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Abstract

Photocatalysis is an effective treatment technique for the removal of toxic pollutants present in water and wastewater. In this study,
graphene@Fe-Ti binary oxide composites was prepared using a hydrothermal method and characterized by scanning electron
microscopy, transmission electron microscopy, X-ray diffraction, Fourier- transform infrared spectroscopy, and Brunauer-Emmett-Teller
surface area analysis. The prepared composite exhibited even distribution of the Fe-Ti binary oxide on the surface of graphene, with an

average diameter of

16.4 nm and a surface area of 133.7 m2/g. The optical property was evaluated and the band gap was calculated to be 2.867 eV using
solid-state UV-vis spectroscopy and the [F(R)hv]1/2 plot. Lab-scale experiments were performed to evaluate the performance of

graphene@Fe-Ti binary oxides to remove methyl blue (i.e. a dye) from wastewater. It was observed that the graphene loading had a
significant effect on the photocatalytic activity of the composite and a composite with 20 % graphene showed the highest photocatalytic

activity, with 100 % removal of the dye, after 20 min of irradiation time and a degradation rate constant of 0.213 min-1. Besides, the

possible photocatalytic dye degradation mechanism using graphene@Fe-Ti binary oxide composite has also been proposed.

1. Introduction

Methylene blue (MB) dye is commonly present in wastewater dis-
charged from the textile industry. The presence of MB dye in water
bodies/natural environment can affect the water quality, soil property,
agricultural productivity and also damage the flora and fauna in the
environment [1,2]. Photocatalysis using heterogeneous materials is a
rapidly growing field of applied research for the degradation of toxic
organic compounds from aqueous solutions [3-6]. Using incident light
irradiation, the heterogeneous photocatalysts generate highly reactive
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and oxidizing hydroxyl radicals, which could degrade toxic organic
compounds to non-hazardous/innocuous compounds [7-9]. Many
semiconductor oxides such as ZnO, CuO, TiO,, CaS, ZnS, and MoS; have
been studied and tested as photocatalysts for addressing environmental
issues associated with aqueous media. Among them, TiO; has attracted
the most attention from researchers for photocatalysis, owing to its high
photocatalytic activity [10-15]. However, as TiO has poor light-ab-
sorption capability in the range of visible wavelength, many research
studies have been dedicated to combine TiO2 with other materials that
could enable the photocatalytic activity under the visible spectrum of
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sunlight energy [16-18].

Hybrids of many metal oxides, including WOs;, MoOs, SiO2, Fe;Os
and ZrO», with TiO; have been prepared to improve the light absorption
capacity and photocatalytic activity of the catalysts [19-24]. Iron oxide
(Fex03) is an n-type semiconductor, which is commonly used as a
photocatalyst in water splitting and the degradation of organic com-
pounds because it is inexpensive, abundant, non-toxic, and remains
stable during photocatalytic reactions [25-30]. The bandgap of FexOs is
smaller (2.3 eV) than that of TiO: (3.2 eV), which is suitable for ab-
sorbing light in the visible region; however, its low conductivity and a

short excited diffusion length (2—-20 nm) significantly reduces its
photocatalytic activity [31,32]. The combination of TiO. and FexOs
have been extensively studied to improve the absorption efficiency in
the visible region and to increase the photocatalytic activity through
the synergetic effect of the two metals [33-38].

