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a-Fe,0;/graphene oxide powder
and thin film nanocomposites

as peculiar photocatalysts for dye
removal from wastewater
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Abdelbaki Benamor®, Wei Lun Ang®* & Ebrahim Mahmoudi®***

In this study, hematite graphene oxide (aFe,0;-GO) powder nanocomposites and thin-film hematite
graphene oxide (aFe,0;-GO) were synthesized for application in the removal of Rhodamine B (RhB)
from textile wastewater. aFe,0;-GO nanomaterials were placed onto the FTO substrate to form a thin
layer of nanocomposites. Different analysis including XRD, FTIR, Raman spectra, XPS, and FESEM
were done to analyze the morphology, structure, and properties of the synthesized composites as well
as the chemical interactions of aFe,0; with GO. The photocatalytic performance of two synthesized
composites was compared with different concentrations of aFe,0;-GO. The results showed that
powder nanocomposites are more effective than thin-film composites for the removal of RhB dye.
oFe,05-GO-5% powder nanocomposites removed over 64% of dye while thin-film nanocomposites
had less removal efficiencies with just under 47% removal rate. The reusability test was done for both
materials in which aFe,0;-GO-5% powder nanocomposites removed a higher rate of dye (up to 63%)
in more cycles (6 cycles).

Rapid urbanization, agricultural and industrial modernization increase pollutant concentration in urban sew-
age sludge and water toxicity, which finally causes infection and disease in different species including human'->.
Among all water contamination, colored effluent of the textile industry such as organic dyes pose more environ-
mental threats because they are highly water-soluble and difficult to remove by traditional methods.

Rhodamine B (RhB) is one of the most conventional xanthene dyes, which is commonly used in dyeing and
printing of fibers, papers, leathers and alike due to its low cost and high stability®-®. It not only has a proven toxic
effect on the human body such as causing cancer or birth defect but has also shown a harmful influence on the
rate of photosynthesis by preventing light penetration into the water®. There are numerous methods for degrada-
tion of Rhodamine B and treating of the contaminated water some of which include electrochemical oxidation.
However, these approaches only convert organic compounds to carbon dioxide and less harmful molecules,
which remain in the water as a second-pollutant. Also, these mentioned methods can consume a huge amount
of energy and can be cost-intensive'.

The photocatalytic process is one of the effective methods to address the issues due to its effectiveness, low
cost, environmentally friendly process, and producing nontoxic components. This system is based on semicon-
ductor materials such as metal oxides (TiO,, Fe,05;, WO;, ZnO, Bi;O;, MnO,, SnO,) and metal sulfides (ZnS,
CdS, MoS,, ZnS,). By applying an external irradiation light source equal to or higher than a semiconductor band
gap, electrons on the valence band of semiconductors would be excited which helps the oxidation and reduction
process in different solutions. Degradation of hazardous organic compounds is performed by two radical groups
*OH and O, which are generated on the surface of semiconductor with the help of produced electron-hole pairs.

a-Fe,0; with an indirect bandgap of 2.2 eV has been known as an n-type semiconductor and is applied in a
wide range of applications such as catalysis, gas sensors, and solar cells®!. An ideal semiconductor has a consid-
erable bandgap excited with visible light that is environmentally, economically, and practically easy to produce
for large-scale field applications. Moreover, hematite can also be effectively used in photoelectrochemical reactors
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because the valence band edge of a-Fe,0; is considerably lower than water oxidation potential'?. The photocur-
rent density of hematite is reportedly 12.6 mA/cm?* under 1.5 G visible light irradiation"’. Therefore, hematite
is considered a promising material for photoelectrochemical process. However, the higher rate of recombina-
tion, lower diffusion length of holes and poor conductivity of hematite cause many problems in photocatalytic
processes, which have to be solved'* . In this regard, the photocatalytic activity of hematite has been widely
improved in combination with different composite materials such as graphene and graphene oxide (GO)'”%.

Graphene, a 2D carbon sheet known as the best candidate in carbonaceous materials, has unique physical,
thermal, mechanical, and chemical properties for the fabrication of graphene-based semiconductors'*?. In fact,
graphene is considered an important material in wastewater treatment technologies because of its outstanding
features>*"?2. Up to now, graphene and its derivatives are used as a matrix of metal/metal oxide materials to
enhance the catalytic performance of materials, including Ni'?~NiO* for dye-synthesized solar cell, CuO* for
catalysts, Pd-Ag? and AuNPs/MoS,* for the electrochemical sensor, TiO,” and MoS,?® for electrode, AgBr*?and
Fe;0,* for water purification, or water splitting'?. Yuan et al. suggested a new mechanism for the improvement
of photocatalytic activities with graphene. They explained that n—m interaction between graphene and benzene
rings of the dye molecule is the reason for optimizing photocatalysis in which photo-generated electron can
be carried easily from the conduction band to the surface of graphene and the molecules of the decomposed
dye. Accordingly, they showed that the photocatalytic performance of graphene mixed with MoS, is two times
more than bare MoS,*!. Muthukrishnara et al. used a-Fe,O;/GO nanorod as efficient photocatalyst to remove
dye (methylene dye). They proved that the presence of reduced GO is very effective in dye degradation. The
graphene showed the capability of accepting more electrons which reduced recombination rate and therefore
increased dye removal rate™>. Moreover, Zhang et al. designed a-Fe,O;/GO powders have been used to degrade
rhodamine 6G, methyl orange, methylene blue and bisphenol amine. Due to the significant increase in surface
area, the introduction of GO enhanced the degradation of mentioned dyes. Besides, their results showed that the
synthesized nanocomposite had more stability with a removal efficiency of up to 90% after ten cycles®.

The morphological structure of photocatalysts has shown an effective role in the improvement of photocata-
lytic efficiency’. In the slurry system, photocatalytic powder nanocomposites are more prone to react with toxic
materials due to having more contact with the pollutants. This is considered one of the easy reactor operation
methods, which is significantly active for water detoxification. However, the complexity of nanoparticles recovery
after reaction and low efficiency makes this process more difficult to use in large scales. Hence, recent studies
have focused on finding alternative morphologies to tackle these problems. In this regard, immobilization of
hematite on a conductive support layer by using a potential bias has been introduced as a photoelectrocatalysis®.

