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Abstract: Nano-sized zinc oxide-reduced graphene oxide (ZnO-RGO) hybrid containing well-
dispersed ZnO nanoparticles with an average diameter of 4.5 ± 0.5 nm has been successfully 

prepared via a one-step sol-gel method. FTIR characterization reveals that GO underwent 

deoxygenation during the preparation of ZnO nanoparticle. The introduction of RGO in the ZnO-
RGO hybrid significantly improved the photocatalytic efficiency of ZnO in the degradation of 

Rhodamine B under visible light irradiation. The apparent reaction constant of ZnO-RGO is 8 times 

higher than that of pure ZnO, and the photocatalytic efficiency of ZnO-RGO remains high even after 
4 consecutive reactions. Results from the X-ray photoelectron spectroscopy, Brunauer-Emmett-

Teller surface area measurements, and electrochemical impedance spectroscopy analysis suggest that 

the enhancement in the photocatalytic activity of the ZnO-RGO hybrid comes from (1) the enormous 
surface area provided by the nano-sized ZnO particles, (2) significant dye adsorption from RGO 

template, and (3) excellent electron reception and conduction of RGO. The attractive properties of 

ZnO-RGO make it a promising candidate material in addressing the environmental pollution issues 
we have to face today. 
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1. Introduction 

Photocatalytic degradation of organic pollutants by semiconducting metal oxides (especially 

TiO2 and ZnO) has received increasing attention during the past decade as a promising technology 
for pollution abatement [1,2,3]. Both ultraviolet (UV) and visible light irradiation can activate 

photocatalysis [4]. The UV light irradiation mechanism involves the excitation of the semiconductor 

with a concomitant generation of a variety of reactive oxidation species (ROS, such as ·O2
–, 

HOO· and ·OH). Subsequently, photo-oxidation of the organic pollutants by these species can take 
place, and the pollutants can be degraded into harmless mineralized products or water and CO2. In 

the case of visible light, one of the photocatalytic mechanisms is dye-sensitized photocatalysis. This 
mechanism involves the excitation of the pollutants instead of the semiconductor, followed by 

electron transfer from the excited pollutants to the conduction band of the semiconductors. The 

injected electron reacts with the surface-adsorbed O2 molecules to yield ROS. Then, these reactive 
species degrade the organic pollutant into mineralized products. Dye-sensitized photocatalysis 

through visible light is more economic than UV light, because visible light makes up a larger portion 

of sunlight and can also be effective in indoors environments [4]. However, synthesis of highly 
active, effective dye-sensitized photocatalysts by visible light remains scarce. 

An ideal visible light-active photocatalyst needs good electron transfer from the organic 

pollutant to the semiconductor and a slow electron-hole pair recombination. Several attempts have 
been made to enhance charge transport and separation, including conjugation of the semiconductor 

with electron scavenging agents, like heterogeneous atoms/ions and electron-accepting  

materials [5–10]. For the latter, graphene has been recognized as one of the most promising materials 
for supporting photocatalytic semiconductors because of its unique electronic properties and large 

surface area [3,6,11,12]. It has been demonstrated that graphene surfaces decorated with various 

kinds of nanoparticles, such as Au, Pt, and TiO2, display high activity for catalytic  
applications [6,13–18]. These advanced functions can be attributed to the huge surface area and the 

excellent electron conduction properties of graphene. Therefore, the combined usage of graphene and 

semiconductors offers promising potential for effective photodegradation of organic pollutants into 
environmentally benign species by visible light [19,20,21]. Graphene can be prepared via reduction 

of graphene oxide (GO) such as chemical reduction using hydrazine or NaBH4 and high temperature 

annealing reduction [22,23]. However, in most of the reported methods, hazardous reducing agents 
under high temperature or long processing time are required to achieve reasonable reduction. 

