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Abstract

:

ZnO is an exciting material for photocatalysis applications due to its high activity, easy accessibility of raw materials, low production costs, and nontoxic. Several ZnO nano and microstructures can be obtained, such as nanoparticles, nanorods, micro flowers, microspheres, among others, depending on the preparation method and conditions. ZnO is a wide bandgap semiconductor presenting massive recombination of the generated charge carriers, limiting its photocatalytic efficiency and stability. It is common to mix it with metal, metal oxide, sulfides, polymers, and nanocarbon-based materials to improve its photocatalytic behavior. Therefore, ZnO–nanocarbon composites formation has been a viable alternative that leads to new, more active, and stable photocatalytic systems. Mainly, graphene is a well-known two-dimensional material, which could be an excellent candidate to hybridize with ZnO due to its excellent physical and chemical properties (e.g., high specific surface area, optical transmittance, and thermal conductivity, among others). This review analyses ZnO–graphene nanocomposites’ recent advances, addressing the synthesis methods and the resulting structural, morphological, optical, and electronic properties. Moreover, we examine the ZnO–graphene composites’ role in the photocatalytic degradation of organic/inorganic pollutants.
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1. Introduction


Heterogeneous photocatalysis has been studied since the 1960s as a viable alternative for using solar energy in the air/water polluted purification, decomposition of water into hydrogen and oxygen, and reduction of CO2 into high-value organic compounds, among other examples [1]. Photocatalysis deals with the study of photo-redox reactions occurring in the presence of light and a semiconductor. Briefly, the photocatalytic process consists mainly of three stages (Figure 1): electron–hole pair generation by photoexcitation, separation/diffusion of the photo-generated charge carriers, and the surface reduction/oxidation reactions [2].



In general terms, the main success factors are the availability of the right catalyst for each application and the optimal operating conditions. A wide variety of oxides, sulfides, carbonaceous materials, conjugated microporous polymers, and others have been evaluated, looking for the highest photoactivity, selectivity, and stability, in addition to using visible light as an activation source [3]. The ideal catalyst should comply with the indications marked in Figure 2, depending on the type of application and the established operating conditions.



However, the photocatalyst selection remains the bottleneck in attempting a commercial application of photocatalysis. Many essays have been made, mainly in environmental remediation, to develop a technology integrated into existing ones [5]. As is well known, the most widely used and studied semiconductor in photocatalysis has been TiO2 [44,307 publications until 2020, Scopus], and the second place is undoubtedly occupied by ZnO (10,817 papers, until 2020, Scopus). Zinc oxide powder has a long history with successful and well-established applications in cosmetics, sunscreens, paints, and coatings [6]. ZnO is considered as a mature n-type semiconducting material with hexagonal wurtzite crystal structure as the most stable. It displays high electrical and thermal conductivity, optical absorption in the UV zone (direct bandgap at about 3.4 eV), high-temperature stability, increased stability at neutral pH, antimicrobial action, and reasonable cost [7]. On the other hand, ZnO nanostructures are now in research and development for new applications, such as gas sensors [8,9], nanomedicine [10], batteries [11], solar cells [12], inks [13], agriculture, animal feed supplement [14], and photocatalysis [15,16,17].



This boom in new and emerging ZnO applications is due to its versatility in morphology, dimensionality, size, and shape, leading to a significant variation in its physical and chemical properties. ZnO nanostructures can be classified as zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D), which include quantum dots arrays, elongated arrays, planar arrays, and ordered structures, respectively; some examples are shown in Figure 3.



The size and morphology of the employed ZnO nanostructures can influence the observed photocatalytic activity [19,20]. It is well- known that ZnO low-dimensional (e.g., 1D) nanostructures present short photo-generated carrier migration paths, fast carriers migration efficiency, and a large surface area, which would improve the photocatalytic activity [18,21]. In other words, controlled synthesis of ZnO nanocrystals with reduced dimensionality and well-defined morphologies presenting different exposed crystal facets (i.e., polar and nonpolar facets with varying energies of the surface) can determine their properties and potential applications [22,23]. There are still several drawbacks to ZnO’s commercial application in photocatalysis using sunlight, such as wide bandgap, rapid charge carrier recombination, and the photoinduced corrosion-dissolution at extreme pH conditions.



Coupling ZnO with other semiconductors, doping with foreign ions, decorating with noble metal nanoparticles, supporting on carbonaceous materials, among others, may solve deficiencies and obtain an efficient, robust, and stable ZnO photocatalyst [24,25]. Particularly, carbonaceous materials, including fullerenes, carbon nanotubes, graphene, and graphitic carbon nitride, have led to nanocomposites’ synthesis with semiconductors new photocatalysts with improved properties, such as high surface area, excellent conductivity, high chemical, and thermal stability [25,26].



Graphene, the focus of this review, has been one of the most studied nanocarbon since its discovery in 2004 (i.e., 1.7 × 105 publications, until 2020, Scopus). This material is composed of a single layer of interconnected hexagons of carbon atoms, and it is considered the basic building block of other nanocarbons [26]. Graphene has excellent electrical and thermal conductivity, derived from its long-range conjugated structure; it also has a substantial theoretical surface area (2630 m2/g). Graphene oxide (GO) and reduced graphene oxide (rGO) are widely used derivatives of graphene (see Figure 4), both in their pristine and composite form. Their main applications are supercapacitors, photovoltaics, adsorbents, filtration membrane, sensors, lithium-ion batteries, anti-corrosion materials, sodium-ion batteries, and drug delivery solar cells, and photocatalysis [27]. GO, as a product of delamination of oxidized graphite, contains numerous oxygen functional groups, structural defects, and chemically bonded impurities. In contrast, rGO is a product of intensive reduction of GO, with chemical composition and properties different than those of graphene [28].



A fundamental question on ZnO–graphene’s topic would be: what are the advantages of coupling ZnO with graphene species? According to previous studies related to semiconductor–graphene composites, the latter can reduce the semiconductor bandgap energy, enabling visible light absorption. In addition, graphene avoids charge carriers recombination, improves reactant’s adsorption, and changes redox potential, giving rise to higher photocatalytic activity and stability [30], as illustrated in Figure 5.



ZnO has exponential growth in the number of publications related to photocatalysis for several years. Still, since 2010, a growing interest in using ZnO–graphene composites in different photocatalytic applications is perceived, Figure 6. It can be observed that the increase in the number of publications regarding the application of ZnO in photocatalysis showed a six-fold increase in the last decade. In the ZnO–graphene composites, the number of publications showed a similar trend in the same period, with a five-fold increase. The bibliographic records, published between 2016 and 2020, obtained using the keywords described in Figure 6 were used to perform a bibliometric analysis and construct a keyword co-occurrence map, as shown in Figure 7, made using the VOSViewer software. The analysis of ZnO’s use in photocatalysis (Figure 7a) showed that the main application is in the degradation of organic dyes (green region) dissolved in wastewater or model aqueous solutions. Among the most employed dyes are methacrylate blue, methylene blue, methyl orange, and rhodamine B. In this map, it can be observed that the primary approach to improving the photocatalytic performance of ZnO is the use of nanocomposites (blue region). Among the used materials to obtain these nanocomposites are different graphene species and graphitic carbon nitride. Finally, the red area of Figure 7a shows the most reported morphologies of ZnO: nanorods, nanowires, and nanoparticles.



Regarding the application of ZnO-graphene composites or hybrids in photocatalysis, it can be seen a similar trend (Figure 7b). The most reported application of these composites is the degradation of organic dyes, such as methylene blue, rhodamine C, and methyl orange, in aqueous solutions (green zone). The most reported morphologies of the composites include nanoparticles, nanorods, nanosheets, and nanowires (red zone). This can be attributed to the observed morphology of ZnO. In brief, it can be noted that the keyword occurrence in the case of ZnO-graphene composites follows a similar trend that the occurrence of ZnO. In subsequent sections of this review, a detailed analysis, about the reported morphologies, method of synthesis, ZnO precursors, among other topics, is presented.



Concerning the reviews’ number in the topics of ZnO-based materials and graphene-based materials applied in photocatalysis (i.e., 2010–2020), there are 265 and 230 publications, respectively (Figure 8). It is worth noting that most of the reviews are dedicated to analyzing the photocatalytic properties of these two materials in pristine form and forming composites with other semiconductors or polymers. In such a way, in the period 2016–2020, nine excellent reviews must directly or indirectly do with ZnO–graphene composites, as described in Table 1. Therefore, only two reviews were explicitly found focused on the study of ZnO–graphene composites for benzoic [31] and dye photo-oxidation [32].



The present work aims to address issues related to the effect of the type of ZnO structure (0D, 1D, 2D, 3D) linked mainly to graphene oxide (GO) and reduced graphene oxide (rGO), updating (2016–2020) the relevant aspects of the synthesis, characterization and photocatalytic properties. Indeed, there are currently significant advances with the use of ternary composites such as ZnO–metal–graphene or ZnO–semiconductor–graphene or using other types of carbonaceous materials, e.g., 3D graphene, graphene Q-dots, graphitic carbon nitride, among others [36]; nevertheless, they are outside the scope of this review. At the beginning of this work, the importance and foundations of photocatalysis are briefly described. Subsequently, the state of the art of ZnO, graphene, and composites in photocatalytic applications is addressed. Moreover, a chapter is specifically intended to synthesize ZnO–graphene composites, analyzing in detail the most used methods and the variables that affect their final properties. A detailed description of the main characterization techniques and some significant results with the ZnO–graphene composites are presented. Finally, the photocatalytic performance of ZnO–GO or ZnO–rGO in pollutants degradation is analyzed, focusing on the ZnO-type structure employed (0D, 1D, 2D, 3D) under UV and Vis light irradiation, as shown in Figure 9.




