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Abstract

:

Graphene family materials, including graphene quantum dots (GQDs), graphene nanoribbons (GNRs) and 3D graphene (3D-G), have attracted much research interest for the oxygen reduction reaction (ORR) in fuel cells and metal-air batteries, due to their unique structural characteristics, such as abundant activate sites, edge effects and the interconnected network. In this review, we summarize recent developments in fabricating various new graphene family materials and their applications for use as ORR electrocatalysts. These new graphene family materials play an important role in improving the ORR performance, thus promoting the practical use in metal-air batteries and fuel cells.
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1. Introduction


Fuel cell technology is regarded as one of the most promising clean energy solutions to solve the main challenges that humanity currently faces, including environmental pollution, resource depletion and global warming, since it generates electricity with the by-products of only water and heat [1,2,3,4,5]. In fuel cells, highly efficient electrocatalyst to facilitate the kinetically sluggish oxygen reduction reaction (ORR) is crucial to convert the chemical energy of the fuel (H2 or liquid alcohol) directly into electricity. In both acidic and alkaline electrolytes, the ORR usually occurs through two pathways: the two-electron (2e−) process by the reduction of O2 to H2O2 and the four-electron (4e−) process by the direct reduction of O2 to H2O [6,7]. The ORR on platinum-based (Pt-based) electrocatalysts, which are the most used commercial catalysts, can usually be conducted through the 4e− pathway with high onset potential and high current density. However, the development and wide-spread commercialization of fuel cells are largely hampered by the Pt-based catalysts due to their high cost, limited resources and CO poising sensitivity. Therefore, developing low-cost and high-performance alternatives, such as non-precious metal and metal-free electrocatalysts, to replace the expensive Pt-based catalysts has become the hot topic in the fuel cell community [8,9,10].



In recent years, two-dimensional (2D) graphene-based materials have emerged as new types of electrocatalysts due to their excellent conductivity, high specific surface area (SSA) and tailorable surface chemistry, as summarized in previous excellent reviews [4,8,11,12]. Although the large SSA and high electrical conductivity of pristine graphene are supposed to be useful for the electrocatalysis process, in practice, with the strong van der Waals interactions and π–π stacking between graphene layers, the 2D graphene nanosheets could easily restack and aggregate, which significantly diminish the SSA, hinder the rapid electron transport and, therefore, consequently limit its utilization. Moreover, the limited number of active sites at the edges of pristine graphene restricts its practical applications. Therefore, the forefront of this research domain has been shifted to the exploration of chemically-modified graphene (CMG), such as functionalized or heteroatom-doped graphene, nanoparticles/graphene composites and dimension-tailored graphene nanostructures [4,5,13,14,15]. Generally, the methodology for the chemical modification of graphene can be divided into two categories, including non-covalent interactions and covalent bonding [16]. The former is usually achieved by employing electrostatic interaction, π–π stacking interactions, hydrogen bonding and van de Waals force. In contrast, the covalent bonding can change the structure of graphene via heteroatom-doping. These materials can be prepared either via in situ doping during synthesis [17] or through post-treatment with heteroatom-containing precursors [18].



It is believed that graphene is the basic unit for all other graphitic materials, such as graphene can stack layer by layer into graphite, roll into carbon nanotubes (CNTs) and wrap up into fullerene [19]. Moreover, the 2D graphene can also be used as building blocks for a series of novel graphene-based nanostructures [20,21]. As shown in Figure 1, graphene can be cut into small pieces: graphene quantum dots (GQDs); split into small slices: graphene nanoribbons (GNRs); and scaffolded into 3D architectures: 3D graphene (3D-G). Since the intrinsic properties of graphene are almost maintained in these new structures, they are defined as graphene family materials. Further, the graphene family materials also possess some unique electrochemical properties compared with the pristine graphene. As shown in Figure 2a,b, due to the lateral (usually <100 nm) and the thickness (in single and few layers (<10)), GQDs are all nanometer-sized; the edge effects and properties associated with the quantum confinement are found in numerous articles [22,23,24]. The thin elongated morphology of GNRs is shown in Figure 2c–e. The GNRs can be regarded as a quasi-1D material because of the much shorter dimension than the other one in the plane. Because of their unique structure, the GNRs possess some unique features, such as abundant edges, a high length-to-width ratio and numerous activate sites [25,26,27]. In Figure 2f–h, an interconnected 3D porous structure was constructed by physical cross-linking of randomly-oriented wrinkled paper-like graphene sheets; the pore sizes could range from several hundred nanometers to several micrometers. In a macroscopic view, the 3D-G shows a certain shape morphology (e.g., cylindrical structure in most references) with strong mechanical strength. It is noted that these 3D-G structures are reported in the literature with different names, such as graphene foams [28], graphene hydrogels [29], graphene sponges [30], graphene aerogels [31] and porous grapheme [32]. In this review, the minor differences in their structural morphologies and properties are neglected, and herein, such materials are all called 3D-G. All of these 3D networks present similar properties, such as high SSA, low density, strong mechanical strength, excellent flexibility, high conductivity and fast mass and electron transport kinetics. Obviously, these porous 3D-G structures could prevent the aggregation of graphene nanosheets, which guarantees fast electron and mass transport and adequate activate sites, thus enhancing their ORR performances in applications.



In this review, we focus on the recent progress in the controlled fabrication of graphene family materials (from 0D quantum dots, to 1D nanoribbons and to 3D network-structured monoliths) and their application in ORR. It begins with an introduction of the synthetic strategy of graphene family materials and their derivatives. Then, the promising potential applications of these materials for ORR are discussed. Finally, we present the overview and perspectives on the features and functions of different dimensional graphene family materials, from 0D to 3D.




