Three Dimensional Graphene Electrode for Lithium Ion Batteries: Opportunities and Chalenges
Ramalan, A. M. ,Buba, A. D. A, Umaisha R.T , Yusuf A.S and Musa H
Department of Physics, University of Abuja
Abstract
Graphene has been considered to be extremely attractive and ideally suited for implementation in energy storage applications and to bring a huge improvement in the performance of lithium ion batteries (LIBs) due to its large electrical conductivity, vast surface area, unique heterogeneous electron transfer and charge carrier rates, widely applicable electro-catalytic activity, and low production costs. Despite the unique properties of 2D graphene, restacking of the graphene sheets has been one of the greatest setbacks in their applications in LIBs. To overcome this, 2D graphene is fabricated into 3D hierarchical frame works, the balanced space organization radically relieves the self-restacking of graphene layers. The 3D materials also inherit intrinsic physical properties of 2D graphene. This study starts with a brief introduction, concept and working principle of LIBs, graphene and highlighting the function of 3D graphene as electrode materials. The preceding sections laid the foundation for the discussion on the review of various electrodes used in LIBs, the issues and efforts to offer solutions to these problems.
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1.0	Introduction
The ever increasing global energy demands have called for more efficient, sustainable and renewable energy resources and most of the available renewable energy sources are intermittent. To make energy affordable, available in amounts, and at times and places that are different from those when and where one is in need of it, then there is a need for development of electrical energy storage systems. Thus, methods to store and transport energy from place to place can be of great importance.  Lithium ion batteries (LIBs), electrochemical capacitors (ECs) (also known as supercapacitors or ultracapacitors) and metal air batteries are the most prominent and fast-growing energy storage devices (Li and Zhi, 2018). 
Comparatively, LIBs generally possess higher energy density due to their different energy storage principles (Liu et al., 2018; Li et al., 2017). However, the current lithium-ion battery technology is approaching its limit especially in terms of specific energy (per weight) and energy density (per volume), incapable of satisfying the ever increasing demand for diverse applications in expanded fields such as mobile electronic devices, vehicle electrification and renewable energy integration (Chen et al., 2018). To relieve this situation, a good number of electrode (anode and cathode) materials with theoretically high specific capacities have thus far been widely scanned and/or revisited in recent years in order to enhance the energy density and power density of the LIBs (Fan et al., 2015). 
There has been a concerted effort to synthesis advanced electrode materials with tailored structure, composition and morphology. Significantly, engineering the nanostructured active materials into highly conductive matrix offers desirable functionality and great potential to achieve excellent energy storage, high rate capabilities and long lifespan for electrode materials (Cabana et al., 2010; Lee et al., 2011; Zhou et al., 2011; Peng et al., 2012). Among the materials pursued to offer solutions to the limitations and challenges related to these electrode materials for LIBs, recent research has shown that graphene, a type of two-dimensional carbon material, is a promising candidate to overcome these issues owing to its unique physical and chemical properties (Li and Zhi, 2018). Graphene is extremely attractive and ideally suited for implementation in energy storage applications due to its reported large electrical conductivity, vast surface area, unique heterogeneous electron transfer and charge carrier rates, widely applicable electro-catalytic activity, and low production costs (Brownson et al., 2011). 
Despite the attracting properties of 2D graphene, restacking of the graphene sheets still occurred in many cases, where a partially-turbostratic structure that reduces the specific capacity forms (Kim et al., 2018). On the other hand, if 2D graphene is fabricated into three-dimensional (3D) hierarchical frameworks, the balanced space organization radically relieves the self-restacking of graphene layers. The 3D materials also inherit intrinsic physical properties of graphene. Through the formation of porous channels, the 3D spongy form of graphene has shown much higher surface area than aggregates of 2D sheets. Especially in energy-related applications, the porosity becomes a determinative advantage for 3D porous graphene networks over its 2D counterparts. To acquire materials for high-performance energy storage, a 3D graphene with an interconnected cellular network is a promising candidate among various porous scaffolds (Xu et al., 2017). The 2D grapheme sheet can be assembled or processed into 3D structures that exhibit desired physical and chemical properties (Ferrer, Mace, Thomas, & Jeon, 2017).
