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Abstract

Both zinc oxide (ZnO) and reduced graphene oxide (rGO) are known for its attractive optical properties in their nano form.
Here, ZnO-rGO nanocomposites and rGO were prepared via simple and reproducible hydrothermal as well as modified
Hummer’s method. Microstructural identification of phase formation and dispersion of ZnO on rGO was confirmed by X-ray
diffraction and transmission electron microscopy (TEM) measurements. The reduction of graphene oxide was confirmed
by the appearance of D and G band peaks in Raman spectra. Optical bandgap of samples was estimated by UV—Visible
diffused reflectance spectroscopy up to IR region. A systematic study of photocatalytic behavior towards the degradation of
organic dyes such as methyl orange and rhodamine B under the influence of UV light source is demonstrated. Better than
85% of degradation was measured for both the dyes in the presence of ZnO-rGO composite during 2 h of UV illuminations.
The enhanced photocatalytic activity of the composites is attributed to electron—hole charge transfer, which also promises

its use in photovoltaics.
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1 Introduction

Wastewater treatment has gained much attention due to
widespread pollution and rapid global climate changes.
A variety of methods has been employed to treat polluted
water such as filtration, adsorption and incineration, and
photocatalysis. Amongst all, photocatalytic activity has
been proved to be efficient and environmentally friendly in
removing pollutants from wastewater using light irradiation
[1]. In the photocatalytic activity, under UV light irradia-
tion, e~ are excited from the valence band to conduction
band and form e™—hole pair that are responsible for the
degradation of pollutants using semiconducting material as a
catalyst. The quick recombination of photogenerated e™-hole
pair results in quantum efficiency. A variety of electron—hole
pair combination material have been widely studied such
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as, semiconductor-nobel metal composite, carbon nanotube
(CNTs), Graphene-semiconductor composite and so on [2].

A single layer of carbon known as Graphene(sp® bonded
carbon atom arranged in hexagonal lattice) is a new material
with a specific surface area of 2620 m?/g, intrinsic strength
of 130GPa and 0 eV bandgap has received much attention
[3, 4]. On the other side, synthesis of graphene oxide(GO),
and reduced graphene oxide(rGO) has stimulated interest
because of different properties compared to graphite and
graphene. Graphene oxide is a thin layer of carbon heavily
decorated with hydroxyl and epoxy groups on sp> carbon
on the basal plane and carbonyl and a carboxyl group on sp?
bonded carbon atom whereas, rGO (two dimensional-2D)
is obtained by reducing graphene oxide [5]. The C-O bonds
disrupt the sp? conjugation of carbon lattice resulting in the
formation of GO- an insulator. On the other hand reducing
the functional groups from GO increases the conductivity
[6, 7]. Thus, GO and rGO plays a crucial role in controlling
the structure and other properties [8]. A variety of methods
have been reported for the synthesis of GO and its reduc-
tion. For the synthesis of GO, the most widely used meth-
ods are chemical vapor deposition, mechanical exfoliation,
electron-beam evaporation, Hummer’s method, and so on [9,
10]. The reduction of GO can be carried out via chemical,
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thermal, Optical and hydrothermal methods [11].Thus, it
is desirable to synthesize low cost, and facile rGO in large
quantity [12]. Modified Hummer’s method is one of the most
accepted methods that has been used by researchers due to
its high efficiency [8]. Whereas other reported methods for
the production of GO and rGO require multiple steps for
the synthesis as well as a variety of chemicals and solvents
resulting in time-consuming approaches [13].