It is well-known that the main source of raw material for TiO: is
ilmenite ore (FeTiOs) [39,40]. Previous works have also used ilmenite
ore as a raw material to fabricate Fe:O3/TiO2 composites [41]. For
example, ilmenite ore was treated with sulfuric acid to synthesize a
Fe>05-TiO2 composite [42] that showed high photocatalytic activity
during the oxidation of 4-chlorophenol in water under light irradiation.
In another study, Fe>Os-TiO, composite was used as a catalyst for the
conversion of vegetable oil to biodiesel [43]. Since its discovery in
2004, graphene, one of the carbon materials with a two-dimensional
(2D) structure, has attracted much attention from scientists [44—47].
Graphene has exceptional mechanical, chemical, and physical proper-
ties, and it can be employed in many applications such as in biosensors,
composites, smart textiles, energy storage devices, and for solar energy
harvesting and conversion [48-51]. Most recently, owing to its large
surface area, superior mechanical flexibility, and especially high elec-
tron conductivity and mobility, graphene has been utilized as a sup-
porting material for enhancing the efficiency of photocatalytic reactions
[52-56]. It could be used as a support and promoter to enhance charge
separation [57,58], surface area [59] and it also plays an important role
in enhancing the adsorption efficiency [58,60,61].

Zhang et al. [62] employed a combustion based approach to suc-
cessfully fabricate a visible-light responsive magnetic Fe-Os;/TiO>/
graphene composite using metals salts and graphene oxide as pre-
cursors [62]. The resultant photocatalyst absorbs light over a wider
visible-light range and show improvised visible-light photocatalytic
performance owing to reduced charge recombination. In this study, a
simple approach to fabricate graphene@Fe-Ti binary oxide composites
using a cheap and abundant source of ilmenite ore and graphene has
been proposed. The chemical and physical properties of the materials
were characterized and the photocatalytic performance of the compo-
site was tested for the degradation of a dye, methyl blue (MB). The
effect of graphene loading on the photocatalytic efficiency was studied,
and finally, the photocatalytic mechanism of dye removal has been
proposed.

2. Materials and methods
2.1. Chemicals

Ilmenite ore (52 %) was obtained from Cat Khanh Mine, Binh Dinh
Province, Vietnam. Ethanol (C2HsOH, 96 %) was purchased from Duc
Giang Chemicals and Detergent Powder Co., Ltd. Acetone (99 %),
H2S04 (98 %), KHSO4 (> 95 %), KoS20s (99 %), and graphite flakes

(< 180 pm, > 90 %) were obtained from Xilong Scientific Co., Ltd.
Analytical grade methylene blue (99 %) was purchased from Sigma-
Aldrich Pvt. Ltd. Distilled water was used for the preparation of all the
solutions. All chemicals were used as received without any further
purification.

2.2. Preparation of a Fe-Ti salt solution from ilmenite ore (solution A)

IImenite ore (52 %, FeTiOs) was washed thoroughly with distilled
water, dried in a heating oven, and milled in a ball milling machine
until the particle size was < 0.149 mm (passed through a 100-mesh
sieve). Thereafter, 5 g of the milled ilmenite ore was mixed with 35 g of
KHSO4 and the mixture was calcined at 600 °C for 2 h. After the cal-
cination, the slag was leached in a 10 % H>SOs solution. After the re-
moval of residues, a solution containing the leached metal ions was
obtained.

2.3. Preparation of graphene nanoplates (GNPs)

Graphene was synthesized by a facile one spot method, as described
elsewhere [63]. Natural graphite flakes were washed several times with
distilled water and 2 g of the washed flakes was dispersed in con-
centrated sulfuric acid (98 %). The mixture was stirred using a mag-
netic stirrer and then 10 g of K>5,0s was added. The reaction mixture
was stirred continuously for 3 h. After that, the residue was filtered,
washed several times with acetone, and dried at 90 °C in a heating oven.

2.4. Preparation of graphene@Fe:03/Ti0; nanocomposites

A mixture of 50 mL of ethanol and 100 mL of solution A was stirred
for 30 min to form a homogeneous solution (solution B). A known
amount of graphene (0, 10, 20, or 40 mg, labelled as TCGO, TCG10,
TCG20, and TCG40, respectively) was added to solution B and then the
mixture was ultra-sonicated for 30 min to uniformly disperse the gra-
phene in the solution. After that, the mixture was transferred to an
autoclave to carry out the hydrothermal reaction at 150 °C for 8 h. The
precipitate obtained was vacuum filtered and washed several times

with distilled water until SO;2- ions were completely removed and the
pH of the solution became neutral. Thereafter, the residue was dried at
80 °C in a heating oven.

