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Abstract

In situ chemical deposition sol-gel method has been used to prepare graphene oxide-BaCrO, (GO-BaCrO,), which
was then reduced to graphene-BaCrO, (RGO-BaCrO,) under visible-light irradiation. X-ray diffraction, Fourier
transform infrared spectroscopy, and transmission electron microscopy were used to study the morphological
characteristics of the prepared composite material. This synthesis method offers effortless incorporation of a visible
light active photocatalyst in a composite; the reduction of GO to RGO was carried out under visible light as well.
Graphene sheets with high specific surface area and unique electronic properties can be used as a good support
for BaCrO4 and enhance the photocatalytic activity for the degradation of methylene blue dye compared to pure

photocatalytic activity are presented in this article.

BaCrO,. The poor photocatalytic activity of pure BaCrO, is due to its fast charge recombination. Enhanced
photocatalytic degradation activity is attributed predominantly to the presence of graphene, which serves as an
electron collector and transporter to lengthen efficiently the lifetime of the photogenerated charge carriers from
BaCrO,4 nanoparticles. The modified surface of BaCrO, acts as a good photocatalyst compared to unmodified
BaCrO,. The optimum reaction time for synthesis and GO concentration in the composite to enhance
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Background
During the last decades, photocatalysis has been exten-
sively studied as a vital device for the degradation of or-
ganic dyes and pollutants in wastewater [1,2]. Degradation
of dyes by using semiconductor photocatalysts (such as
TiO,, ZnO, CdS, BaCrO,, etc.) is a promising resolution
for wastewater purification, but remains a great challenge
[3-6]. Most of these photocatalysts work under UV light,
which restricts their applications in sunlight since sunlight
that reaches the Earth's surface contains only 4% UV light.
Very few catalysts are active under visible light, but their
efficiency is low due to fast charge recombination. Hence,
attempts have been made to search newer materials or to
reduce that recombination time. Among these materials,
BaCrOy (also called hashemite) with a bandgap of 2.63 eV
is an attractive candidate for photocatalysis [6].

BaCrO, is a chromate analog of barite, which is mostly
used as an oxidizing agent in organic reactions. Recently,
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applications of BaCrO, in photocatalysis have been
proven in the degradation of methylene blue dye and
mineralization of azure B [7]. Therefore, considering a
safe and cost-effective photocatalyst in the visible region
with enhanced activity, current obvious techniques such
as doping and composite formation are used. One obvi-
ous challenge is to use graphene, a two-dimensional
(2D) carbon nanostructure, as conductive carbon mats
to anchor photocatalytic materials to form new compos-
ite hybrid materials with potential application in opto-
electronics and energy conversion devices [8-11]. Such
an attachment of photocatalyst particles on a graphene
sheet may also prevent the restacking and agglomeration
of graphene sheets during the reduction process due to
Van der Waals interactions between them [12].
Graphene has an excellent electron accepting property;
it can be expected that the introduction of graphene into
the system will enhance the catalytic performance of the
semiconductor [13]. Ng et al. reported the remarkable en-
hancement in the activity of TiO, in the photocurrent
generation and photocatalytic degradation of organic pol-
lutants when combined with graphene [14]. The improved
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photocurrent generation is attributed to the ability of
graphene sheets to capture and transport the charge as
collecting electrodes. The faster rate of 2,4-D degradation
observed with RGO-TiO, points out the additional benefit
of concentrating the organics near the photocatalyst sur-
face. The incorporation of graphene in semiconductor
photocatalyst shows remarkable enhancement in photo-
catalytic activity. In our previous work, graphene-loaded
polymer composites of carbon nitride (g-C3N4) and poly
(3-hexylthiophene) act as efficient photocatalysts for
wastewater treatment; we found a threefold enhancement
in the activity of the polymer composite when combined
with graphene [15]. Graphene-wrapped bismuth vanadate
(GW-BiVO,) photocatalyst with excellent performance
has been successfully prepared via a one-step sol-gel
method. The photocatalytic activity measurements dem-
onstrate that the GW-BiVO, photocatalyst show superior
photoactivity in the degradation of methylene blue (MB)
under visible-light irradiation. The significant enhance-
ment in photoactivity can be ascribed to the efficient sep-
aration of photogenerated electrons in the BiVO, and
graphene coupling system and the concerted effects of in-
dividual components or their integrated properties [16].

