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BaTiO;-Ti0O, nanoparticles were fabricated by a wet-chemical method using barium
chloride dihydrate (BaCl,-2H,0), titanium dioxide (TiO,), and oxalic acid (C,H,0y)
as precursors. BaTi0O;-TiO,-graphene nanocomposites were obtained by heating the
BaTiO;-Ti0O, nanoparticles with graphene in an electric furnace at 700 °C for 2 h.
X-ray diffraction analysis revealed that the resulting products were BaTiO;-TiO,-

graphene nanocomposites. Scanning electron microscopy revealed the morphology
of the nanocomposites. UV-vis spectrophotometry was used to analyze the
photocatalytic degradation of several organic dyes using the BaTiO;-TiO,-graphene
nanocomposites as a photocatalyst under ultraviolet irradiation at 254 nm.

1. Introduction

Because of the unique electrical, optical, magnet-
ic, and catalytic properties of nanosized materials,
many researchers have focused on the development
of various new nanomaterials with good perfor-
mance and fine grain sizes [1-3].

Barium titanate (BaTiO;), an alkaline earth ti-
tanate with a cubic perovskite structure, possesses
excellent dielectric, ferroelectric, and piezoelectric
properties that make it one of the most important
materials used in multilayer ceramic capacitors and
optoelectronic devices [4—7]. Over the past decade,
extensive investigations have been carried out to
synthesize different BaTiO; nanostructures such as
nanoparticles, nanowires, and nanoplates [8—10].
In addition, many alternative methods such as hy-
drothermal treatment [11, 12], sol-gel processing
[13], solvothermal methods [14], microwave syn-
thesis [15], and solid-state reactions of oxides [16,
17] have been successfully used to prepare BaTiO;
nanopowders. Conventionally, BaCO; and TiO,
have been used as raw materials in solid-state re-
actions in order to obtain BaTiO; [18]. However,
the decomposition of BaCO; at high temperatures
(above 1200 °C) can easily lead to agglomeration [ 7].

Recently, many researchers have synthesized Ba-
TiO; using hydrothermal treatment methods. The
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resulting products obtained via hydrothermal syn-
thesis have narrow size distributions and lower calci-
nation temperatures compared to those obtained via
solid-state reactions [19]. Moreover, microwave-as-
sisted synthesis is known as an effective method to
prepare uniformly sized BaTiO; nanoparticles [20].

Photocatalytic water splitting is a possible solu-
tion to the problem of increasing energy demand,
and is therefore appealing to researchers [21, 22].
Over the past few years, many efficient photocata-
lysts have been fabricated. Semiconductors such as
ZnO [23], TiO, [24], and CdS [25] can be sensitized
by organic dyes and have shown excellent activity
in the photocatalytic degradation of organic dyes.

This is due to the binding energy provided by the
empty conduction band and filled valence band of
the semiconductor [26]. Although many photocata-
lysts have been investigated and applied for the re-
moval of dye pollutants, an efficient photocatalyst
with high stability is still needed. Graphene as an
allotrope of carbon atom with two-dimensional hon-
eycomb lattice has been studied in many fields for
its unique properties [27-31]. Graphene displayed
remarkable electron mobility and has a great appli-
cation prospect in the electronic device and various
kinds of photocatalyst [32].

In this paper, we present the synthesis of Ba-
TiO;-TiO, nanoparticles using barium chloride
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dihydrate (BaCl,-2H,0) and titanium dioxide (TiO,)
as precursors, via a wet-chemical method.

In addition, BaTiO,-TiO,-graphene nanocom-
posites were prepared by the calcination of Ba-
Ti0;-Ti0O, nanoparticles and multilayered graphene
in an electric furnace. X-ray diffractometry (XRD)
and scanning electron microscopy (SEM) were used
to characterize the resulting products. In photocata-
lytic studies, the BaTiO;-TiO,-graphene nanocom-
posites used for the degradation of organic dyes
such as methylene blue (MB), rhodamine B (RhB),
brilliant green (BG), and methyl orange (MO) under
254 nm ultraviolet (UV) light irradiation.