2. The Synthetic Strategy of Graphene Family Materials


To get a unique advantageous architecture and excellent performance, the fabrication technologies of graphene family materials with controlled thickness, size and morphology are highly desired. In the following section, we will review the main approaches of constructing graphene family materials with different dimensions, i.e., 0D GQDs, 1D GNRs and 3D-G. Similar to the production of graphene, the synthetic strategies of GQDs and GNRs can be divided into two main categories: (i) the top-down method; and (ii) the bottom-up method, as shown in Figure 3. For 3D-G, there are three main strategies: (i) the chemical self-assembly method; (ii) the template-assisted chemical method; (iii) the template-assisted chemical vapor deposition (CVD) method.



2.1. Quasi-0D Graphene Quantum Dots


The main characteristics of GQDs are that the side and thickness are all nanometer-sized. Therefore, the key for preparing GQDs is to precisely control the size and thickness [22,23,24,36,37].



2.1.1. Top-Down Method


Generally, the graphitic materials, such as carbon nanotubes (CNTs) [38,39], carbon fiber [40], grapheme oxide (GO) [41], grapheme [36], graphite [42] and other materials [43,44,45], are usually used as the carbon source to produce GQDs. Chemical acid oxidation [41,46,47], the electrochemical approach [38,48,49], the hydrothermal or solvothermal cutting method [50,51,52] and the physical method [53,54] are employed to synthesize GQDs.



The most popular top-down method is to employ the chemical techniques to prepare GQDs [55]. GO is regarded as the most promising candidate to fabricate GQDs, because of its high solubility in aqueous solution, ease for large-scale production and surface modification. The oxygen-containing groups on GO surfaces play the vital role in the defect-mediated fragmentation processes [36,50]. For example, Pan and his group first prepared water-soluble GQDs with sub-10-nm sizes by hydrothermal cutting of GO [50]. The diameters of GQDs are mainly between 5 and 13 nm (9.6 nm on average), and the thicknesses are in the range of 1–2 nm (1–3 graphene layers). During the hydrothermal deoxidization process, the linear defects on the thermally-reduced GO, which is composed of fewer epoxy groups and more carbonyl groups, may further break up by the remove of bridging O atoms, thus forming GQDs eventually.



In brief, these top-down methods are simple and easy for scale up. However, the precise control of the size and morphology of GQDs is hardly achieved, and the isolation and purification of the final products are complicated.




2.1.2. Bottom-Up Method


Like graphene, GQDs are composed of carbon atoms that are arranged in six-membered, hexagonal rings. Therefore, GQDs can also be synthesized by stepwise solution chemistry of alicyclic compounds [56]. In the Li group, the large colloidal GQDs with uniform and tunable sizes were obtained by oxidative condensation reactions [57]. The combining process of graphene moieties can be achieved by the oxidation of polyphenylene dendritic precursors. Then, silica gel chromatography was used to purify the products. The number of carbon atoms in GQDs can be easily controlled. Furthermore, the redox potentials can be tuned by chemical functionalization. A series of GQDs that contains 132, 168 and 170 carbon atoms can be obtained. Then, they used a shield strategy to reduce the attraction between graphene layers and the tendency of forming insoluble aggregates [58]. This solution-chemistry approach can easily control the chemical nature and geometry of the edges, which are important to determine their electrochemical properties.



These bottom-up methods offer exciting opportunities to get a high degree of control over the size, shape, morphology and, thus, properties. Yet, these methods require complicated multi-step synthesis, and the sizes of as-obtained GQDs are usually very small (less than 5 nm).





2.2. Quasi-1D Graphene Nanoribbons


GNRs can be seen as the narrow and straight slices of graphene, particularly the width of GNRs is much shorter than the length. Like the GQDs, the methods to prepare GNRs can also be divided into two kinds: (i) top-down; and (ii) bottom-up methods, as shown in Figure 3.



2.2.1. Top-Down Method


Usually, the GNRs can be obtained by unzipping CNTs [34,59,60,61,62,63], cutting graphene [64,65,66] and cracking graphite [67,68]. Among them, employing the CNTs as the source to get the GNRs is mostly used in the literature because of the mature and large-scale availability of CNTs. Much effort has been dedicated to longitudinal unzipping of the CNTs, such as selective etching [59,61], chemical attacking [34,60,62,63], nanoparticle cutting [69,70] and metal atom intercalation [71,72]. In the team of James M. Tour, a simple solution-based oxidative approach using KMnO4 and H2SO4 was developed [34]. The GNRs consist of 1–30 graphene layers, with lengths up to 4 mm and width of 100–500 nm. Meanwhile, an Ar plasma etching method using a polymer film as an etching mask to unzip the MWCNTs is proposed by Dai et al. [59]. The GNRs are 10–20 nm in width and consist of single-, bi- and tri-layer graphene. A potassium intercalation method is also used to longitudinally split the CNTs by James M. Tour [73]. Parashar et al. reported a catalytic unzipping of CNTs method, based on the solubility of carbon atoms in nickel, to synthesize GNRs [70]. The GNRs are about 20–22 nm in width and consist of a single layer to a few layers of graphene.