Another problem with reduced graphene oxide (RGO) is that the strong inter-sheet van der Waal 

interactions cause RGO to form irreversible agglomeration or even restack to form graphite. This 
poses a great challenge to exploiting graphene properties for photocatalytic applications. Thus, a 

simple and straightforward method is needed to prepare nanoparticle and RGO hybrids that retain the 

RGO exfoliation for optimal photo-catalytic performance. 
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Among the various semiconductor photocatalysts, ZnO has attracted great attention because of 

its wide band gap (3.37 eV), high electron mobility, low cost, and environmental friendliness [9,24]. 
Recently, progress has been made to prepare ZnO-graphene hybrids [7,25,26,27]. Li et al. reported a 

chemical deposition method to prepare ZnO-graphene hybrids, and the as-prepared ZnO 

nanoparticles had diameters ranging from 10–20 nm [7]. A hydrothermal approach was also reported 
to fabricate ZnO nanorod-graphene hybrids by Chen and his coworkers [26]. The length and 

diameter of blank ZnO nanorods are ca. 50–200 nm and 15–30 nm, respectively. Li et al. reported a 

facile strategy to synthesize ZnO-graphene in water consisting of flower-like ZnO nanoparticles with 
diameters of about 1 μm [27]. Although these ZnO-graphene hybrids have shown outstanding 

performance as photocatalysts, the particle sizes for ZnO in these reports are still too large. Further 

reduction in ZnO sizes is likely to improve the photocatalytic activity of the catalysts [28]. There are 
two main attributes related to the quantized ZnO nanoparticles: quantum confinement effect and 

large surface-to-volume ratio [29]. For the quantum confinement effect, the band gap of a 

semiconductor increases and the band edges shift to yield larger redox potentials as the particle 
diameter falls below a critical radius of approximately 7 nm for ZnO [29,30]. The increased driving 

force in size-quantized systems is expected to increase the rate constant of charge transfer [31]. 

Secondly, the large surface-to-volume ratio of quantized particles is expected to provide a large 
overall contact surface area with graphene and lead to an efficient hybridization with graphene. Such 

a hybridization effect would retard the recombination of electron-hole pairs and inhibit 

photocorrosion of ZnO nanoparticles, which should lead to an enhanced photoactivity [32]. 
Therefore, it is important to reduce the ZnO particle sizes to below 7 nm to exert quantum 

confinement effect to achieve an optimal synergetic effect from both ZnO and graphene.  

In this work, we report a simple and straightforward approach to prepare ZnO-RGO via a one-
step reaction. GO was directly reduced into RGO during the preparation of ZnO without using 

additional reducing agents. The as-prepared ZnO-RGO hybrid contains exfoliated RGO and well-

dispersed, nanometer-sized ZnO nanoparticles anchored on RGO with an average diameter of  
4.5 ± 0.5 nm. This synthesis method provides an efficient and economic approach toward achieving 

high quality graphene-based nanocomposites. During the reaction, graphene sheet serves as a 2D 

template for the anchoring, nucleation, and growth of soluble ZnO precursor into ZnO nanoparticles. 
Thus, sufficient interfacial interaction exists between ZnO and RGO. Furthermore, RGO also plays a 

key role for the photocatalytic process. The ZnO-RGO hybrid shows superior performance for the 

photodegradation of Rhodamine B under visible light irradiation. Possible mechanisms for the 
observed enhancement in photocatalytic activity are discussed. 

2. Materials and Methods 

2.1. Materials 

Graphite (SP-1 graphite, average particle sizes of 45 μm) was obtained from Bay Carbon Inc, 
USA. Zinc acetate dihydrate, potassium hydroxide, Rhodamine B, sulfuric acid, sodium nitrite, 

potassium permanganate, and methanol were purchased from Sigma-Aldrich and were used as 
received. 
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2.2. Synthesis of ZnO Nanoparticles 

ZnO nanoparticles were prepared by hydrolyzing zinc acetate dihydrate in methanol. This 
method has been previously reported [33]. KOH  (1.0 g, 17.8 mM) was first dissolved in 200 mL 

methanol at 70 °C with refluxing and stirring to obtain a homogeneous solution. Subsequently, zinc 
acetate dihydrate (2.0 g, 8.9 mM) methanol solution (22 mL) was added directly into the basic 

methanol solution. This mixture was then kept at 70 °C with refluxing and stirring for 2 hours. The 

prepared ZnO nanoparticles were purified by the precipitation and dispersion procedure twice.  

2.3. Synthesis of ZnO-RGO Hybrids 

GO was prepared by the Hummers’ method [34]. Graphite powder (0.5 g) was firstly treated 
with a solution containing concentrated H2SO4 (50 mL) and NaNO3 (0.5 g) below 5 °C. KMnO4 (3 g) 

was added gradually, and the mixture was stirred continuously for 2 h. The mixture was then kept at 
35 °C for another 2 h. The mixture was diluted with deionized (DI) water (23 mL) and stirred for  

15 min. Additional DI water (71 mL) and 30% H2O2 (10 mL) were added to the mixture, which 

changed the mixture’s color to brilliant yellow. Finally, the mixture was washed with water several 
times and HCl once to remove metallic ions. 