Meanwhile, many studies on combining rGO with suit-
able semiconductors have been attempted. Some of these
combinations have shown promising photocatalytic and
electronic applications because of charge transfer, magnetic
and electronic interaction between the carbon atom and the
semiconducting material [14—18]. Amongst other oxides,
zinc oxide (ZnO) is highly preferred and widely studied due
to its wide bandgap, high electron mobility which facilitates
electron transfer and high exciton binding energy [19-22].
Many studies on the photocatalytic performance of ZnO-
rGO nanocomposites have been reported. For example, X.
Liu et.al. reported on UV assisted synthesis of rGO-ZnO
composites and maximum degradation of Cr(VI) under the
UV light exposure [23]. X. Zhou et al. reported on hydro-
thermal synthesis of nanocomposites for degradation of
methylene blue (MB) dye [24]. On the other hand, Y. Zhao
et al. have synthesized three different shaped and morpholo-
gies of ZnO-rGO; namely, nanobowl (NB), nanorods (NR)
and nanoparticles (NP) and the effect of shapes and mor-
phology of ZnO-rGO nanocomposites of the photodegrada-
tion of RhB dye was reported [25]. The present report deals
with a comparison of rGO and hydrothermally treated rGO
with ZnO nanocomposites for photodegradation of industri-
ally important dyes viz., methyl orange (MO) and rhodamine
B(Rh B). The structural analysis of as-synthesized samples
has been done using XRD and Raman spectroscopy. Opti-
cal properties were investigated to check the bandgap of the
material. The photocatalytic activity of MO and RhB under
the UV-light irradiation was studied using prepared samples
as a catalyst. Furthermore, percentage degradation (% D) of
dyes with increasing UV-light irradiation duration was also
studied to check the wastewater treatment.

2 Experimental
2.1 Materials

Graphite powder with particle size 50 pm (99.8%), sodium
nitrate (AR grade), H,SO, (97%), potassium permanganate
(AR grade), hydrogen peroxide (30%, ACS), hydrochloric
acid (35%, ACS), hydrazine hydrate, zinc oxide (99.9%,
AR), ethanol(AR) and deionized water was taken as start-
ing materials for the synthesis of pure rGO and ZnO-rGO
composites.
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2.2 Synthesis of reduced graphene oxide (rGO)

The rGO is synthesized by modified Hummer’s method
which involves oxidation of graphite powder and reduction
of oxidized graphite powder known as Graphene oxide [6].
Typically, graphite powder (2 g) with 50 pm and sodium
nitrate (2 g) was added to 90 ml concentrated H,SO, with
constant stirring for 5 h in an ice bath. Under vigorous stir-
ring, KMnO, (12 g) was slowly added to the suspension to
maintain the rate of the reaction below 20 °C. After 1 h stir-
ring the mixture was diluted with distilled water (184 ml).
The ice bath was then removed and the suspension was
stirred for 2 h at 35 °C. Later, the mixture was treated with
H,0, by which solution color changes from brown to yel-
low. Finally, the mixture was filtered and washed using cen-
trifugation with 10% HCI and deionized water several times
until pH becomes neutral. The resulting gel-like substance
was dried in a hot air oven at 70 °C overnight. The collected
solids known as graphene oxide were dissolved in hydra-
zine hydrate (strong reducing agent) with a ratio of 0.1:10
for 6 h at 100 °C. After the reduction process, the rGO was
centrifuged with ethanol and deionized water to remove the
impurities and dried overnight at 70 °C.

2.3 Hydrothermal synthesis of H.rGO and ZnO-rGO

Nanocomposites of rGO and ZnO-rGO were synthesized
by one-step hydrothermal technique. Firstly, 30 mg of pre-
pared rGO was dispersed in 30 ml of deionized water using
sonication for 1 h and continued with stirring for 30 min.
The prepared samples were transferred into 50 ml Teflon-
lined stainless steel autoclave and heated at 180 °C for 24 h.
The obtained precipitate (H.rGO) was washed with dis-
tilled water using centrifugation and dried at 70 °C for 6 h.
Similarly, for the preparation of ZnO-rGO nanocomposites,
20 mg of rGO was dispersed in 20 ml of deionized water
using sonication for 1 h. Then 0.15 M of ZnO solution was
added dropwise to GO dispersion under continuous stirring
for 2 h. The solution was transferred to autoclave and heated
at 180 °C for 24-30 h. The final product (ZnO-rGO) was
washed with deionized water and dried in a hot air oven
for 6 h.

2.4 Photocatalytic experiment

Analytical grade Methyl Orange (MO) and Rhodamine B
(Rh B) were used as the target organic dyes for the photo-
catalytic study. 10 mg of as-prepared samples, viz., ZnO,
rGO, H.rGO, ZnO-rGO were added to 50 ml of dye solutions
with 1 x 10~ M concentration. The prepared solutions were
ultrasonicated for 30 min followed by magnetic stirring for
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1 h to establish the uniform dispersion and adsorption—des-
orption equilibrium. Then, solutions were exposed to UV
light source having a wavelength of 254 nm and intensity of
3.5 mW/cm? in a closed dark chamber. 5 mL of the reaction
solutions were filled in the measuring cell for each meas-
urement. The sample cell and reference cells were mounted
in the UV-Vis-NIR Spectrophotometer (ShimadzuCorp,
Model UV- 2600) and absorbance data were collected.