Cutting the 2D graphene sheets is also a feasible and convenient strategy to obtain 1D GNRs [65,66]. Han et al. used a lithographical pattern method to get GNRs [64]. After the E-beam pattering process on mechanically-exfoliated graphene to form an etch mask defining nanoribbons, an oxygen plasma etching method is used to fabricate GNRs. With the adjusting of hydrogen silsesquioxane, the width of GNRs can be tuned. When the 3D graphite is used, the thickness and the width should all be decreased. A so-called diamond-edge-induced nanoscale cutting method was applied to produce the GNRs by Mohanty et al. [68]. Firstly, the graphite nano-blocks with a certain width were obtained by cutting along the direction perpendicular to the graphitic planes of the highly oriented pyrolytic graphite (HOPG). Subsequently, the superacid-based-exfoliation process is used to get GNRs with high structural control in 5-nm resolution.



This top-down strategy is very promising for large-scale GNR production. It is worth continually exploring and optimizing the separation and purification process.




2.2.2. Bottom-Up Method


On the other hand, a bottom-up approach based on organic precursors or CVD could be exploited to get GNRs with precise control at the molecular level [74].



The GNRs were synthesized by a solution-based polymerization of pre-prepared molecular precursors followed by cyclodehydrogenation by Timothy et al. [75]. The GNRs are 1 nm in width and >100 nm in length with atomically-smooth armchair edges. Impressively, over 1 g GNRs could be obtained in a one-pot synthesis. Furthermore, CVD was also a good way to synthesize GNRs [76,77]. Wei et al. developed a ZnS-ribbon-template CVD method to produce GNRs in methane decomposition [76]. The ZnS template could be removed by acid treatment after synthesis, and then, GNRs/Si are obtained. The thickness of GNRs can be controlled by the growth time (4, 8 and 20 min) and the gas flow rate (30, 60, 100 and 200 sccm CH4), and the width and length can be tuned by adjusting the size of the ZnS ribbon template. In other words, both the scalable production and control of the morphologies can be achieved by the template CVD method.



Unlike the top-down method mentioned above, bottom-up strategies starting from molecular precursors could realize the scalable production of GNRs at the molecular level [74]. Additionally, the GNRs prepared by CVD could exhibit a good conductivity.





2.3. Macroscopic-3D Graphene


Since the debut of graphene, building graphene-based 3D porous materials has received increasing attention [78,79,80,81,82,83]. The approaches to prepare 3D-G can be divided into three categories as shown in Figure 4: (i) self assembly; (ii) the template assisted assembly chemical method; and (iii) the CVD method.



2.3.1. Chemical Assembly Method


Up to now, the most widely-used approaches to prepare 3D-G are the self-assembly of GO and their derivatives in solution and/or at interfaces. GO is an ideal building block for 3D macroscopic assembly due to the planar structure and the abundant processable groups, such as the hydroxyl, carboxyl and epoxy groups. Moreover, the mass production of GO can be achieved by the modification of Hummers’ method from inexpensive graphite. Ample techniques, such as chemical reduction [84], electrochemical reduction [85], hydrothermal reduction [29], the dip coating method [30], the sol-gel method [31], the metal ion induced self-assembly process [86] and vacuum centrifugation [87], could be used to build 3D-G. Generally, the assembly of GO contains the following procedures. First, GO is uniformly dispersed in aqueous solution due to the electrostatic repulsion effect and hydrophilicity; then, GOs were treated with various reduction procedures to become more hydrophobic. The force to drive the construction of the 3D structure is supramolecular interactions (e.g., hydrogen bonding, van der Waals force, π–π interactions). The 3D assembling process subsequently occurs. Meanwhile, heteroatom-doped 3D-G can be gained during this process. At last, a freeze drying process is used to get the macroscopic 3D-G structure.



In the work of Xu, the self-assembled graphene hydrogel with thermally-stable, mechanically-strong and electrically-conductive characteristics was obtained by a one-step hydrothermal method [29]. The 3D structure was formed by partially coalescing or overlapping of the graphene. The combination of π–π interactions and hydrophobicity lead to a 3D random stacking during the hydrothermal processes.



Furthermore, a great deal of template-assisted methods has been employed to build 3D-G with controlled pore size and interconnections between graphene sheets [88,89,90]. For instance, Li et al. prepared a 3D graphene on nickel composite via controlled deposition of rGO on a nickel foam template [89]. The Ni foam was refluxed in GO solution and then reduced by hydrogen. The continuous 3D porous nickel scaffold can offer a continuous surface for GO coating.



The chemical assembled method has several advantages, such as high efficiency, low cost, simplicity and easy scale up. Consequently, serval attempts have been made to developed 3D-G.




2.3.2. Template-Assisted CVD Method


The 3D-G prepared by the chemical assembly method would suffer from structural instability and poor electrical conductivity caused by the insufficient reduction of GO. The template-assisted CVD method can supply a fundamentally different bottom-up procedure to construct 3D-G. The typical process of this method is as follows: first, growing a graphene layer on the surface of a 3D metal catalyst at high temperature; then a post-treatment is used to remove the catalyst or support. Usually, nickel is used as the sacrificial template and catalyst [91,92,93,94,95]. In addition, anodic aluminum oxide (AAO) [96], ZnO [97], pyrolyzed photoresist films [98] and SiO2 [99] can be applied as the scaffold to build the 3D macroscopic structure.



In the group of Cheng, a template-directed CVD technique was developed to fabricate 3D-G structures using nickel foams as templates and methane as the carbon source [92]. This technique can be regarded as a general approach for building 3D-G with high quality and outstanding electrical conductivity. Choosing different nickel foams (with different numbers of pores per inch) can conveniently control the networks and pore structures of 3D-G. The number of graphene layers and specific surface area can also be tuned by the methane concentration.



Obviously, this template-assisted CVD method is versatile and scalable, which can be used to get 3D-G with excellent conductivity and a well-interconnected structure.






