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Abstract
Nanohybrids of zinc oxide/reduced graphene oxide (ZnO/rGO) with varying graphene oxide content were prepared via precipitation and were subsequently utilised in the photodegradation of methyl orange (MO) under UV light irradiation. The prepared photocatalysts were characterized by X-ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), Transmission Electron Microscopy (TEM) and Raman spectroscopy. The surface area and the band gap energy of the photocatalysts were determined by the Brunauer-Emmett-Teller method and UV-visible spectroscopic analysis. The ZnO/rGO nanohybrids produced had smaller particle sizes and lower band gap energy than that of ZnO. All the ZnO/rGO nanohybrids demonstrated better photocatalytic efficiency in the photodegradation of MO compared to ZnO. ZnO/rGO10 exhibited the highest photocatalytic activity with a rate constant that was four times higher than pure ZnO and about 40% enhancement in the photocatalytic activity for the removal of methyl orange within 3 hours. The enhanced photocatalytic performance of the ZnO/rGO photocatalysts was due to the efficient transfer of photogenerated electrons to the graphene sheet that inhibited the recombination of electron-hole pairs.
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Abstrak
Nanohibrid zink oksida/grafin oksida terturun (ZnO/rGO) dengan kandungan grafin oksida yang berbeza telah disediakan melalui kaedah pemendakan dan seterusnya digunakan dalam fotodegradasi metil jingga (MO) di bawah sinaran cahaya UV. Fotopemangkin yang disediakan telah dicirikan dengan menggunakan pembelauan sinar-X (XRD), mikroskopi pengimbasan elektron (FESEM), mikroskopi transmisi elekron (TEM) dan spektroskopi Raman. Luas permukaan dan tenaga jurang jalur fotomangkin telah ditentukan menggunakan kaedah Brunauer-Emmett-Teller dan analisis spektroskopi UV-sinar nampak. Nanohibrid ZnO/rGO yang terhasil mempunyai saiz zarah yang lebih kecil dan tenaga jurang jalur yang lebih rendah berbanding dengan ZnO. Nanohibrid ZnO/rGO mempamerkan kecekapan fotopemangkinan yang lebih tinggi dalam fotodegradasi MO berbanding dengan ZnO. ZnO/rGO10 mencatatkan aktiviti fotopemangkinan yang tertinggi dengan pemalar kadar empat kali ganda lebih tinggi daripada ZnO dan peningkatan 40% dalam aktiviti fotopemangkinan degradasi metil jingga dalam masa 3 jam. Peningkatan prestasi fotopemangkinan pemangkin ZnO/rGO adalah disebabkan oleh kecekapan pemindahan fotojanaan elektron ke lembaran graphene yang seterusnya menghalang penggabungan semula pasangan elektron-lubang.

Kata kunci: zink oksida, gafin oksida terturun, nanohibrid, kaedah pemendakan, fotopemangkinan

Introduction
Water pollution due to effluents from textile industries, especially dyes is a cause of serious concern. It is estimated that 1% to 15% of the dye is lost during the dyeing processes which is subsequently released into natural water resources and the wastewater system [1]. When released into the water, dyes may change the colour of the water, impact light penetration and reduce the solubility of gases [2].This in turn, has a serious impact on the aquatic ecosystem. Dyes are also stable and difficult to be biodegraded due to their synthetic origins and complex aromatic structures [3]. Hence, it is important to treat water resources and wastewaters containing such organic pollutants. Photocatalysis has long been introduced as a means of water decontamination [4]. Photocatalysis involves utilizing electron- hole pairs generated upon the irradiation of light to degrade organic molecules adsorbed on the surface of the photocatalyst [5]. This green technique can be performed in an ambient environment and may also oxidize organic carbon into carbon dioxide [6].

The use of zinc oxide (ZnO) as a photocatalyst has several advantages including a low production cost, wide band gap (~3.37 eV), high stability and catalytic activity, better sensitivity in UV light and the presence of its many active sites with high surface reactivity [7-9]. However, the fast recombination of the electron-hole pairs of ZnO has limited its catalytic efficiency [10]. Recently, many attempts have been carried out to enhance the performance of ZnO photocatalysts by modifications with noble metal loading, ion doping or the incorporation of electron-accepting materials to extend the light absorption range to the visible light region or to suppress the electron–hole recombination process [11].