Herein, a comparison is made between GO/ a- Fe,O; as a photoelectrocatalytic thin film and GO/ a-Fe,O;
as a powder nanocomposite to investigate the best morphological structure for degradation of rhodamine B in
textile wastewater. In this regard, the morphology and structure of both synthesized nanocomposites and thin
films were fully investigated with different analytical devices. The photocatalytic performance of both materials
was tested under the same condition for the first time. Dye concentration and pH were fixed at its optimum value
(natural condition) and nanocomposites concentration was varied in the range of 2-8% to study its contribution
on the rhodamine B photocatalytic degradation efficiency. The reusability of synthesized materials was also tested
to evaluate the capacity of these nanoparticles with different structure as a thin film or powder nanocomposite.

Experimental procedure

Materials. Graphite powder, Sodium nitrate (NaNO,), Sulfuric acid (H,SO,), potassium permanganate
(KMnO,), hydrochloric acid (HCI), lithium perchlorate (LiClO,), hydrogen peroxide (H,0,), iron II chloride
tetrahydrate (FeCl,. 4H,0), iron III chloride hexahydrate (FeCl;. 6H,0), Fluorine-doped Tin Oxide (FTO)
(SnO,: F), and ethanol (C;HgO) were obtained from Merck Co. (Darmstadt, Germany). Ethanol and deionized
water were used during all experiments as a solvent for performing experiments and washing the products. All
chemicals were of the analytical grade and used directly without further purification.

Preparation of GO/a- Fe,O; layers. Thin film reduced GO. In order to synthesize a thin layer of re-
duced GO onto the FTO substrate by electrodeposition, the 2.5 mg/ml solution of GO synthesized by a modified
Hummers method?' was provided. In this regard, the three electrode cells were used with Ag/AgCl as a reference
electrode and FTO as a counter electrode at a rate of —20 mV/s, which is optimum potential to obtain uniform
and transparent films. During this operation, reduction and deposition of GO sheets onto the FTO substrate
were attained by oxygen-containing functional groups on the GO.

Hematite deposition onto the GO film. 'The electrodeposition was performed using an aqueous solution con-
taining 0.02 M FeCl,.4H,0. The pH of the solution was adjusted to 3.4 at 70 °C with constant potential. Before
the deposition, the GO film was annealed at 200 °C for 20 min, due to increased adhesion of GO to the substrate
(FTO). After that, a new substrate (G-FTO) was used as a working electrode, while FTO was used as the counter
electrode. The reference electrode was an Ag/AgCl electrode. The optimum deposition potential of 1.2 V was
found to supply uniform films with the highest transparency. After deposition, the resulted film was rinsed with
deionized water and submitted to the atmospheric thermal treatment at 500 °C for 30 min. Figure 1 shows the
schematic illustration of the synthesized thin-film a-Fe,05,GO on the FTO substrate.

preparation of nanocomposite GO/ a-Fe,0;. 1.35 g FeCl,.6H,0 was dissolved in 50 ml distilled water
and stirred vigorously for 20 min. Subsequently, 0.05 g GO, which was synthesized from natural graphite pow-
der by modified Hummers method, was dispersed into the 50 ml ethanol by ultrasonication for 30 min to get
a homogenous suspension, and then added into the iron IIT chloride hexahydrate solution. Via thermostatic

Scientific Reports |

(2021) 11:20378 | https://doi.org/10.1038/s41598-021-99849-x nature portfolio



www.nature.com/scientificreports/

Thin film ¢-Fe203/rGO

Figure 1. Synthesis of thin-film a-Fe203/rGO on the FTO substrate.

water bath, the aqueous solution evaporated and the paste sediment remained. The precipitate was rinsed with
distilled water and ethanol three times and collected by centrifugation after each wash cycle at 4000 rpm. The
resulting black solid products were dried at 70 °C in a vacuum oven. When the products were cooled to room
temperature, they were calcined at 500 °C with a ramping rate of 3.5 °C /min and kept at 500 °C for 1 h. For
comparison, Fe,O; nanoparticles were synthesized by a similar procedure with no GO added. Moreover, differ-
ent weight percentages of GO (2, 5, and 8%) were prepared which are referred as 1-GO-a-Fe, 03, 2-GO-a-Fe,0;,
and 3-GO-a-Fe,0;, respectively. It should be noted that higher amount of GO can increase the rate of electron-
holes recombination by enhancing the chance of collision. Besides, more GO content may act as a shield for
the xenon-lights which is absorbed by the active sites of catalyst. This effect is called a “shielding effect” which
consequently deteriorates photocatalytic activity. Thus, the proper loading amount of GO is crucial for improv-
ing photocatalytic properties, which is 2-5 wt % based on previous works.

Characterization. X-ray diffraction (XRD) analysis for phase identification was carried out by Philips
X-Ray Diffractometer PW 3710 with CuK, radiation (=1.54 A) at 50 kV and 250 mA in the range of 26 value
from 10° to 80°. Fourier transform infrared (FTIR) spectra (PerkinElmer, Spectrum 400) was recorded with a
diffuse reflectance attachment over a range of 400-4000 cm™ to detect the present functional groups. The mor-
phological properties were also examined via Field Emission scanning electron microscope (FESEM, Cambridge
360) coupled with energy dispersive X-ray spectroscopy (EDX). Calculation of the adsorbed amount and specific
surface area, and measurement of sorption isotherm and pore size were obtained by BET analysis (BELSORP-
mini IT). Atomic force microscopy (AFM, Auto Probe CT) with a silicon needle of 10 nm tip radius in contact
mode in air was performed to calculate GO sheets thickness. The sample (powder nanocomposite) was dispersed
in doubled distilled water and a drop of suspension was placed on newly cleaved mica surfaces and dried in air.
Raman scattering spectra were acquired by Raman spectrometer (SENTRRA, Germany). The surface chemical
composition of GO/a-Fe, 05 films was analyzed by X-ray photoelectron spectroscopy (XPS, Al-Ka, 1486.6 eV).
The accuracy of the measured data was checked by calibration of binding energy with the sp? C 1 s band at
285.0 eV. The binding energy was evaluated by the hemispherical energy analyzer (Specs EA 10 plus) in a vac-
uum. The SDP software (version 4.1) with Gaussian—20% Lorentzian peak fitting was used for peak separation,
background subtraction, and curve fitting. The UV-vis spectra were determined for both dilute dispersions of
nanocomposite powder sample and film in colored and bleached stated by UV-vis spectrophotometer (Perkin
Elmer) in the wavelength range between 350 and 800 nm.