3. Application in Oxygen Reduction Reaction


Because of many excellent properties of graphene family materials, such as large surface area, excellent conductivity, strong adhesion to catalyst and chemical/electrochemical stability, they are considered as promising candidates for ORR [80,81]. Furthermore, with the incorporation of heteroatoms into the lattice plane of graphene, the local electronic properties of graphene family materials can be modulated, and more active sites can also be generated. Thus, the ORR performance can be greatly improved by effectively enhancing the surface reactivity and surface energy [18,78]. Interestingly, in the research about the application of graphene family materials for ORR, most of them use the heteroatom-doped graphene family materials due to their superior performance.



3.1. Graphene Quantum Dots


GQDs possess significant quantum confinement and edge effects. Chen et al. synthesized GQD-supported palladium (Pd) NPs after thermal reduction and a hydrothermal process [100]. The GQDs in composite materials can promote the charge transfer from GQDs to Pd metal and hence weaken the interactions between catalyst NPs and oxygenated intermediates, thus improving ORR activity. The Pd/GQD material shows apparent electro-catalytic activity toward ORR.



Moreover, doping heteroatoms in GQDs can offer more active sites and tune their electronic characteristics, thus improving the ORR performance. The pioneering work of N-GQDs/graphene composites via the electrochemical approach for use as metal-free electrocatalysts for the ORR was reported by Qu et al. [101]. As shown in Figure 5, the sizes of the as-prepared GQDs are about 2–5 nm (Figure 5a,b), and their heights are around 1–2.5 nm (Figure 5c), corresponding to 1–5 graphene layers. The theoretical structure of these oxygen-related groups rich (O-rich) N-GQDs was shown in Figure 5d. Both pyridine-like and pyrrolic N atoms can be found, and the oxygen-related groups are mainly located at the edges of graphene layers, thus forming a compact stacking structure between layers within GQDs by hydrogen bonding. The N-GQDs with 4.3% N content (atomic ratio) could emit blue luminescence under irradiation. As shown in Figure 5f, a well-defined reduction peak can be found at −0.27 V (vs. Ag/AgCl) in O2-saturated KOH solution. Compared with the commercial Pt/C catalyst (Figure 5g), N-GQDs show no electrocatalytic activity specific to methanol oxidation. Figure 5h shows that the n value (transferred electron number per O2 molecule) for N-GQDs/G was around 3.6–4.4, suggesting a 4e− reduction pathway for ORR. Furthermore, it exhibits excellent stability, showing no obvious performance decay after two days of continuous cycling test (Figure 5i). The N-doping effect plays a key role for the enhancement of the catalytic activity. While the N atoms with excessive valence are introduced into the lattice plane, the local density state can be changed, and more π-electrons are detected [102]. Accordingly, the surface energy and n-type carrier concentration are increased. Besides, a net positive charge density could be generated to counterbalance the electronic affinity of N atoms. Therefore, the N-GQDs could easily attract electrons to facilitate the ORR.



Later on, a solution-based bottom-up approach was reported to get N-GQDs [103]. Specifically, by using small substituted benzene derivatives as the starting material, through a series of oxidative dehydrogenation steps, GQDs containing 176, 128 and 130 carbon atoms were synthesized, respectively, as shown in Figure 6b. From the Cyclic Voltammetry (CV) in O2-saturated solution, an obvious reduction peak around −0.3 V (vs. saturated calomel electrode (SCE)) occurs (Figure 6c). The linear sweep voltammetry (LSV) shows a size-dependent electrocatalytic activity phenomenon in N-GQDs. GQD 1 (Figure 6) with greater molecular weights exhibits improved catalytic activity. This is because larger QDs are more easily oxidized with higher highest occupied molecular orbital (HOMO) levels. Further, this work also demonstrated that the nitrogen doping is important to enhance the catalytic activity, but the increase is not proportional to the nitrogen content. This research introduced a deep level of understanding of the role of the nitrogen content on ORR.



Following these important studies, tremendous attempts have been conducted to investigate the electrocatalytic activity of GQDs [104,105,106,107,108,109]. Those studies show that the existence of GQDs can drastically facilitate the ORR performance through altering the electronic characteristics and offering more active sites. Moreover, the GQDs can be used to build nanocomposite materials due to their small dimension and easy tunability with heteroatom doping.




3.2. Graphene Nanoribbons


Due to their intrinsic properties, such as abundant edges, thin walls, high surface area and excellent electrical conductivity, GNRs are extremely attractive to enhance the ORR activity [110,111,112,113,114,115,116,117,118]. In Liu’s group, they used longitudinal unzipping technology to produce GNRs from CNTs [110]. After reduction, in situ polymerization and the thermal treatment process, the N-GNRs were prepared as shown in Figure 7. The TEM image shows that the GNRs were bonded to each other after totally unzipping or opening the pristine CNTs. After polymerization, the PANI nanorods are uniformly dispersed on the GNR sheets without apparent aggregation. As shown in Figure 7d–g, compared with the GNRs, the N-GNRs show much higher current density, suggesting an enhanced ORR activity by the doping of the N element. The n value for N8.3-GNRs is about 3.91, exhibiting a dominant 4e− ORR process. For GNRs without nitrogen doping, the n value is just 2.89, indicating a combined 4e− and 2e− reduction pathway. The excellent ORR activity is related to the straight ribbon-like structure and the doped quaternary, pyridinic-N, which can activate the oxygen molecules. Conceptually, the N atom that was doped into a graphene basal plane and the N atoms that were placed in a six-member ring are defined as quaternary N and pyridinic N, respectively. Most of the N atoms in N-GNRs are quaternary N and pyridinic N [110]. For quaternary N, the electrons can transfer from the C atom to the adjacent N atom, then the N atom can donate back the electrons to the unoccupied P orbitals of the adjacent C atom. This process is beneficial to both the dissociation of the oxygen molecule on adjacent C atoms and the formation of the C-O band. For the pyridinic N, because of its edge position, the O2 can be directly bonded with the lone electron pair of N and, thus, be activated [119].