2. Experimental

2.1. Materials and instruments

Barium chloride dihydrate [BaCl,-2H,0], titani-
um (IV) oxide [anatase TiO,], oxalic acid dihydrate
[C,H,0,-2H,0], nitric acid [HNO;], MB, RhB, and
tetrahydrofuran (THF) were obtained from Sam-
chun Chemicals (Korea). BG and MO were pur-
chased from Sigma-Aldrich (India), and graphene
was supplied by ENano Tec.

Microwave irradiation was performed in a do-
mestic oven at the maximum power (2450 MHz,
700 W). An electric furnace (Ajeon Heating
Industy Co., Ltd) was used for heating the samples at
700 °C for 2 h. The structures of the products were
characterized by XRD (Bruker, D8 Advance). SEM
observation (JEOL Ltd, JSM-6510) at an accelerat-
ing voltage of 0.5 to 30 kV was performed to ex-
amine the surface morphology of the products. Pho-
tocatalytic degradation was performed using a UV
lamp (8 W, 254 nm, 77202 Marne La Valee-cedex
1 France) and characterized using a UV-vis spectro-
photometer (Shimazu UV-1619 PC).

2.2. Synthesis of BaTiO;-TiOy-graphene nanocom-
posites

BaCl,-2H,O (0.05 mol) and TiO, (0.05 mol)
powders used as starting materials were dispersed
into 100 ml of'a 0.5 M oxalic acid solution. After the
solution was stirred for 4 h at 70 °C, the mixture was
subjected to microwave irradiation for 6 min (30 s,
12 times). After allowing the mixture to stand for 5
min, the supernatant was poured into a beaker, and
the precipitate was washed 5 times with distilled
water and dried in an electric oven at 100 °C for
12 h. After it had dried, the precipitate was ground
into a powder with a mortar and pestle. The powder
was heated at 700 °C for 2 h in an argon atmosphere

to form BaTiO;-TiO, nanoparticles. In order to re-
move the byproduct BaCOs;, the powder was stirred
for 30 min in 200 ml of a 1 M HNO; solution at
70 °C. The BaTiO;-TiO, nanoparticles were then
obtained via washing and drying. The final prod-
uct, BaTiO;-TiO,-graphene nanocomposites, were
obtained by heating the BaTiO;-TiO, nanoparticles
and graphene mixed in tetrahydrofuran with a mass
ratio of 1:1 at 700 °C for 2 h under an atmosphere of
inert argon gas.

2.3. Characterization of BaTiO;-TiOy-graphene
nanocomposites

The XRD pattern of the BaTiO;-TiO,-graphene
nanocomposites was obtained using powder X-ray
diffraction with Cu Ka radiation (1 = 1.54178 A).

The crystalline phases of the nanocomposites
were identified on the basis of the XRD peaks. The
morphologies and shapes of the particles in the sam-
ple were observed by SEM.

2.4. Evaluation of photocatalytic activity

The photocatalytic activity of the BaTiO;-TiO,-
graphene nanocomposites was evaluated by investi-
gating the degradation of organic dyes such as MB,
RhB, BG, and MO. A 5 mg sample of the BaTiO;-
Ti0,-graphene nanocomposites was added to a reac-
tor along with 10 ml of organic dye solution. After
absorption in a dark environment for 30 min, the
organic dye solution and photocatalyst were irradi-
ated in the reactor by a UV lamp at a wavelength of
254 nm. The distance between the reactor and the
lamp was 1 cm. The entire process of photocatalytic
degradation was analyzed using a UV-vis spectro-
photometer.