2.5 Characterization

Structural analysis of the prepared samples was done by
using X-ray diffractometer (Bruker, D8 Advance) with cop-
per sealed tube X-ray source producing Cu ka radiation at
a wavelength of 1.5406 A. To check the shape, morphology
and dispersion of material, transmission electron microscopy
(TEM) was carried out (TEM, FEI Technai G2 300 kV).
The synthesized powders are dispersed in iso-propyl alco-
hol and dropped on to carbon-coated copper grid used for
TEM measurements. Raman spectra were recorded at room
temperature by using Raman Spectroscope consist of Argon
ion laser with 514.5 nm wavelength (Renishaw UK). Optical
properties were investigated by UV.-Vis.-NIR spectroscopy
(ShimadzuCorp, Model UV-2600). The photocatalytic activ-
ity of two different dyes i.e., Rh B and MO were studied
under UV light exposure and the corresponding absorbance
of the degraded dyes was recorded using a liquid sample
holder of the spectrophotometer.

3 Result and discussion
3.1 X-Ray diffraction (XRD) analysis

XRD patterns of rGO, H.rGO, and ZnO-rGO nanocompos-
ites are shown in Fig. 1. Phase pure synthesis was observed
and no impurity phases were identified. rGO and H.rGO
exhibit almost similar pattern with little variation in their
intensity and FWHM of (002) peak. Chemically reduced
rGO exhibits pure hexagonal structure with an intense peak
at 26.55 which corresponds to (002) diffraction plane. The
broadening of (002) peak and formation of (101) and (004)
peaks indicate larger interplanar spacing and decrease in
intensity of peak is indicative of reduction of carbonyl and
carboxyl group on the surface of the synthesized material.
Hydrothermally treated rGO, reveals a further decrease in
the intensity of peaks emphasizing more reduction on the
surface as compared to chemically treated rGO [26, 27].
The formation of rGO-ZnO nanocomposites synthesized via
hydrothermal technique exhibit pure phase of wurtzite struc-
ture with hexagonal symmetry with P63mc group [25]. The
observed peaks correspond to the wurtzite ZnO structure
are in agreement with the JCPDS card no 36-1451. The

Zn0-rGO

H.rGO

Intensity (a.u)

Fig.1 X-ray diffraction patterns of rGO, H.rGO, ZnO-rGO. All the
peaks corresponding to differently synthesized rGO and ZnO-rGO-
composites were indexed according to JCPDS files

Table 1 Crystallite size of rGO, H.rGO, ZnO-rGO

Samples XRD Raman spectroscopy
¢t (nm) L, (nm)

rGO 27.76 26.451

H.rGO 29.4 28.3

ZnO-rGO 35.88 38.44

broadening of ZnO peaks is found to be less which indicates
the agglomeration of ZnO in rGO.

This is expected as the synthesis procedure of composites
is done under high pressure [28]. The peak (002) at 26.5
confirms the presence of rGO in the nanocomposites. The
occurrence of characteristics peaks of both rGO and ZnO
confirms the formation of the nanocomposite. The crystallite
sizes were calculated by using the Scherrer formula and are
presented in Table 1.

3.2 TEM study

The dispersion and surface morphology of synthesized sam-
ples was studied by using TEM technique. Figure 2 shows
TEM images of rGO (A&B) and ZnO-rGO (C&D) nano-
composites. Pure rGO revealed the successful formation of
nanosheets with few layers and less folding. Darker areas
reveal thick stacking of graphene layers with some oxygen
functional groups. The higher transparency area indicates
layer delamination due to the reduction mechanism [29].
Further, as observed in Fig. 2 (C&D), the rGO decorated on
to the ZnO nanoparticle indicates strong binding interaction
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Fig.2 TEM images of pure rGO (A&B) and ZnO-rGO composites
(C&D)

between rGO and ZnO resulting ZnO-rGO nanocomposite
formation, which is also confirmed by XRD measurements.
The average crystallite size was found less than 100 nm in
each case [11].