2. Synthesis Methods of ZnO–Graphene Nanocomposites


The implementation of efficient ways to prepare and process the nanocomposites for practical application has become very important. An appropriate synthesis method can lead to a strong influence on reaction time, yield, particle size, morphology, and photocatalytic performance of the material [38]. This section will analyze the experimental details andparameters of the most used synthesis methods to obtain ZnO–graphene nanocomposites materials, analyzing types of carbonaceous material, zinc oxide precursors, use of surfactants, and most frequent ZnO sizes and their morphologies.



2.1. Main Methods to Obtain ZnO–Graphene


Actually, several synthesis methods have been used for the preparation of ZnO–graphene nanocomposites (see Figure 10). Among these, the most frequently reported methods are the hydrothermal, co-precipitation, solvothermal, sol–gel, microwaves, photocatalytic reduction, and electrochemical. These methods represent more than 80% of all synthesis methods. Until 2020, the most used methods were hydrothermal, co-precipitation, sol–gel, solvothermal, and solid-state synthesis. Therefore, the wet chemical methods will continue to be the main type of synthesis used. Although a particular interest in solid-state synthesis methods is growing due to its great simplicity and ease. Ultrasonication [39], spin coating [40], sonochemical [41], template synthesis [42], self-assembly [43], pulsed laser [44] and ionothermal precipitation [45] are others important methods, but they are less used. In the last decade, more elaborate and robust synthesis methods were reported, but today increasingly simple methods are being sought in favor of green chemistry and scalability.



2.1.1. Hydrothermal and Solvothermal


Both methods are some of the most versatile to synthesize nanomaterials [46]. Hydrothermal or solvothermal synthesis route is so-called depending upon the solvent utilized during the synthesis process. In the hydrothermal method, water is taken as the solvent, whereas in the solvothermal process, generally organic solvents (DMF, ethylene glycol, THF, PVP) are used. These synthesis methods were defined as a process in a closed system, in which chemical reactions occurred at temperatures above the boiling point and pressures above 1 bar [19,38]. In this case, zinc precursor is first reduced with a hydroxide (KOH/NaOH/NH4OH) to produce a precursor Zn(OH)2 nH2O and heated at different times and temperatures (8–20 h, 120–300 °C) in a Teflon-lined stainless-steel autoclave.



Moreover, some works also report the use of surfactants. Conditions such as precursors, concentration of the mixture, reaction temperature, and pressure contribute to deciding the ZnO nanoparticles’ dimensions. ZnO/carbon nanocomposites with different ZnO shapes and sizes have been synthesized using hydrothermal [47,48,49] and solvothermal synthesis [50,51,52].




2.1.2. Co-Precipitation


It is a well-established method of synthesis of nanocomposites in an aqueous solution [53]. It is a rapid and straightforward preparation at low temperatures, in which the products are generally insoluble species formed under conditions of high supersaturation. Nucleation is a crucial step. A large number of small particles will be created, and secondary processes, such as Ostwald ripening and aggregation, dramatically affect the products’ size, morphology, and properties [54]. When inorganic metal salt (zinc acetate, zinc nitrate, zinc chloride, among others) is dissolved in water, the metal cations exist in the form of metal hydrate species. These hydrates are then condensed by lowering the pH of the solution, commonly using NaOH or NH4OH. Finally, they are washed, filtered, dried, and calcined to obtain the final product [55]. Co-precipitation is the second most used synthesis method to obtain ZnO–graphene nanocomposites [56,57].




2.1.3. Sol–Gel


It is one of the famous wet-chemical methods and is widely used to synthesize various transition metal oxides. It was recently used to form ZnO/GO nanocomposites by incorporating ZnO nanoparticles on the surface of GO sheets or the formation of ZnO–rGO nanostructures, among others. All those systems afford a high surface area with enhanced adsorption capabilities and improved photocatalytic performance, facilitating dyes’ degradation [32]. Sol-gel technique enables synthesis at a low temperature and fine control of the product’s chemical composition. Different shapes and sizes of ZnO–graphene nanocomposites have been reported using this technique. Ahmad et al. reported spherical ZnO nanoparticles on graphene sheets [58]. Pogacean et al. presented ZnO cauliflowers varying from 100 to 500 nm on rGO sheets [59], and Yadav et al. successfully obtained lotus-like ZnO morphologies with variable sizes in the micrometer range supported on rGO flakes [60].




2.1.4. Microwave-Assisted


This synthesis is a popular and cost-effective method because it does not require expensive instrumentation. Chemical reactions are often faster than traditional convection heating methods and have high yields and fewer side products. Microwave-assisted techniques improve the engineering control over the separation of the nucleation and growth stages of nanomaterial synthesis. Having significant influence on room temperature, reproducibility, short synthesis duration, low price, purity, and fulfillment of the eco-friendly approach criterion [19,54]. Wang et al. reported ZnO hollow on ZnO/rGO composites via a one-step microwave-assisted solvothermal process [61]. Kumar et al. obtained different ZnO structures (3D, 2D, and 1D) on GO by varying the microwave heating reaction time. In this work, GO-ZnO microcubes, GO-ZnO nanoflakes, and GO-ZnO nanoneedles are synthesized by a microwave-assisted exfoliation method [62].




2.1.5. Electrochemical


Electrochemical methods have a long history of synthesizing a wide variety of metal, semiconductor, metal oxide, and nanocomposite materials. These methods allow cleaner and cheaper syntheses with potentially low cost and have a high production yield. Furthermore, electrochemical synthesis techniques provide the possibility of both batch and continuous processes [63]. Electrochemical synthesis possesses significant benefits. Electrons are clean reagents; they do not generate any waste formation. Since reactions occur by a direct electron transfer at the electrode, the systems usually do not require any other activation. Thus, the conditions are mild, resulting in high selectivity [64]. The electrodeposition process and the resulting microstructure of composite coating can be affected by many parameters [65]. For example, the electrolyte bath’s chemical composition, additives, pH, temperature, electrolyte stirring, current density, type of applied current (pulse or DC), particle size, surface properties, and concentration and kind of dispersion in the electrolyte. Investigations have reported ZnO–graphene nanocomposites using electrochemical synthesis with various experimental detail parameters [66,67,68,69].




2.1.6. Photochemical


Among the numerous synthesis methods for nanosized materials, photochemical synthesis plays a significant role. This synthesis use irradiation of a reaction solution containing metal salt, surfactant, and a mild reducing agent to speed up the process [70]. Chen et al. [71] reported a ZnO nanowires composited with rGO via UV-assisted photochemical synthesis. In that work, the electrons generated by ultraviolet photons transfer from the excited ZnO nanowires to the GO to produce rGO in the presence of ethanol, as indicated by the following reactions:


  ZnO +  h ν     →      ZnO     (  e + h  )     →   C 2   H 5  OH    ZnO     ( e )  +   °  C 2   H 4  OH +      H   +     



(1)






   ZnO     ( e )  +  GO     →      ZnO  + rGO  



(2)




Other researchers have reported ZnO–graphene nanocomposites using UV-assisted photochemical reduction [72,73,74].





2.2. Type of Carbonaceous Support


Coupling graphene-based materials with ZnO can enhance light absorption, charge separation, photostability, and adsorption. It seems to be one of the most promising strategies for developing robust and efficient photocatalysts [75]. It is for this reason that numerous carbonaceous supports have been reported for ZnO, such as graphene (G) [58,76,77], GO [78,79,80], rGO [81,82,83]. In Figure 11, the carbonaceous materials most used since 2016 and until 2020 were rGO, representing 48.68% of all carbonaceous materials used to synthesize nanocomposites. This high percentage is attributed to the use of synthesis methods. The nucleation and growth of ZnO nanostructures arise simultaneously by reducing GO using solvothermal, microwave, and photochemical syntheses. GO and rGO is especially promising templates for nanocomposites. The presence of defects and oxygen functional groups on their surfaces allows for the nucleation, growth, and attachment of ZnO nano and microstructures.




2.3. Zinc Precursor


According to the published references, the most popular zinc precursors used for ZnO–graphene composites synthesis are zinc acetate dihydrate, zinc nitrate hexahydrate, ZnO, and zinc chloride (see Figure 12). The popularity of these reactants results from their low price and easy availability. For the year 2020, the results are quite like the previous years.




2.4. Incorporation of the ZnO


ZnO–graphene nanocomposites, wherein sheets of graphene, GO, or rGO, are decorated with nanoparticles of few nanometers to micrometers, can be obtained by anchoring ZnO nanoparticles to the surface through two types of incorporation. The first one is an in situ, growing the nanoparticles on the carbonaceous material and the second one, an ex situ method, attaching premade nanoparticles to the carbonaceous material [84]. According to the literature review, the primary type of incorporation used for ZnO’s anchoring in nanocomposites is an in situ method (See Figure 13).



The advantages of this type of incorporation are one-step synthesis and highly efficient and easy to perform since the nucleation of the ZnO nanoparticles and GO is carried out simultaneously [85,86,87,88]. However, it can be challenging to control the size and morphology of the ZnO nanostructures. In the ex situ method, the nanoparticles are synthesized previously and then attached to the graphene sheets’ surface via linking agents. This method can utilize either covalent or noncovalent interactions, including van der Waals interactions, hydrogen bonding, π−π stacking, or electrostatic interactions [89,90,91,92]. Although the ex situ method requires more time and steps to complete, it can offer several advantages compared to in situ growth. For instance, ex situ methods result in significantly narrower size distribution and better control over the size, shape, and density of the ZnO nanoparticles [93].