The method to synthesize ZnO-RGO hybrid is similar to that of ZnO nanoparticles. GO (80 mg, 

0.8 mg/mL) was mixed with a KOH (0.5 g, 8.9 mM) methanol solution and sonicated for 30 minutes 
to obtain a homogeneous solution, and then heated to 70 °C for 15 min. After that, a zinc acetate 

dihydrate (1 g, 4.5 mM) methanol solution (11mL) was added, and the mixture was kept stirring for 

2 hours at 70 °C. The ZnO-RGO hybrids were filtered through a membrane with 0.5 m pore size to 
remove ungrafted ZnO nanoparticles.  

2.4. Characterization 

Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) spectra of the 

samples were acquired using Nicolet 380 (Thermo Fisher Scientific) in conjunction with ATR 
accessory (AVATAR OMNI Sampler, Germanium crystal) under ambient condition. Transmission 

electron microscopy (TEM) images were obtained from a JEOL 2010 high-resolution microscope 

operated at 200 kV. X-ray photoelectron spectroscopy (XPS) data was obtained with a Kratos Axis 

Ultra using a non-monochromatic MgK photon source (1486 eV) for measurements. X-ray 
diffraction (XRD) patterns of ZnO and ZnO-RGO were acquired using a Bruker D8 Advanced 

Powder X-ray Diffractometer with CuK incident radiation (k = 1.5418 Å). Thermal gravimetric 
analysis (TGA) of ZnO-RGO hybrids was performed with ~8 mg of solid powder. The test was run 

from 30 °C to 900 °C with a ramp rate of 20 °C/min in air. UV-Vis absorption spectra were acquired 

with a UV-Vis-NIR spectrophotometer (Shimadzu, UV-3600). The Brunauer-Emmett-Teller (BET) 
surface area measurements were performed on a Beckman Coulter SA 3100 surface area and pore 

size analyzer at 77 K with prior degassing under vacuum at 80 °C for 2 hours. 
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2.5. Photocatalytic Activities of ZnO and ZnO-RGO  

The photodegradation of Rhodamine B (RhB) was carried out under visible light irradiation. In 
a typical process, catalyst (5 mg) was suspended in RhB aqueous solution (3 × 10−5 M, 3 mL). To 

best match the sun-like emission, the solution was exposed to the visible light irradiation produced 
by a solar simulator positioned 20 cm away from the container. The 260 W Xe lamp produces a sun-

like emission spectrum. To rule out the impact of UV light, the Xe lamp was covered by a UV filter 

sheet (CON-TROL-CURE® RIGID UV filter sheets). It can filter out 100% of UV light below  
390 nm and 98% between 390 nm and 400 nm. The degraded solution was analyzed by UV-Vis 

spectroscopy at predetermined time intervals. The long-term effectiveness of the catalyst was tested 

as follows: ZnO-RGO (8 mg) was dispersed in RhB aqueous solution (3 × 10−5 M, 5 mL), and the 
solution was exposed to the visible light irradiation for 20 min. The catalyst underwent four 

consecutive cycles and was centrifuged and washed thoroughly with water after each cycle. 

2.6. Fabrication of the Electrodes for Electrochemical Impedance Spectroscopy (EIS) 
Measurements 

For the EIS measurement, the catalyst (5.0 mg) was dispersed in 1.0 mL methanol, and the 
solution was then dropped on the conducting fluorine doped tin oxide (FTO) glass substrate  

(24 /square). Impedance measurements (Interface 1000, Gamry Instruments) were carried out at 
room temperature. The catalyst-coated FTO served as the working electrode, with a platinum wire 

and aqueous Ag/AgCl as the counter and reference electrode, respectively. The supporting 

electrolyte was a 2.5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as redox probe in a 0.1 M KCl 
solution. The impedance spectra were recorded using amplitude of 5 mV over the frequency range of 

0.1–105 Hz. 