2.5. Characterization of the synthesized composites

The morphology of the material was characterized by scanning
electron microscopy (SEM; Hitachi S-4600) and transmission electron
microscopy (TEM; EMLab NIHE). The distance between the graphene
layers was determined by high-resolution transmission electron mi-
croscopy (HRTEM; 200 kV with field emission, TECNAI G2-20 S-TWIN,
FEI). The crystalline structure of the synthesized materials was char-
acterized by X-ray diffraction (XRD) with the X'Pert Pro instrument
using Cu K& radiation. An X-ray source voltage of 45 kV and electron
beam current of 40 mA were used and the patterns were recorded over
the scanning angle 20 ranging from 5 to 90° in steps of 0.5°. The
Fourier-transform infrared (FT-IR) spectra of the samples were recorded
on a Bruker spectrometer in a range of 4000 to 600 cm~'. Ultraviolet-
visible diffuse reflectance spectroscopy (UV-vis DRS) was performed in
the range of 200-2500 nm using a BaSOs plate as the reflectance
standard.

2.6. Photocatalytic activity test

The photocatalytic activities of the samples were evaluated based on
the degradation of MB in an aqueous solution under a 350 W xenon
sunlight simulated lamp (AHD 350, Shenzhen Anhongda Opto
Technology Co. Ltd., China) in a reaction chamber. Aliquots (5 mL) of
the aqueous solution of MB (10 mg/L, pH = 7.0) were placed in several
6 mL quartz tubes, and 6 mg of the synthesized graphene@Fe,O3/TiO:
nanocomposite was added into each tube. The tubes were placed on a
flat mirror plate and a certain distance was maintained between the
mirror plate and the lamp. Before light irradiation, the aqueous sus-
pensions were magnetically stirred in the dark for 1 h to achieve the
adsorption-desorption equilibrium. The reaction chamber was
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Fig. 1. SEM images of the graphene nanoplates (A), free-standing Fe-Ti binary oxide (B), and graphene@Fe-Ti binary oxide (C and D).

mechanically ventilated to maintain a constant temperature (~35 °C)
during illumination. After every 5-min time interval, one quartz tube
was taken out and the liquor was extracted by centrifugation to remove
the solid. The absorption at 668 nm was determined to evaluate the
photocatalytic performance of the composite using a Cary 5000 UV—vis-
NIR spectrophotometer. The photocatalytic tests were carried out under
similar conditions in the presence of different photocatalysts (TCGO,
TCG10, TCG20, TCG40, and GNPs).

3. Results and discussion

3.1. Morphological characteristics of the graphene@Fe-Ti binary oxide
nanocomposite

Graphene nanoplates (GNPs) were fabricated by adopting the ap-
proach from a previous work, wherein natural graphite was chemically
exfoliated with an oxidant and highly concentrated sulfuric acid to form
GNPs. The obtained GNPs has a bulk density of 0.015 g/cm?® and a
carbon content of 99.6 % [63]. The surface morphology of the GNPs
was observed by SEM (Fig. 1A). It is obvious that GNPs have wrinkled

and crumpled morphology with 10—-30 um lateral diameter and less
than 20 nm thickness. As illustrated in Figs. 1B and S1, the morphology
of the Fe-Ti binary oxide prepared from ilmenite according to a similar
process without the addition of the GNPs, clearly indicates that the
prepared Fe-Ti binary oxide is in the form of nanoparticles with size
distribution in the range of 50-150 nm.

The surface morphology of the GNPs@Fe-Ti binary oxide compo-
sites are shown in Fig. 1C and D. At low resolution (Fig. 1C), the good
distribution of the Fe-Ti binary oxide particles on the graphene surface
can be clearly observed. The high-magnification SEM image of the
composite (Fig. 1D) reveals a much smaller particle size of the Fe-Ti
binary oxide (less than 20 nm) formed on the GNP surface comparedto
that of free-standing Fe-Ti binary oxide prepared from ilmenite ore

without the assistance of graphene. This is probably due to the presence
of graphene, which assists the nucleation of Fe-Ti binary oxide evenly
on its surface and their uniform growth with control over the particle
size, leading to small Fe-Ti binary oxide particles.