In addition, GNRs can be regarded as very promising catalyst support for ORR. Wang et al. used a one-step simultaneous reduction reaction to get the GQD/GNR composite [117]. As shown in Figure 8, the reduction of methylbenzene and hexabromobenzene by Na produced the GQD-GNR hybrid. The composite materials appear as a treelike fractal structure consisting of numerous nanoribbon branches supporting many dots. An obvious reduction peak at −0.19 V (vs. Ag/AgCl) occurs in the O2-saturated KOH solution. The n value for GQDs/GNRs is 3.91, exhibiting a dominant 4e− oxygen reduction process. The half-wave potential of GQDs/GNRs is more positive than that of commercial Pt/C. This can be attributed to the numerous active sites supplied by the abundant surface/edge defects and the interface in GQDs/GNRs, as well as the quick charge transfer between them.



The applications of GNRs can also be easily extended to other metal/metal oxides [112,113,114,115,118]. For example, combining GNRs with nanoparticles to form a hybrid is conceivable to integrate their respective merits and enhance their catalytic activity. A series of Fe3C-GNRs, Co3C-GNRs and Ni3C-GNRs have been synthesized by the hot filament CVD method [115]. Such materials show excellent electrocatalytic activity for ORR with higher current density and better durability. In summary, the intrinsic properties of GNRs, such as the large surface area, excellent electrical conductivity, abundant edge sites and the inherent size, make them highly attractive for use as both metal-free catalysts and catalyst supports for heterogeneous catalysts.




3.3. 3D Graphene


With the interconnected macroporous framework and enhanced ion diffusion/electron transport paths in multidimensions, the 3D graphene structure is extremely desirable to improve the loading and dispersion of catalysts and supply more active sites for the reaction [78,80,81,120,121,122]. In the group of Pumera, a CVD method with nickel foam as the template was used to get 3D-G with different layer numbers [123]. All of the 3D-G can offer good catalytic properties towards ORR, and moreover, the ORR activity of 3D-G increased with the increasing number of graphene layers.



Furthermore, the 3D graphene can be doped with different heteroatoms, such as N, S and P, to enhance its catalytic activity. Qiao et al. prepared N and S dual-doped mesoporous graphene (3D-N, S-G) through a one-step doping process [124]. Since the 3D-N, S-G has more active sites, the ORR catalytic activity was significantly enhanced with higher reaction current and more positive onset potential. In Qu’s group, a 3D-N, S-G with in-plane nano-pores (N-S-GMF) was reported [125]. As shown in Figure 9, the 3D-G/pyrrole (Py) was synthesized by traditional hydrothermal treatment. After thermal treatment, the Fe2O3 nanoparticle formed in situ on the graphene surface and etched the basal planes of graphene; thus, a holey graphene structure was obtained. A 3D graphene framework with high nanohole density and uniform pore size can be observed in the SEM and TEM images (Figure 9b,c). An obvious reduction peak of N-S-GMF at −0.1 V (vs. Ag/AgCl) occurs in the O2-saturated KOH solution. In the LSV test, N-S-GMF shows a high onset potential of about 0.04 V, which is close to Pt/C (20%) and more positive than that of the other catalysts. The n value for N-S-GMF is approximately 3.6, exhibiting a dominant 4e− ORR process. The peroxide yield on the N-S-GMF was less than 15% in the rotating ring-disk electrode (RRDE) test. These remarkable ORR performances could be attributed to the rich porosity, unique pore-hierarchical structure, richly available active sites, multidimensional electron transport path and synergistic N and S co-doping effect. Besides, numerous research studies have been conducted on doped 3D-G as metal-free catalysts for ORR.



As shown above, with the porous structure and non-agglomerated morphology, the 3D-G is an excellent supporting material to allow the full utilization of the unique features. A great deal of carbon materials and metals or metal oxide nanoparticles have been used to build graphene-based 3D structures. For instance, Feng et al. fabricated a 3D N-doped graphene aerogel supporting Fe3O4 nanoparticles (3D Fe3O4/N-Gas) by a one-pot hydrothermal method for the first time. Fe3O4 NPs uniformly deposit on the interconnected macroporous graphene structure, which is beneficial to enhance the interface contact and suppress the agglomeration and dissolution of NPs. The 3D-Fe3O4/N-G exhibits a remarkable ORR activity associated with a more positive onset potential (−0.19 V vs. Ag/AgCl), higher electron transfer number and lower H2O2 yield in alkaline media. In addition, 3D-G prepared by CVD was also used as the supporting material for the mesoporous NiCo2O4 nanoplate for ORR. The 3D-G foam was immersed in the precursor solution and then maintained at 160 °C for 3 h. As shown in Figure 10a,b, the as-formed NiCo2O4 NPs grow vertically and uniformly cover the graphene surface to create a loose porous structure. An obvious reduction peak at 0.75 V (vs. reversible hydrogen electrode (RHE)) occurs in the O2-saturated 0.1 M KOH solution (Figure 10c). The 3D-NiCo2O4/G material outperforms the commercial Pt/C (20%) in terms of half-wave potential and limiting current. The n value for GQDs/GNRs is 4.0, exhibiting a dominant 4e− oxygen reduction process. Due to the morphology and structure stability, the 3D-NiCo2O4/G shows better stability than commercial Pt/C (Figure 10d–f).