3. Results and Discussion 

3.1. Characterization of ZnO-RGO Hybrids 

The procedure for the synthesis of ZnO-RGO in methanol is illustrated in Figure 1. Firstly, GO 

was heated at 70 °C to mix with potassium hydroxide in methanol for a 15 minutes and this 
procedure was accompanied by a fast color change from yellowish brown to black (Figure S-1). This 

color change indicates GO underwent a fast reduction process under alkaline solution, which agrees 

with the literature report [35]. Further evidence could be found in the FTIR analysis as shown in 
Figure 2. The nucleation of ZnO happened when zinc acetate dehydrate was added in the mixture. 

During the reaction, RGO sheet serves as a 2D template for the anchoring, nucleation, and growth of 

soluble ZnO precursor into ZnO nanoparticles. The in-situ growth of ZnO on RGO surface is 
beneficial for direct interaction between soluble precursor and RGO, where the residual oxygen 

functional groups on RGO would attract zinc ions to form ZnO. The further growth of ZnO precursor 

into ZnO would prevent the RGO from restacking. 
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Figure 1. Illustration of ZnO-RGO nanohybrids preparation. 

The chemical reduction process of GO through the in-situ growth of ZnO nanoparticle was 

characterized by FTIR. To well understand the reduction mechanism, RGO suspension obtained 
from direct mixing GO with potassium hydroxide under heat at 70 °C for 15 minutes was also 

prepared [35]. To rule out the signal from extra KOH, the RGO suspension was purified through 

filtration and washed with DI water. As shown in Figure 2, GO shows the typical peaks at 3436, 

1735, 1621, and 1050 cm−1, which correspond to the hydroxyl groups, carboxyl groups, - structure 
and carbon oxygen bond, respectively. After mixing with potassium hydroxide, RGO shows a 

significant decrease in the intensity of carboxyl group peak (1735 cm−1). The same change is also 
found on ZnO-RGO. This indicates that GO underwent a fast oxygen reduction process even before 

the growth of ZnO nanoparticle. This interesting reaction provides a feasible route to the preparation 

of ZnO-RGO hybrids. Although the underlying reaction mechanism between GO and alkaline 
solution is still unclear, it has been reported that the chemical reduction of GO is indeed pH 

dependent. That is, the higher the pH of the suspension, the faster the reaction will become [13,35]. 

The morphologies of GO and the resultant ZnO-RGO were characterized by TEM. As shown in 
Figure 3a, a typical 2D GO sheet by itself shows a wrinkled structure. After the growth of ZnO 

nanoparticles on the graphene surface, the graphene did not change in morphology. The TEM images 

of the ZnO-RGO hybrid (Figure 3b and 3c) clearly indicate that spherical ZnO nanoparticles are 
anchored and well distributed on the graphene surface. TEM images of pure ZnO nanoparticles with 

a diameter of ~5 nm are shown in Figure S-2. From a statistical analysis of particle size based on 100 

nanoparticles, the ZnO nanoparticles on graphene sheets have an average particle size of  
4.5 ± 0.5 nm (Figure 3d). This result is consistent with the particle size calculated from its band gap 

energy, determined experimentally from the optical absorption onset in the UV-Vis spectrum  

(Figure S-2) [30]. Pure ZnO and ZnO-RGO in methanol have the same absorption onset at 359.0 nm, 
which is blue-shifted when compared to that of the bulk ZnO of 3.35 eV at room temperature. 
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According to the effective mass model [36], ZnO with a particle size of 5 nm yields the band gap 

energy E* of 3.45 eV. These results indicate that the presence of graphene does not change the 
growth process of ZnO nanoparticles and ZnO nanoparticles exhibit the same crystalline structure 

and diameter after in situ growth on graphene surface. 

 

Figure 2. FTIR characterization of GO, RGO, ZnO-RGO and ZnO. 