Recently, Ghanem et al. reported the ex situ technique through the mixing of GO with ZnO nanorods (EZG) and the in situ process by reducing GO in the presence of ZnO nanorods (IZG) [94]. For IZG, ZnO nanorods facilitate GO’s exfoliation during the reduction process as a few monolayers of rGO were obtained, and the nanorods were homogeneously dispersed over the nanosheets. EZG exhibited quite surface coverage of ZnO with the high probability for aggregation of rGO layers around the nanorods forming bundles like-structure. Furthermore, by comparing the photocatalytic performance of IZG and EZG, it is reported that the IZG showed better photoactivity than EZG. This behavior is attributed to the homogenous distribution of ZnO nanorods over graphene sheets of IZG. This work demonstrates morphological differences of the materials obtained and the effect of the type of incorporation on their photocatalytic performance.




2.5. Surfactants


Surfactants are commonly used in ZnO–graphene nanocomposite synthesis to control of ZnO shape. They give rise to better photophysical properties and obtain suspensions and colloids, in which they counteract the aggregation of nanoparticles [19,95]. From 2016 to 2020, only 22.71% of the reported syntheses used surfactants to obtain it (see Figure 14). Of that 22.71% the main surfactants were: hexamethylenetetramine (HMTA) (32.73%) [96], polyvinylpyrrolidone (PVP) (14.55%) [96], 3-aminopropyl-trimethoxysilane (APTMS) (10.91%) [97], cetyl trimethyl ammonium bromide (CTAB) (9.09%) [98], ethylenediamine (EDA)(5.45%) [99], sodium dodecyl sulfate (SDS) (5.45%) [100], and dimethyl sulfoxide (DMSO) (3.64%) In general, the use of surfactants has declined considerably due to the global trend in environmental protection. According to green chemistry principles, less dangerous chemical syntheses should be designed. The use of auxiliary substances such as surfactants should be reduced, expecting to decrease in the following years.




2.6. Morphologies and Sizes of ZnO


A great diversity of ZnO shapes has been reported in ZnO–graphene nanocomposites, as seen in Figure 15. The main ZnO morphologies are spheres (solid and hollow) [101], rods [102], flowers [103], core-shell [104], flakes [104], oval [105], wires [105], grains [106], cubes [107], quantum dots [108], trapezoids [109], tetrapods [110], and dumbbell [111]. The main problem in synthesizing this type of nanocomposites is the almost null control over ZnO’s morphology. 16.62% of the reviewed works do not achieve a clear and defined morphology; although they achieve the growth or anchoring of ZnO in graphene, GO, or rGO, it is impossible to determine dimension, shape, or size. Furthermore, 5.82% of the works reviewed do not make a morphological analysis of the nanocomposite obtained. On the other hand, very promising strategies have been designed, whereby changing a few parameters of the synthesis, various morphologies are obtained. Kumaresan and Ramamurthi reported ZnO rods and spheres on ZnO/rGO. The variation of the added amount of rGO can flexibly transform the morphology of ZnO from 1D rods to the architecture of a 0D sphere. Simultaneously, GO is converted to rGO using different amounts of rGO in a hydrothermal synthesis [112]. By hydrothermal synthesis, Zhou et al. obtained ZnO rods (l:18 μm d: 2.5 μm) and ZnO dumbbells (l:22 μm) onto rGO flakes. By controlling temperature, concentration of Zn2+/HMTA and reaction time [113]. Pruna et al. obtained by electrodeposition two morphologies using GO and rGO as carbonaceous material: ZnO pencil-shaped hexagonal nanorods on GO with a diameter of about 200 and 600 nm length. This morphology is attributable to higher negative charges of GO, which help in faster reduction of the sheets in the electrode’s vicinity. Thus, the growth of ZnO onto them, using the functional groups in GO as nucleation sites. On the other hand, ZnO hexagonal disks/plates of increasing size reached a diameter of about 500 nm and about 250 nm in length on rGO material [114].



In Figure 16, the main ZnO particle size ranges reported in the ZnO–graphene composites are presented. 33.67% of the works reviewed do not present information on the size of the ZnO structures obtained in the carbon material, which is associated with the fact that the morphology cannot be controlled. Therefore, it is a challenge to report a size. More than 50% of the ZnO sizes reported belong to the ranges: <50 nm, between 50 and 100 nm, and between 100 and 500 nm.





3. Characterization and Physicochemical Properties


Physicochemical properties of nanomaterials are relevant because these indicate how the nanomaterial interacts or how it could interact with the surroundings under specific conditions. Depending on the purpose of the designed nanomaterial, specific physicochemical properties will be of greater interest than others. It will always be of interest to know the structural and morphological properties, texture, composition, optical and electronic properties, and possible reaction mechanisms depending on the interaction system, stability, and reusability possibilities. As it is known, the properties of materials can drastically change when the size is reduced to nanometric dimensions. Measuring these properties needs reliable characterization techniques to ensure a rigorous and credible analysis. Different techniques commonly used for the characterization of ZnO–graphene nanomaterials are described in the following sections. This section discusses the characterization techniques commonly used to study physicochemical properties on the size, shape, surface properties, composition, purity, and stability of nanomaterials. Specifically, to the case of ZnO–graphene nanocomposites applied to photocatalytic processes to organic/inorganic toxic pollutant degradation, hydrogen evolution/water splitting, and CO2 conversion to fuels.



It is valuable to understand that the characterization techniques are not exclusive but complementary in studying materials and nanomaterials’ physicochemical properties. For this reason, studying a specific property may require several techniques. In what follows, we have tried to group the techniques with which different physical and chemical aspects of ZnO–graphene composites are usually studied. Some characterizations are practically obligatory. For example, electron microscopy studies are necessary to identify that a nanocomposite has indeed been synthesized. Other studies, such as EDX, for example, are necessary to complete this information.



As a final note, it is worth noting that comparing different ZnO–graphene nanocomposites’ properties should be viewed with caution. For example, the different morphologies can depend on the synthesis method used, and the electrical properties can depend on the texture, that is, on the porosity of the material. Therefore, a comparison should be made having synthesized the samples under the same conditions, except for modifying specific parameters of interest, to observe how this influences the material’s performance in each application.



3.1. Morphology


3.1.1. Scanning Electron Microscopy (SEM)


Unlike light microscopy, electron microscopy (EM) works with electron waves instead of light waves. Because the visible electromagnetic radiation has wavelengths between 400 and 700 nm approximately, optical microscopy is prevented from observing objects on the nanoscale for which at least one of the dimensions is under 100 nm. Unlike light microscopy, EM uses high-energy electron beams. High potential differences accelerate electrons for which sub-nanometric wavelengths are achieved, taking advantage of matter’s wave properties. Therefore, when these electrons impinge on the sample, images of much higher resolution are obtained. One of the more used EM in nanomaterial characterization is scanning electron microscopy (SEM). SEM is a technique to generate an image of the surface by scanning the sample with an electron beam. The interaction between the electrons of the beam and the sample produces other electron and X-ray signals from which the topography and atomic composition of the material surface are revealed.



In composite characterization, the topographic information helps to verify the presence of a determined morphology. It is possible to collect enough nanoparticle length and width data from the SEM image and obtain the average size using image visualization software. Therefore, SEM provides primordial information for morphological studies, and it turns essential in ZnO/graphene composites’ characterization; for example, composite materials based on reduced graphene oxide (rGO) reinforced with zinc oxide were synthesized [115]. In this study, SEM images (See Figure 17) showed that the Zn precursor concentration could change the final sizes and morphologies of the ZnO structures anchored in the composite. Two different morphologies, ZnO flowers (rGO/ZnO flowers) and ZnO rods (rGO/ZnO rods), were obtained.



SEM images do not give information about the composition of the sample, i.e., SEM images themselves do not tell if the sample is composed of ZnO and carbon nanomaterials. For this, additional analysis must be done, which can be achieved from the same SEM device. This analysis is called energy-dispersive X-ray spectroscopy (EDS or EDX). In EDS, X-ray signals emitted from the sample are detected. The incident electron beam can excite electrons from the innermost shells and, when the empty energy states formed are occupied by electrons from higher shells, X-rays are emitted. Due to the different atomic numbers of chemical elements, the energy differences between core levels are characteristic of each element. Thus, by examining these X-rays, the composition and relative abundance of elements in different surface points can be estimated, providing the distribution of such elements in the composite.



Field emission scanning electron microscopy (FESEM) is an improved SEM technique where the electron beams are produced by field emission effect, are very focused, and are produced at high and low accelerating voltages. Then, images obtained by FESEM are clearer and with a higher resolution. Moreover, the low voltages help reduce the damage in sensitive samples to the electron beam’s energy.



As previously mentioned, ZnO nanoparticles have different morphologies that mainly depend on the synthesis method. The photocatalytic efficiency of ZnO is strongly affected by its particles’ morphology. These morphologies have little impact on the structural or optical properties, such as crystal structure or bandgap. The incorporation of ZnO nanoparticles in carbon nanosheets (graphene, graphene oxide, or reduced oxide graphene) allows them to decorate [61] (see Figure 18), anchor [116] (see Figure 19), embed [117] (see Figure 20) in the surface of nanosheet or core-shell nanostructures [118]. Several authors have demonstrated that the incorporation of the ZnO nanoparticles in carbon nanosheets brings with it several advantages such as (a) increase in the crystallinity of ZnO, (b) more intimate contact between the ZnO–rGO interfaces, (c) an excellent graphitic sp2 C=C crystal structure of rGO nanosheets, (d) increase in the specific surfaces area of nanocomposites, (e) an enhanced in the absorption of visible light and an increase in the lifetime of charge carriers (electron (e-) hole (h+)), all of this resulting in a consequent increase of the photocatalytic activity of the nanocomposites. Wang et al. [61], for instance, showed that incorporation of ZnO hollow microspheres in rGO decorated the rGO nanosheets, allowing the easy transportation of the photo-generated electrons in the ZnO to rGO, increasing the separation of the charge carriers with a consequent enhancement in the photocatalytic activity.