Such beneficial aspects of 2D nanostructures need to be
further exploited to design next-generation photocatalyst
and solar cell devices. In this communication, we report the
incorporation of graphene in BaCrO, to form reduced
graphene oxide-BaCrO, composite systems (RGO-BaCrO,)
via a chemical deposition sol-gel route, and its significant
influence on photocatalytic degradation and removal of dye
molecules from water had been studied. The RGO-BaCrO,
system displays excellent catalytic degradation of MB under
visible-light irradiation. The photodegradation mechanism
was proposed to be due to the promotion of charge separ-
ation efficiency caused by the synergy between graphene
and BaCrO,.

Methods

Synthesis of RGO-BaCrO, composites

Graphene oxide (GO) was prepared according to the
modified Hummers method [17,18]. Thirty milligrams of
GO was dispersed in 50 ml of double-distilled water by
sonication for half an hour to obtain a clear brown dis-
persion of graphene oxide. Potassium chromate (0.1 M)
was added to the dispersion, and the mixture was stirred
for about 30 min at room temperature. BaCO3 solution
(0.1 M) was added to the above well-stirred reaction
mixture, and stirring was continued for 12 h. It resulted
into a pale green-colored product which was separated
by centrifugation. The product was washed with acetone
several times and dried at 45°C in a vacuum oven. Re-
duction of GO to RGO was carried out through a photo-
reduction method as reported by Ng et al. [14]. When
composite particles are dispersed in ethanol and irradiated
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with visible light, on the surface of BaCrO,, electron-hole
pairs are generated, and the positive holes are consumed
by ethanol hole scavenger and photogenerated electrons
to be injected into GO which carry out reduction. Con-
tinuous irradiation for about 30 min forms a dark-colored
solution.

For comparison, pure BaCrO, was prepared using the
same sol-gel method without the addition of GO. The
RGO-BaCrO, composites with different amounts of GO
(0, 10, 20, 30, and 40 mg) were prepared under the same
conditions.

Characterization

Wide-angle (51 to 801, 40 kV/200 mA) powder X-ray dif-
fraction (XRD) measurements were carried out by a poly-
crystalline X-ray diffractometer (X'Pert Pro, PANalytical,
Almelo, The Netherlands). Fourier transform infrared (FT-
IR) spectra were recorded with a FT-IR spectrophotometer
(Model-Alpha, Bruker, Ettlingen, Germany). Transmission
electron microscopy (TEM) image was obtained using a
transmission electron microscope (CM200 TEM, Philips,
Amsterdam, Netherlands). UV-visible absorption spectra
were recorded with a UV-vis spectrophotometer (UV-
1800, Shimadzu, Kyoto, Japan). Photoluminescence (PL)
spectra were obtained using a spectroflurophotometer
(RF-5301 PC, Shimadzu).

Evaluation of photocatalytic activity

The relative photocatalytic activities of the prepared ma-
terials (RGO-BaCrO, composites and pure BaCrO,)
were evaluated by photodegradation of MB. An amount
of 100 mg of the composite photocatalyst was dispersed
in 100 ml of MB solution (1 x 107> M) to achieve a con-
centration of 1 mg ml™" (for every photodegradation

Intensity, a.u.

10 20 30 40 50 60 70 80 90

Figure 1 XRD spectra of the RGO-BaCrO, composite (a),
GO-BaCrO, composite (b), and GO (c).
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Figure 2 IR spectra of BaCrO, (a), GO (b), and RGO-BaCrO, composite (c).
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experiment, the amount of the overall photocatalyst is
the same). The mixed suspension was first stirred in
dark for 30 min to reach the adsorption-desorption equi-
librium of the MB dye. A Philips lamp (40 W/230 V) was
placed 10 cm away from the reaction vessel, which was
used to provide a full-spectrum emission without any filter
to simulate the sunlight source. The photocatalytic reac-
tion was started by turning on the Philips lamp. Three
milliliter of the aliquot was extracted at various irradiation
times and centrifuged to remove the photocatalyst. The
concentration of residual MB in the upper clear layer was
determined by recording the maximum absorbance of MB
at 663 nm with the UV-vis spectrophotometer.