3.3 Raman spectroscopy

rGO consists of partially healed carbon basal planes due
to the removal of carboxyl, hydroxyl and carbonyl groups.
Raman spectrum of carbon exhibits two prominent D-band
and G-bands. In carbon atom, the D-band is associated with
sp3 hybridization of edge defects on the carbon basal plane,
and the G-band is associated with first-order scattering of the
E,, mode of the sp? carbon atom in the hexagonal structure
[30]. The Raman spectra of synthesized samples shown in
Fig. 3 reveal the presence of both the bands with promi-
nent G-band. Chemically reduced graphene oxide exhibits
D-peak at 1360 cm™! which is due to disorder and defects in
the hexagonal carbon framework and G- peak at 1590 cm™,
whereas H.rGO exhibits D-peak at 1360 cm™ and G-peak
at 1581 cm™, as shown in Fig. 3. The position of D-peak
remains unchanged in both chemically reduced rGO and
H.rGO, while G-peak shifts from 1590 cm™ to 1581 cm™!
which may be due to self-healing characteristics of rGO that
recover hexagonal framework of carbon atoms with defects
[31]. In the case of ZnO-rGO nanocomposites, both disor-
der-defect and graphitic peak are found at 1355 cm™ and
1581 cm™, respectively. The shift of D and G band in the
nanocomposites sample is due to the addition of ZnO [32].
In addition, the intensity ratio of D to G-peaks is calculated
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Fig.3 Raman Spectrum of rGO, H.rGO and ZnO-rGO

to measure the structural disorder. For chemically reduced
rGO the ratio was found to be 0.94 which is decreased to
0.68 for H.rGO. Moreover, a slight decrease in the intensity
ratio was observed to be 0.5 for the ZnO-rGO nanocom-
posites. The observed decrease in the value is may be due
to the decrease in the sp? domain size of carbon atoms and
the reduction of sp® to sp> carbon during the hydrothermal
process [31]. Using the intensity ratio from the Raman spec-
tra, Fig. 3 the average crystallite size (La) of sp> domain is
determined by modified Tuinstra -Koeing relation (Eq. 1)
and is listed in Table 1 [33, 34].

L,(nm) = (24 x 107'94* x (/1) (1

It can be seen from Table 1, that the crystallite sizes esti-
mated from XRD and Raman spectra are in good agreement
with each other.

3.4 Optical properties

The optical behavior of synthesized powder samples was
studied by UV-Vis.-NIR spectroscopy in the diffused
reflectance mode. Figure 4(a) displays a typical reflectance
spectrum of all synthesized samples from UV to IR range
(220-1400 nm). From the result, chemically treated rGO and
Hydrothermally treated rGO exhibits similar patterns with
a small shift in the reflectance value for H.rGO, while the
ZnO-rGO exhibits wide reflectance spectrum and decrease
in reflectance above UV region (>400 nm) [35]. The peak
around 250 nm for all samples is identified as n-x" plasmon
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peak which corresponds to aromatic C=C single bond and
the presence of the peak in nanocomposites confirms the
formation Zn—O-C bond [36]. Similarly, redshift in the
spectra between rGO and H. rGO is due to the restoration
of sp? hybridization of the carbon atom and increase of
electron concentration [37]. The visible light absorption is
enhanced by the addition of rGO in the composite as zinc
oxide strongly reflects visible light due to its white color.

Further, optical energy band gaps were calculated by
applying Kubelka—Munk formula,

(ahv) Ih - C(hv —2E,) )

where,a is absorption coefficient, /4 is Planck’s constant,
vis frequency of light, 4 wavelength, E,is optical energy
bandgap, C is proportionality constant and n = 1/2 and 2
for direct and indirect bandgap materials, respectively [38].
Figure 4(b) shows Kubelka Munk plot where band gap ener-
gies are estimated from extrapolated lines. From Eq. (2), the
estimated band gap values for ZnO, rGO, H.rGO and ZnO-
rGO were 3.3 eV, 1.3 eV,1.4 eV, and 3.25 eV, respectively. It
may be noted that the optical band gaps of oxides including
ZnO may be fine-tuned by using defects and/or chemical
substitution [39, 40].