3.1.2. Transmission Electron Microscopy (TEM)


Just like SEM, transmission electron microscopy (TEM) can provide morphology images. However, due to a higher acceleration potential, electron beams with smaller wavelengths are produced. Therefore, the detail level obtained in TEM images is superior compared with SEM images. In TEM, the electron beam is incident on a very thin specimen of the sample, such that electrons can be transmitted. Unlike SEM, where reflected electrons are collected to obtain the images, in TEM, the images are formed by detecting transmitted electrons, and, in this way, information about the internal structure can be obtained. For this reason, if the required information about the material is about roughness or surface morphology, SEM is enough. If crystal structure, defects, or impurities need to be studied, TEM is the indicated technique. EDS is also possible in TEM systems.



TEM samples must be carefully prepared. Apart from this, the intense ionizing radiation of the electron beam could damage the analyzed specimen. An additional disadvantage in TEM is projection limitation, which is because TEM presents a 2D image of a 3D specimen viewed in the transmission mode; therefore, care must be taken to interpret TEM images. It could be advisable to visualize the material at a lower resolution using SEM before rushing to use TEM if not necessary [119]. The scanning transmission electron microscopy (STEM) combines SEM and TEM in the same TEM device to take advantage of both techniques, that is, to scan the sample and obtain images in transmission mode.




3.1.3. Scanning Tunneling Microscopy (STM)


Scanning tunneling microscopy (STM) is based on quantum tunneling. In this technique, electrons that go through a potential barrier between a sharp scanning tip and the sample are detected. In one operation mode, the tip is maintained a few angstroms from the sample, and, applying a small voltage between both, the tunneling of electrons produces a current that can be recorded while the tip scans the sample. In this way, a charging map of the surface can be generated. In another mode, the current can be kept fixed while the tip scans the sample, obtaining a high spatial resolution image of the topography. The drawback of STM and electron microscopy techniques such as SEM and TEM is that the examined surface must be electrically conductive or coated to avoid the electrostatic charge. ZnO–graphene nanomaterials often have semiconductor properties, and this would not represent a significant inconvenience. The benefits of STM to investigate the properties of conductive samples are outstanding, and for that, STM constitutes an important technique to study the conductive atomic structures based on graphene.




3.1.4. Atomic Force Microscopy (AFM)


Unlike STM, AFM does not require conductive surfaces. It uses a cantilever with a sharp tip at one end to scan the sample. In this case, the cantilever’s deflection caused by electrostatic and Van der Waals forces when it goes across the sample surface is detected by a laser system. The vertical resolution for height difference measurement is sub-nanometric. AFM, as well as SEM and TEM, can be used to determine the size and shape of nanomaterials, their dispersion and aggregation and, therefore, it is also a useful technique in ZnO–graphene characterization.



Height imaging is a remarkable application of AFM useful for measuring 3D dimensions of nanomaterials and making it possible to analyze the surface roughness. Compared with SEM and TEM, AFM provides a three-dimensional surface profile of nanomaterials, including graphene, graphene oxide, carbon nanotube, and, naturally, nanocomposites. AFM samples’ sample preparation is more straightforward and can be measured in different environments such as liquid, atmospheric, or vacuum, for example [120].





3.2. Structure


3.2.1. X-Ray Diffraction (XDR)


X-ray diffraction (XRD) provides important information about the crystalline structure of nanomaterials. With XRD, lattice constants, bond angles, crystallinity degree, interplanar spacing, crystallite size, strain, dislocation density, and chemical composition can be accessed. XRD is based on the interference of X-rays that are diffracted from the plane set of a crystal. The diffracted waves’ constructive interference produces intensity peaks at certain angles, depending on the material’s crystalline structure. These angular positions satisfy Bragg’s law, and therefore, knowing the positions of these peaks, it is possible to calculate the separation between the crystalline planes of the crystal. In particular, this possibility is significant to identify graphene oxide-based nanomaterials, for example, because the separation between planes must be large enough to ensure it is graphene oxide.



For technical considerations, in an XRD record, the intensity of the peaks is reported as a function of 2θ and not θ. Hence, for example, if the XRD of graphite using an X-ray wavelength λ = 1.5406 Å corresponding to the Kα line of Cu, consists of a single peak in a position around 2θ = 26.7°, which correspond to an interlayer distance of ca. 3.34 Å. The chemical oxidation and exfoliation processes of the graphite to produce graphene oxide (GO) introduces oxygenated groups between the layers and separates them, such that the peak is shifted around 2θ = 10° or less, which indicates that the graphite is oxidized into GO, with an increased interlayer distance of 8.84 Å or larger. The method to incorporate ZnO nanoparticles in GO for photocatalytic applications, for instance, can eliminate a percentage of oxygenated groups in the GO to produce reduced graphene oxide (rGO). Therefore, it is expected that the interlayer distance in rGO is smaller than in GO. The XRD pattern of GO has a single peak in a position close, but less than the peak position for the graphite, 2θ = 25.4° (see Figure 21) [121]. This peak would suggest that, effectively, the XRD pattern corresponds to GO. In this case, the interlayer distance of rGO would be 3.50 Å, close to the graphite interlayer separation.



On the other side, studies of chemical composition are useful to identify different phases in composite characterization, in particular, to identify the presence of ZnO in ZnO–graphene composites [112,116,122,123]. For example, an eco-friendly and solar light-responsive graphene oxide wrapped zinc oxide nanohybrid was synthesized by a hydrothermal method using lemon and honey as chelating and complexing agents, respectively [123]. By tuning the reaction conditions, a heterostructure between GO and ZnO was formed during synthesis. The synthesized nanohybrid photocatalytic activity was investigated by the degradation of methylene blue and wastewater under natural solar light. Figure 22 shows XRD patterns of GO and ZnO, and the graphene oxide wrapped zinc oxide GO/ZnO nanohybrid.




3.2.2. Energy Dispersive X-Ray (EDX)


Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for the elemental analysis or chemical characterization of a sample. It is based on the analysis of X-rays emitted by the sample bombarded with electrons in an SEM o TEM microscope. In this case, the high-energy beam of electrons generates the emission of X-rays from the sample studied. The fundamental physics is that the atoms in the sample contain electrons in shells around the nucleus with specific energy values. The incident electron beam may excite an electron in an inner shell and eject it from the shell, leaving a hole where the electron was. Then, an electron from an outer higher-energy shell fills the hole, and the difference in energy between these higher-energy and lower energy shells is released in the form of X-rays. An energy-dispersive spectrometer can measure the intensity and energy of the X-rays emitted from the sample. The energy of the emitted X-rays depends on the energetic difference between the two shells, which depends on the element’s unique atomic structure. This energy allows us to know the elemental composition of the sample. As mentioned, studies of chemical composition are useful to identify different phases in composite characterization, in particular, to identify the presence of ZnO in ZnO–graphene hybrids and to know the relative percentage of each element in the sample being analyzed [94,124,125,126].




3.2.3. Infrared (IR) Spectroscopy


A molecule absorbs infrared (IR) radiation if it possesses a time-variant dipole moment whose oscillation frequency is the same as the frequency of the incident IR wave. The IR radiation transfers energy to the molecule, inducing a bond stretching, bending, or twisting. Molecules without dipole moments, such as diatomic molecules O2 and N2, do not absorb IR radiation. Diatomic molecules, for symmetry, have a zero-dipole moment. Fourier-transform infrared (FTIR) spectroscopy is the technique used to obtain the absorption and transmission IR spectra of a material. When an IR beam containing many wavelengths is directed onto the sample, some wavelengths are absorbed, and others pass through it. In Fourier-transform infrared (FTIR) spectroscopy, a Michelson interferometer is used to produce an interferogram of the IR beams, a pattern of intensity as a function of the optical path difference between the beams when the length of one arm of the interferometer is modified. To contrast, two interferograms are produced, without and with the sample in the path of one of the beams. The intensity in an FTIR spectrum is obtained using a digital Fourier transform of the interferograms and expressed as a frequency or wavelength function.



An FTIR spectrum is usually given as a graph of transmittance or absorbance percentage as a wavelength function in the mid-infrared, with a wavelength range between 400 cm−1 to 4000 cm−1. It is employed for ZnO–graphene composites to verify the ZnO presence and identify functional groups bonded to graphene. The technique is beneficial for revealing the oxygenate groups present in graphene oxide obtained by chemical methods [50,127,128]. The wavenumber is related to the oscillating frequency of molecules or functional groups. For example, graphene oxide has a high hydrophilic character; therefore, its FTIR spectrum will show an intense wide band in the 3000–3600 cm−1 region due to the stretching vibrations of the O-H groups. The spectrum also will reveal the presence of oxygen functional groups, carbonyl (C=O), alkoxy (C-O), epoxy (C-O-C), and aromatic (C=C), around 1726, 1218, 1041, and 1622 cm−1 frequencies, respectively. In the case of reduced graphene oxide and ZnO composites (rGO/ZnO), the O-H band decreases substantially, and the typical C=O band at 1726 cm−1 does not appear, evidencing the reduction process. On the other hand, a band around 424 cm−1 should appear corresponding to hexagonal ZnO’s vibrating mode.