Photocatalytic property. Powder nanocomposite. 'The efficiency of the synthesized photocatalyst was
evaluated by the removal efficiency of RhB under visible irradiation (75-W xenon lamp with cutoff UV light
filter). 0.02 g of various weight percentages of GO/a-Fe,0; nanocomposites were suspended in 10 ml distilled
water. 20 ml of each suspension was then added to the 20 ml of RhB (25 mg/L) aqueous solution in neutral pH.
Before irradiation, suspensions were stirred vigorously in a dark and isolated room for 60 min to measure the
rate of adsorption of each sample. Mixtures of dye- GO/a-Fe,O; powders nanocomposites were exposed under
visible irradiation in different step times (45, 75, 90, 120 min) following which about 5 ml samples were collected
and immediately analyzed by UV-vis spectrophotometer. All steps were performed on the same day.

Thin film nanocomposite. The photoelectrocatalytic degradation process for thin film was done in a reactor
containing working electrode, counter electrode, and electrolyte. The GO/a-Fe,O; thin film deposited on the
FTO glass was the working electrode, FTO glass was counter electrode and Ag/AgCl was the reference electrode
in the reactor. The photoanode electrode was illuminated by the visible light source. The potentiostat was used
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Figure 2. Schematic of photoelectrochemical reactor.

to apply 1.5 V as an external voltage for the increase in the photocatalytic reaction rate. Dye solution (25 mg/L)
was injected into electrolyte and photoelectrocatalytic test was done at the interval of 0, 30, 60, 90 and 120 min.
After each testing process, dye solution was circulated again using peristaltic pump to measure the reusability
of thin layers. Figure 2 illustrates the schematic diagram of photoelectrocatalytic process in the presence of an
external visible light source. When xenon light hits the surface of thin films, the excited electrons and holes
form the radicals such as O,° or OH®. These radicals can degrade dyes near the surface of working electrode and
turn them into harmless materials. The created voltage helps the reaction rate in the photocatalytic process and

therefore, enhances the dye removal efficiency®*".

Results and discussion
XRD analysis of nanocomposite. Figure 3 shows the XRD spectrum for the as-prepared GO and nano-
composite powders GO/a-Fe,O;. The peaks were shown with symbol (@) located at 23.25°, 33.18°, 35.75°,
40.89°, 49.52°, 54.14°, 57.52°, 62.49°, 64.07° correspond to standard data of pure a-Fe,O; diffraction peaks (ref-
erence code 01-079-1741). These peaks ascribe to the rhombohedral crystal structure of Hematite with a lat-
tice parameter of a=b=5.03 A and c=13.74 A. The XRD pattern of GO and GO/a-Fe,O, shown in Fig. 3. The
XRD of GO with symbol (*) displays a characteristic peak at 10.37° with an index of (001) defining 0.83 nm
d-spacing which is increased from 0.34 nm interlayer spacing of graphite. This specific peaks also could be seen
in GO/ a-Fe,0; XRD analysis (with * mark) which indicates no transformation occurred on GO sheets during
synthesis as well as that confirms existence of graphene oxide in GO-a-Fe,0; nanocomposite. This significant
increase in d-spacing of GO is assigned to the presence of oxygen functional groups such as carboxyl groups
(COOH-), hydroxyl groups (OH-), epoxy groups (C-O-C) that can be confirmed by FTIR. The identification
of GO peaks was hardly recognized from the composite pattern which might be explained by the minor amount
of GO (a-Fe,0; —0.05% GO) in nanocomposite and high dispersion of GO-sheets among Fe,O; nanoparticles.
According to the Debye-Scherrer equation, the particle size of hematite was obtained from the XRD pattern;
D= I;T;;Q (where K=09, A=0.154 nm,  =the reflection width (20) and 6 =the Bragg angle). The result shows
that tﬁe average crystal size is about 48.27 nm.

FTIR spectrum of nanocomposite. FTIR spectra of the nanocomposites (Fig. 4) were obtained under
transmission mode to identify the functional groups of compounds presented in GO-a-Fe,0; composite. Spec-
trum of GO confirmed the presence of the alkoxy C-O stretching vibrations (1038 cm™), epoxy C-O-C stretch-
ing modes (1215 cm™), carboxyl O=C-O (1432 cm™), and aromatic C=C skeleton vibrations (1615 cm™). The
C=0 stretching band, located at the edge of GO sheets, was emerged at 1735 cm™. All these functional groups
could be seen in GO-Fe,O; spectrum, however the position of bonds are red shifted and sharpness of the peaks
is changed indicating the change in the coordination environment of various functional groups in GO-a-Fe,0;.
The band located at 3400 cm™ is assigned to the O-H stretching vibration of C-OH groups, in which this broad
absorption is decreased in GO-a-Fe,O; spectrum due to the reduction of GO during heat treatment and restora-
tion of the conjugated aromatic system. As well as that after coating with a-Fe,0;, the C=0 stretching band at
1743 cm™ become weaker than GO because of the formation of ~-COO-. Compared with GO, the absorption
bands at 468 cm™ and 533 cm™ are ascribed to Fe-O stretching mode, which verify the existence of a-Fe,O;
chemical compounds attached to the -COO on the edge of GO nano sheets. The next clue for the formation of
monodentate and bidentate ligands in a complex between Fe and the carboxyl group is the additional vibrational
band at 1385 cm™, confirming the covalent bond formation between hematite and GO*.
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Figure 3. XRD analysis of GO and GO-Fe,0; powder nanocomposites.
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Figure 4. FTIR analysis of GO and Fe203-GO powders.