 

Figure 3. TEM images of (a) GO, (b) ZnO-RGO, (c) high magnification of ZnO-RGO 
shown in area in (b), and (d) ZnO size distribution in ZnO-RGO. 
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The chemical species of the ZnO-RGO were studied by XPS. As shown in Figure 4a, the Zn 

peaks are dominant. However, C and O peaks also appear. The peaks located at 284 and 531 eV are 
attributed to C 1s and O 1s [37]. The remaining peaks at higher binding energies (1045 and 1022 eV) 

are assigned to Zn 2p1/2 and 2p3/2, respectively [7]. The XRD patterns of GO, ZnO, and ZnO-RGO 

are shown in Figure 4b. ZnO and ZnO-RGO both present diffraction peaks at 2θ = 31.7°, 34.3°, 
36.1°, 47.4°, 56.4°, 62.91°, and 67.9°, corresponding to the wurtzite ZnO structure of (100), (002), 

(101), (102), (110), (103) and (112) reflections, respectively [33]. GO displays a sharp peak at  

2θ = 10.2°, with a d-spacing of 0.87 nm. The crystalline peak of graphite appears at 26.2°, which is 
the characteristic peak of hexagonal graphite with a d-spacing of around 0.34 nm [26]. The 

expansion in the interlayer spacing of GO is an indication of the absorbed water and oxygen 

functionalities among the GO interlayers. However, no characteristic peak is observed on the XRD 
pattern of ZnO-RGO in the corresponding regions. This may be due to the presence of anchored ZnO 

nanoparticles, which disrupts the RGO sheets from forming stacks. 

 

Figure 4. (a) XPS spectrum of ZnO-RGO, (b) XRD patterns of ZnO, ZnO-RGO and GO. 

The chemical content of the ZnO-RGO is calculated from TGA results (Figure 5 and S-3). Two 

thermal degradation processes are shown in the TGA curve of ZnO. The degradation that happened 

at a temperature below 100 °C corresponds to the adsorbed methanol in ZnO. Another weight loss 
(~5 wt%) was observed in the temperature range of 250–350 °C. This loss is due to acetate ligands 

bound to the surface defects of the nanoparticles [33]. The TGA trace of ZnO-RGO shows multiple 

weight losses in the temperature range of 30 to 400 °C. The weight loss from 30 to 150 °C is due to 
the absorbed solvent between graphene layers. The decomposition of the oxygen groups on graphene 

occurs at 150–250 °C. The weight loss above 250 °C is attributed to the oxidation of graphene under 

air. Based on the above finding, the content of graphene in ZnO-RGO could be calculated from these 
TGA curves to be roughly 10 wt%.  
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Figure 5. TGA curves and the corresponding derivatives of (a) ZnO and (b) ZnO-RGO. 

3.2. Photocatalytic Characterization of ZnO-RGO 

The photocatalytic activities of ZnO and ZnO-RGO were determined by photodegradation of 
Rhodamine B (RhB) as a model reaction under visible light. The temporal evolution of the spectral 

changes during the photosensitized degradation of RhB in the presence of ZnO and ZnO-RGO is 

shown in Figure 6. In general, in the presence of ZnO and ZnO-RGO catalysts, visible light 
irradiation of the aqueous RhB solution leads to a decrease in its UV-Vis absorption with time. 

However, these two catalysts give different photodegradation efficiencies. ZnO shows a rather poor 

photocatalytic activity. Only 28% of RhB is decomposed in 16 min, and it takes 100 min for the 
complete degradation of RhB. In contrast, ZnO-RGO photocatalyst exhibits remarkable 

improvements in the photodegradation of RhB, with 100% of the dye molecules degraded in 16 min. 

Note that there is no obvious peak wavelength shift for both ZnO and ZnO-RGO systems with 
increasing time. This indicates that the photodegradation of RhB is dominated by the degradation of 

the aromatic chromophore but not the de-ethylation of RhB [4,16]. It should be noted that without 

presence of catalyst, the photodegradation rate of RhB is extremely slow. As shown in Figure S-5, 
only 46% of RhB were degraded after 120 min.  

The normalized temporal concentration changes (C/C0) of RhB during the photodegradation 

were derived from its normalized absorbance (A/A0) (at 550 nm) at a given time interval. It is clear 
from Figure 6c that ZnO-RGO shows significantly higher photocatalytic activity than ZnO alone. 