3.2.4. Raman Spectroscopy


Raman spectroscopy is a characterization technique to study nanomaterials based on photons’ detection inelastically scattered when a laser beam is pointed on the sample. In molecular studies, RS measures the frequency difference between the incident photons and the scattered photons associated with molecular vibrational states. A Raman spectrum consists of a graph of intensity versus the frequency difference measured in terms of wavenumber. Inelastically scattered photons with frequencies lower than the frequency of the incident photons generate Raman lines in the spectrum called Stokes lines. Inelastically scattered photons with frequencies higher than the incident photons’ frequency generate lines in the spectrum called anti-Stokes lines.



Raman spectroscopy is complementary to IR spectroscopy because Raman active vibrational modes of a molecule are IR inactive, and vice versa. In the study of solids, carbon-based nanomaterials, or composites, a Raman spectrum gives information about structural vibrations resulting from the interaction of the incident laser photons with phonons in the material. For example, graphene oxide presents a specific Raman band related to the graphitic structure’s vibration (the G band) and a band associated with the defect degree (the D band). Traditionally, defect degree has been evaluated by the intensity ratio between these two bands [74,129,130]; however, a new metric for this purpose has been reported [131].



In graphene oxide, the D band at 1359 cm−1 is caused by lattice disorders in the sp2-hybridized C atoms, and the G band at 1610 cm−1 is related to the highly oriented sp2 hexagonal graphitic lattice. However, the G band is an apparent bandgap that results from the real G band’s superposition and other band called D’. Therefore, because of this superposition, King et al. [131] reported that the intensity ID⁄IGapp ratio was not a suitable metric for distinguishing GO and rGO. A more secure metric was obtained by calculating the difference between the position of an inferred D’inf band, which is the half of an overtone 2D’ observed at ~3200 cm−1, and the band’s position Gapp. If the conditions D’inf − Gapp < 0 and the atomic ratio carbon to oxygen C/O < 10 are satisfied, the sample consists of GO. If 0< D’inf − Gapp < 25 and 10 < C/O < 500, the sample can be considered as rGO, and if D’inf − Gapp > 25 and C/O < 500, the sample consists of graphene. The C/O ratio can be obtained from X-ray photoelectron spectroscopy (XPS) compositional. For rGO/ZnO composites, new bands appear in the Raman spectrum related to vibration modes of ZnO [129,130,132].




3.2.5. X-ray Photoelectron Spectroscopy (XPS)


XPS is a technique for surface analysis based on the detection of low-energy electrons liberated from the sample by a photoemission process when soft X-rays are incident on it. An XPS spectrum consists of a graph of intensity expressed in counts or counts per second as a function of the electrons’ binding energy. The electrons’ kinetic energy is the experimental quantity measured by the spectrometer. The binding energy provided by it results from the difference between the X-ray photon energy and the sum of the kinetic energy acquired by the electron and the spectrometer’s work function. From that information, it is possible to know what elements are present on the surface and their chemical states. It is usual in XPS to use spectroscopist notation to label the different peaks in the spectrum. In this way, a peak represented, for example, by 3 s, indicates electrons coming from the shell corresponding to the principal quantum number n = 3 and the orbital angular momentum number l = 0. Peaks corresponding to orbital angular momentum numbers higher than 0 are split into two due to the spin–orbit interaction. For example, 3p1/2 and 3p3/2 represent peaks of electrons coming from 3p orbitals, where subscripts 1/2 and 3/2 are the result to add the orbital angular momentum number l = 1 and the spin angular momentum numbers s = 1/2 and s = −1/2 of the two possible spin states.



XPS constitutes a valuable technique for the chemical analysis of ZnO/GO composites. The XPS survey scan spectrum of GO shows two binding energy peaks around 284.5 and 532.5 eV, which are assigned to the orbital 1 s of carbon atoms (C1s) and the orbital 1 s of oxygen atoms (O1s), respectively [133]. In ZnO/GO composites, two more peaks appear around 1023.5 and 1045.5 eV, corresponding to electrons of the orbital 2p of zinc, 2p3/2, and 2p1/2 levels, respectively [47,74,134]. For ZnO/GO composites synthesized by microwave irradiation method, for instance, it is expected that the carbon percentage increases in comparison with GO because a reduction process occurs in this case where oxygenated groups are removed and, therefore, the C/O atomic ratio is higher for composites [115].





3.3. Texture


Analysis BET


The BET method (Brunauer–Emmett–Teller) is used to estimate the specific surface area (SSA) of a material, which constitutes a quantity of interest for several applications in photocatalysis. This method is based on the adsorption/desorption of gas on the surface of the sample. Knowing the molecular mass M of the gas, the mass WmL of gas required to form a complete monolayer on the sample, the sample mass m, and the molecular cross-sectional area A of the gas molecules, it is possible to estimate the specific surface area as SSA = (WmL/Mm)NA [135]. In this expression, N is the Avogadro’s number. WmL can be calculated from physisorption equilibrium isotherms, where the mass W or volume V of gas absorbed on the sample is obtained as a function of the relative vapor pressure P/Po, where P is the pressure of the adsorbate and Po its saturation vapor pressure. The isotherms are obtained at the normal boiling point of the adsorbate.



Usually, nitrogen gas is used, which has a boiling point of 77 K and is preferred because it is inert, inexpensive, and available in high purity. At temperatures below 100 K, Van der Waals’ forces govern the interaction between gas molecules and surfaces with the heat of adsorption lower than 4 kJ/mol, such that these forces allow the reversible physisorption of gas molecules in multiple layers on the material surface [135]. According to IUPAC [136], nitrogen physisorption isotherms can be categorized into six types, and the identification of an isotherm with these types allows one to have an idea of the porosity or non-porosity of the sample. For porous materials, the BJH (Barrett–Joyner–Halenda) method is used to estimate pore size distribution from the physisorption equilibrium isotherms. The BJH theory assumes that the pore’s shape is cylindrical and that the adsorbed mass results from physical adsorption on the pore walls and the liquid condensed in mesopores. This method fails to calculate micropore or narrow mesopore diameters. Pores with a diameter d < 2 nm are considered micropores, those with a diameter 2 nm < d < 50 nm are mesopores, and macropores are pores with d > 50 nm. Micropores are also subdivided into ultra-micropores with d < 0.7 nm, medium-sized micropores 0.7 nm < d < 0.9 nm, and super-micropores with d > 0.9 nm. The International Standard Organization (ISO) highlights non-local density functional theory (NLDFT) methods to calculate pore size distribution, which has higher accuracy than the BJH method [135].





3.4. Thermal Properties


Thermogravimetric Analysis/Differential Thermal Analyzer (TG/DTA)


In a thermogravimetric analysis (TGA), the weight change in a material is measured as a temperature and time function. Hence, the output is a graph of weight loss percentage vs. temperature. This type of graph is useful to investigate the thermal stability of a material. Hence, the characterization of ZnO–graphene composites provides valuable information about the thermal stability of an improved photocatalyst. From TGA data, it is possible to make a related analysis called differential thermal analysis (DTA), where the derivative of the weight loss curve is obtained and plotted versus temperature. This graph is useful to identify phase transitions, such as melting or crystallization points. In this case, complementary information obtained by DRX is necessary to know the implied phases. The information obtained makes it possible to determine endothermic and exothermic processes where there is no associated weight loss, such as crystallization and melting, or, conversely, or where there is weight loss, i.e., degradation.





3.5. Optical Properties


Ultraviolet-Visible Spectroscopy (UV-vis)


As its name implies, ultraviolet-visible spectroscopy (UV-vis) explores the properties of a material for absorption of electromagnetic radiation in the spectrum’s ultraviolet and visible region. However, this range is usually extended to near-infrared radiation. In a UV-vis spectrophotometer, a light beam is directed to the sample, and the absorbance is measured between 200 and 800 nm. The idea is that when the energy of the incident photons equals the energy difference of electronic transitions, the light energy is absorbed by the material to promote these transitions of electrons from low to higher energy orbitals. The spectrophotometer records absorption at each wavelength to give a graph of absorbance versus wavelength. The information thus acquired, among other things, is useful to study the photocatalytic performance of nanocomposites ZnO–graphene. It is known that, for example, the interaction between ZnO and graphene can reduce the bandgap in the composites compared to that of the pure ZnO. Therefore, the incorporation of ZnO would improve the absorption and photocatalytic properties of the hybrid material [112].



From absorbance data, it is possible to obtain a Tauc graph to determine the material’s bandgap [137]. The Tauc method provides a procedure to estimate the bandgap energy of amorphous semiconductors because the absorption coefficient α and the photon energy hν are related by the equation (αhν)1/ϒ = B(hν − Eg), where h is the Plank’s constant, ν is the frequency of the photon, B is a constant, and Eg is the bandgap energy. If the graph of (αhν)2 as a function of hν shows a steep increase, that is, when ϒ = 1/2, then the semiconductor is direct. If the increase occurs when ϒ = 2, the semiconductor is indirect. In any case, the straight-line intercept with the x-axis gives an estimate of the bandgap.



For powder samples, the bandgap can be estimated from a diffuse reflectance spectrum [61,138]. In this case, the surface-reflected UV-vis radiation is collected as a function of the photon wavelength, and this reflectance spectrum is transformed to the corresponding absorption spectrum by finding the Kubelka−Munk function F(Rꝏ) = K/S, where K and S are the absorption and scattering coefficients, respectively. The procedure that follows this is similar to the mentioned above, but replacing α with F(Rꝏ). The equation used for the analysis would be [F(Rꝏ)hν] 1/ϒ = B(hν − Eg). The results obtained from this approach are plausible if the semiconductor does not absorb radiation with energy lower than that of the bandgap. However, for defected, doped materials or surface modified materials, such as ZnO–graphene composites, localized intra bandgap states may be introduced, producing a sub-bandgap absorption. In the absorption spectrum, it appears as an exponential behavior tail below the optical bandgap’s energy, which is known as an Urbach tail. This behavior should be taken into account to determine the bandgap energy, such that a direct application of the Tauc or Kubelka-Monk methods would not be valid, and some modifications are necessary [137].