Graphene, a two-dimensional (2D) single-layered carbon sheet with an sp² network of carbon atoms has excellent conductivity, good chemical stability, mechanical flexibility, a high mobility of charge carriers and a large specific surface area [12].These properties enable graphene to be an ideal support in combination with semiconductor photocatalysts. Graphene can be prepared by reducing graphene oxide (GO) [13]. The presence of oxygen-containing functional groups on the surface of the reduced graphene oxide (rGO) also makes graphene an excellent supporting material by anchoring strongly to the metal oxide nanostructure [14, 15].

Many methods have been used to fabricate ZnO photocatalysts hybridised with rGO, including solvothermal [16], chemical deposition [11], hydrothermal [15, 17, 18] and sol- gel [19] methods. Herein, we report a simple precipitation method to prepare ZnO/rGO nanohybrids with zinc acetate dihydrate and graphene oxide (GO) as the starting materials, and ammonia as both the precipitator and reductant. This study is focused on determining the effect of rGO on the structure and photocatalytic activity of ZnO.

Materials and Methods
Materials
Zinc acetate dihydrate ((CH3COO)2Zn.2H2O) and 25% ammonia solution (NH3) were purchased from Merck. Methyl orange (MO) (C14H14O3N3SNa), a model pollutant, was obtained from Bendosen. All chemicals were used without further purification.

Synthesis of graphene oxide
GO was synthesized using a modified Hummers method [20]. In a typical experiment, graphite flakes, H2 SO4:H3PO4 (320:80 ml) and KMnO4 (18g) were mixed together under magnetic stirring. The mixture was stirred for 3 days to allow the oxidation of graphite, where the colour of the mixture changed from dark purplish green to dark brown. The colour of the mixture changed to bright yellow after the addition of  solution. The graphite oxide formed was washed three times with 1M HCl aqueous solution and repeatedly with deionized water using a centrifugation force of 10,000 g until wash-water with a pH of 4 – 5 was obtained. 

Preparation of ZnO/rGO nanohybrid photocatalyst
The ZnO/rGO nanohybrid was synthesized by mixing 10 ml of 1mg/ml GO with 100 ml 0.3M zinc acetate dihydrate solution followed by the addition of ammonia solution until a pH 10 of was achieved. The precipitate was later filtered and washed several times with deionised water and dried overnight in an oven at 100 °C. The dried powder was then calcined at 400 °C for 2 hours and labelled as ZnO/rGO10. In order to study the effect of GO content on the physicochemical properties and photocatalytic activity, three different nanohybrids were prepared by changing the initial volume of the GO solution. ZnO/rGO nanohybrids with a volume ratio of 5:100, 10:100 and 20:100 of GO and Zinc acetate dihydrate solution were denominated as ZnO/rGO5, ZnO/rGO10 and ZnO/rGO20. For comparison, pure zinc oxide (ZnO) was also obtained using the same method without adding any GO. 

Characterization
The phase and crystallinity of the samples were analysed using Philips PW 3040/60 MPD X-ray diffractometer with Ni-filtered CuKα radiation. The X-ray diffraction (XRD) pattern were recorded in the 2θ range of 20° - 80° at a scanning rate of 2°/min. The surface morphology of the samples was studied using Field Emission Electron Microscopy (FESEM) (FEI Nova Nanosem 230 combined with EDX) and Transmission Electron Microscopy (TEM) (Hitachi H-7100). The surface area of the samples was determined using a BET surface area analyzer (BELSorp Mini II). Raman spectroscopy (WITec Alpha 300R) was used to study the disordered crystal structure of the carbon based material and to confirm the presence of rGO. Diffuse reflectance spectra were recorded using a Shimadzu UV-3600 spectrophotometer in order to determine the band gap energy of the prepared samples.

Photocatalytic activity experiment
The photocatalytic performance of the prepared photocatalysts was evaluated in the photodegradation of methyl orange (MO) under the illumination of a 6W UVA lamp for 3 hours. In a typical experiment, 0.5g of photocatalyst was suspended in a photoreactor containing 500 ml of MO solution (10 ppm). The resultant solution was magnetically stirred in the dark for 30 minutes to reach an adsorption-desorption equilibrium prior to UV irradiation. An amount 5 ml of test samples were taken at predetermined time intervals and were immediately filtered with a 0.45 µm cellulose nitrate filter. The concentration of MO in the test samples was determined (Perkin Elmer Lambda 35 UV-Vis Spectrometer) at a wavelength of 464.3 nm.

