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Abstract: Advances in nanotechnology have opened new doors to overcome the problems related to
contaminated water by introducing photocatalytic nanomaterials. These materials can effectively
degrade toxic contaminants, such as dyes and other organic pollutants, into harmless by-products
such as carbon dioxide and water. Consequently, these photocatalytic nanomaterials have the
potential to provide low-cost and environment-friendly alternatives to conventional water and
wastewater treatment techniques. In this study, a nanocomposite of zinc oxide and graphene oxide
was developed and evaluated for photocatalysis. This nanocomposite was characterized by XRD,
FTIR, FESEM, Diffuse Reflectance Spectroscopy (DRS), TEM and UV-Vis spectrophotometer. The
photocatalytic behavior of the nanocomposite was studied through the degradation of methyl orange
under ultraviolet light. It is reported that the weight ratios of zinc oxide and graphene oxide do not
considerably affect the photocatalytic performance, which gives this process more compositional
flexibility. Moreover, hydrogen peroxide was used as an electron scavenger to increase the time-
efficiency of the process. The photodegradation rate can be significantly improved (up to 24 times)
with the addition of hydrogen peroxide, which increases the number of trapped electrons and
generates more oxidizing species, consequently increasing the reaction rate.
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1. Introduction

Unavailability of clean water is one of the fastest growing problems in today’s world.
It is estimated that about 3.6 billion people live in areas that are potentially water-scarce
at least one month per year [1]. Due to a 1% increase in the global water demand every
year [1], efforts are being made to find low-cost [2] and environmentally friendly [3] ways
of reclaiming wastewater. These efforts have introduced heterogeneous photocatalysis as
a potential alternative to conventional wastewater treatment techniques [4–6]. However,
in real world applications, photocatalytic processes still face challenges due to higher
reaction times for batch-type processes, and lower efficiencies and recyclability for con-
tinuous type processes. Therefore, efforts are being made to improve the efficiency and
to reduce the reaction time of the process. These efforts include better photocatalytic
reactor design, modification of photocatalysts by doping and heterojunction, and the use
of electron scavengers [6].

Among the most widely studied photocatalysts, zinc oxide is a wide band-gap pho-
tocatalytic semiconductor which has gained significant attention during the past years,
particularly due to the fact that some researchers have reported ZnO demonstrating a
better photocatalytic efficiency than the most widely studied TiO2 [7,8]. The wide bandgap
of ZnO not only makes it highly sensitive to ultra-violet light, but also causes the emission
of the blue as well as green light post-irradiation. This emission corresponds to the exciton
and defect recombination, which is extremely helpful for photocatalytic applications [9].
However, due to the wide bandgap of ZnO, it is difficult to photoexcite electrons under
visible light irradiation [10].
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It has been reported that hybridizing ZnO with graphene oxide (GO) enhances its
photocatalytic activity by providing spatial separation of the photogenerated electrons
and holes and preventing electron-hole recombination. Additionally, the large specific
surface area of graphene increases the reaction rate by providing more active sites for
adsorption. Furthermore, the lower potential of graphene/graphene− enables the rapid
electron migration from the semiconductor to the graphene [11]. Consequently, many
researchers have demonstrated excellent tendency of graphene based ZnO nanocomposites
for the degradation of harmful organic compounds, which include methylene blue [12,13],
rhodamine B [14], and deoxynivalenol [15]. Moreover, ZnO based nanocomposites have
also been reported to have excellent tendency towards the degradation of bacteria [16,17]
as well as toxic metal ions [18,19]. Despite all these advantages and decades of research,
photocatalysis is still limited to the laboratories and still not feasible for commercial
scale, particularly due to very high reaction times. This study aims to solve this issue by
accelerating the reaction rate through electron scavengers.

In this study, we have developed a series of ZnO-GO nanocomposites by decorating
ZnO nano-powder on graphene oxide sheets in four different ratios of GO:ZnO by weight.
The photocatalytic behavior of the resulting nanocomposites has been assessed by studying
the degradation of methyl orange in aqueous medium, which is one of the most hazardous
chemicals in industrial wastewater. One of the best ways to enhance the photodegradation
rate is adding an electron-hole scavenger to increase the number of trapped electrons [20].
Therefore, in this study, we have used hydrogen peroxide (H2O2) as an electron scavenger
to increase the time-efficiency of the process.