3.5 Photocatalytic activity

Photocatalysis is an extraordinary technique to degrade
organic pollutants in water. Typically aqueous solution of
organic pollutants containing semiconducting material as
photocatalyst is irradiated under UV or Visible lights [41].
The reactive species involved in the photocatalytic degrada-
tion process are hole(h™), hydroxyl (-OH), and superoxide
(O,7) which are caused due to photo-induced reaction [28].
Further, the photocatalytic activity of bare ZnO is believed

to be due to the photoelectrons emitted by ZnO under the UV
light exposure which in turn degrades the dye [24]. Here, the
photocatalytic activity of as-prepared samples is evaluated
by the degradation of two most commonly used industrial
dyes, namely, methyl orange (MO) and Rhodamine B (Rh.
B) under the UV light irradiation. The absorption spectra
of dye with all synthesized samples are recorded at every
15 min and % D (percentage degradation) was calculated
using the relation, [42]

%»D= (1 A 100
oD = W R 3)

0

where A, is absorption before irradiation and A, absorp-
tion at time ¢ respectively. The results of the photocata-
lytic activities of MO by using ZnO, rGO, H.rGO, and
ZnO-rGO are presented in Fig. 5. The figure shows actual
photographs of degraded MO with rGO, H.rGO, and ZnO-
rGO at different interval of illumination time with refer-
ence to the actual dye. Here, nominal 10% of the catalysts,
viz,ZnO, rGO, H.rGO and ZnO-rGO were kept constant.
As can be seen from Fig. 5, no significant changes are
observed for ZnO sample while, the color of the dye dras-
tically changes upon the addition of rGO, H.rGO and ZnO-
rGO nanocomposites suggesting a rapid degradation of
MO in presence of catalysts. Infect, the degradation of
dye using ZnO-rGO nanocomposites is clearly higher than
that of rGO and H.rGO. However, in the case of rGO and
H.rGO, rGO was found better catalyst than H.rGO, as the
reduction of oxygen functional group via chemical syn-
thesis is significantly better than hydrothermally treated
rGO [43]. The calculated percentage degradation of MO
with 10% catalyst is shown in Table 2. An increase in
illumination time results in a huge increase in the percent-
age of degradation. These results confirm that ZnO-rGO
nanocomposites, even with 10 at.wt. %, have a significant
effect in degrading the MO at room temperature.

Fig.4 a Diffused reflectance
Spectra as a function of wave-
length for pure ZnO, differently
prepared rGO and ZnO-rGO 80
composites, and b Tauc Plots.
The inset shows extended range
used for bandgap determination
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Fig.5 Actual photographs showing the degradation of MO with
respect to illumination times for different catalysts under study. Com-
pletely colorless and transparent solutions suggest the complete deg-

The relation between (C/C,) and time for MO is plot-
ted in Fig. 5 (b). In the absence of catalyst, the change in
the concentration is linear with respect to time because of
minor degradation under the UV light irradiation. Here
again, a very sharp and monotonous decrease in the degra-
dation rate constant is clearly visible in Fig. 5(b), for ZnO-
rGO nanocomposites as compared to rGO and/or H.rGO.

Similarly, the photocatalytic activity of Rhodamine
B. (Rh.B) using rGO, H.rGO, ZnO-rGO as a catalyst is
shown in Fig. 6. The Photograph displays degraded Rh.B
with and without catalyst with increasing illumination
time. Here, a nominal 10% catalyst was kept constant. As
shown in photograph and Fig. 6(a) the color of Rh.B dye

Table 2 % degradation of dye w.r.t. illumination time

Catalyst %D of Methyl Orange %D of Rhodamine B
60 min 120 min 60 min 120 min
rGO 18.21 3245 41.41 49.56
H.rGO 18.48 37.28 43.28 52.17
ZnO-rGO 58.22 86.16 69.21 87.21

@ Springer

c/c,
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-~ rGO
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0 20 40 60 80 100 120
Time (min)

radation efficiency of ZnO-rGO composites. Graphical representation
of photocatalytic data is shown in (a) %Degradation versus catalyst
and (b) concentration ratio (C/C,) versus time

drastically changes upon the addition of catalyst suggest-
ing a rapid degradation of dye, infect the dye gets com-
pletely degraded using ZnO-rGO nanocomposites like in
case of MO. In the case of rGO and H.rGO degradation is
not as significant as compared to ZnO-rGO. The calculated
% degradation is listed in Table 2.