The surface structure of the GNPs@Fe-Ti binary oxide composites
was further investigated by TEM and HRTEM studies. Figs. 2A and S2
shows the low-magnification TEM image of the composite, which
clearly indicates that the Fe-Ti binary oxides are uniform with an

average particle size of ~ 13.6 nm, which is in good agreement with
the SEM results. The inset of Fig. 2A shows the high-resolution HRTEM
image of the composite, which shows the edges of graphene with
multilayers bonding to the Fe-Ti binary oxide particles. The HRTEM
image of Fe-Ti oxide (Fig. 2B) shows lattice fringe spacing of both TiO»
and Fe;Os, which can be attributed to the formation of heterojunctions
between FexOs; and TiO2 [64]. This close contact can contribute to the
improvement in the charge transfer as the length of the carrier diffusion
is short, and as a result, the charge recombination is suppressed, which
is essential for the enhancement of the photocatalytic activity. The inset
of Fig. 2B shows the selected-area electron diffraction (SAED) pattern of
the Fe-Ti binary oxide, which exhibits polycrystalline rings of TiO. and
Fe2Os phases.

The nature of chemical bonding was investigated by FTIR spectro-
scopy. The FTIR spectra of graphene, free-standing Fe-Ti binary oxides,
and graphene@Fe-Ti oxides are shown in Fig. 3A. In the FTIR spectrum
of graphene (black line), there are no obvious stretching peaks, which is
a strong indication of the presence of pristine graphene sheets without
defects. The defects gaverise to peaks at 3400 cm~! (OH), 1720 cme—!
(CO), 1600 cm— 11 (skeletal vibrations from unoxidized graphitic do-
mains), 1220 cm~! (COH), and 1060 cme-! (COe), respectively,
which are the characteristic peaks of graphite and graphene oxides.
Both the spectra of the free-standing binary oxide (red line) and gra-
phene@Fe>O5/TiO> composite (blue line) have a broad absorption

band at 3200 cm~' and a sharp one at 1631 cm~! corresponding to the



Fig. 2. HRTEM image (A) and SAED pattern (B) of graphene@Fe-Ti binary oxide composite.

stretching and bending vibrations of OeH, respectively. In the FTIR
spectrum of free-standing Fe-Ti binary oxide, the bands at 998 and 443
cm-! are related to the TieOTi and FeOee vibrations of TiO. and
FexOscrystalline phases, respectively. Interestingly, when combined
with graphene, a shift in the TieOTei vibration was observed, in-
dicating good interaction between the FeeTi binary oxide and gra-
phene.

The crystallinity of the graphene@Fe-Ti binary oxide composites
was studied by XRD (Fig. 3B). The XRD pattern of the as-prepared

composite shows high-intensity peaks at 20 = 25.7, 38.2, 48.3, 542,
63, and 69.1°, corresponding to the characteristic pattern of the anatase
phase with miller indices of 101, 004, 200, 211, 204, and 220, re-
spectively (JCPDS card number 21-1272). There are no peaks of the
rutile phase, which demonstrates the formation of high-purity anatase
phase, which is mainly responsible for the enhanced photocatalytic
activity of TiO». The characteristic peak of graphene in the XRD pattern
is not obvious, which might be due to the overlap of the strong peaks of
TiO, anatase and the natural graphene. The broad nature of the peaks
implies that the Fe-Ti binary oxide particles are relatively small in size.
The peaks intensity of the Fe:Os is negligible, which is probably due to
the low crystallinity of the Fe;Os in comparison to the TiO; in the Fe-Ti
binary oxide particles. Since the particle size of this binary oxide as
observed in the SEM and TEM images is < 100 nm, the average size of
the mixed oxides can be calculated using the Debye-Scherrer equation.
The average crystal size of Fe-Ti binary oxide on the GNP surface was
calculated to be 16.4 nm, which is in good agreement with the TEM
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results. The weight percentages of C, O, Ti and Fe elements in gra-
phene@Fe-Ti binary oxides were found to be 12.08, 64, 10.89, and 3.6

%, respectively (Fig. S3). The remaining weight percentage can be as-
cribed to the impurities from the primary ores and oxidants during the
fabricating process.