3. Results and Discussion

3.1. Crystal structure and morphology of BaTiO;-
TiOy-graphene nanocomposites

Figure 1 shows the XRD patterns indicative of
the crystal structure of the BaTiO;-TiO,-graphene
nanocomposites. Peaks were observed at 20 val-
ues of 22.3°, 31.7°, 39.1°, 45.3°, 56.3°, and 65.9°,
which could be indexed to the (100), (110), (111),
(200), (211), and (220) crystal planes of BaTiO;
possessing a cubic structure, respectively (JCPDF
31-0174) [31, 32]. The peaks located at 26 values of
25.5°, 38.0°, 48.2°, 54.1° and 54.9° were attributed
to the (101), (004), (200), (105), and (211) planes of
anatase TiO, (PDF card 21-1272, JCPDS) [26]. The
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diffraction peak of graphene was determined to be at
about 20 = 26.8°. The crystallite size was calculat-
ed by using Scherrer’s formula from the full-width
at half maximum (FWHM) of the XRD peaks [31].
The formula can be written as follows:

p._ K4
B eCOSO

where K is the shape factor taken as 0.9, 4 is the
wavelength of the Cu Ka radiation (1 = 1.54178 A)
used in the powder XRD analysis, f is the FWHM,
and 20 is the angle between the incident and scat-
tered X-rays.
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Fig. 1. XRD pattern of the BaTiO;/TiO,-graphene nano-
composites.

Table 1 shows the estimated FWHM of the XRD
peaks and the crystalline size of the BaTiO;nanopar-
ticles. The mean crystalline size of the BaTiO;
nanoparticles was calculated to be 18.12 nm.

Table 1
Structural parameter calculation of BaTiO; nanoparticles

hkl 20 Intensity | FWHM Crystallite

(degree) 20 (degree) | size (nm)
100 | 22.3305 323 0.4136 19.59
110 | 31.7245 1467 0.3544 23.32
111 | 39.0506 394 0.5120 16.47
200 | 45.2935 443 0.5908 14.58
211 | 56.2827 401 0.5121 17.60
220 | 65.9129 231 0.5514 17.18

By analyzing the XRD peaks due to anatase
TiO,, the data shown in Table 2 were obtained, and
the average crystalline size of TiO, in the BaTiO;-
Ti0,-graphene nanocomposites was determined to
be 23.06 nm.

Additionally, the single (200) diffraction peak
with no splitting at around 26 = 45° indicated that
BaTiO; nanoparticles with the cubic and tetragonal
phase were obtained [19, 33, 34].

Table 2

Structural parameter calculation of TiO, nanoparticles
hkl 20 Intensity | FWHM | Crystallite

(degree) 20 (degree) | size (nm)
101 | 25.5209 1165 0.2757 29.57
004 | 38.0068 279 0.3545 23.72
200 | 48.2279 341 0.3545 54.57
105 | 54.1163 222 0.4333 20.60
211 | 54.8844 248 0.5321 16.84

Figure 2 shows the SEM image of the BaTiO;-
Ti0,-graphene nanocomposites.

As shown in Fig. 2, the BaTiO;-TiO, nanopar-
ticles have a spherical and stone-like morphology,
and the particles gather together. Compared with
the BaTiO;-TiO, nanoparticles, lamellar graphene
appeared to have a littery morphology in the SEM
image. Additionally, the BaTiO;-TiO, nanoparticles
were surrounded by the graphene sheet or adhered
to its surface.

WD11mm  S$S60 X2,200 10pm
Sahm Yook University
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Fig. 2. SEM image of the BaTiO;/TiO,-graphene nano-
composites.

3.2. Photocatalytic activity of BaTiO;-TiO-graphene
nanocomposites for organic dye degradation

Figure 3 shows the UV-vis absorption spec-
tra for the degradation of organic dyes using
the BaTiO;-TiO,-graphene nanocomposites as a
photocatalyst. A 10 mL vial was used as a reac-
tor, and photocatalytic degradation of the organ-
ic dyes was performed in an aqueous medium.