3.6. Electrical Propierties


Electrochemical Impedance Spectroscopy (EIS)


EIS is a characterization technique that seeks to analyze an electrochemical system’s electrical response by measuring its impedance over a specific range of frequencies of an alternating voltage signal. The electrochemical system is an experimental setup consisting of two or more electrodes placed separately in an ionic media, an electrolyte. As it is known, impedance is a generalized concept of resistance useful for analyzing alternating current circuits. The measurement of impedance is then made by applying an oscillating voltage to the system and measuring the current response. The impedance is a complex quantity that depends on the frequency of the applied voltage. Usually, each frequency value’s impedance’s real and imaginary parts are represented in an Argand diagram known as the Nyquist plot. In this way, a single point on the Nyquist plot corresponds to the impedance obtained for a certain frequency. The set of points for all frequencies considered is the impedance spectrum.



Fitting this spectrum according to the impedance response of a combination of basic electrical components such as resistors and capacitors allows insight into the electrical conduction properties of the system. In a Nyquist plot, points relatively close to the origin correspond to high frequencies, and points far from the origin correspond to low frequencies. That is so because the impedance increases when the frequency decreases. Certain forms exhibited by the dot pattern in the Nyquist plot are characteristic of specific electrical properties or processes in the system. For example, semicircles in the Nyquist plot are common and usually associated with charge transfer processes. When a fluid surrounds the surface of an electrode, two parallel layers of charge are formed. The first layer consists of ions adsorbed onto the electrode by chemical interactions, and the second layer is composed of ions attracted to this first layer by the Coulomb force. This double layer can be modeled as a capacitor. If a charge transfer occurs at the electrode surface, the double layer and the charge transfer can be modeled as a capacitor and a resistor in parallel, whose total impedance depends on the frequency in such a way that the Nyquist plot is a semicircle.



The various processes involved in a system’s electrochemical properties can complicate building a model for electrical conduction. However, in the EIS analysis of ZnO/graphene composites is common to compare the Nyquist plot between different synthesized composites and contrast with the Nyquist plot of the bare ZnO, looking for which of these shows a better charge transfer, which in turn, implies a better performance of the material for applications in photocatalysis [112,116], hydrogen evolution [61] or batteries [139].





3.7. Active Species Determination


3.7.1. Free-Radical-Capturing Experiments (Radical Scavengers)


When composites are designed for photocatalytic tests, and the degradation process needs to be explored, it is convenient to carry out free-radical capturing experiments to explore the reactive species in the photocatalysis process [77,140]. These essays are also called free-radical scavenging experiments. The identification of the active species will help to propose a reaction mechanism. Isopropyl alcohol (IPA), ethylenediaminetetraacetic acid disodium (EDTA-2Na), and benzoquinone (BQ) are usually used as traps or specific scavengers for hydroxyl (∙OH), holes (h+), and superoxide radicals (∙O2–), respectively. In this way, to determine what are the major active species, the photocatalytic tests are run over in similar conditions but using, in the reaction system, the same concentration of each one of the scavengers, one at a time. Then, the degradation efficiency for the pollutant is compared with the efficiency obtained without using any scavengers. The lowest degradation percentage obtained indicates that the respective scavenger captured the principal reactive species, and for this reason, the degradation efficiency was reduced. Comparing the results between the different scavengers allows us to identify the dominance of the reactive species. Reaction mechanisms of photocatalytic water oxidation on ZnO have been quite studied [141]; however, if possible, free-radical-capturing experiments are always welcome for new applications in photocatalysis of ZnO–graphene composites.




3.7.2. Electron Paramagnetic Resonance Spectroscopy (EPR)


EPR, also called electron spin resonance spectroscopy (ESR), is a technique used to identify atoms or molecules with unpaired electrons. Therefore, it is useful to detect radicals’ presence and contribute to the analysis of reaction mechanisms in applications of ZnO–graphene composites [140]. It is known that atoms and molecules with unpaired electrons create a magnetic moment of electronic origin, acting as paramagnetic centers. If initially the molecule has a certain energy in the absence of a magnetic field, and then the molecule is placed in a magnetic field, this field divides what was initially a single energy value into various energy levels separated by an interval that depends on the magnitude of the field. This separation is due to the Zeeman effect, the interaction of the molecule’s magnetic moment with the applied magnetic field.



By subjecting the molecule in the magnetic field to the subsequent action of an electromagnetic wave, transitions between the energy levels can be generated if the wave’s energy matches the energy separation between adjacent levels. These transitions lead to the absorption of energy from the electromagnetic wave, observed as a resonance peak in the absorption signal. This signal can provide information about the estimated number of paramagnetic centers in the sample. When the half-life time of radicals is too short to be detected using EPR, compounds known as spin traps are used, which react covalently with the radicals to form a more stable adduct with paramagnetic behavior. The most used spin traps are alpha-phenyl N-tertiary-butyl nitrone (PBN) and 5,5-dimethyl-pyrroline N-oxide (DMPO).






4. Photocatalytic Performance and Applications


Considering a future ZnO commercial application in photocatalysis, the drawbacks that it presents must be resolved: no absorption of visible light, high e− - h+ pair recombination rate, the susceptibility to photo-corrosion, and dissolution in strongly acidic and basic conditions, as the most relevant aspects [24]. To improve the photocatalytic performance of bare ZnO in terms of inhibition of the electron–hole recombination, high surface area, elimination of photo-corrosion, and high stability/reusability, coupling ZnO with 2D graphene compounds seems to be the best option of all available (e.g., metal doping, nonmetal doping, coupling with other semiconductors, among others.) [25]. The benefits of using graphene to form composites with ZnO could include efficient charge separation and migration, extended light absorption, and improved photostability, among others [142]. Despite the mentioned drawbacks, the use of ZnO as a photocatalyst is widespread. Considering the number of works published about ZnO, graphene, and its composites, it can be observed that the interest is centered on the degradation of harmful pollutants (Figure 23a), followed by the H2 production and CO2 reduction. By the number of publications devoted to the study of the ZnO–graphene, it can be noted that this research topic is in its initial stages, despite the potential benefits of employing graphene to overcome the problems of ZnO.



The photocatalytic evaluation of the ZnO–graphene composites has been oriented mainly towards the degradation of organic compounds, highlighting the use of colorants (i.e., methylene blue, methyl orange, rhodamine B) as model pollutants, as depicted in Figure 23b, where this application comprises about the 84% of the publications, in the 2016–2020 timespan. Surprisingly, photocatalytic disinfection takes second place in the composites’ reported applications, with 7%. The hydrogen evolution reaction in the presence of sacrificial agents (i.e., methanol, ethanol, among others) occupies the third place of application [4,143] (ca. 4%), followed by the photocatalytic reduction of inorganic ions, such as Cr6+ [76,144,145,146,147], or organic compounds, such as several nitroarenes [148,149] (ca. 3%). To a lesser extent, these composites have been tested in the photocatalytic reduction of CO2 towards obtaining solar fuels [27,150] (ca. 2%). This means that we are in the initial stage of research and knowledge of the ZnO–graphene composites’ photocatalytic performance in the last three mentioned reactions.



Water and air pollution are critical global health issues that involve the removal or degradation of pollutants, such as dyes, pesticides, pharmaceutical ingredients, organohalides, phenols, surfactants, heavy metal ions, agricultural waste, pathogens, volatile organic compounds, nitrogen oxides, carbon monoxide, sulfur oxides, ozone, among others, for which physical, physicochemical, biological and chemical methods are used or investigated [151,152]. Photocatalysis belongs to chemical methods and is considered an advanced oxidation/reduction process, removing or degrading organic/inorganic compounds that do not completely decompose by using conventional biological methods [153]. It can generate high reactive oxygen species (ROS) concentration to fully oxidize most organic compounds into carbon dioxide, water, and mineral acids. For example, after irradiation of ZnO with a suitable energy source, see Figure 24, the set of reactions (3)–(8) can occur until the complete dye degradation in an aqueous medium is achieved [20,154].
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It is worth highlighting at this point, the use of other types of oxidant agents other than oxygen, such as H2O2, KHSO5, KBrO3, and K2S2O8 into the reaction medium, which promotes the direct oxidation of pollutants through the valence band holes, facilitate the adsorption–desorption process by changing the surface acid–base properties, and the free-radical formation from the oxidants favor the pollutant degradation [35], as shown in Figure 25.



The morphology of ZnO nanostructures plays a crucial role in photocatalysis, which can drastically enhance the photocatalytic performance compared to the conventional ZnO [18,155]. In ZnO rods’ case, an explanation for its improved photocatalytic behavior is related to the exposition of a greater proportion of polar faces where hydroxyl ions are adsorbed and then transformed to OH radicals [155]. However, since most of the model reactions in photocatalysis are in the degradation of dyes, it has not yet been concluded whether the 1D nanostructures of ZnO are the most suitable for the entire range of reactions [15].



The reported morphologies include nanoparticles, nanorods, nanosheets, nanospheres, microspheres, spheres, nanoflowers, and nanorings, as shown in Figure 26. The most common form is the nanoparticle morphology followed by the nanorod structure, independent of the used light source (UV, Figure 26a, or visible light, Figure 26b). The rest of the morphologies comprises ca. 27% when UV light is used and ca. 23% when visible light is used. As a critical property, morphology could play an essential role in the ZnO–graphene composites’ photocatalytic performance. Next, some works are described, highlighting the effect of the ZnO’s morphology in the composites’ performance and photostability.



