1c¢).
This phenomenon causes crystals not to form on the surface, which causes diffraction peaks not to appear.
The peak intensity corresponding to the (002) plane was found to decrease with increasing film thickness.
This implies that the crystallinity of the ZnO film depends on the purity and grain growth of the material.'°
The effect of Fe doping in the double-layer ZnO: Fe thin film was also analyzed based on the lattice
parameters. Table-1 displays the structure parameter data. The lattice parameters a and ¢ change with
increasing doping. The lattice parameter a has values from 3.2528-3.2627, and the lattice parameter ¢ has
values from 5.2069-5.2090. The lattice parameters a and c are slightly larger than the reference ZnO lattice
parameters (JCPDS 36-1451). This difference causes the unit cell volume to increase as well. This lattice
shift indicates that Fe doping causes the interstitial or insertion of the ZnO parent compound in the Znl-
xFexO compound composition.”!® In addition, changes in lattice parameters affect the volume of the
material's unit cell. The volume of the unit cell of the material increases as the lattice parameter increases.
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Table-2 also shows the c/a ratio of the double-layer ZnO: Fe thin film of 1.60. The c/a ratio of all doping

variations showed conformity with the standard value for pure ZnO with hexagonal wurtzite phase, namely
1.60.'"-12
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Fig.-1: (a) XRD Test Results (b) 26 Angle Magnification 31-37°
(c) 26 Angle Magnification 56-58°

Table-1: Lattice Parameters from JCPDS Data (36-1451) and Double-Layer ZnO: Fe Thin Films

700 Fe al A) e A) /a The Volume(oAf) the unit cell
5% 3.2600 5.2090 1.60 47.94224
10% 3.2627 5.2090 1.60 48.02234
15% 3.2581 5.2069 1.60 47.86487
20% 3.2528 5.2081 1.60 47.71985
JCPDS 36-1451 3.2490 5.2060 1.60 47.59063

The formation of a double-layer ZnO: Fe thin film with variations in Fe doping was analyzed based on
lattice strain. Table-2 shows the lattice strain values using the size strain plot method. The increase in Fe
doping reduces the lattice strain value from 8.1569 x 10~ to 4.2621 x 1073, This phenomenon indicates that
Fe is well-doped into ZnO by substitution. However, with the addition of 15% doping concentration in the
double-layer ZnO: Fe thin film, there was a very significant increase in the strain value compared to the
other thin layers. It indicates that apart from substitution, atomic interstitials also occur due to Fe** doping.
The calculated lattice strain value decreased with increasing Fe concentration, which indicated that a higher
concentration of ZnO: Fe film released strain energy by forming larger grains. The value of the film lattice
stress has also been found to decrease with increasing Fe concentration, indicating a relaxation of the

stresses between the grains and reducing the difference in the coefficient of thermal expansion between the
film and the substrate.

142
PHOTOCATALYTIC DEGRADATION OF RHODAMINE B Heri Sutanto et al.



RASAYAN J. Chem.
Vol. 16 | No. 1 |140-146] January - March | 2023

Table-2: Strains of Double-Layer ZnO: Fe Based on Size Strain Plot Method

ZnO: Fe (%) Strain
5 8.1569 x 1073
10 8.0507 x 1073
15 1.2139x 102
20 4.2621 x 103

Optical Properties

Optical properties of the double-layer ZnO: Fe thin film analyzed using a UV-Vis spectrophotometer
obtained data in an absorbance spectrum. Figure-2 shows that the absorbance of the double-layer ZnO: Fe
thin film produces high absorption at a wavelength of 350-375 nm. The maximum absorbance occurs at a
wavelength of 358 nm, which is the absorbance of a double-layer thin film with a 5% Fe doping
concentration. Based on the absorbance results, it can be seen that the addition of Fe doping in the thin film
can shift the absorption wavelength of ZnO so that the absorption area of the material widens and can
increase the absorption of the thin layer. The thickness of the double layer also affects absorbance. The
thicker the layer (not transparent) formed, the greater the absorbance value.'> The UV-Vis test results
showed that the transparency of the ZnO film decreased with increasing Fe concentration. These results
quite support that more photons are absorbed in the ZnO thin film with increasing Fe concentration. Based
on Fig.-2, it can be seen that the bandgap energy value decreased along with the addition of Fe doping
concentration.
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Fig.-2: Absorbance Spectra and Energy Value of the Gap in the Double-Layer ZnO: Fe Thin Film