2. Results and Discussion

Figure 1a demonstrates the TEM images of the graphene oxide sheets, with the inset
showing the selected area diffraction pattern of graphene oxide. The morphology of
as-synthesized GO exhibited the stacking of graphene layers. The FESEM image of the
prepared nanocomposite (sample 1:10) is shown in Figure 1b. Figure 1c,d illustrates the
TEM images of ZnO-GO nanocomposite. It can be seen that ZnO nanoparticles were
exhibiting irregular powder-like morphology and were attached to GO sheets. Some Zno
particles were agglomerated on the GO sheets.

Figure 1. (a) TEM image of undecorated graphene oxide (GO), inset shows the diffraction pattern, (b) FESEM image of
graphene oxide decorated with ZnO nano-powder (1:10) (c) TEM image of graphene oxide decorated with ZnO nanopowder
(1:15) and (d) High magnification TEM view of GO-ZnO nanocomposite.
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For studying the composition and crystallographic planes, the prepared nanocompos-
ites have been characterized by XRD and infrared spectroscopy. Figure 2a shows the XRD
plot of ZnO-GO nanocomposites with all four weight ratios, indicating the crystallographic
planes of ZnO. The peaks at 31.7◦, 34.4◦, 36.2◦, 47.5◦, 56.5◦, 63.0◦, 68.0◦, 69.0◦, 72.1◦ and
76.7◦ can be indexed to the (100), (002), (101), (102), (110), (103), (112), (201), (004) and (202)
planes of Wurtzite ZnO, respectively.

To further confirm the interaction between ZnO and GO, FTIR spectrum has been
recorded. Figure 2b demonstrates the infrared spectra of pure GO, commercial ZnO powder,
as well as one of the prepared GO-ZnO nanocomposites (1:10). The bending and stretching
of zinc oxygen double bonds generate an absorption peak at a very low wavenumber which
even goes below 400 cm−1, whereas the hydroxyl group bending and stretching peaks
can be seen in the GO and ZnO-GO samples at 1572 cm−1 and 3350 cm−1, respectively.
The C-O stretching vibration can be observed at 1072 cm−1, whereas the noise at around
2000 cm−1 in all three of the infrared spectra is due to the diamond tip of the equipment
that comes in contact with the sample.

Figure 2. (a) XRD of the ZnO-GO nanocomposites with different ratios showing the crystallographic planes of ZnO and (b)
FTIR of commercial ZnO powder, pure GO and the ZnO-GO nanocomposite (1:10).

The photocatalytic performance of the nanocomposites is illustrated in Figure 3a–d.
All four samples show a complete degradation of dye after 9 h of irradiation. It should
be noted that the weight ratios of GO and ZnO do not have a significant effect on the
photocatalytic efficiency, since all four samples show almost the same degradation rate.
Upon irradiation, the electrons in the valence band of ZnO are first photoexcited, and
transferred into the conduction band. These transferred electrons produce negative and
positive charge carriers called electrons and holes, respectively. The work function of ZnO
(5.2−5.3 eV) is different from that of GO (4.5 eV), so photoexcited electrons transfer readily
from ZnO to GO [21,22]. Subsequently, •OOH radicals and the trapped electrons combine
to produce H2O2, finally forming •OH radicals. These radicals are mainly responsible for
the degradation of methyl orange.

In order to enhance the photocatalytic performance, H2O2 (0.4 mol/L) was added
in the reaction solution. Figure 4a–d indicates that the addition of H2O2 has significantly
enhanced the photocatalytic performance by almost 24 times. This can be explained by
the ability of H2O2 to prevent electron-hole recombination by adding electron acceptors to
the reaction, which increases the number of trapped electrons. Another way that explains
the significant enhancement in the photocatalytic activity is that H2O2 generates more
•OH radicals and other oxidizing species. Additionally, problems caused by O2 starvation
are also overcome and the oxidation rate of intermediate compounds is also increased
by the addition of H2O2 [23]. All these factors, which include the added electrons, •OH
radicals and the availability of oxygen, act synergistically and explain the decrease in the
photocatalytic degradation time to almost 4% of the original time, after the addition of
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0.4 mol/L of hydrogen peroxide, as shown in Figure 4a–d. It should be highlighted that the
concentration of hydrogen peroxide should be carefully controlled since it can render the
water toxic at higher concentrations. However, 0.4 mol/L of hydrogen peroxide is much
lower than its concentration typically used in households (3–10%). Table 1 summarizes the
photocatalytic performance of pure ZnO and ZnO-GO nanocomposites from recent studies
in various heterojunctions. It can be observed that the ZnO-rGO photocatalysts show a
significant improvement in photocatalytic performance compared to past studies.