Three dimensional (3D) graphene structures can be synthesised using either template or template-free methods; the template method employs some predetermined structures as the template (Choi, Yang, Hong, Choi, & Huh, 2012; Huang, Sun, Su, Zhao, & Wang, 2014; Shi, Peng, Zhu, Zhu, & Zhang, 2015) while on the other hand, the template-free approach is targeted at modifying the 2D graphene using chemical etching or some other means (Ferrer, Mace, Thomas, & Jeon, 2017; Lee, et al., 2010; Chen & Yan, 2011; Zhang, Chen, Hedhili, Zhang, & Wang, 2012). Template-assisted synthesis methods are attracting more attention basically because morphology and architecture of resulting 3D graphene and its composites are determined by the templates used during the synthesis (Choi, Yang, Hong, Choi, & Huh, 2012; Wen, Zhang, Yan, Zhang, & Shi, 2013). A range of templates has been reported in the literature which are soft and hard templates including polymers, carbon spheres, inorganic particles, micelles, ionic liquids, and nanostructured substrates (Ferrer, Mace, Thomas, & Jeon, 2017; Meng, Wang, Zhang, & Wei, 2013; Choi, Yang, Hong, Choi, & Huh, 2012; Huang, et al., 2014; Huang, et al., 2012). (Fan, et al., 2013). (Zhang & Li, 2018; Losurdo, Giangregorio, Capezzuto, & Bruno, 2011; Cen, Sisson, Qin, & Liang, 2018). hotoanodesde  of graphene material, tedly influenced by several factors which may include Therefore, this study briefly underscores the concept and working principle of LIBs and application of 3D graphene-based electrode materials in LIBs. The discussion on the various electrodes used in LIBs, the issues and efforts to offer solutions to these problems are undertaken.
2.0	Graphene: Fundamental and its Energy Storage Applications
Fascination with graphene has been growing very rapidly in recent years and the science of graphene is now becoming one of the most interesting and fast-moving topics in material science (Aoki and Dresselhaus, 2014). The horizon of graphene is ever becoming wider, where physical concepts go hand in hand with advances in experimental techniques. On the other hand, graphene attributed properties such as high surface area, excellent transparency, light absorption, and charge transport properties have significantly aroused interest from different research fields concerned with energy conversion and environmental pollution remediation (Tahir, et al., 2016).
Graphene is the first truly 2D crystal ever observed in nature and this is remarkable because the existence of 2D crystals has often been doubted in the past mainly due to Mermin-Wagner theorem stating that a 2D crystal loses its long-range order, and thus melts, at any small but non-zero temperature as a result of thermal fluctuations (Fuchs and Goerbig, 2008). According to Zhen and Zhu (2018), graphene is an allotrope of carbon in the form of a 2D, atomic-scale, hexagonal lattice in which one atom forms each vertex with sp2 hybridization as shown in Figure 2.
[image: ] [image: ](b)

Figure 2	(a) Two-dimensional (2D) graphene (Wong & Akinwande, 2011) (b) Hexagonal lattice of graphene (Zhen & Zhu, 2018)
The unit structure of graphene is a hexagonal carbon ring with an area of 0.052 nm2, carbon-carbon bond length is about 0.142 nm and a stable hexagonal structure is formed through strong connections by three σ bonds in each lattice (Zhen & Zhu, 2018; Harris, 2018). In graphene, each carbon atom uses 3 of its 4 outer orbital electrons to form 3 sigma bonds 1200 apart with 3 adjacent carbon atoms in the same plane, leaving the 4th electron free to move, therefore, electrons in graphene behave just like massless relativistic particles without crystal lattices restrictions (Wei, et al., 2018; Stankovich S. , et al., 2006; Li & Kaner, 2008). As such, graphene possesses excellent electrical conductivities in two dimensions at room temperature (more than 200,000 cm2 V−1 s−1) (Si & Samulski, 2008). 