Results and discussion
Modified Hummers method was employed to synthesize
GO by oxidizing graphite using concentrated sulfuric acid
and potassium permanganate. XRD patterns of the pre-
pared materials, i.e., RGO-BaCrQO,4, GO-BaCrO,, and GO,
are shown in Figure 1 (patterns a, b, and c). The XRD pat-
tern of the sol-gel product (RGO-BaCrO,) is shown in
Figure 1 (pattern a). The XRD pattern of GO correspond-
ing to the (002) inter-plane (Figure 1, pattern c) shows a
dominant diffraction peak centered at 26 = 10.17, indicating
that a considerable oxidation of graphite has taken place.
All the diffraction peaks of BaCrO, that match the
standard JCPDS data (JCPDS 35-0642) belonging to the
single phase of barite BaCrO, are present in both the bare
BaCrO, and GO-BaCrO, compounds. The high-intensity
characteristic peak of GO centered at 260 = 10.17 corre-
sponding to the (002) plane is completely reduced in the
RGO-BaCrO, composite after the photocatalytic reduc-
tion of GO-BaCrO,. Graphene layers have intrinsic
nanocurvature distortions [19,20] existing in a two-
dimensional single crystalline structure; the interlayer

distance of graphene, i.e., d, is slightly larger than that of
bulk graphite. The reported d of graphene and graphite is
approximately 3.4 [21] and 3.348 to 3.360 A [20], respect-
ively. Graphene oxide has the largest interlayer distance
because of its intercalated H,O molecules and various
oxide groups. The interlayer distance of GO is in the range
of approximately 5 to 9 A, depending on the number of
intercalated water molecules. It is rational to assume that
the interlayer distance order is GO > graphene > graphite.
In the case of composite, the interlayer distance is found
to be approximately 8.3 A. This interlayer distance is
greater than that of pure graphene but nearly equals that
of GO; this might be due to the incorporation of BaCrO,
within the layers of graphene. The d value of BaCrOj, is
found to 7.9 A, calculated by considering the highest in-
tensity index peak. When this BaCrO, molecule incorpo-
rated between two layers of the graphene due to Van der
Weaals interaction, it separates the two layers by approxi-
mately 8.3 A. These results explain why the interlayer spa-
cing increased in the RGO-BaCrO, composite. Some
reports show that during the reduction of GO to RGO, a
small hump appears between 26 = 20 and 25°, but in this
type of composite, the possibility of the small hump for-
mation is ruled out since majority of high-intensity char-
acteristic peaks of BaCrO, are lying in the same region.
This result shows that the layered GO has been exfoliated

Table 1 Parameters of porous structure derived from
N, isotherms

Sample Seer (M’ g™") Vi (em® g™ Vi em® g7")
GO Nil Nil Nil
BaCrO,4 200 Nil Nil
GO-BaCrO, 800 0354 0.283
RGO-BaCrO, 957 0.503 0.469
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Figure 3 TEM images of the RGO-BaCrO, composites. (a, b) The graphene layer around BaCrO, crystals, forming RGO-BaCrO,4 composites.
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and that precursors adsorbed on the surface of graphene
oxide and then the nucleation and growth of BaCrOy crys-
tallites took place in the lamellar structure of the graphene
oxide, forming the GO-BaCrO, composite which finally
reduced to RGO-BaCrO, composite. The absence of GO
diffraction peak in the XRD pattern of RGO-BaCrO,
shows that the exfoliation of GO takes place during
the synthesis.