Results and Discussion
X-ray diffraction
Figure 1 displays the XRD patterns of pure ZnO and ZnO/rGO nanohybrid photocatalysts. The diffraction peaks observed in the XRD pattern of the prepared photocatalysts were consistent with the hexagonal wurtzite phase of ZnO (JCPDS No. 36-1451). The peaks at 2θ=31.8°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.4°, 68.0°, 69.1°, 72.5° and 77.0° are associated with the 100, 002, 101, 102, 110, 103, 200, 112 and 203 crystalline planes of ZnO, respectively. However, no characteristic peak for rGO was observed in the XRD patterns due to its low content and its relatively low diffraction intensity compared to ZnO [21-23]. The average crystallite size of ZnO and the ZnO/rGO nanohybrid photocatalysts was calculated using Scherrer’s equation and the data is shown in Table 1. It was also observed that the intensity of the diffraction peaks of the ZnO/rGO nanohybrids decreased as the rGO content increased. This indicated that the crystallinity of ZnO deteriorated as the concentration of ZnO in the ZnO/rGO nanohybrids decreased when compared to pure ZnO [24]. Kuo and co-workers [25] reported that an increase in the concentration of the dopant led to the formation of stresses because of the difference in ionic size of zinc and the dopant. ZnO/rGO nanohybrids were observed to have smaller crystallite sizes when compared to pure ZnO. This was due to the presence of the dopant, (rGO) which hindered the growth of crystal grains[26].


Figure 1. XRD patterns of ZnO and ZnO/rGO nanohybrid photocatalysts
Table 1. Physical characteristics of ZnO and ZnO/rGO nanohybrids.

	Photocatalyst
	Crystallite Size 
(nm)
	Surface Area 
(m²g⁻¹)
	Band Gap Energy 
(eV)
	

	ZnO
	43
	5.15
	3.16
	

	ZnO/rGO5
	32
	7.78
	3.05
	

	ZnO/rGO10
	36
	9.70
	3.08
	

	ZnO/rGO20
	32
	7.48
	3.05
	


Morphology 
The surface morphology of the ZnO and ZnO/rGO nanohybrid photocatalysts, determined using TEM and FESEM, is shown in Figures 2 and 3, respectively. TEM images revealed the presence of ZnO on the surface of the graphene sheet. The ZnO nanoparticles were nearly spherical in shape, self-assembled and were randomly distributed on the graphene sheets. The formation of spherical ZnO nanoparticles could have been due to the addition of OH- increased the reaction rate, thus forming more nuclei in a short time [5]. The two- dimensional graphene sheets were not perfectly flat but rough with wrinkles. EDX were used to distinguish the components present in the samples. As shown in Figure 4, carbon (C), zinc (Zn) and oxygen (O) were the main elements present in the ZnO/rGO nanohybrid photocatalysts with no unexpected elements being detected.  This confirmed the purity of the samples.
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Figure 2. TEM images of (a) ZnO, (b) ZnO/rGO5, (c) ZnO/rGO10 and (d) ZnO/rGO20
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Figure 3. FESEM images of (a) ZnO, (b) ZnO/rGO5, (c) ZnO/rGO10 and (d) ZnO/rGO20
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	Element
	Weight (%)
	Atomic (%)

	O
	18.10
	47.45


	Zn
	81.90
	52.55



	Element
	Weight (%)
	Atomic (%)

	C
	8.05
	22.95

	O
	17.85
	38.22

	Zn
	74.10
	38.83











	Element
	Weight (%)
	Atomic (%)

	C
	15.02
	38.78

	O
	14.29
	27.70

	Zn
	70.69
	33.52
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	Element
	Weight (%)
	Atomic (%)