The values directly indicate an increase in % degrada-
tion with increasing illumination time. Thus result con-
firms that nanocomposites with 10% have a huge effect in
degrading the Rh.B at room temperature [44]. The higher
degradation in ZnO-rGO is due to the presence of rGO,
which transfer e™ quickly [45]. Reports also suggest that
the presence of rGO provides an excess surface area which
binds the dye molecules through n-x conjugation with the
offset [46]. The relation between (C/C,) and time are plot-
ted for Rh.B shown in Fig. 6(b). In the absence of catalyst,
the change in concentration is linear with respect to time.
Figure 6 (b) reveals, constant decrease in the concentration
of dye with illumination time. Apparently, the presence of
rGO in the composite enhances the photocatalytic property
with increasing illumination time.
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Fig.6 Photographs showing the degradation of Rh B with respect to
illumination times for rGO, H.rGO, and ZnO-rGO composites. Com-
pletely colorless and transparent solutions suggest the complete deg-

Fig.7 Schematic of photocata-
lytic activity using ZnO-rGO
nanocomposites

HYDROTHERMAL

3.6 Mechanism of photocatalysis of ZnO-rGO
as a catalyst

Semiconducting material with wide bandgap severs as a
good catalyst in the photocatalysis process. When photons
from light sources are bombarded on the aqueous organic
pollutants containing semiconducting material, it produces
pairs of electron and holes. In the proposed mechanism, as
shown in Fig. 7, ZnO nanoparticles in the composite absorb
UV photons and produce electron—hole pairs. Then, this
excited electron reacts with surface oxygen of solution to

60 min

c/c,

—O— Rhodamine B
—0- rGO

—g— H.rGO

—b¢— ZnO-rGO

0 20 40 60 80 100 120
Time (min)

radation efficiency of ZnO-rGO composites. Graphical representation
of photocatalytic data is shown in (a) % Degradation versus catalyst
and (b) concentration ratio (C/C,) versus time

form superoxide radicals (O, ™) and photogenerated holes
combine with the oxygen and form (-OH™). rGO accepts this
radical as it has a fermi level below the conduction band of
ZnO. This offers a path for the excited electron of the val-
ance band of ZnO to jump into the valence band of rGO [9,
25,45, 47]. rGO works as co-catalyst for the rapid transfer of
photogenerated carriers, which is due to excellent conductiv-
ity and this results in subsequent charge separation [48, 49].
Finally, the radicals react with the organic pollutants and
form CO,, H,O and other by-products as depicted in Fig. 7.
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4 Conclusions

In the present work, chemically reduced graphene oxide
(rGO), hydrothermally derived rGO and ZnO-rGO nano-
composites are synthesized by a modified chemical process
and characterized by structural, Raman, and optical proper-
ties. Phase pure hexagonal structure of rGO and wurtzite
structure of ZnO-rGO is confirmed by XRD. The Raman
spectra show the presence of clear D and G bands with a
decrease in the D to G band ratio for ZnO-rGO nanocom-
posites; which is attributed to the decrease in the sp* domain
size of carbon atoms and the reduction of sp? to sp? carbon
during the growth process. TEM analysis revealed the suc-
cessful formation of rGO nanosheets with few layers without
any folding. Strong binding of ZnO-rGO nanocomposite was
also revealed by TEM. Optical spectroscopy results show
an enhancement in the visible range and are attributed to an
increase of surface electron charge of oxides in the compos-
ite and alteration in the process of electron—hole pair forma-
tion during light illumination. Our results are suggestive of
the potential of ZnO-rGO nanocomposites in the utilization
of solar energy applications. Photocatalytic activity of rGO,
H.rGO and ZnO-rGO nanocomposites were examined for
two commonly used industrial dyes, the MO and Rhodamine
B. Nearly complete degradation of these dyes was achieved
by using ZnO-rGO nanocomposites at room temperature.
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