In summary, with a large porous channel size, huge surface area and high electrical conductivity, the role of the 3D-G inspires more exciting developments. Table 1 lists a part of the recent reports and the summary of some typical work of 3D-G-based material on ORR.





4. Conclusions and Future Outlook


Due to the flexible structures and tunable functionalities, graphene can be considered as a versatile building block for other types of graphene-based materials, named the new graphene family materials, including GQDs, GNRs and 3D-G. These new structures show remarkable and unique properties, meanwhile keeping the excellent intrinsic properties of pristine graphene, such as a high surface area, high conductivity and high mechanical strengths.



For GQDs, because of the special structures with the atomic size, they should be supported on the substrate for ORR applications. With the introductions of GQDs on the substrate, the electrical neutrality of the substrate can be broken, and some new active sites for oxygen desorption and adsorption are generated; thus, ORR performance can be notably improved. Besides, the abundant edges of GQDs can also supply more catalytic active sites for ORR.



For GNRs, the excellent mechanical, physical and electrical properties make them extremely attractive for using as catalyst supports. Furthermore, due to the exposed edges along with the inherent size and high length-to-width ratio of GNRs, the ORR activity is promoted because of the significant reduction in the barriers posed to the first electron transfer and the oxygen adsorption on active edges.



For 3D-G, the 3D open structure could suppress the stacking and aggregation of graphene layers and therefore provide a good conducting network. Moreover, the 3D-G could not only supply abundant active sites, but also endow the material the features of fast ion diffusion and electron transfer in the catalytic process. To the best of our knowledge, research about 3D-G for ORR applications is the most promising field because of it easy preparation and high economic efficiency, as seen in a large number of the latest excellent articles.



Although there are various forms in the new graphene family materials, they share some characteristics in common. The large specific area, high accessibility and superior electrical conductivity render these materials ideal candidates for the application in ORR. In addition, these new graphene family materials can easily be doped with heteroatoms, intrinsically alter the electronic characteristics and facilitate ORR performance.



The findings of these new graphene family materials enriched our understanding greatly about graphene and open up new opportunities for their potential applications. Predictably, the different structures of these new graphene family materials will allow them to be suitable for various applications. However, this is just the beginning, and the expansion of graphene family materials fabrication and their applications in ORR are surely coming. There is tremendous room for the continuous development of the new graphene family materials. Importantly, the wide-spread commercial applications of the new graphene family materials highly rely on the advanced fabrication technology for the large-scale synthesis with low cost, which involves effective separation and dispersion of the products. Moreover, a deep understanding of the role and mechanism of the new graphene family materials in ORR will be an important guide to design and construct more desired structures.
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Figure 1. Schematic of graphene family materials of various dimensions for oxygen reduction reaction (ORR). 
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Figure 2. (a) TEM image and (b) atomic force microscopy (AFM) image of graphene quantum dots (GQDs). Reprinted by permission from Macmillan Publishers Ltd: Nature Communications [33]. Copyright 2013. (c) TEM image, (d) AFM image and (e) SEM image of graphene nanoribbons (GNRs). Reprinted by permission from Macmillan Publishers Ltd: Nature [34]. Copyright 2009. (f,g) SEM images and (h) TEM image of 3D graphene (3D-G). A Photo of 3D-G is presented in the inset in (f). Reprinted by permission from Macmillan Publishers Ltd: Nature Communications [35]. Copyright 2012. 
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Figure 3. Schematic diagram of the top-down and bottom-up methods for synthesizing GQDs and GNRs. 
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Figure 4. Schematic diagram for the fabrication strategy of 3D graphene. Note: GO represents graphene oxide, rGO represents reduced graphene oxide, GF represents graphene foams, rGF represents reduced graphene foams. Reproduced from [78] with permission from The Royal Society of Chemistry. Copyright 2015. 
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Figure 5. (a,b) TEM images and (c) AFM image of nitrogen-doped GQDs (N-GQDs) prepared by the electrochemical method; (d) schematic structure of O-rich N-GQDs; (e) photo of the as-prepared N-GQDs in water solution under irradiation; Cyclic Voltammetry (CV) curves of (f) N-GQDs/grapheme and (g) Pt/C in O2- and N2-saturated 0.1 M KOH and 3 M CH3OH solution; (h) linear sweep voltammetry (LSV) curves for N-GQDs/graphene with different rotating speed; the inset shows the corresponding Koutecky-Levich (K-L) plots; (i) the stability test of N-GQD/graphene in O2-saturated 0.1 M KOH. Reprinted with permission from [100]. Copyright 2012, American Chemical Society. 
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Figure 6. (a) Structures and (b) synthesis routes of three types of GQDs; (c) CV curves of GQD 1 in O2- and N2-saturated 0.1 M KOH solution at a scan rate of 50 mV·s−1 (vs. saturated calomel electrode (SCE) ); (d) LSV curves of these three GQDs and Pt/C in O2-saturated 0.1 M KOH solution (1600 rpm); (e) LSV curves for GQD 1 with different rotating speeds; (f) K-L plots of GQD 1 from LSVs, giving an n of ~3.9. Reprinted with permission from [103]. Copyright 2012, American Chemical Society. 
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Figure 7. (a) Schematic charts for the synthesis of N-GNRs (nitrogen-doped graphene nanoribbons); TEM images of (b) pure GNRs sheets and (c) GNR/PANI composites; (d) LSV curves of GNRs and N-GNRs in O2-saturated 0.1 M KOH solution (1600 rpm); (e) LSV curves for N8.3-GNRs with different rotating speeds; (f) K-L plots of GNRs and N-GNRs from LSVs; (g) kinetic-limiting current density at 0.7 V of GNRs and N-GNRs. Reprinted with permission from [110]. Copyright 2014, American Chemical Society. 
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Figure 8. (a) Schematic charts for the synthesis of GQD-GNRs. (b,c) TEM images of GQD-GNR composites; (d) CV curves of GQD-GNR composites in N2- and O2-saturated 0.1 M KOH solution; (e) LSV curves for GQD-GNR composites with different rotating speeds; (f) K-L plots of GQD-GNR composites from LSVs; (g) LSV curves of different electrocatalysts in O2-saturated 0.1 M KOH solution. Reprinted with permission from [117]. Copyright 2015, American Chemical Society. 
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Figure 9. (a) Schematic charts for the synthesis of N-GMF (nitrogen-doped graphene nano-mesh foam); (b) SEM images of N-GMF; the inset is the photo of N-GMF; (c) scanning transmission electron microscopy (STEM) image of N-GMF; the inset is the TEM image of a single nano-hole with high magnification; (d) CV curves of N-S-GMF (N and S co-doped graphene nano-mesh foam) and N-S-GF (N and S co-doped graphene foam) in O2-saturated 0.1 M KOH solution; (e) LSV curves of different electrocatalysts (1600 rpm); (f) rotating disk electrode (RDE) measurement of N-S-GMF in O2-saturated 0.1 M KOH with different rotating speeds; the inset shows the K-L plots from LSVs; (g) the n and HO2− production of the N-S-GMF. Reproduced from [125] with permission from The Royal Society of Chemistry. Copyright 2014. 
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Figure 10. (a) SEM images of NiCo2O4/3D-graphene; the inset shows that the as-prepared NPs grow vertically on the surface of 3D-G; (b) TEM image of NiCo2O4/3D-G; the inset is the TEM image with low magnification; (c) CV curves of NiCo2O4/3D-G in O2- and Ar- saturated 0.1 M KOH solution; (d) LSV curves of different electrocatalysts (1600 rpm); (e) LSV curves of NiCo2O4/3D-G at different rotation rates at a scan rate of 10 mV·s−1; (f) the stability test for NiCo2O4/3D-G and Pt/C (20%), measured by the current at 0.75 V vs. RHE; the insets are the SEM image of the (a) NiCo2O4/3D-G and (b) Pt/C after the test. Reprinted with permission from [126]. Copyright 2016, American Chemical Society. 
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Table 1. Summary of some typical work of 3D-G-based material on ORR.
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The Catalyst