The apparent reaction constants of ZnO and ZnO-RGO were calculated through pseudo first-order 

kinetics [38]: 

ln ൬
ܿ
ܿ
൰ ൌ  ݐܭ

where C is the concentration of RhB at time t, Co is the initial concentration, and Kapp is the apparent 

reaction constant. As shown in Table 1, pure ZnO nanoparticles exhibit a Kapp of 0.026 min−1, 

whereas the Kapp of ZnO-RGO reaches into 0.202 min−1, which is almost 8 times higher than that of 
pure ZnO. 
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The long-term effectiveness of ZnO-RGO for the degradation of RhB under visible light was 

also investigated (Figure 6d). The photodegradation of RhB was monitored for four consecutive 
cycles, each for 20 min. After each cycle, the photocatalysts were recovered through centrifugal 

separation, washed thoroughly with water and added into fresh RhB solution for the next cycle of 

reaction. The experimental results indicate that the ZnO-RGO still retains 70% activity for 
degradation of RhB after 4 consecutive uses. One possible reason for the activity decrease is the 

materials lost during washing processes between cycles. Due to the low photocatalytic efficiency of 

ZnO, there is only 29% of RhB degraded during the first cycle. After four consecutive uses, ZnO 
only retains 13% activity. This indicates that the incorporation of RGO in the catalyst not only 

increases the photocatalytic efficiency but also improves their stability during photocatalytic reaction. 

Most importantly, it indicates that these highly active ZnO-RGO photocatalysts can be easily 
separated and recovered by sedimentation, making it attractive for practical application of removing 

organic pollutants from the environment. 

 

Figure 6. (a) and (b) UV-Vis spectral changes of RhB (3 × 10−5 M) as a function of time 
in the presence of ZnO and ZnO-RGO, (c) photocatalytic degradation of RhB in the 
presence of catalysts ZnO and ZnO-RGO, and (d) degradation rate of RhB in the 

presence of catalysts ZnO and ZnO-RGO. 
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Table 1. Summary of reaction rate, half-life time, surface area, and adsorption RhB 
under dark condition of the photocatalysts ZnO and ZnO-RGO for comparison. 

 

3.3. Mechanism for Enhanced ZnO-RGO Photocatalytic Activity  

The photocatalytic activity of the ZnO-RGO hybrids is intrinsically governed by the ZnO 
particle size, the adsorption of dyes, and charge carrier mobility [3,16,32,39,40]. From TEM results, 

ZnO nanoparticles on the graphene surface have an average particle size of 4.5 ± 0.5 nm, which is 
smaller than the particle sizes in most reports [7,26,27]. Increased photocatalytic efficiency for ZnO 

is expected. Owing to the quantum confinement effect, the band gap of ZnO increases and the band 

edges shift to yield larger redox potentials [31]. The increased redox potential in size-quantized 
systems is expected to increase the rate constant of charge transfer. Furthermore, the large surface-to-

volume ratio can provide ample contact surface area of ZnO with RGO and lead to efficient 

hybridization. The hybridization effect can be verified by the high-resolution XPS spectra of  
Zn 2p3/2 for ZnO and ZnO-RGO (Figure 7a). The spectrum for the ZnO sample reveals that the core 

Zn 2p3/2 peak is positioned at 1021.4 eV with high symmetry, indicating that Zn was present only in 

the Zn2+ state [41]. However, the Zn 2p3/2 peak of ZnO-RGO exhibits a shift to a higher binding 
energy by 2.4 eV. The shift to higher binding energy signifies an increased oxidation of Zn, resulting 

from its contact with the electronegative graphene [42]. This indicates that the electronegative 

graphene surfaces create a stronger dipole moment with ZnO nanoparticles. Such a hybridization 
effect can retard the recombination of electron-hole pair and inhibit the photocorrosion of ZnO 

nanoparticles [32]. Therefore, the synergetic effect of quantum confinement and large surface-to-

volume ratio from quantized ZnO particles contributes to the enhanced photodegredation of RhB.  
Another factor for the enhanced photocatalytic activity of ZnO-RGO is the enhanced adsorption 

of dyes by RGO. The adsorption characteristics of RhB onto the surface of both ZnO and ZnO-RGO 

were investigated. The concentrations of RhB after dark adsorption were obtained from UV-Vis 
absorption measurements. After equilibrium in the dark for 20 min, only 5% of RhB was adsorbed 

on the ZnO nanoparticle surface, whereas a large amount of dye molecules (ca. 31%) was adsorbed 

on the surface of the ZnO-RGO (Table 1). To verify the adsorptivity differences, the BET surface 
areas of ZnO and ZnO-RGO were characterized by N2 adsorption-desorption at 77 K (Figure S-4). 