	C
	19.85
	43.28

	O
	19.90
	32.58

	Zn
	60.25
	24.14












Figure 4. EDX spectra of (a) ZnO, (b) ZnO/rGO5, (c) ZnO/rGO10 and (d) ZnO/rGO20

Surface area and porosity
The BET surface areas of the ZnO and ZnO/rGO nanohybrid photocatalysts were obtained from the nitrogen adsorption- desorption isotherm and the results are represented in Table 1. Both the ZnO and ZnO/rGO nanohybrid photocatalysts met the type V N2 adsorption- desorption isotherms with H3 hysteresis loop where there was a weak adsorbent- adsorbate interaction. The high adsorption at a relative pressure P/P0 close to 1.0 also suggested the formation of large mesopores and macropores. Meanwhile, the presence of type H3 loop suggested the occurrence of macropores which are not completely filled with pore condensate [27]. It was observed that there was an improvement in the surface area of the ZnO/rGO nanohybrids compared to ZnO where graphene was incorporated. The nanohybrids were expected to have better photocatalytic performance than ZnO as the high surface area enhanced the efficient adsorption and transfer of organic molecules in a photochemical reaction via π-π conjugation between the organic molecules and graphene sheet [28].
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Figure 5. Nitrogen adsorption-desorption isotherm of (a) ZnO (b) ZnO/rGO5 (c) ZnO/rGO10 and (d) ZnO/rGO20

Raman spectroscopy
Figure 6 shows the Raman spectra of GO, rGO and ZnO/rGO10. The characteristic Raman peaks of all three samples showed similar D and G band structures of carbon, which was 1362 cm-1 and 1605 cm-1; 1352 cm-1 and 1605 cm-1; 1355 cm-1 and 1605 cm-1 for GO, rGO and ZnO/rGO10, respectively. The D band refers to the presence of disorder in the graphene structure while the G band refers to the presence of an  carbon type structure [29]. The D band in ZnO/rGO10 was slightly blue shifted by 7 cm-1 compared to GO. This was due to the interaction between ZnO and rGO [28]. Similar D and G bands for rGO and ZnO/rGO10 also suggested that the structure of rGO was maintained in the nanohybrid. However, there was a change in the electronic conjugation state of the GO as indicated by the change in the G and D band intensities after being incorporated into ZnO [12, 30]. The intensity ratios ( increased from 0.87 in GO to 0.98 in ZnO/rGO10 implying that the GO was successfully reduced and more sp² domains (graphene sheets) had formed [31]. This also indicated that the introduction of ZnO increased the defects or disorders in the GO sheet [32], hence confirming the formation of the  ZnO/rGO nanohybrid.



Figure 6. Raman spectra of GO, rGO and ZnO/rGO10

UV- visible diffuse reflectance spectroscopy
Figure 7 shows that both ZnO and ZnO/rGO nanohybrids had similar maximum absorptions at 360 nm. There was an enhancement in the absorption intensity of the ZnO/rGO nanohybrids corresponding to the increase in GO content in both the UV and visible regions as a result of the increase in the surface electric charge of the oxides and the modification of the fundamental process of electron- hole pair formation during irradiation [33, 34]. The band gap energy of both ZnO and ZnO/rGO nanohybrids were determined by the extrapolation of the linear relationship between (α and hv [35]:

(α = 									(1)

where α is the absorption coefficient, K is the proportionality constant and v is the frequency of photons.

A plot of (α as a function of photon energy, hv for all samples is illustrated in Figure 7 with the band gap values listed in Table 1. The band gap energy of pure ZnO was slightly higher than that of the ZnO/rGO nanohybrids. The reduction in band gap energy could be attributed to the formation of Zn-O-C chemical bonds in the nanohybrid [17, 36, 37]. This also indicated that the presence of graphene influenced the electronic energy level of the ZnO nano-particles. As the band gap energy reduced, more photons were prone to be absorbed by the nanohybrid which in turn would enhance the photocatalytic efficiency.
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Figure 7. The plots of (α versus hv and UV spectrum (inset) for ZnO, ZnO/rGO5, ZnO/rGO10 and ZnO/rGO20

Photocatalytic activities 
The photocatalytic performance of both the ZnO and ZnO/rGO nanohybrid photocatalysts were evaluated by degrading methyl orange under the irradiation of UV light and the results are depicted in Figure 8. By comparison, only 53% of MO was degraded using pure ZnO after 180 minutes of irradiation. However, the ZnO/rGO nanohybrids were found to show more prominent photocatalytic efficiency, with 80%, 97% and 77% of MO photodegraded for ZnO/rGO5, ZnO/rGO10, and ZnO/rGO20, respectively. 