As a 2D material, graphene has zero band gap with a single molecular layered structure (Wei, et al., 2018); the electrical conductivity of graphene is mostly attributed to the π bond located vertically to the lattice plane (Zhen & Zhu, 2018). Graphene’s stability is ascribed to its tightly packed carbon atoms and a sp2 orbital hybridization — a combination of orbitals s, px, and py that constitute the σ-bond. The final pz electron makes up the π-bond. The π-bonds hybridize together to form the π-band and π*-bands. These bands are responsible for most of graphene’s notable electronic properties, via the half-filled band that permits free-moving electrons (Zhen & Zhu, 2018). Moreover, graphene is known for its tranparancy in the visible region which is attributed to its extreme thinness, this is found useful in DSSC’s conductive substrate (Chae, et al., 2017; Nair, et al., 2008; Britnell, et al., 2013).
3D
3.0	Lithium Ion Battery (LIB): Concept and Working Principle
Lithium-ion battery (LIB) typically consists of anode (negative electrode), cathode (positive electrode), electrolyte and separator. The basic components and principle of a LIB is illustrated in Figure 1.
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Figure 1: Scheme of lithium-ion battery: discharging process (Leuthner, 2018)
 The most widely used anode materials are graphite and other carbon materials, this is due to their high abundance, low cost, and stable performance in Li storage while Li metal oxides (LiCoO2, LiMn2O4), and Li metal phosphates (LiFePO4) are common cathode materials. The electrolyte is usually a solution containing lithium hexafluorophosphate (LiPF6) dissolved in carbonate-based solvents such as a mixture of ethylene carbonate and dimethyl carbonate (Feng, et al., 2018; Vuorilehto, 2018). Separator is a porous membrane (a layer of Li ion permeable membrane) that prevents the direct contact between anode and cathode i.e. it electrically isolates the two electrodes from each other, LIB separators are mostly based on polyolefins (Weber & Roth, 2018). The ion-conducting electrolyte (containing a dissociated lithium conducting salt) is situated between the two electrodes (anode and cathode) with the separator isolating the two electrodes from each other. The anode is relatively at lower potential with respect to Li+/Li while cathode is at higher potential. Lithium is intercalated into anode materials (graphite and amorphous carbon compounds). The electrode materials are powders that are applied as coatings on current collectors, resulting in composite electrodes. The positive current collector is aluminum foil, typically 15 to 20 μm thick. Aluminum has a high conductivity and it is rather stable even at the high potential of the positive electrode. The negative current collector is copper foil, typically 8 to 18 μm thick. Aluminum would be lighter and cheaper but it cannot be used at the low potential of the negative electrode due to parasitic formation of a lithium/aluminum alloy (Vuorilehto, 2018).
During charging and discharging process, there is a back and forth migration of Li+ between the electrodes as well as intercalation and de-intercalation of the Li+ into the electrode materials. Figure 1 illustrate discharging process of Li-ion battery, during discharging Li is de-intercalated from the anode and electrons are released to copper which functions as current collector and at the same time, the Li+ (lithium ions) migrate from the anode through the electrolyte and the separator to the cathode. The released electrons (current electricity) migrate from the anode via an outer electrical connection (cable) to the cathode through aluminum which also functions as current collector. During charging, this process is reversed: Li ions migrate from the cathode through the electrolyte and the separator to the anode (Leuthner, 2018). 
The performance of LIB is largely defined by its nominal capacity, electric energy and power. Capacity describes the amount of electric charge a power source can deliver under specific discharge conditions. This depends on the discharging current, the cut-off voltage, the temperature, and the type and amount of active electrode materials, and the unit is Ah (Leuthner, 2018). The energy of LIB is calculated as the product of capacity and average discharge voltage, the unit is Wh. Specific energy refers to the mass of the LIB and its unit is Wh/kg. Energy density refers to the volume of the LIB and its unit is Wh/l (Leuthner, 2018). The power of LIB is Power is the product of current and voltage calculated during discharging and its unit is W. The efficiency of the battery is gotten by the energy released divided by the energy stored during charging (Leuthner, 2018).
4.0	3D Graphene Electrode for Lithium-Ion Batteries
Lithium-ion batteries being hi-tech devices are made of complex materials. The basic components of the device feature different materials for their composition. This review highlights the use of 3D graphene network in the LIB application.