Figure 3. Photocatalytic activity of the prepared nanocomposites of ZnO-GO with (a) 1:10 ratio (b) 1:15 ratio (c) 1:20 ratio
and (d) 1:25 ratio.

Table 1. Photocatalytic performance of ZnO-GO based nanocomposites.

Composition Light Source Pollutant Experimental
Conditions

Photocatalytic Efficiency
(Pollutant Removal) Reference

ZnO 100 W UV Methylene Blue
(15g/L)

CL = 1.25 g/L
tr = 80 min 76% [24]

ZnO-rGO Sunlight Methylene Blue
(15g/L)

CL = 1.25 g/L
tr = 150 min 97% [24]

ZnO-rGO 300 W UV Methylene Blue
(0.01g/L)

CL = 0.5 g/L
tr = 120 min
ID = 10 cm

99% [25]

ZnO-graphene UV
(365 nm)

Deoxynivalenol
(15 mg/L)

CL = 0.5 mg/L
tr = 30 min ~99% [15]

ZnO-GO 300 W visible Methylene Blue
(0.03126 mM/L)

CL = 0.1 g/L
tr = 120 min
ID = 10 cm

12% [10]

ZnO-GO 250 W UV Methylene Blue
(960 mg/L)

CL = 0.25 g/L
tr = 450 min ~75% [13]

Au-ZnO-rGO UV and Visible Rhodamine B
(94%)

CL = IM
tr = 180 min

ID = 1 cm
94% [14]

ZnO-rGO 20 W UV Methylene Blue
(25 mg/L)

CL = 0.1 g/L
tr = 30 min
ID = 10 cm

~86% [26]

tr = Irradiation time. CL = Catalyst Loading. ID = Irradiation distance.
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Figure 4. Photocatalytic activity of the prepared nanocomposites of ZnO-GO with (a) 1:10 ratio (b) 1:15 ratio (c) 1:20 ratio
and (d) 1:25 ratio after adding H2O2.

For studying the effect of graphene hybridization on the bandgap of the nanocomposite,
UV-Vis Diffuse Reflectance Spectroscopy (DRS) has been performed (Figure 5a). Figure 5b
shows the Tauc plots obtained from UV-Vis DRS and from these plots, the bandgap of the
nanocomposites has been found to be 3.3 eV. These results indicate that the bandgap of the
nanocomposite is independent of the weight percentage of GO in the GO-ZnO nanocom-
posites, thereby confirming their somewhat similar photocatalytic behavior. The presence
of GO provides a higher surface area and the addition of hydrogen peroxide significantly
improved the photodegradation reaction rate (upto 24 times), thus improving the photocat-
alytic efficiency or pollutant removal. Moreover, the addition of H2O2 significantly reduces
the reaction time to about 4% of the original time by increasing the number of trapped
electrons and generating more oxidizing species. As far as the durability is concerned,
the photocatalysts have to be separated from the solution for reuse, which adds up to the
cost and time of the process. Therefore, in terms of durability, a batch type photocatalytic
process still needs more improvement than its less efficient continuous type counterpart.

Figure 5. (a) UV-Vis Diffuse Reflectance Spectroscopy (DRS) spectra of ZnO-GO nanocomposites with different weight
percentages, and (b) Tauc plot obtained from DRS.
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3. Experimental Methods
3.1. Preparation of Graphene Oxide

For the preparation of graphene oxide, improved Hummers’ method has been em-
ployed [20]. Briefly, concentrated sulfuric acid (69 mL) was first added to a mixture of
2 g of graphite flakes and 1.5 g of sodium nitrate and the mixture was cooled using the
water circulation bath to 5 ◦C. A total of 9 g of potassium permanganate was then added
slowly in portions to keep the reaction mixture temperature below 20 ◦C. The temperature
was then raised to 35 ◦C and the solution was magnetically stirred for 7 h. A total of
9 g of potassium permanganate was then added again in one portion, and the reaction
mixture was stirred continuously for 12 h at the same temperature. The reaction mixture
was then cooled to room temperature, followed by the addition of cold Deionized (DI)
water (2–5 ◦C) and 3 mL of 30% H2O2. The mixture was then purified using the same
protocol of filtering/centrifugation as before, decanting with multiple washes by 30% HCl
and ethanol. The product was then dried under vacuum overnight at 40 ◦C [27].