The dye concentration was controlled by main-
taining the initial absorbance at 1.0 and the concen-
tration of the BaTiO;-TiO,-graphene nanocompos-
ites was controlled at 500 mg/L. The reactor was
placed in a dark environment for 30 min as soon
as the BaTiO;-TiO,-graphene nanocomposites were
added to the organic dye solution. Then, a UV lamp
with wavelength of 254 nm was used to irradiate the
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reactor for 10 min. As a result, the color of the or-
ganic dyes changed from dark to light and the in-
tensity of the absorbance of the organic dyes de-
creased with an increase in the irradiation time. In
BaTiO;-TiO,-graphene nanocomposites, graphene
was acted on as good electron acceptors can ac-
cept the electrons by UV light irradiation and the
electrons excited in conduction band of BaTiO; are
transferred to the surface of grapheme [30, 35, 36].
Therefore, the life-time of the excited electrons (e)
and holes (h") is prolonged in the process, including
a higher quantum efficiency. The electrons can re-
act with O, to generate -O,, and the holes migrate
to the surface and react with OH" to generate OH-,
these radicals can react with adsorbed pollutants.
BaTiO;-TiO,-graphene nanocomposites performed
better as a photocatalyst, compared to BaTiO;, TiO,,
BaTiO;-TiO,, itself [26, 37, 38].

This can be seen in Fig. 3a, which shows the deg-
radation of MB using the BaTiO;-TiO,-graphene
nanocomposites as a photocatalyst. Figure 3b
shows the UV-vis spectra for the degradation of
BG. Figure 3¢ shows the degradation of RhB in the
presence of the BaTiO;-TiO,-graphene nanocom-
posites, while Fig. 3d shows the UV-vis spectra for
the degradation of MO. The photocatalytic activity
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was superior for BG when compared with that for
MB, RhB, and MO.

3.3. Kinetics of photocatalytic degradation of or-
ganic dyes

In this work, we investigated the kinetics of pho-
tocatalytic degradation of organic dyes such as MB,
BG, RhB, and MO using the Langmuir-Hinshel-
wood model [39]. The equation can be written as
follows:

In (C/Cy) =-Kop -t

where C, is the initial concentration of the organic
dye solution and C is the concentration at the mea-
surement time ¢. Kap is the apparent reaction rate
constant. As shown in the Fig. 4, the degradation of
the organic dyes followed a pseudo-first-order rate
law. Also, Fig. 4 shows that the order of the kinet-
ics for the photocatalytic degradation of the organic
dyes was BG > RhB > MB > MO. This means that
the degradation of BG was the fastest and that of
MO was the slowest in the presence of the BaTiO;-
TiO,-graphene nanocomposites under UV irradia-
tion at 254 nm.
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Fig. 3. UV-vis spectra for the degradation of (a) MB, (b) BG, (c) RhB, and (d) MO using the BaTiO;/TiO,-graphene
nanocomposites as a photocatalyst under UV irradiation at 254 nm.
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Fig. 4. Kinetics study for the photocatalytic degradation
of the organic dyes using the BaTiO,/TiO,-graphene
nanocomposites as a photocatalyst.

4. Conclusions

BaTiO;-TiO, nanoparticles were synthesized us-
ing a wet-chemical method. Then, via calcination
of these nanoparticles with graphene, BaTiO;-TiO,-
graphene nanocomposites were obtained, which
exhibited good photocatalytic activity for the deg-
radation of organic dyes like BG, MB, MO, and
RhB. XRD patterns showed that BaTiO; nanopar-
ticles have a completely crystalline structure, with
a cubic and tetragonal phase. The crystallite sizes
of BaTiO; and TiO, in the BaTiO;-TiO,-graphene
nanocomposites were calculated by applying Scher-
rer’s formula to the XRD patterns. Morphological
characterizations were performed using SEM imag-
ing. Spherical and stone-like BaTi0O;-Ti0, nanopar-
ticles were gathered together and were surrounded
by the graphene sheet or were stuck to the surface of
graphene, as seen in the SEM images. The degrada-
tion experiments on BG, MB, MO, and RhB showed
that the BaTiO;-TiO,-graphene nanocomposites
have good photodegradation efficiency. Kinetics
studies of the photocatalytic degradation of the dyes
using the BaTiO;-TiO,-graphene nanocomposites
were performed using the Langmuir-Hinshelwood
model. The rates of photocatalytic degradation of
the organic dyes were in the following order: BG
> RhB > MB > MO. The results indicate that the
photodegradation rate of BG was the highest among
those of the other organic dyes in this experiment.
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