To study the nature of interaction between the graphene
layer and BaCrO,, we performed FT-IR analysis. Figure 2
(spectra a, b, and c) shows the FT-IR spectra of BaCrQO,,

RGO-BaCrO, composite, and GO. Comparing the FT-IR
spectra of RGO-BaCrO,4 composite and GO, a decrease in
intensity of the representative absorption peaks of GO is
observed. A small peak at 3,362 cm™" (O-H stretching vi-
bration), 1,713 cm™* (C=0 stretching of COOH groups),
1,632 cm™! (C=C stretching vibration), and 1,143 cm!
(tertiary C-OH groups stretching) dramatically decreased
or even disappeared after photoreduction, indicating that
the oxygen-containing functional groups in GO were re-
duced under visible-light environment. These functional
groups hinder the charge transformation from BaCrO, to
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Figure 4 Photoluminescence spectra of pure BaCrO, and RGO-BaCrO, composites at different reaction times.
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Figure 5 Relative MB photodegradation efficiency with pure BaCrO,, RGO-BaCrO, composite and without a composite catalyst.
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GO layer. Hence, for better photocatalytic activity, we
need to convert GO into RGO. The absorption band at
1,631 cm™ observed in the FT-IR spectrum of the sol-gel
product can be assigned to the skeletal vibration of
graphene sheets [22]. The reduction in the intensity of
BaCrO, characteristic peak at 851 cm™ in the RGO-
BaCrO, composite confirms that chemical interaction
occurred during the composite formation reaction. The ap-
pearance of a new peak shown by a square at 2,312 cm™
may be due to an effective charge transfer between BaCrO,
and RGO [23]. Gradual development of charge transfer
peak at 2,312 cm™ is presented (Additional file 1:
Figure S1). Although reduction of graphene oxide can be
achieved by using reductants like hydrazine, hydroquin-
one, NaBH,, and so on, it is claimed that the photoreduc-
tion is more effective in lowering the oxygen defect levels
in graphene [24].

The chemical interaction between BaCrO, and RGO
influences the overall structure of the composites. The
porosity of RGO-BaCrO, composite (Table 1) is en-
hanced compared to the individual materials. This is

100
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-
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Figure 6 Comparative percent efficiency of BaCrO,(BC) and
RGO-BaCrO, composites at different reaction times.

related to the new pore space formed at the BaCrO,/RGO
interface as a result of the chemical interactions. The im-
proved porosity in the case of BaCrO4,-RGO is due to re-
duction of oxygen-containing functional groups. The
porous nature of the composites was seen clearly in the
SEM images (Additional file 1: Figure S2). The FT-IR,
XRD, and BET surface area analysis results reveal that the
graphene oxide reacts with BaCrO, and forms a compos-
ite by sol-gel reaction.

The morphology of RGO-BaCrO, composites was
characterized by TEM. It can be observed from the
TEM images (Figure 3a,b,c,d) that the graphene sheets
are covered densely with BaCrO, crystals. However, a
single BaCrO, particle is clearly distinguished. The TEM
images also present the structure of composites in which
the graphene sheets are densely decorated with BaCrO,
particles. The graphene fringe can be explicitly identified
(Figure 3b), convincing us of the presence of graphene
under the BaCrO, layer. The BaCrO, particles exhibit
barite structure and a narrow size distribution with an
average crystallite size of 55 nm. Mixing the two starting
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Figure 7 Effect of GO concentration on the efficiency of

40

RGO-BaCrO, composite for MB degradation.
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materials by mechanical stirring for an appropriate time
achieved the physical adsorption of BaCrO, on the
graphene oxide sheets. It is reasonable to consider that
restacking of graphene sheets is well prevented due to
the crystallization of BaCrO, on the surface of graphene
sheet during the sol-gel reaction. The good distribution
of BaCrO, particles and the single-layer structure of
graphene will benefit the photocatalysis. The TEM image
of the selected area (Figure 3c) indicates a well-defined
crystallinity of BaCrO,.

Photoluminescence study was usually employed to
study the excited-state behavior of semiconductor as
well as its surface structure which gives information
about electron-hole pair recombination after being irra-
diated with visible light. Figure 4 shows the PL spectra
of pure BaCrO, and RGO-BaCrO, composite synthe-
sized at different time intervals. An abrupt quenching in
the PL intensity of BaCrO, is observed in the spectra of
RGO-BaCrO, composites, showing that electron transfer
from excited BaCrO, to graphene took place effectively.