The thermal property of the graphene@Fe-Ti binary oxides with 30
% graphene loading was investigated by the thermal gravimetric ana-
lysis (TGA), as shown in Fig. S4. The TGA curve shows a negligible
decrease in weight loss at 200 °C indicating low content of free water on
the surface of the material. From 200 °C to 600 °C, a weight loss of ~ 10
% was ascribed to the dehydration of water-chemisorbed to the metal
oxide. The significant weight loss of the composite after 600 °C is due to
the burning of graphene, i.e. due to its reaction with oxygen.

The total surface area of the graphene@Fe-Ti binary oxide compo-
site was calculated using the N> adsorption/desorption isotherm (Fig.
S5). The calculated Brunauer-Emmett-Teller (BET) surface area of the
Fe-Ti binary oxide and the graphene@Fe-Ti binary oxide were 58 and
133.7 m?/g, respectively. This clearly indicates that the addition of
graphene significantly improves the surface area of Fe-Ti binary oxide,
which in turn, improves its photocatalytic performance. The pore vo-
lume and pore size of the graphene@Fe-Ti binary oxide composite were
0.01 cm?/g and < 20.65 nm, respectively, which are reasonable for
photocatalytic application. The optical properties of the graphene@Fe-
Ti binary oxide composite were investigated by solid-state UV-vis dif-
fuse reflectance spectroscopy (Fig. 4A). The UV-vis spectrum of the

synthesized composite has three absorbance peaks at a Amax of ~420,
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Fig. 3. FTIR spectra (A) and XRD pattern (B) of graphene@Fe-Ti binary oxide composite.
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Fig. 4. Solid-state UV-vis spectrum (A) and [F(R)hv]/2 plot (B) to determine the bandgap of the graphene@Fe-Ti binary oxide composite.

550, and 690 nm, ascribed to the presence of Fe ions in the material,
which shifts the optical absorption edge from UV to the visible light
range (i.e., a red shift). Figs. 4B and S6 displays the [F(R)hv]'/2 plot for
indirect transition according to the Kubelka-Munk function, F(R),
which is equivalent to the absorbance of the material in the UV-vis

spectrum; hv is the photon energy, hv = (1239/\) eV, where X is the
wavelength in nm. The value of hv is extrapolated to F(R)hv =0, which
gives the absorption energy corresponding to the band gap Ey. It could
be observed that the Ey of Fe-Ti binary oxide and graphene@Fe-Ti
binary oxide composite is smaller than that of pristine TiO> (~ 3.2 eV).
The bandgap of Fe-Ti binary oxide and graphene@Fe-Ti binary oxide
composite were 2.73 and 2.867 eV, respectively; thus, the composite
could have photocatalytic activity in the range of visible light.

3.2. Degradation of methylene blue using graphene@Fe-Ti binary oxide
nanocomposite and proposed mechanism

Since the bandgap of the prepared graphene@Fe-Ti binary oxide
is > 2.867 eV, it could also have photocatalytic activity in the visible
light region. Thus, the photocatalytic degradation of MB dye using
graphene@Fe-Ti binary oxide (TCG10, TCG20, and TCG40), fabricated
with various graphene contents, and free-standing Fe-Ti binary oxide
(TCGO) were evaluated. The change in the absorption peak at 668 nm of
MB as a function of time was monitored to assess the photocatalytic
performance. Fig. 5A reveals the MB removal (%) versus time under
various experimental conditions of the photocatalytic reaction. It is
obvious that, when no photocatalyst was used, there was negligible
degradation of MB, which indicates that no self-sensitized photo-
degradation of MB occured. Similarly, when graphene nanoplates
(GNPs) were employed as a photocatalyst, an insignificant decrease in
the concentration of MB was observed.