Raman spectra of nanocomposite. Characterization for structural properties of carbon material includ-
ing defect density and disorder structures is investigated by Raman spectroscopy (Fig. 5). The Raman spectros-
copy of GO revealed two prominent peaks at 1304 and 1582. The D-peak that corresponds to the breathing
modes of carbon sp? rings (k-point phonons of A, symmetry) required defects and disordered atomic arrange-
ment for its activation. The G-peak corresponds to the E,, phonon of carbon sp® atoms. These two peaks of GO
also could be recognized in Raman spectroscopy of GO-a-Fe,0; as well as fundamental Raman vibration of
a-Fe,0; suggesting that the structure of GO remained in the composite. In an additional analysis of the Raman
spectrum, the presence of strong peaks at 221, and 287 cm™" (A, symmetry), and weaker peaks at 404, 490, and
605 cm™' (E, symmetry) show the formation of hematite phase accurately. It can also be observed that the I/
I ration elevated from 0.865 for GO to 1.412, which confirms penetration of Fe,O; nanoparticles between GO
layers as well as increasing disorders and defects in GO sheets™.

Microscopy analysis of nanocomposite. The detection of morphology, size of particles, shape, and
thickness of nanocomposite were done by FESEM and AFM analysis. The FESEM images of nanoparticles of
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Figure 5. Raman spectra of GO and GO/a-Fe203.
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Figure 6. FESEM analysis of nanoparticles of a-Fe203 (a) and nanocomposite a-Fe203-5% GO (b).

a-Fe,0; and nanocomposite a-Fe,0;-5% GO are shown in Fig. 6. These images provide clear evidence that
a-Fe,0; particles with the average size of 63 nm were uniformly distributed on GO nano sheets. These well-dis-
persed hematite nanoparticles provide direct interaction with GO surface, which is desirable for photocatalytic
application. The thickness of the exfoliated GO sheets was measured by AFM, which have a sharp edge with a
thickness of 2.5 nm. The typical thickness of monolayer GO sheets is in the range 0.7 nm. Thus, it might be a

four-layered GO sheet.
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Figure 7. XRD analysis of synthesized thin film layer.

Characterization of a-Fe,05/GO thin film nanocomposites. X-ray diffraction patterns was done for identify-
ing the composite structures on the FTO substrate. As it is clear in Fig. 7, the identified peaks at 32.3.3°, 35.9°,
54.1° and 63.6° shown by symbol (@) are contributed to the crystallographic directions of the a-Fe,O; phase.
Diffraction peaks at 31.1°, 39.2°, 44°, 60.9° and 73.1° with symbol (*) show the presence of FTO substrate in the
nanocomposite. The XRD also confirmed the existence of GO (*) on the FTO substrate at peak 10°.

Figure 8 shows the morphology of GO/a-Fe,O; thin films which was annealed at different temperatures of 300,
400, 500, and 700 °C. Based on the FESEM analysis of GO/ a-Fe,O5 thin films after annealing at 300, 400, 500 and
700 °C, the uniform distribution of iron oxide nanoparticles on the surface of graphene layers was occurred. The
corrugated and crumpled morphology of GO nanosheets is clearly seen in all synthesized GO/a-Fe,O; thin films.
Increasing the temperature resulted in the formation of a higher rode shape structure in the layers. The perfect
synthesis of a-Fe,O; nanoparticles with GO nanosheets occurs in most part of layers, which proves the reduction
of agglomeration in GO nanosheets and decrease in the aggregation of nanoparticles. The more combinations
of nanoparticles and GO nanosheets on the FTO substrate may lead to higher specific surface area. According
to the FESEM analysis in higher temperatures (Fig. 8Ac,Ad), it seems that the nanoparticles have diffused into
the sub layer resulting in the size of nanoparticles to seem smaller on the surface. The FESEM-EDS mapping of
all presented elements in the thin-film layer is shown in Fig. 8b. The result of the analysis shows that Fe and O
elements were equally diffused on the surface of GO nanosheets.

Quantitative result.  XPS analysis was done to identify the surface chemical composition of thin-film Fe,Os/
GO*. The Fe orbitals (2p), O (1 s), and C (1 s) were shown in the XPS spectrum of synthesized thin-film nano-
composite at 700 °C. According to Fig. 9, the XPS peaks Fe 2p;,, and Fe 2p,, are located in the binding energy of
711.1 and 725.1 eV, respectively. The satellite peak of Fe 2p;), is approximately 8 eV higher than the main peak.
Here, the satellite peak is close to 718.7 eV. The Fe 2p5, peak is narrower and stronger than Fe 2p,,, peak. Moreo-
ver, the area of Fe 2p,, is greater because of spin-orbit (j—j) coupling. XPS analysis also showed three peaks for
C (1 s) including non-oxygenated aromatic carbons with orbital sp2 at 284.67 eV, oxygenated functional group
C-0 at 286.00, and C==0 at 288.5 eV. The existence of anionic oxygen in Fe,0; and functional oxygen groups
in GO sheets created the binding energy of 531.26 eV which is for O (1 s) peak (Fig. 9d).