Figure 4 shows the amplificatory image of the area in the
range of 700 to 800 nm, showing that quenching extent is
relative to the reaction time. Extending the time of the sol-
gel reaction from 8 to 12 h decreases the emitting intensity
gradually, while further prolonging the time to 14 h seems
to exhibit no change. This shows that there is a contact
time required to interact the BaCrO, with graphene oxide,
and that is 12 h. Under irradiation, electrons are photoex-
cited to the CB of BaCrOy,, leaving positively charged holes
in valence band (VB). In the absence of other materials,
electrons will undergo a quick transition to VB owing to
the instability of excited states, resulting in the emission
of fluorescence and hence a low photocatalytic activity
towards the degradation of pollutants. In the case of RGO-
BaCrO, composites, a heterojunction forms at the inter-
face, where there is a space-charge separation region and
electrons tend to flow from the higher to the lower Fermi
level. As the calculated work function of graphene is 4.42
eV [25] and BaCrO, has a bandgap of about 2.64 eV,
graphene can accept the photoexcited electrons from
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BaCrO,, thus hindering the electron-hole pair recombin-
ation. As we mentioned above, moderately prolonging the
reaction time may promote the bonding of BaCrO, on
graphene with Ba-C chemical interaction, leading to the
formation of more homogeneous composites, and better
linkage between the two materials must facilitate the elec-
trons transfer, causing more decrease of emission [23].

Photocatalytic degradation of MB with pure BaCrO,,
RGO-BaCrO, composites, and without a photocatalyst
was studied by a UV-visible spectrophotometer (Figure 5).
RGO-BaCrO, composites show enhanced degradation
rate compared to pure BaCrO,. To compare the photo-
catalytic activities of the pure BaCrO,4 and RGO-BaCrO,
composites with different reaction times, a series of
photodegradation experiments were carried out using MB
as a model pollutant under visible light. The comparative
efficiency is presented in the Figure 6; the RGO-BaCrO,
composites with 12-h reaction time display a significantly
improved MB photodegradation efficiency compared with
pure BaCrO,, achieving a degradation percentage of more
than 88% in 150 min. The MB photodegradation efficiency
by RGO-BaCrO, (8 h) was much lower than the 12-h
composite sample which seems to be due to the instability
of the sample, which may be attributed to the poor bond-
ing between graphene and BaCrO, (Figure 6).

The effect of graphene concentration in the compos-
ites on the photodegradation of MB has been studied.
The 1-g composite sample prepared with 30 mg of GO
(approximately 3.0 wt.%) presents a better photocatalytic
activity than the sample with 10 mg (approximately
1.0 wt.%) and 20 mg (approximately 2.0 wt.%) of GO.
However, increasing the concentration of GO to 40 mg
(approximately 4.0 wt.%) does not further improve the
photocatalytic activity as expected. We presume that a
very high concentration of graphene exhibits a strong
absorption to light, thus reducing light absorption on
BaCrO, surface, resulting in the decrease of photoex-
cited electrons (Figure 7). The morphology of the
RGO-BaCrO, composites after the photodegradation
was characterized with TEM. It can be observed that
graphene sheets are still covered densely by BaCrO,
nanoparticles, and few BaCrQO, particles exfoliate from
the graphene supports. From the above discussion,
we plot the detailed mechanism for the formation of
RGO-BaCrO, composite as shown in Scheme 1. No
significant differences were found when comparing the
FT-IR spectra of the used and unused RGO-BaCrO,
composites. This shows that the RGO-BaCrO,4 compos-
ite has good recyclability (Additional file 1: Figure S3).

Conclusions

We present a simple sol-gel method to prepare RGO-
BaCrO, composites using GO, potassium chromate, and
barium carbonate as starting materials. The resulting
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products exhibit uniform distribution of BaCrO, nano-
particles on the graphene sheets and show enhanced
photocatalytic activity towards MB degradation. The effi-
ciency of the RGO-BaCrO, composites depends on the
duration of the sol-gel reaction. Prolonging the reaction
time moderately can obtain more homogeneous products
and cause more quenching of photoluminescence. The
photodegradation of MB was carried out using different
photocatalysts under irradiation of simulated sunlight.
The RGO-BaCrO, composites prepared with 30 mg of
GO (approximately 3.0 wt.%) and 12 h of reaction time
show excellent photocatalytic activity. Such interesting
composites may find significant applications in both envir-
onmental protection and dye-sensitized solar cell.

Additional file

Additional file 1: Supporting information. FT-IR spectra of the
selected area and SEM images of the composites.
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