	
The Types of the Catalysts

	
Electro-Catalytic Performance

	
Onset Potential

	
Electron Transfer Number

	
Ref.






	
3D-Se-CNTs/G 1

	
Metal NPs, supported

	
Excellent catalytic activity, long-term stability and a high methanol tolerance

	
-

	
3.95

	
[127]




	
3D-S,N-G

	
Mixed doped

	
Excellent catalytic activity, including highly positive onset potential and high kinetic limiting current

	
−0.06 V vs. Ag/AgCl

	
3.3–3.6

	
[124]




	
Fe3O4/3D-N-G 2

	
Metal oxide, supported

	
More positive onset potential, higher cathodic density, lower H2O2 yield

	
−0.19 V vs. Ag/AgCl

	
3.72–3.95

	
[128]




	
3D-N-G

	
N-doped

	
Lower onset potential than that of Pt/C, higher diffusion current density

	
0.18 V vs. Ag/AgCl

	
3.7

	
[129]




	
Co-3D-N-G

	
Metal oxide, supported

	
Excellent electrocatalytic activity for the ORR in alkaline electrolyte

	
−0.05 V vs. Ag/AgCl

	
3.97

	
[130]




	
N-macro-mesoporous carbon/3D-G

	
Nanomaterial, supported

	
Excellent ORR activity, a complete tolerance to methanol cross-over effect and excellent long-term durability

	
−0.05 V vs. Ag/AgCl

	
-

	
[131]




	
3D-N-G

	
N-doped

	
One of the best performing NGs for ORR electrocatalysis and superior to other scalable preparation methods

	
−0.2 V vs. Ag/AgCl

	
3.8–3.9

	
[132]




	
3D-N-G

	
N-doped

	
Large kinetic-limiting current density, long-term stability and good tolerance to methanol crossover

	
−0.2 V vs. Ag/AgCl

	
3.8–3.9

	
[133]




	
3D-B,N-G

	
Mixed doped

	
A higher current generation capability, better stability and superior tolerance to the methanol crossover effect

	
−0.16 V vs. SCE

	
3.4–3.8

	
[134]




	
Mn3O4/3D-N-G

	
Metal oxide supported

	
Improved durability and methanol tolerance, far exceeding the commercial Pt/C

	
−0.1 V vs. Ag/AgCl

	
3.7

	
[135]




	
3D-S-G

	
S-doped

	
A much enhanced ORR catalytic activity, as well as an especially high electrochemical stability

	
-

	
-

	
[136]




	
3D-N-G

	
N-doped

	
A truly metal-free electrocatalyst material for the oxygen reduction reaction in acid medium

	
0.83 V vs. RHE

	
2.6–3.5

	
[137]




	
Pt/3D-G

	
Metal NPs, supported

	
Much better durability, out-performing the undoped sample after 6000 start-stop cycles