Photocatalytic test of a-Fe,0;/GO nanocomposites and a-Fe,03/GO thin films. The photo-
catalytic properties of the nanocomposites and thin film layers were tested using irradiation of xenon lamp
(185-2000 nm). The nanocomposites were initially tested under different pH values varied from 2.0 to 10. The
dye removal was high at a wide range of pH. The reason being that when a-Fe,0,/GO is applied in decolorization
process, the catalytic process of dye solution containing water molecules with the increased lattice metal ion sites
on the surface of a-Fe,O; creates surface hydroxyl groups. Even at alow pH (pH = 3-5), the a-Fe,O; nanoparticle
surface still has a low -OH content. Thus, the dissolution behavior is inhibited and the catalyst remains active
over a wide range of pH with high degradation efficiency*"*2. Hence, in this study, natural condition (pH=7)
was considered for all further photocatalytic testing processes. As for a-Fe,0;/GO powder nanocomposites,
the test was done without irradiation for the first 60 min to evaluate the absorption of nanocomposite in dark.
Then, photodegradation was tested for 120 min irradiation. Maximum adsorption and absorption of samples are
shown in Tables 1 and 2, respectively. Different concentrations of synthesized nanocomposite were tested which
showed excellent dye removal for all of them. Nanocomposites can excite more electrons to degrade dye solution
due to its higher surface area, although the recombination rate in a-Fe,O; is relatively high and major photo-
catalytic activity of GO is dedicated to surface adsorption. In this regard, a strong connection between GO and
a-Fe,0; can facilitate the degradation process and reduce the recombination of electron hole pairs due to high
surface area of GO providing copious photocatalytic sites. As well as that because of the strong reaction between
negatively charged structure of GO and cationic dyes such as RhB, the photodegradation process increases sig-
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Figure 8. (A) FESEM analysis (a) Fe203-GO annealed at 300 °C (b) Fe203-GO annealed at 400 °C (c)
Fe203-GO annealed at 500 °C (d) Fe203-GO annealed at 700 °C and (B) FESEM-EDS mapping (annealing at
500 °C) of synthesized thin film layer.

nificantly. In fact, the structure of synthesized nanocomposite delays the combination of electron-hole pairs in
the system and therefore increases dye removal efficiency. Higher surface area is another reason for turning dye
molecules into harmless products. More photo generated electron-hole pairs participate in degradation reac-
tions, which finally leads to higher dye removal efficiency*>**. The gap energy between conduction and valence
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Figure 9. XPS analysis of synthesized thin film layers for identification of Fe (b), C(c) and O (d) orbitals.

band in pure a-Fe,0; and a-Fe,0;-GO are respectively calculated to be 2.33 eVand 1.95 eV from tauc illustrated
in Fig. 10, which provided by interception with x axis. The reduction in the value of band gap of a-Fe,05-GO
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Sample GO a-Fe,0; | a-Fe,0;-2% GO | a-Fe,0;-5% GO | a-Fe,0;-8% GO
Maximum adsorption 0.0188¢g | 0.0186¢g |0.0184 0.0156 g 0.0169%4 g

Table 1. Maximum adsorption of different weight percentages of GO nanocomposites during 60 min
maintained in dark room.

Maximum absorption
Sample 45 min 75 min 90 min 120 min
GO 0.01864g |0.01846g |0.01831g |0.0179g
a-Fe,0; 0.01811¢g |0.01695g |0.01602g |0.01544 ¢
a-Fe,0,-2% GO 0.01785g |0.01664g |0.01631g |0.01515g
a-Fe,0;-5% GO 0.01207 g | 0.01055g | 0.00932¢g |0.00733 g
a-Fe,0,-8% GO 0.01455g [0.01317g |0.01253g |0.01069 g

Table 2. Maximum absorption of different weight percentages of GO nanocomposites in different step times
of exposure.

20

18 e —Fe,0,

o—Fe,0, - 5% GO
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(chv )1/2 (cm-I/ZeVI/Z)
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Figure 10. Tauc plot of a-Fe,0; and a-Fe,05- 5% GO.

composite is in good agreement with the hypothesis discussed above. Furthermore, as it is clear in Fig. 11, the
pure aFe,0; (23% dye removal) and free GO (10% dye removal) are by far lower than all powder nanocom-
posites especially 5% GO/a-Fe,O; with 64% dye removal. The electrons were transferred through sp2 hybrid
carbon channels on the GO sheets, which reduced the recombination of electron-holes. Also, the presence of GO
increases the light-receiving capacity which leads to the improvement of photocatalytic process.

Photocatalytic activity of a-Fe,0;@ GO as powder nano composites is compared with similar reports that is
tabulated in Table 3. As the results show, the photocatalytic activity of powder produced in this paper is approxi-
mately 2 times higher than others, in spite of lower mass of catalyst.

a-Fe,0,/GO thin films, on the other hand, showed a lower removal efficiency compared to nanocomposites.
The best results were for a-Fe,0;/GO 5% with just over 47% dye removal. The main reason for this is that the
content of nanocomposites involved with dye molecules is limited and therefore lower percentage of dyes is
eliminated by the photocatalytic process. Pure Fe,O; and free GO showed minimum efficiency compared to other
thin film composites. Fe,0;-GO 8% also indicated acceptable performance with 39.1% removal efficiency after
120 min irradiation. The results are shown in Fig. 12. In the photodegradation process, the recombination of
photo generated electron-hole pairs has to be reduced. Here, the mixture of Fe,O; with GO significantly prevents
the rise of recombination rate on the surface of thin film. In fact, reduced GO acts as an acceptor in a-Fe,0;/GO
nanocomposite layer and consequently decreases the charge recombination in the photocatalytic process. Thus,
the presence of GO makes a great impact on the removal efficiency of organic dye.

In a common photocatalytic degradation system, photocatalyst releases a significant amount of electron-hole
pairs in order to join in the oxidation and reduction process for degradation. Electrons react with oxygen to
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Figure 11. The photocatalytic result of all powder nanocomposites with pure Fe,O;.

Mass of catalysts | Concentration Irradiation time | Degradation
Catalysts Pollutants (mg) (mg/L) (min) efficiency References
a-Fe,0,@ GO MB 100 40 80 40% 3
rGSs/Fe,0,/PPy | MB 100 50 80 33% *
Ti0& Fe,0,@ | ppy 200 5 140 36% 6
graphene
N-doped gra- W
phene- a-Fe,0, Phenol 15 5 90 27%
a-Fe,0;@ 5% GO | RB 20 25 120 64% This work

Table 3. comparison of photocatalytic performance of a-Fe,0;@ 5% GO powder nano composite with other
reported nanomaterials.

produce oxy radicals while holes contribute in oxidation process with hydroxyl ions to create hydroxyl radicals,
which decompose pollutants in degradation process. In this study, degradation process is different from common
system, which was mentioned above. Here, GO accepts photo generated electrons in their structures which sig-
nificantly helps the suppression of recombination rate in the system. In this case, if GO receives enough electrons,
they will share these electrons with free oxygens in the solution and therefore produce oxy radical to decompose
pollutants in the system. The probable mechanism is that the excited electrons transfer from conduction band
to valence band and will eventually become trapped on the surface of GO and fail to return to conduction band.
On the other hand, the generated holes in conduction band of hematite produce enough hydroxyl radicals on the
surface of layer to react with rhodamine molecules and finally turn them into harmless materials such as H,O.
Figure 13 shows the mechanism of a-Fe,0;/GO thin layer under the irradiation of xenon lamps.