After the introduction of RGO, the BET surface area of ZnO-RGO greatly increases from 29 m2/g of 

pure ZnO to 181 m2/g, which is six times higher than that of the pure ZnO (Table 1). From these 
experimental results, it can be deduced that the high adsorptivity of RhB on ZnO-RGO originates 

from the 2D planar structure of RGO. The introduction of RGO not only retains the individual 

dispersion of the nanosized ZnO particles but also provides a π-π platform for adsorbing dye 

Samples Kapp (min−1) t1/2 (min) Surface area (m2/g) Adsorption of dye (%) 

ZnO 0.026 25 29 5 

ZnO-RGO 0.202 3 181 31 
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molecules [9]. RhB molecule has an aromatic chromophore, which leads to a face-to-face adsorption 

on the RGO surface via π-π interaction. Under light irradiation, the dyes are excited and the 
photogenerated electrons could easily transfer to the RGO surface and then participate in the redox 

reaction with ZnO nanoparticles. Subsequently, the excited dye decomposes into CO2 and H2O 

through a series of redox reactions. Therefore, the synergetic effect between adsorptivity and 
photoreactivity is achieved in a simple process, resulting in an appreciable improvement in 

photodegradation of RhB compared with pure ZnO alone. 

In addition to enhancing adsorptivity, RGO also serves as an electron acceptor and conductor 
due to its two-dimensional conjugation structure. In this aspect, RGO helps suppress charge 

recombination, enhancing charge separation efficiency, and improving the photocatalytic activity. 

The electrochemical impedance spectroscopy (EIS) of ZnO and ZnO-RGO electrodes was performed 
to verify the enhancement in charge transfer, and their corresponding Nyquist plots are shown in 

Figure 7b. With the introduction of 10 wt% of graphene, the semicircle size in the plot of ZnO-RGO 

becomes much smaller than that of ZnO, almost one fourth of the size of ZnO plot. The decreased 
semicircle size indicates an effective separation of photogenerated electron-hole pairs and faster 

interfacial charge transfer from the electron donor to electron receptor [43,44]. 

 

Figure 7. (a) XPS spectra of Zn 2p3/2 peak in ZnO and ZnO-RGO, and (b) EIS plots of 
ZnO and ZnO-RGO electrodes. 

From the above-mentioned experimental findings, it can be concluded that the significant 

enhancement in the photocatalytic activity of ZnO-RGO comes from the following factors: 

nanosized ZnO particles, high dye adsorptivity of RGO, and excellent electron conduction of RGO. 
A schematic highlighting the mechanisms responsible for the observed enhancement in 

photocatalytic properties of the ZnO-RGO is given in Figure 8. Firstly, RhB molecules form a face-

to-face adsorption on the RGO surface via π-π interaction. Then, under visible light irradiation, the 
photogenerated electrons from dyes move freely onto the surface of RGO and transfer to the nearest 

ZnO nanoparticles. Subsequently, the injected electron reacts with the surface-adsorbed O2 

molecules to yield ROS. Finally, the dye* degrades into mineralized products by these reactive 
species. The main reason for the observed excellent performance comes from the synergistic effect 
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from both nanosized particles and strong interaction between ZnO and RGO. Therefore, the 

hybridization of nano-sized ZnO with RGO in this report is an effective and promising approach for 
promoting photocatalytic performance of ZnO. This research offers a new avenue to capture and 

convert solar energy to remove organic pollutants in our environment. Regarding to the similar 

properties between graphene and CNT, ZnO-CNT hybrid could be also a potential photocatalyst with 
high performance [45]. We also carried out some research to study the photocatalytic activity of 

ZnO-CNT, and the results will be published in future. 

 

Figure 8. Proposed mechanism for the photocatalytic degradation of RhB by ZnO-RGO 
under visible light irradiation. 

4. Conclusion 

ZnO-RGO hybrids containing high loading of well-dispersed ZnO nanoparticles with an 

average diameter of 4.5 ± 0.5 nm have been successfully prepared via a one-step sol-gel method. It is 
found that the nanosized ZnO can hybridize with RGO and have efficient electrostatic interactions 

with RGO. The small particle size, great dye adsorptivity, and excellent electron transport properties 

from RGO make the ZnO-RGO an efficient and stable photocatalyst. The present study offers a low-
cost, straightforward approach for fabricating nanostructured ZnO-RGO hybrids. It is expected that 

the current research can stimulate significant interest in the preparation of effective photocatalysts 

based on RGO and metal oxide hybrids, which finds attractive applications in tackling environmental 
pollution issues. 
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