	
1.05 V vs. RHE

	
-

	
[138]




	
C3N4-3D-G

	
NPs, supported

	
Significantly enhanced electrocatalytic activity in terms of the electron-transfer number, current density and onset potential

	
−0.3 V vs. Ag/AgCl

	
3.7

	
[139]




	
3D-G

	
pristine

	
Multilayer 3D graphene exhibits higher electrocatalytic activity

	
−0.252 V vs. Ag/AgCl

	
-

	
[123]




	
FexN/3D-G

	
NPs, supported

	
Comparable catalytic activity as commercial Pt/C, while its stability and resistance to methanol crossover are superior

	
0.00 V vs. Ag/AgCl

	
4.0

	
[140]




	
TiO2/3D-N-G

	
Metal oxide supported

	
Great ORR electrocatalytic performance and long durability and methanol tolerance than that of 20% Pt/C

	
0.005 V vs. Hg/HgO

	
3.85

	
[141]




	
N-S-3D-graphene nano-mesh

	
Mixed doped

	
Excellent electrocatalytic activity for ORR, better than most of the graphene-based catalysts reported

	
0.04 V vs. Ag/AgCl

	
3.6

	
[125]




	
MnO/3D-G

	
Metal oxide, supported

	
Enhanced catalytic current, more positive potential, excellent methanol tolerance and long-term stability

	
−0.22 V vs. Ag/AgCl

	
3.03

	
[142]




	
Pt/N-3D-G

	
Metal NPs, supported

	
Improvement in the support can reach 2.6-times the catalytic activity and almost no degradation after 5000 cycles

	
1.05 V vs. RHE

	
-

	
[143]




	
Pt/3D-G

	
Metal NPs, supported

	
Enhanced electrocatalytic activity and improved durability

	
0.95 V vs. RHE

	
-

	
[144]




	
3D-N-G

	
N-doped

	
Comparable electrocatalytic performance with the commercial Pt/C in alkaline

	
−0.05 V vs. Ag/AgCl

	
3.79

	
[145]




	
N-B-3D-G

	
Dual doped

	
The onset potential and current density of N and B co-doped 3D-G are comparable to those of the commercial Pt (30%)/C catalyst

	
−0.04 V vs. Ag/AgCl

	
3.8

	
[146]




	
3D-N-B-G

	
Dual doped

	
The onset potential, half-wave potential and limiting current density were comparable to or even better than those in previous reports

	
−0.07 V vs. SCE

	
3.9

	
[147]




	
N-3D-G

	
N-doped

	
A high diffusion-limited current, superior durability and better immunity towards methanol crossover in alkaline solution

	
0.9 V vs. RHE

	
4.2–4.6

	
[148]




	
Pd/3D-G

	
Metal NPs, supported

	
Enhancement in the reduction current, lower stability than Pt/C, but free from the catalytic poisoning

	
−0.65 V vs. NHE

	
-

	
[149]




	
3D-N-G

	
N-doped

	
Remarkable ORR activity and long-term stability in both alkaline and acidic solutions

	
0.83 V vs. RHE

	
3.9

	
[150]




	
B-3D-G

	
B-doped

	
Comparable to Pt/C (20 wt %) catalyst, in addition to their superior durability and resistance to the crossover effect

	
−0.05 V vs. Ag/AgCl

	
4.16

	
[151]




	
Co-N-3D-G

	
Metal NPs, supported

	
Significant catalytic activity with positive onset and half-wave potentials, low hydrogen peroxide yield, high resistance to methanol crossover and remarkable stability

	
0.99 V vs. RHE

	
3.94–3.97

	
[152]




	
CoMn2O4/N-P-3D-G

	
Metal oxide, dual doped, supported

	
More positive onset potential and amazingly high current density towards the ORR

	
−0.094 V vs. SCE

	
3.64–3.70

	
[153]




	
Co3O4/N-S-3D-G

	
Metal oxide, dual doped, supported

	
Favored a 4e− pathway in catalyzing ORR and exhibited intrinsic long-term durability

	
−0.05 V vs. SCE

	
3.7

	
[154]




	
NiCo2O4/3D-G

	
Metal oxide, supported

	
Outstanding ORR performance with the four-electron reduction of O2 to H2O in alkaline media

	
0.95 V vs. RHE

	
4.0

	
[126]




	
GQDs/3D-G

	
Nanomaterial, supported

	
Enhanced electrocatalytic activity, good durability in alkaline solution

	
−0.13 V vs. Ag/AgCl

	
3.2–4.0

	
[109]




	
Co/CoO/3D-G

	
Metal oxide, supported

	
Comparable oxygen reduction performance with excellent methanol resistance and better durability

	
−0.06 V vs. Ag/AgCl

	
3.5

	
[155]




	
N-S-3D-G

	
Dual doped

	
Higher electrocatalytic activity and diffusion-limiting current density, better stability and methanol tolerance

	
−0.12 V vs. SCE

	
3.5

	
[156]




	
CoFe2O4/3D-N-S-G

	
Metal oxide, dual doped, supported

	
A pronounced ORR activity (4-electron pathway) and high durability

	
−0.10 V 3D-N-G

	
3.85–3.95

	
[157]




	
Co/3D-G

	
Metal NPs, supported

	
Extraordinarily superior activity along with better stability

	
0.9 V vs. RHE

	
3.5

	
[158]








1 X means X element doped. For instance, Se-G means selenium-doped grapheme; 2 X/Y means Y-supported X. For instance, Fe3O4/3D-N-G means N-doped graphene-supported Fe3O4 three-dimensional structure.
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