Although thin film a-Fe,0;/GO showed a great performance in RhB removal, the powder a-Fe,05/GO had
more removal efficiency. It seems using powder nanocomposites in the slurry system provided more photo-
generated electron-hole pairs which participated in degradation reactions to decompose RhB. Despite higher
recombination rate, the powder a-Fe,0,/GO contacted more with cationic dye. GO molecules covering the
surface of hematite absorbed more dye molecules because they were freely in contact with all molecules in the
solution. As a result, the produced electrons and holes on the surface of a-Fe,0;/GO powders decompose dye
molecules more effectively. Looking at photocatalytic mechanism of powder a-Fe,0;/GO, the change of conver-
sion and recycling between Fe(III) and Fe(II) because of free electrons caused powder nanocomposites to be more
reactive. Moreover, the electrostatic interaction and n-m stacking of a-Fe,0;/GO caused a-Fe,0,/GO molecules
to attract a huge number of dye molecules®’. Consequently, the high rate of decolorization occurred as xenon
lights hit the surface of nanocomposites. On the other hand, a-Fe,0,/GO also showed an acceptable removal
efficiency in the photoelectrochemical reactor. The combination of reduced GO with hematite not only increased
the stability of thin films for reusability process but also reduced recombination rate of generated electron-hole
pairs resulting in better degradation process. However, this is an immobilized system and therefore lower amount
of a-Fe,05/GO molecules are in contact with dye molecules compared to a-Fe,0,/GO powder nanocomposites.
This may lead to a considerable reduction in photodegradation efficiency for thin film layers. However, the use
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Figure 12. The photodegradation mechanism of RhB with a-Fe203/GO thin films.
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Figure 13. The result of photocatalytic process for all synthesized thin film layers.

of both photoelectrochemical system and the presence of reduced GO prevents electron recombination, which
makes it comparable with a-Fe,0;/GO in the slurry system in terms of photodegradation efficiency.

The reusability process. The recovery of nanocomposites with an external magnetic field was done from
solution and they were tested again to measure dye removal in the next cycles. The thin-film composites were
also tested in more cycles. Figure 14 shows the dye removal efficiency of each cycle for both a-Fe,0;/GO pow-
ders and thin films. a-Fe,0;/GO thin films showed acceptable performance in 7 cycles with more than 46%
removal efficiency. After 4 cycles, the decline in dye removal was noticeable. A 9% decline in thin-film removal
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Figure 14. The reusability process for both thin film/FTO substrate and powder nanocomposites.

efficiency was observed due to less surface area on the surface of films to be excited and degrade dyes. In fact,
dye solutions filled the space on the surface of films, leading to the reduction of photocatalytic activity. In pow-
der nanocomposites reusability process, the a-Fe,0;/GO nanocomposites showed higher removal efficiency in
more cycles compared to thin films. In fact, synthesized nanocomposites removed up to 63% of dyes in the
solution in 6 cycles. This is attributed to the strong intermolecular structure of GO and hematite molecules. This
strong structure increased the stability of nanocomposite and therefore removal efficiency remained high after
6 cycles. The hematite was well immobilized on the surface of GO which enhanced the surface area of nano-
composite to degrade more dye molecules. Also, the presence of GO helped the nanocomposite to adsorb more
light for decomposition, which reinforce powder nanocomposites to remove dye molecules in 6 cycles with a
high efficiency*®. However, the change in removal efficiency was seen in the 7th cycle, with 7% decline in the dye
removal performance. Both powder and film nanocomosites were stable in all the reuse cycles.

Conclusions

The photocatalytic ability of thin film a-Fe,0;-GO was compared to powder a-Fe203-GO nanocomposites in
different concentrations. Based on the results, powder nanocomposites had better performance with above 64%
Rhodamine B removal efficiency from textile wastewater. The reusability process also worked better in the pres-
ence of powder nanocomposites which significantly removed dye with maximum removal efficiency in six cycles.
Due to higher surface area, intermolecular connection of dyes and nanocomposite and absorption of more light,
the powder nanocomposite showed better performance in photocatalytic activity under the irradiation of visible
xenon lamps. On the other hand, thin film a-Fe,0;-GO displayed lower photocatalytic reaction because of less
generated electron-hole pairs on the surface of layers. The characterization of both synthesized nanocompos-
ites clearly supported the combination of hematite GO as a powder or as a thin film layer. The results show the
great potential of the developed nanocomposites for high efficiency pohotocatalytic degradation of Rhodamine
B and warrant further investigations into the application of these structures for the removal of other dyes and
contaminants from wastewater.

Received: 18 April 2021; Accepted: 27 September 2021
Published online: 13 October 2021