However, when Fe-Ti binary oxide photocatalyst was used, the

concentration of MB decreased by ~60 % after only 20 min under si-
mulated sunlight irradiation. This result demonstrates that the Fe-Ti
binary oxide has good photocatalytic activity toward MB dye in the
visible-light region. The MB removal efficiency varied according to the
graphene content; the composite with a graphene content of 20 %
showed the highest photocatalytic activity toward MB with a 100 %
removal after 20 min of irradiation time under simulated sunlight. This
is probably due to the high conductivity of graphene, which contributes
to the separation of the electron-hole pairs generated by the Fe-Ti
binary oxide semiconductor, owing to which more electrons and holes
become available for MB degradation. The plot of In(C;/Co) vs. time
(Fig. 5B) was used to infer the kinetics of the photocatalytic reaction of

MB in the presence of photocatalysts, where C: is the peak intensity at
time ¢, and C, is the intensity at time zero. From these plots, the de-
gradation rate constant of MB by the graphene@Fe-Ti binary oxide
photocatalyst containing 20 % graphene was determined to be 0.213
min-1.

The effect of initial MB dye concentration on the photodegradation
performance of graphene@Fe-Ti binary oxide was studied at a catalyst
concentration of 1 g/L, with various MB concentrations ranging from
10 to 100 mg/L (Fig. S7). It can be seen from the figure that the higher
MB removal was observed at the lower MB concentration. After 30 min
of irradiation time under simulated sunlight, the removal of MB from
water was 100, 91.2, 73.3, 67.4, 56.9, and 45.8 % at an initial MB
concentration of 10, 20, 40, 60, 80, and 100 mg/L, respectively. The
stability and reusability of the graphene@Fe-Ti binary oxide was
evaluated by repeatedly carrying out the MB photodegradation tests
over graphene@Fe-Ti binary oxide under visible-light irradiation. After
the first cycle of MB degradation tests, the graphene@Fe-Ti binary
oxide was separated from the reaction system and dried at 80 °C for 6 h.
The photocatalyst was reused for the next subsequent cycles and the
results are shown in Fig. 6. It can be seen that the decrease in the MB
degradation efficiency is less than 10 % after 4 cycles of reuse, which
indicates that the activity of graphene@Fe-Ti binary oxide as a photo-
catalyst is relatively stable and it can be reused several more times with
reasonable removal performance. Thus, the graphene@Fe-Ti binary
oxide photocatalyst is a promising material for wastewater remediation
because of its excellent photocatalytic activity, cost-effectiveness and
recyclability.

Besides, the COD of methyl blue was measured before and after
photocatalytic treatment with graphene@Fe-Ti binary oxide. The initial
and final COD values were 182.4 and 10.2 mg/L, respectively, resulting

in ~ 95 % removal. This result is also consistent with several previous
results, wherein authors have reported the degradation of MB dyes into
carbon dioxide and water. During the degradation process, graphene
could be used as a support and promoter to improve charge separation
by suppressing the recombination of electron-hole pairs generated by
the irradiation of Fe-Ti binary oxide, thereby increasing the lifetime of
the charge carriers, as a result, enhancing the photocatalytic activity
[58]. Thus, graphene also plays an important role in enhancing the
efficiency of dye adsorption, as it facilitates interfacial charge transfer
interaction with the adsorbed agent [58]. In order to investigate the
enhanced photo-generated charge carrier transfer, electron-hole se-
paration, and migration in the photocatalysts due to the addition of
graphene, the photoluminescence (PL) spectra was obtained (Fig. S8).
When the PL intensity is low, the electrons and holes actively
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participate in the redox reactions to generate active species such as
peroxides and OH- radicals for the degradation of pollutants. Fig. S8
shows the PL spectra of the Fe-Ti binary oxide and graphene@Fe-Ti
binary oxide excited at 335 nm. It can be clearly seen that the presence
of graphene significantly increases the electrons/holes separation as the
PL spectrum of the graphene@Fe-Ti binary oxide is much lower than
that of Fe-Ti binary oxide. Therefore, the introduction of graphene
significantly enhances the photocatalytic performance of the photo-
catalysts semiconductor property.