Neelgund and Oki [156] reported an interesting study on cyanide photo-oxidation using ZnO tetragonal trapezoid shape coupled to GO, and GR irradiated with UV, Vis, and NIR irradiation. The higher photocatalytic activity (ca. 100% at 60 min) was observed by NIR laser irradiation, which was explained in terms of a thermal effect and exhibiting outstanding stability at high alkaline pH.



Rakkesh et al. [157] investigated ZnO nanorods planted chemically on a few GO layers and applied to the degradation of acridine-3,6-diamine and methylene blue under sunlight. Results are presented in Figure 27, showing an outstanding pollutant degradation in 5 min with the ZnO–GO composite compared to the ZnO nanorods. Authors claimed that their results are attributed to the presence of C–Zn chemical bonds, which favors the interfacial charge transfer process between the graphene layers and 1D ZnO NRs.



Mohamed [82] synthesized ZnO hollow microspheres/rGO nanocomposites to be evaluated in the 2,4-dichlorophenoxy acetic acid (2,4-D) degradation under direct sunlight irradiation. He found that the photocatalytic activity was enhanced by the incorporation of several amounts of GO (Figure 28, depicted as ZGO0, ZGO1, ZGO2, and ZGO3), which was explained by enhancing the e− h+ pair recombination, and by shifting the bandgap energy of ZnO from 3.1 eV and 2.7 eV, allowing the absorption of visible light.



Neena et al. [158] synthesized ZnO nanorods with nitrogen-doped reduced graphene oxide (N-rGO) for the degradation of 2,4-dichlorophenol (2,4-DCP) and degradation of rhodamine B. They compared the photocatalytic performance of ZnO, GO, N-rGO, ZnO/rGO, and ZnO/N-rGO, finding that in all the model study reactions, the ZnO/N-rGO composite showing the higher photocatalytic activity. Note that in this composite, the N-rGO acts as a photosensitizer that absorbs visible light and, after its excitation, injects electrons towards the ZnO conduction band, and then performs the photo-redox process, as shown in Figure 29. The authors also claimed that N-rGO could behave as p-type semiconduction, and after coupling with n-type ZnO nanorods, a p-n junction is formed.



Nguyen et al. [159] compared the photoactivity of ZnO–rGO with different ZnO morphologies, i.e., nanospheres (sZG), nanodisks (dZG), and nanorods (rZG), on the photocatalytic degradation of dyes (MB and Rh-B) under UV irradiation. As shown in Figure 30, the smallest particle size (15–35 nm) was obtained by the ZnO spheres, which results in rapid transport of excited electrons compared to short rods and disks. Note that higher adsorption and photocatalytic degradation of the dyes were observed with the ZnO spheres/rGO composites.



Tayebi et al. [160] carried out a detailed study on the effect of the morphology of ZnO bound with rGO on the photocatalytic activity using methyl orange (MO) degradation as a model reaction, highlighting the photo-corrosion suppression. Figure 30a,b compares the MO concentration profiles for ZnO nanoparticles (ZnO NP), ZnO NP-rGO (GNP), ZnO nanorods (ZnO NR), and ZnO NR-rGO (GNR) under UV and Visible light irradiation. It is clear from Figure 31 that the highest photocatalytic activity was obtained with the GNR composite, showing a remarkable photo-corrosion suppression (∼0.5%) compared to 10, 35, and 45% for ZnO/GNP, ZnO NR, and ZnO NP, respectively. The authors explained the greater effectiveness of the GNR system since the movement of photoexcited electron–hole in the longitudinal direction in ZnO nanorods decreases the probability of electron–hole recombination, compared to ZnO particles.



Hu et al. [76] synthesized a hierarchically nanostructured ZnO onto 2D neat graphene sheets for the Cr(VI) photoreduction reaction. The chrysanthemum-like ZnO microstructures exhibited a strong metal-support interaction at the interface with neat graphene, evidencing C–O–Zn bonds. Figure 32 displays the normalized concentration profiles of Cr (VI) employing ZnO, neat graphene (Gr), the mechanical mixture of Zn+Gr (ZnO-B-Gr), and ZnO–neat graphene (ZnO/Gr) under UV and visible light. It was evident that ZnO/Gr sample converted 100% of original Cr(VI) concentration at 60 min under UV-light, whereas almost 90% conversion of Cr(VI) to Cr(III) was reached at 180 min visible light. Interestingly, the presence of neat graphene favored the Cr(VI) adsorption, and it was also confirmed the photo-corrosion suppression. This remarkable photocatalytic performance was interpreted depending on the type of irradiation used. A common source of electrons comes from the excitation with UV light, both of ZnO and graphene, while with visible light, the electrons coming from the excitation of graphene are injected into the conduction band of ZnO.



Flores et al. [161] studied the removal of simazine (i.e., a triazine class herbicide) from an aqueous solution under visible light employing zinc oxide/graphene oxide composites (Figure 33). A defined ZnO morphology is not reported; however, it is assumed that nanoparticles of around 23 nm were found. It was investigated the effect of initial reaction pH, ZnO-loading onto GO, and mass of catalyst on removing the herbicide. Interestingly, the best photocatalytic performance was observed with the ZnO/GO composites at pH 2, which implies that the presence of GO inhibits the dissolution of ZnO in this strong acid medium.



Sharma et al. [86] reported the photocatalytic mineralization of ofloxacin (antibiotic) in an aqueous solution using reduced graphene oxide supported mesoporous zinc oxide (rGO@ZnO). The optimal conditions for the ofloxacin mineralization were as follows: 0.5 wt % rGO@ZnO, 1 g/L catalyst dose, pH 7, and UV light. The optimal composite showed photostability, and during six reaction cycles, the degradation efficiency decreases from 99% in the first cycle to 83.3% after the end of six cycles. The best photocatalytic performance of the rGO@ZnO composites compared to ZnO nanoflowers was interpreted by improving light-harvesting, enhancing the effective separation of the photo-generated charge carriers, and increasing the stability.



Comparing the photocatalytic performance of hybrid ZnO/graphene nanocomposites evaluated in pollutants’ degradation is not easy because they are not synthesized under similar conditions. The physical–chemical properties of the nanocomposites depend on the type- and synthesis conditions. Therefore, small chemical composition changes, or precursor selection, can impact the physical and chemical characteristics [162].




5. Conclusions


In summary, this work highlights the different preparation methods of ZnO–graphene composites, describes in detail the fundamentals and usefulness of characterization techniques, and analyses some case studies about the influence of ZnO’s morphology in photocatalytic behavior of the composites. Important conclusions can be drawn regarding the synthesis of composites. For instance, the conventional chemical methods, i.e., hydrothermal, sol–gel, and co-precipitation, persist as the favorite routes due to their ease and versatility. However, microwave and ultrasound-assisted methods have a growing interest due to the speed and effectiveness of producing ZnO composites. Regarding the graphene species used to form the composite with ZnO, reduced graphene oxide is used in 50%, 25% graphene oxide, and 20% graphene. Spherical nanoparticles, rods, and not defined ZnO nanostructures coupled with graphene species were the most reported morphologies, with 23, 19, and 17%, respectively. Regarding ZnO particle size, in ZnO–graphene nanocomposites, 33.67% of the reviewed works do not present information on the size of the ZnO structures on the carbonaceous material (rGO, GO, or graphene). This is because a clear and defined ZnO morphology is not achieved, and therefore reporting a size distribution is a great challenge.



Recently, there is a significant interest in synthesizing ZnO hierarchical 3D nanostructures formed by the assembly of simpler blocks. These 3D nanostructures inherit and reinforce the properties of their most basic components. They would constitute the study of a whole controlled bottom-up technique to design new nanodevices or nanomaterials. Further investigations are needed to improve these products’ quality and scale and develop new synthesis methods, novel morphologies, and understand the formation mechanism of the nanostructures [163].



Several characterization techniques used to analyze morphology (SEM/TEM), structure and chemical composition (XRD, XPS), texture (gas adsorption), thermal properties (TGA/DTA), optical properties (UV-vis spectroscopy), electrical properties (Electrochemical Impedance spectroscopy), active species determination (free-radical-capturing experiments, EPR), were described and highlighting its usefulness in the context of ZnO–graphene composites. It is convenient to carry out more investigative work around the control of the synthesis processes so that, for example, if a comparison of the performance of different morphologies is required, it can be evidenced which variable should be changed to obtain the different shapes.



For some time, it was demonstrated that the morphology influences the catalytic performance of the ZnO materials as a consequence of differences in polar planes, oxygen vacancies, and specific surface areas [164]. Moreover, ZnO nanocomposites-based materials can exhibit an enhanced photocatalytic activity due to improvements in their structural and electronic properties of pristine ZnO [165]. Consequently, different ZnO dimensionalities linked to carbon-based materials should be further investigated, including theoretical studies, to unravel the structure and properties with the photocatalytic performance.



According to bibliometric studies of the photocatalytic applications of ZnO, graphene, and the ZnO–graphene composites, a notable increase in composites’ use was not detected. However, a growing research niche is noted on the topic of disinfection, i.e., 7%, compared to 84% dedicated to the degradation of contaminants. On the other hand, photocatalytic applications aimed at producing hydrogen or the reduction of CO2 do not present a considerable interest in research with ZnO–graphene composites. In this period (2016–2020), the photocatalytic evaluation studies were dominated by dye degradation as model reactions, mainly methylene blue. Nevertheless, significant advances were observed in the stability and consequent suppression of photo-corrosion under basic (pH 11) and acidic conditions (pH 2).