References
1. Ghasemipour, P, Fattahi, M., Rasekh, B. & Yazdian, F. Developing the ternary ZnO doped Mo$ 2 nanostructures grafted on CNT
and reduced graphene oxide (RGO) for photocatalytic degradation of aniline. Sci. Rep. 10, 1-16 (2020).
2. Prasad, C. et al. An overview of graphene oxide supported semiconductors based photocatalysts: Properties, synthesis and pho-
tocatalytic applications. J. Mol. Liq. 297, 111826 (2020).
3. Mahmoudj, E. et al. Enhancing morphology and separation performance of polyamide 6,6 membranes by minimal incorporation
of silver decorated graphene oxide nanoparticles. Sci. Rep. 9, 1216 (2019).
4. Rani, U. A, Ng, L. Y., Ng, C. Y., Wong, C. S. & Mahmoudi, E. Preparation of carbon-based photo-catalyst for degradation of phe-
nols. In Environmental Remediation Through Carbon Based Nano Composites (eds Jawaid, M. et al.) 293-323 (Springer Singapore,
2021).
. Golgoli, M. et al. Microplastics fouling and interaction with polymeric membranes: A review. Chemosphere 2, 131185 (2021).
6. Guo, N, Liu, H,, Fu, Y. & Hu, J. Preparation of Fe203 nanoparticles doped with In203 and photocatalytic degradation property
for rhodamine B. Optik 201, 163537 (2020).
7. Lellis, B., Favaro-Polonio, C. Z., Pamphile, J. A. & Polonio, J. C. Effects of textile dyes on health and the environment and biore-
mediation potential of living organisms. Biotechnol. Res. Innov. 3, 275-290 (2019).
. Zhang, Y. et al. Synthesis of y-Fe203-ZnO-biochar nanocomposites for Rhodamine B removal. Appl. Surf. Sci. 501, 144217 (2020).
9. Guo, S., Zhang, G., Guo, Y. & Jimmy, C. Y. Graphene oxide-Fe203 hybrid material as highly efficient heterogeneous catalyst for
degradation of organic contaminants. Carbon 60, 437-444 (2013).

w

fosd

Scientific Reports |

(2021) 11:20378 | https://doi.org/10.1038/s41598-021-99849-x nature portfolio



www.nature.com/scientificreports/

10.
11.
12.
13.
14.

15.
16.

17.
18.
19.
. Kuang, Y., Shang, J. & Zhu, T. Photoactivated graphene oxide to enhance photocatalytic reduction of CO2. ACS Appl. Mater.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,
45.

46.

47.

48.

Mathew, G. et al. Direct electrochemical reduction of hematite decorated graphene oxide (a-Fe203@ erGO) nanocomposite for
selective detection of Parkinson’s disease biomarker. Biosens. Bioelectron. 115, 53-60 (2018).

Tian, Z. et al. Tailored fabrication of a-Fe203 nanocrystals/reduced graphene oxide nanocomposites with excellent electromagnetic
absorption property. J. Nanosci. Nanotechnol. 16, 12590-12601 (2016).

Sivula, K., Le Formal, F. & Gritzel, M. Solar water splitting: Progress using hematite (a-Fe203) photoelectrodes. Chemsuschem 4,
432-449 (2011).

Chen, Z. et al. Accelerating materials development for photoelectrochemical hydrogen production: Standards for methods, defini-
tions, and reporting protocols. J. Mater. Res. 25, 3 (2010).

Sartoretti, C. J., Ulmann, M., Alexander, B., Augustynski, J. & Weidenkaff, A. Photoelectrochemical oxidation of water at transpar-
ent ferric oxide film electrodes. Chem. Phys. Lett. 376, 194-200 (2003).

Mishra, M. & Chun, D.-M. a-Fe203 as a photocatalytic material: A review. Appl. Catal. A 498, 126-141 (2015).

Khoshnam, M. & Jazi, H. S. Synthesis and characterization of magnetic-photocatalytic Fe304/SiO2/a-Fe203 nano core-shell. Surf.
Interfaces 2, 101322 (2021).

Zolghadr, S., Kimiagar, S. & Davarpanah, A. Magnetic property of $\alpha $-Fe203-GO nanocomposite. IEEE Trans. Magn. 53,
1-6 (2017).

Padhi, D. K., Panigrahi, T. K., Parida, K., Singh, S. & Mishra, P. Green synthesis of Fe304/RGO nanocomposite with enhanced
photocatalytic performance for Cr (VI) reduction, phenol degradation, and antibacterial activity. ACS Sustain. Chem. Eng. 5,
10551-10562 (2017).

Albero, J., Mateo, D. & Garcia, H. Graphene-based materials as efficient photocatalysts for water splitting. Molecules 24, 906 (2019).

Interfaces. 12, 3580-3591 (2019).

Mahmoudj, E. et al. Distinguishing characteristics and usability of graphene oxide based on different sources of graphite feedstock.
J. Colloid Interface Sci. 542, 429-440 (2019).

Mahmoudi, E., Ng, L. Y., Ba-Abbad, M. M. & Mohammad, A. W. Novel nanohybrid polysulfone membrane embedded with silver
nanoparticles on graphene oxide nanoplates. Chem. Eng. J. 277, 1-10 (2015).

Pattanayak, P, Papiya, E.,, Pramanik, N. & Kundu, P. P. Deposition of Ni-NiO nanoparticles on the reduced graphene oxide filled
polypyrrole: Evaluation as cathode catalyst in microbial fuel cells, Sustainable. Energy Fuels 3, 1808-1826 (2019).

Zhang, K. et al. Copper oxide-graphene oxide nanocomposite: Efficient catalyst for hydrogenation of nitroaromatics in water.
Nano convergence 6, 6 (2019).

Yang, Y., Ma, N., Wang, H., Liang, Q. & Bian, Z. Pd-Ag/graphene electrochemical sensor for chlorophenol contaminant determina-
tion. J. Electrochem. Soc. 166, B266 (2019).

Han, Y, Zhang, R., Dong, C., Cheng, F. & Guo, Y. Sensitive electrochemical sensor for nitrite ions based on rose-like AuNPs/MoS2/
graphene composite. Biosens. Bioelectron. 142, 111529 (2019).

An, C.-S. et al. Binder-free carbon-coated TiO2@ graphene electrode by using copper foam as current collector as a high-perfor-
mance anode for lithium ion batteries. Ceram. Int. 45, 13144-13149 (2019).

Han, J. et al. Capacitive deionization of saline water by using MoS2-graphene hybrid electrodes with high volumetric adsorption
capacity. Environ. Sci. Technol. 53, 12668-12676 (2019).

Zhang, L., Shi, Y., Wang, L. & Hu, C. AgBr-wrapped Ag chelated on nitrogen-doped reduced graphene oxide for water purification
under visible light. Appl. Catal. B 220, 118-125 (2018).

Raghu, M. et al. Adsorption and antimicrobial studies of chemically bonded magnetic graphene oxide-Fe304 nanocomposite for
water purification. . Water Process Eng. 17,22-31 (2017).