Besides, the COD of methyl blue was measured before and after
photocatalytic treatment with graphene@Fe-Ti binary oxide. The initial
and final COD values were 182.4 and 10.2 mg/L, respectively, resulting

in ~ 95 % removal. This result is also consistent with several previous
results, wherein authors have reported the degradation of MB dyes into
carbon dioxide and water. During the degradation process, graphene
could be used as a support and promoter to improve charge separation
by suppressing the recombination of electron-hole pairs generated by
the irradiation of Fe-Ti binary oxide, thereby increasing the lifetime of
the charge carriers, as a result, enhancing the photocatalytic activity

[58]. Thus, graphene also plays an important role in enhancing the
efficiency of dye adsorption, as it facilitates interfacial charge transfer
interaction with the adsorbed agent [58]. In order to investigate the
enhanced photo-generated charge carrier transfer, electron-hole se-
paration, and migration in the photocatalysts due to the addition of
graphene, the photoluminescence (PL) spectra was obtained (Fig. S8).
When the PL intensity is low, the electrons and holes actively partici-
pate in the redox reactions to generate active species such as peroxides
and OH- radicals for the degradation of pollutants. Fig. S8 shows the PL
spectra of the Fe-Ti binary oxide and graphene@Fe-Ti binary oxide
excited at 335 nm. It can be clearly seen that the presence of graphene
significantly increases the electrons/holes separation as the PL spec-
trum of the graphene@Fe-Ti binary oxide is much lower than that of Fe-
Ti binary oxide. Therefore, the introduction of graphene significantly
enhances the photocatalytic performance of the photocatalysts semi-
conductor property.

Based on the above results and scientific discussion, a possible
mechanism for dye degradation using graphene@Fe-Ti binary oxide
composite under visible-light irradiation has been proposed (Fig. 7).
Under the irradiation of visible light, the composite generates electron-
hole pairs and the electrons are transferred from the valence band (VB)
to the conduction band (CB) of the Fe-Ti oxide semiconductor [65]. The
generated electrons then move to the graphene sheets and enhances the
charge separation; as a result, the recombination of electrons and holes

is prevented. The photo-generated holes would react with H.O or OH-

0,

Simulated sunlight

Fig. 7. Proposed photocatalytic mechanism of MB degradation catalyzed by
graphene@Fe-Ti binary oxide.



to form active species such as ‘OH, which participate in the oxidation
process of dye molecules to form degraded products on the surface of
the Fe-Ti binary oxide [66]. Further, the generated electrons reduce the

02 dissolved in water to form O>*~ radicals on the surface of graphene
[67].

4. Conclusions

In this study, graphene@Fe-Ti binary oxide composite (size: 16.4

nm; surface area of 133.7 m? g-1) was fabricated using a one-pot hy-
drothermal method from ilmenite ore. The results from optical study
reveals that the composite has a lower bandgap (2.867 eV) than that of
pristine anatase (3.2 eV), which enables the composite to have photo-
catalytic activity in the visible-light region. The graphene@Fe-Ti binary
oxide exhibited high photocatalytic performance for the degradation of

MB dye, i.e. 100 % removal, in ~ 20 min of irradiation with simulated
sunlight. The degradation rate constant of MB in the presence of gra-

phene@Fe-Ti binary oxide photocatalyst was 0.213 min-'. With high
photocatalytic performance, a simple method of fabrication using il-
menite, easy recoverability and reusability, the graphene@Ti-Fe binary
oxide composite offers significant environmental applications in the
future.
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