ZnO nanoparticles and nanorods were the most reported morphologies, compared to the other commonly synthesized morphologies for ZnO, independently of the light wavelength used. The experimental evidence in the consulted works indicates that ZnO’s 1D structures (e.g., nanorods) coupled with graphene species are the most effective way to reduce the bandgap and the recombination of charge carriers and to suppress ZnO photo-corrosion. To date, considerable progress has been made regarding the possibility of forming a ZnO–graphene composite with good photophysical and photochemical properties to be used in photocatalysis with visible light. Hence, a meaningful increase in the use of visible light was perceived, mainly when the nanoparticles and nanorods were obtained.



Accordingly, more studies from the fundamental and engineering perspective must have a photocatalytic prototype with improved and controllable properties. For example, the hybridization of ZnO nanostructures with graphene species is not known with certainty, which could involve the ZnO morphology, the chosen graphene species, and of course, the preparation method used. In most study cases with ZnO–graphene composites, the best photocatalytic behavior is explained by each species’ bands’ structure and position. Still, no studies correlate the physicochemical properties of the composite with the activity and stability.



Better photocatalytic performance is always reported for the graphene composites containing low dimensional nanostructures, which is explained in terms of a more efficient charge separation and transfer, a higher specific surface area, and enhanced light absorption. However, some studies have shown that these properties could be improved further by metal doping and ternary composite synthesis; therefore, new possibilities can be explored in this direction. In all these nanostructures, more research should be focused on how the coupling between 0D, 1D, or 2D ZnO nanostructures and carbon-based nanomaterials, or vice versa, 0D, 1D or 2D nanostructures of G, GO or rGO, or rGO with ZnO, affect the physics of each nanostructure. In this sense, computational studies are necessary [166]. Another work that needs to be intensified is applying ZnO/Graphene composites in the degradation of persistent organic pollutants.



Regarding other photocatalytic applications of the ZnO–graphene composites, it is extraordinary the minimal amount of works devoted to water splitting or hydrogen production and, especially, CO2 reduction. Given ZnO’s excellent electron mobility, it could favor the simultaneous transfer of electrons and protons to reduce CO2 towards a gamma of organic compounds. Finally, studies related to the immobilization of these composites in flow reactors are needed. It would be useful to have a stable, low-cost, active material with visible light for photocatalytic reactions in the gas phase (e.g., VOCs degradation, CO2 reduction, methane reforming).
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Figure 1. Scheme illustrating the three fundamental stages of the photocatalytic process [2]. Published by The Royal Society of Chemistry. 
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Figure 2. Properties of photocatalyst important for photocatalysis. Reproduced with permission from Elsevier [4]. 
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Figure 3. Graphical illustration of structural dimensionality of nanomaterials. Reproduced with permission from Elsevier [18]. 
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Figure 4. Structure of graphene, graphene oxide, and reduced graphene oxide. Reprinted with permission from [29]. 
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Figure 5. The crucial roles of graphene in the graphene-based composite photocatalysts. Reprinted by permission from John Wiley and Sons [29]. 
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Figure 6. The number of published documents regarding ZnO and graphene materials in photocatalysis. Keywords: ZnO photocatal* (■), and ZnO photocatal* graphene (●). Source: Web of Knowledge, 24 September 2020. The * wildcard was used to include all terms related to photocatalysis. 
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Figure 7. Keyword co-occurrence map for (a) ZnO photocatal* search (time span: 2016–2020, frequency count >150); (b) ZnO photocatal* graphene search (time span: 2016–2020, frequency count >7). Source: Web of knowledge, 24 September 2020. 
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Figure 8. The number of reviews of ZnO and graphene with applications in photocatalysis (source: Scopus). 
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Figure 9. A conceptual scheme for the study of ZnO–graphene composites. 
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Figure 10. Method for synthesis of ZnO–graphene nanocomposites materials during 2016–2020. 
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Figure 11. Type of carbonaceous support most used for ZnO–graphene nanocomposites. 
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Figure 12. Zinc precursors used in the ZnO–graphene composites. 
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Figure 13. Incorporation of ZnO on nanocomposites. 
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Figure 14. Main surfactants used on ZnO–graphene nanocomposites. 
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Figure 15. ZnO shapes on composites. 






Figure 15. ZnO shapes on composites.



[image: Jcs 05 00004 g015]







[image: Jcs 05 00004 g016 550] 





Figure 16. ZnO sizes on composites. 
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Figure 17. SEM micrographs of (a–c) rGO/ZnO flowers and (d–f) rGO/ZnO rods. Reproduced from [115] with permission from The Royal Society of Chemistry. 
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Figure 18. SEM images of ZnO (a) and ZrG-1 (b), TEM image of ZnO (inset of (a)), TEM (c) and HRTEM (d) images of ZrG-1. Reproduced with permission from Elsevier [61]. 
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Figure 19. SEM images (a–d) of ZnO/rGO nanocomposite, TEM images (e–g), and corresponding size distribution (h) of ZG2 catalysts. Reproduced from [116] with permission from The Royal Society of Chemistry. 
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Figure 20. (a–c) Morphological property of micro-dumbbell-shaped rGO/ZnO composites using scanning electron microscopy. Reprinted by permission from Springer: Journal of Inorganic and Organometallic Polymers and Materials [117] Copyright, 2019. 
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Figure 21. XRD pattern of as-synthesized graphene oxide and reduced graphene. Reproduced from [121] with permission from The Royal Society of Chemistry. 
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Figure 22. XRD patterns of GO, ZnO nanostructures, and GO/ZnO nanohybrid. Reprinted by permission from Springer Nature: Environmental Science and Pollution Research [123] Copyright, 2020. 
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Figure 23. (a) Number of publications about some photocatalytic applications of ZnO, graphene, and ZnO–graphene composites; (b) distribution of the publications devoted to several applications of the ZnO–Graphene composites in photocatalysis (2016–2020). 
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Figure 24. Schematic illustration of the formation of charge carriers (e– and h+) and photocatalytic degradation of pollutants on the ZnO nanostructured surface. Reproduced with permission from Elsevier [154]. 
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Figure 25. Generation of free radicals with different oxidizing agents in ZnO suspension. Reprinted by permission from Springer Nature: Chemical papers [35] Copyright, 2017. 
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Figure 26. Percentage distribution of the reported ZnO morphologies in the publications related to ZnO–graphene composites applied to photocatalysis. (a) Using UV light, (b) using visible light. NP = nanoparticle, NR = nanorod, NS = nanosheet, NSP = nanosphere, MSP = microsphere, SP = sphere, NF = nanoflower, NRi = nanoring. 
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Figure 27. Photocatalytic degradation of 3, 6–acridinediamine compound under sunlight irradiation using (a) 1D ZnO NRs, (b) 1D ZnO–few layer graphene-based hybrid nanostructures, (c) initial and residual concentration plot vs. time, and (d) degradation % of pollutant vs. time. Reprinted with permission from [157]. 
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Figure 28. Photocatalytic degradation of 2,4-D (10 ppm) as the variation of C/C0 with irradiation time in the presence of GO, ZnO, ZGO0, ZGO1, ZGO2, and ZGO3. Reprinted with permission from [82]. 
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Figure 29. Visible-light activity of ZnO, GO, N-rGO, ZnO/rGO, and ZnO/N-rGO samples for 2,4-dichlorophenol and RhB degradation (a), stability and recyclability tests (b) of 2,4-dichlorophenol degradation and (c) of RhB over ZnO/N-rGO. Amount of H2 evolved over ZnO, GO, N-rGO, ZnO/rGO, and ZnO/N-rGO (d). Schematic for charge transfer and separation and the photocatalytic process over ZnO/N-rGO composite. Reprinted with permission from [158]. 
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Figure 30. Photocatalytic degradation of a 10 mg L−1 MB solution (a) and a 10 mg L−1 RhB solution (b) under UV irradiation in the absence and presence of reduced graphene oxide (rGO), sZG, dZG, and rZG (0.1 g L−1). Reprinted with permission from [159]. 
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Figure 31. Photodegradation of methyl orange (MO) (a) under UV light, and (b) under visible light irradiation for ZnO NP, ZnO NR, ZnO NPs–graphene (GNP), and ZnO NRs–graphene (GNR). Reprinted with permission from [160]. 
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Figure 32. Photo-reduction of Cr(VI) under (a) UV and (b) visible lights. Reproduced with permission from [76]. 
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Figure 33. Percent removal of simazine from aqueous solution at pH 2 using photolysis and the various synthesized ZnO and ZnO/GO photocatalysts. Reproduced with permission from [161]. 
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Table 1. Recent reviews of photocatalytic applications of semiconductor/graphene-based composites.
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	Title
	Published Year
	Reference





	Graphene in photocatalysis: a review
	2016
	[33]



	Review on ZnO hybrid photocatalyst: impact on photocatalytic activities of water pollutant degradation
	2016
	[34]



	Advancements in the zinc oxide nanomaterials for efficient photocatalysis
	2017
	[35]



	The effect of ZnO-based carbonaceous materials for degradation of benzoic pollutants: a review
	2019
	[31]



	Progress in Graphene/Metal Oxide Composite Photocatalysts for Degradation of Organic Pollutants
	2020
	[36]



	Nanoscale zinc oxide-based heterojunctions as visible light active photocatalysts for hydrogen energy and environmental remediation
	2020
	[25]



	Advances and Challenges in Developing Efficient Graphene Oxide-Based ZnO Photocatalysts for Dye Photo-Oxidation
	2020
	[32]



	State of the art on the photocatalytic applications of graphene-based nanostructures: From elimination of hazardous pollutants to disinfection and fuel generation
	2020
	[27]



	An overview of graphene oxide supported semiconductors based photocatalysts: Properties, synthesis, and photocatalytic applications
	2020
	[37]
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