Yuan, Y. et al. Excellent photocatalytic performance of few-layer MoS2/graphene hybrids. J. Alloy. Compd. 700, 12-17 (2017).
Muthukrishnaraj, A., Vadivel, S., Kamalakannan, V. & Balasubramanian, N. a-Fe203/reduced graphene oxide nanorod as efficient
photocatalyst for methylene blue degradation. Mater. Res. Innovations 19, 258-264 (2015).

Zhang, L. et al. Rational design of a-Fe203/reduced graphene oxide composites: Rapid detection and effective removal of organic
pollutants. ACS Appl. Mater. Interfaces. 8, 6431-6438 (2016).

Ong, C. B. et al. Solar photocatalytic and surface enhancement of ZnO/rGO nanocomposite: Degradation of perfluorooctanoic
acid and dye. Process Safety and Environ. Protection 112, 298-307 (2017).

Marugdn, J., Christensen, P, Egerton, T. & Purnama, H. Synthesis, characterization and activity of photocatalytic sol-gel TiO2
powders and electrodes. Appl. Catal. B 89, 273-283 (2009).

Hunge, Y. et al. Photoelectrocatalytic degradation of methyl red using sprayed WO 3 thin films under visible light irradiation. J.
Mater. Sci.: Mater. Electron. 26, 8404-8412 (2015).

Kawata, K. et al. Preparation of polyaniline/TiO2 nanocomposite film with good adhesion behavior for dye-sensitized solar cell
application. Polym. Compos. 34, 1884-1891 (2013).

Chai, P. V,, Law, J. Y., Mahmoudi, E. & Mohammad, A. W. Development of iron oxide decorated graphene oxide (Fe304/GO) PSf
mixed-matrix membrane for enhanced antifouling behavior. J. Water Process Eng. 38, 101673 (2020).

Mahmoudi, E., Ng, L. Y., Ang, W. L. & Teow, Y. H. Mohammad, Improving membrane bioreactor performance through the syn-
ergistic effect of silver-decorated graphene oxide in composite membranes. J. Water Process Eng. 34, 101169 (2020).

Nasiri, M., Sangpour, P,, Yousefzadeh, S. & Bagheri, M. Elevated temperature annealed a-Fe203/reduced graphene oxide nano-
composite photoanode for photoelectrochemical water oxidation. J. Environ. Chem. Eng. 7, 102999 (2019).

Cao, X. et al. Iron oxide nanoparticles wrapped in graphene aerogel composite: Fabrication and application in electro-fenton at a
wide pH. Coll. Surf. A Physicochem. Eng. Aspects 587, 124269 (2020).

Wang, C. et al. Am. Chem. Soc. 131, 8824-8832 (2009).

Liu, Y, Jin, W, Zhao, Y., Zhang, G. & Zhang, W. Enhanced catalytic degradation of methylene blue by a-Fe203/graphene oxide
via heterogeneous photo-Fenton reactions. Appl. Catal. B 206, 642-652 (2017).

Alp, E., Esgin, H., Kazmanh, M. K. & Geng, A. Synergetic activity enhancement in 2D CuO-Fe203 nanocomposites for the pho-
todegradation of rhodamine B. Ceram. Int. 45, 9174-9178 (2019).

Zhang, J. et al. One-pot preparation of ternary reduced graphene oxide nanosheets/Fe203/polypyrrole hydrogels as efficient Fenton
catalysts. J. Colloid Interface Sci. 505, 130-138 (2017).

Ghavami, M., Kassaee, M. Z., Mohammadi, R., Koohi, M. & Haerizadeh, B. N. Polyaniline nanotubes coated with TiO2&y-Fe203@
graphene oxide as a novel and effective visible light photocatalyst for removal of rhodamine B from water. Solid State Sci. 38,
143-149 (2014).

He, L., Jing, L., Luan, Y., Wang, L. & Fu, H. Enhanced visible activities of a-Fe203 by coupling N-doped graphene and mechanism
insight. ACS Catal. 4,990-998 (2014).

Guo, Y. et al. Enhanced photocatalytic reduction activity of uranium (vi) from aqueous solution using the Fe 2 O 3—graphene oxide
nanocomposite. Dalton Trans. 46, 14762-14770 (2017).

Acknowledgements
This research was funded by the Ministry of Higher Education Malaysia through Malaysian Research University
Network (MRUN) under the grant code KK-2019-001 at Universiti Kebangsaan Malaysia and the Qatar National

Scientific Reports |

(2021) 11:20378 | https://doi.org/10.1038/s41598-021-99849-x nature portfolio



www.nature.com/scientificreports/

Research Fund for funding this work through NPRP Grant # 10-0127-170270 (acknowledged under the grant
code KK-2018-008).

Author contributions

E.M. conceived of the presented idea. M.K., J.F. developed the theory and conducted the lab work. M.Z. and
A WM. verified the analytical methods. W.L.A. encouraged mahmoudi to investigate the mechanism of pho-
tocatalyst and supervised the findings of this part. M.K,, J.E, and E.M. wrote the manuscript with support from
AWM., A.B,, WL.A., and M.Z. All authors discussed the results and contributed to the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:20378 | https://doi.org/10.1038/s41598-021-99849-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	α-Fe2O3graphene oxide powder and thin film nanocomposites as peculiar photocatalysts for dye removal from wastewater
	Experimental procedure
	Materials. 
	Preparation of GOα- Fe2O3 layers. 
	Thin film reduced GO. 
	Hematite deposition onto the GO film. 

	preparation of nanocomposite GO α-Fe2O3. 
	Characterization. 
	Photocatalytic property. 
	Powder nanocomposite. 
	Thin film nanocomposite. 


	Results and discussion
	XRD analysis of nanocomposite. 
	FTIR spectrum of nanocomposite. 
	Raman spectra of nanocomposite. 
	Microscopy analysis of nanocomposite. 
	Characterization of α-Fe2O3GO thin film nanocomposites. 
	Quantitative result. 

	Photocatalytic test of α-Fe2O3GO nanocomposites and α-Fe2O3GO thin films. 
	The reusability process. 

	Conclusions
	References
	Acknowledgements