3.2. Decoration of ZnO Nanopowder

For the decoration of ZnO powder, 0.02 moles of Zn(NO3)2 were dissolved in 100 mL
of DI water at 5 ◦C. Separately, graphene oxide was dispersed in 200 mL of DI water and
ultrasonicated for 60 min, and then mixed with the Zn(NO3)2 solution under vigorous
stirring. The pH was adjusted to 8 by adding 1 M KOH dropwise, and the solution was
magnetically stirred for 12 h. Finally, the product was centrifuged for 12 h in vacuum and
dried at 60 ◦C, and then heat treated at 200 ◦C in air for two hours. Using this method, the
GO-ZnO nanocomposites were prepared in four different weight ratios, which are 1:10,
1:15, 1:20 and 1:25. The reason for selecting this range of composition is that at higher
percentages of graphene composites, the photocatalytic efficiency decreases due to the
shielding effect caused by graphene [9], whereas at narrower percentages, the effect of
graphene hybridization is negligible. All the photocatalytic experiments were performed
at room temperature.

4. Characterization

X-ray diffraction (XRD) analysis for the prepared nanocomposites was performed in
the range of 2θ = 10–90◦ at the rate of 1◦/min, by using Rigaku Miniflex II X-ray diffrac-
tometer (Rigaku, Tokyo, Japan). The composition/functional property of the nanocom-
posites was studied with FTIR spectroscopy at room temperature in an acquired range of
500–4000 cm−1. For the FTIR, the Thermo scientific Nicolet iS50 FT-IR (Thermo Scientific,
Waltham, MA USA) was used. The structure and morphology of the nanocomposites were
studied with Transmission Electron Microscopy (TEM), Selected Area Electron Diffraction
(SAED) and Field Emission Scanning Electron Microscopy (FESEM). TEM and SAED were
carried out using Hitachi Model HT7700 (Hitachi, Tokyo, Japan) using high resolution
mode at 120kV.

Photocatalytic Studies

For the photocatalytic studies, 3 mL of methyl orange solution (20 mg/L) was mixed
with 3 mg of the GO-ZnO nanocomposite. Prior to irradiation, the sample was kept in
the dark for 60 min for the adsorption-desorption equilibrium, and then irradiated with
ultra-violet (UV) light of wavelength 253 nm (UVC). The measurements were taken through
an Ocean Optics UV-Vis spectrophotometer (Ocean Optics, Orlando, FL, USA), at different
time intervals (0, 1, 2, 3, 9 h). The photocatalytic studies have also been performed in the
presence of 0.4 mol/L of hydrogen peroxide. For band-gap measurements, UV-Vis Diffuse
Reflectance Spectroscopy (DRS) was performed and the band gap energies were calculated
from a plot (αhν)2 versus photo-energy (hν) using the Kubelka–Munk function, which
shows the relationship between the band gap and the absorption coefficient.
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5. Conclusions

In this study, GO-ZnO nanocomposites have been prepared with four different weight
ratios, which are 1:10, 1:15, 1:20 and 1:25, respectively. These nanocomposites have been
characterized by using TEM, SAED, FESEM, XRD and FTIR. The photocatalytic behavior of
these nanocomposites has been studied with and without H2O2 as an electron scavenger. It
has been concluded that varying the compositions does not show a considerable difference
in the photocatalytic activity of the nanocomposites, which has been further confirmed by
their bandgaps (3.3 eV). Therefore, such nanocomposites can be prepared and utilized on
large scales, without paying attention to compositional variations. Consequently, problems
related to localized heterogeneities and segregations can also be avoided. Furthermore, the
addition of H2O2 significantly reduces the reaction time to about 4% of the original time by
increasing the number of trapped electrons and generating more oxidizing species. Hence,
H2O2 as an electron scavenger can be very useful in actual water treatment applications
and can significantly improve the time efficiency of the process.
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