In principle, the photocatalytic degradation of MO by ZnO and ZnO/rGO nanohybrids is an interface process and follows the Langmuir-Hinshelwood model where it obeys the following assumptions: (i) limited adsorption sites on the catalyst’s surface, (ii) monolayer coverage of the catalyst surface with single adsorptions on each site, (iii) reversible adsorption reactions, (iv) homogeneous catalyst surface and (v) zero interactions between the molecules adsorbed[38]. In this study,,  and dye (MO) were adsorbed on the surface of the catalyst in adjacent sites. The reaction then occurred between the adsorbed molecules and the radicals generated before the products ( were desorbed from the catalyst’s surface. 

ZnO + hv → + 											 										(2)
 +  → OH• + H⁺											 										(3)
 + eCB⁻ → 									(4)
 → •								(5)
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Figure 8. Photodegradation of MO by pure ZnO and ZnO/rGO nanohybrid photocatalysts: (a) reaction profile (b) kinetics and (c) apparent rate constant [condition: 0.5 g of photocatalyst, 10 ppm MO, pH = 6.6]

The data for the photocatalytic degradation of MO was fitted to the Langmuir-Hinshelwood kinetics model and the plot of ln(C/C0) vs time (Figure 8b) showed that the photodegradation of MO followed a pseudo first order reaction. The pseudo first order kinetics for MO degradation was calculated as follows:

ln(C/C0) = ₋kt										    (9)

where C (mg/L) is the initial concentration of MO, C0 (mg/L) is the concentration of MO at time t (min) and k (min-1) is the pseudo first order rate constant. The apparent rate constants, kapp, were determined from the slope of the plot and is illustrated in Figure 8c. It was clear that the ZnO/rGO nanohybrid photocatalysts exhibited higher photocatalytic activities than pure ZnO. The photocatalytic activity increased as the GO content increased until it reaches the optimum, in the order of ZnO/rGO10 > ZnO/rGO5 > ZnO/rGO20 > ZnO. ZnO/rGO10 had the best photocatalytic activity with a kinetic rate constant 0.016 min-1, which was four times higher than pure ZnO. The results were comparable with that reported in literature [21, 28].

The enhancement in the photocatalytic performance of the ZnO/rGO nanohybrids could be attributed to the strong interactions between ZnO and rGO and the defect sites of graphene. Graphene, with a two- dimensional conjugation structure [39], acted as an excellent electron acceptor. When ZnO was irradiated with UV light, the electrons were excited from the valence band to the conduction band, leaving behind holes in the valence band. These excited electrons could also be transferred from the conduction band of ZnO to the graphene sheet. The effective transfer of photoelectrons from the conduction band of ZnO to graphene prolonged the electron-hole pairs recombination hence promoting the separation of electron- hole pairs of ZnO [40, 41]. More charge carriers were produced from the reactive species which eventually helped in the degradation of MO [42]. The schemetic mechanism of the photocatalysis is shown in Figure 9. Moreover, the ZnO/rGO nanohybrid had a smaller particle size, larger surface area and lower band gap energy compared to ZnO. Such structural changes in ZnO increased the light absorption and the adsorption of MO on the surface of the catalyst; hence increasing the photocatalytic activity of the photocatalysts. However, a high content of GO (ZnO/rGO20) led to a decrement in the photocatalytic activity. Gayathri and co-workers [43] have reported that, at a higher graphene content, the graphene sheets tended to clasp together and appeared like multi-layer graphene after heat treatment. Excess GO also caused a shielding of the active sites on the catalyst surface, and led to the scattering of photons [31, 44, 45]. Since the light absorption of the photocatalyst was reduced, the excitation efficiency of ZnO was also lowered, consequently reducing the photocatalytic activity of the photocatalysts.
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Figure 9. Mechanism of photodegradation

Conclusion
A series of ZnO/rGO nanohybrids with different GO content was successfully synthesized via a simple and inexpensive precipitation method. The ZnO particles were formed on the surface of the graphene sheet. The presence of GO during the synthesis inhibited the crystal growth of ZnO that led to the formation of smaller-sized ZnO particles. ZnO/rGO nanohybrids showed better photodegradation activity compared to ZnO in degrading methyl orange due to their smaller particle sizes and lower band gap energy. ZnO/rGO10 exhibited the highest photocatalytic activity with a kinetic rate constant that was four times higher than pure ZnO. The enhanced photocatalytic activity of the nanohybrids could be attributed to the presence of rGO, an excellent electron acceptor which enhanced the active transfer of photogenerated electrons of ZnO to the rGO sheet, thereby retarding the charge carrier recombination, thus enhancing the charge separation.
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