The smallest band gap energy value is found in a thin layer with a 20% Fe doping concentration of 3.09
eV. The addition of Fe doping on the ZnO thin layer affects a more extended wavelength shift (redshift
event). The shift that occurs, namely the redshift, is indicated by a decrease in the bandgap energy as the
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concentration of Fe doping increases. This phenomenon occurs because of the excess of electrons,
indicating that the Fe into Zn doping process results in a narrowing of the bandgap energy.'' Bandgap
energy decreased slightly (from 3.11 to 3.09 eV) with increasing Fe concentration. The decrease in Eg
based on the increase in Fe concentration is consistent with the observed trend in the strain values. The
strain value decreases with increasing Fe concentration, which indicates that the strain releases the film at
a higher thickness. It was reported that the strain energy changes the distance between the atoms of the
semiconductor material and directly affects the energy band gap of the material.'* The change in the band
gap energy of the ZnO thin films may also be related to variations in the mean crystal size of the films.'>!617

Hydrophilicity Analysis

The hydrophilicity of the double-layer ZnO: Fe thin film is said to be hydrophilic (tends to like water) if
the angle formed is less than 90°, while it is said to be hydrophobic (does not like water) if the angle formed
is more significant than 90°. The test drop solution used was the Rhodamine B solution. Figure-3 is the
result of measuring the contact angle of the Rhodamine solution with a double-layer ZnO: Fe thin film.
From the data, it can be seen that the value of the contact angle formed increases with the increase in the
Fe doping concentration. The slightest contact angle value is formed by a double-layer ZnO: Fe 5% thin
film of 51.434°. It is due to the adhesive force that causes the liquid droplets to spread. This adhesive force
causes the attractive force between the layer and the solution to get bigger so that the surface angle gets
smaller.'® The contact angle with a small Fe doping concentration indicates that the bonded hydroxyl group
is stable to form a hydroxyl multilayer, resulting in a more hydrophilic surface.!” The hydrophilicity
properties increase in proportion to the decrease in the Fe doping concentration caused by the increase in
surface energy, thereby increasing the absorption of water molecules on the surface layer. The rate of
droplet dispersion between the solution and the layer surface decreases with increasing Fe doping
concentration, resulting in agglomeration (buildup), which reduces the hydrophilicity.?’ So the smaller the
Fe doping, the higher the hydrophilicity level.?!

(a) (b) (©) (d)
Fig.-3: Contact Angle of Rhodamine B Solution with ZnO: Fe Thin Film (a) 5%, (b) 10%, (c) 15%, (d) 20%

Photocatalyst Activity

The results are shown in Fig.-5(a) show that the double-layer ZnO: Fe thin film is a photocatalyst material
that can reduce organic pollutants. The physical changes in the dye water sample became more apparent,
although not too significant, and indicated the success of the photocatalyst process.?>?* The percentage
degradation of the double-layer ZnO: Fe thin film can be observed in Fig.-4(b). Photocatalyst efficiency
increases consistently over time. The Rhodamine B degradation graph shows that the 5% Fe doping
concentration has the highest degradation rate of 61.45%. The concentration of Fe doping affects the
efficiency of the photocatalyst. Double-layer thin films have different transparencies. A double-layer ZnO:
Fe 5% thin film had the lowest transparency when viewed based on the absorbance spectrum. The
increasingly non-transparent layer causes the thin layer to have a high absorption or absorbance value.'>*
The degradation results of Rhodamine B with double-layer ZnO: Fe thin film showed a lower degradation
ability than our previous study using a ZnO: Fe single layer.” This study proves that the thickness of the
layer has a significant effect on the degradation process of Rhodamine B. A double layer affects the surface
state and the mobility of the surface atoms, thus affecting the efficiency of degradation.!** This result is a
very interesting finding because the ZnO: Fe layer with a higher thickness actually results in lower pollutant
degradation efficiency. A number of synthesis factors have been regulated the same as in previous studies,
including raw material, coating technique, preparation method, substrate area, annealing temperature, and
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type of pollutant. ZnO: Fe coating on a substrate that is too thick will inhibit superoxide production and
accelerate recombination. On the other hand, in a very thin layer of ZnO: Fe, the production of superoxide
is thought to be easier so it interacts more with pollutants. Therefore, the authors recommend developing a
method that can grow ZnO: Fe on a substrate with the lowest possible thickness.

(b)

Degradation Efficiency (%)

0 30 60 90 120 150 180
Exposure Time (menit)

Fig.-5: (a) Change in the Colour of Rhodamine B Degradation Products (b) Rhodamine B degradation Efficiency

CONCLUSION

A double-layer ZnO: Fe thin films were successfully synthesized using the sol-gel spray coating method.
The crystal structure formed is hexagonal wurtzite. The variation of Fe doping causes a more minor 20
angle shift to the left and a larger lattice parameter which indicates that the Fe doping has been successfully
inserted into the ZnO parent compound. The addition of Fe doping concentration causes a decrease in
bandgap energy, affecting photocatalyst activity. The double-layer ZnO: Fe 5% thin film showed the best
hydrophilicity properties. Good hydrophilicity causes high photocatalyst activity in degrading Rhodamine
B with a photocatalyst efficiency of 61.46%.
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