4.1	Graphene Cathode for LIB
Nitta et al. (2015) described a cathode or an intercalation cathode as a solid host network, which can store guest ions; the solid host network creates a platform for the insertion and removal of the guest ions from the host network reversibly. In LIBs, the host network compounds could be metal chalcogenides, transition metal oxides, and polyanion compounds while the guest ion is Li+ (lithium ion). Some metal chalcogenides which have been studied as possible cathode materials include TiS3, NbSe3 and LiTiS2; out of various chalcogenides, LiTiS2 is more attractive owing to its high gravimetric energy density combined with long cycle life (1000+ cycles) (Nitta, Wu, Lee, & Yushin, 2015; Whittingham, 2004). Recently, transition metal oxide and polyanion compounds have been the focus of current LIB cathode research due to their higher operating voltage and the resulting higher energy storage capability (Nayak, et al., 2018; Whittingham, 2004; Nitta, Wu, Lee, & Yushin, 2015). Based on different crystal structures, cathode materials are grouped into four classes in this work namely layered, spinel, olivine, and tavorite. 
4.1.1	Layered Cathodes
Layered Cathodes can be layered chalcogenide such as TiS3, NbSe3 and LiTiS2 as well as layered transition metal oxides. Nayak et al. (2018) and Graf (2018) noted that layered lithiated transition metal oxides is the most frequently examined system of cathode materials. These materials consist of layered oxides with the chemical formula LiMO2 (M = Co and/or Ni and/or Mn and/or Al) and they are probably most widely used cathode materials. Examples of that layered transition metal oxides include lithium cobalt oxide (LiCoO2, LCO) (Cho, Kim, Kim, Lee, & Park, 2003), LiNiO2 (LNO), LiMnO2 (LMO), LiNi0.33Mn0.33Co0.33O2,                                                                                                                                                                                                                                        LiNi0.8Co0.15Al0.05O2, and Li2MnO3. Layered transition metal oxide compounds are very attractive and probably the most widely used cathode materials because of their relatively high theoretical specific capacity, high theoretical volumetric capacity, low self-discharge, high discharge voltage, and good cycling performance (Nitta, Wu, Lee, & Yushin, 2015). However, LCO suffers drawbacks such as high cost (because of the high cost of Co), low thermal stability, and fast capacity fade at high current rates or during deep cycling; pure LNO cathodes are not favourable because the Ni2+ ions have a tendency to substitute Li+ sites during synthesis and delithiation, blocking the Li diffusion pathways (Rougier, 1996), it also suffers from thermal instability (Arai, 1998); and the cycling performance of LMO is still not satisfactory because its layered structure has a tendency to change into spinel structure during Li ion extraction (Gu, 2012) and also Mn leaches out of LMO during cycling (Nitta, Wu, Lee, & Yushin, 2015).
Continuous research efforts on improving the cathode materials has led to the doping of the layered transition metal oxide resulting to the development of layered transition metal oxide analog materials (composite layered cathode) (Nayak, et al., 2018). Nevertheless, these materials is yet to meet the required electronic conductivities for high battery performance. Of the materials sought to fulfil this purpose, graphene is considered very attractive, due to its relative high conductivity, to play a critical role in composite cathode materials which is believed to fundamentally enhance the electrochemical performance of the LIB, though graphene is not to be a direct replacement of the existing cathode materials (Akbar, Rehan, Haiyang, Rafique, & Akbar, 2018; Guan, Li, Li, & Ren, 2017). The utilisation of graphene in LIB have been found beneficial in terms of cycling and rate capability (Nayak, et al., 2018; Goosey, 2012). Li et al (2017) used graphene with LiNi1/3Mn1/3Co1/3O2 as a composite cathode in LIB, the result showed an improved specific capacity over ordinary LiNi1/3Mn1/3Co1/3O2 cathode. Venkateswara et al. (2011) similarly observed that the composites exhibited higher rate capability, longer cycle performance, and improved specific capacity.
4.1.2	Spinel (LiM2O4; M=Mn, Co, Ni) Cathodes
In exploring alternatives for commonly used toxic and expensive LiCoO2, LiMn2O4 compounds (lithium manganese oxide, LMO spinel) were developed and these materials crystallize in the spinel type structure which pose less safety hazard and characterised with ease of synthesis. However, due to the presence of John–Teller effect in lattice during the charge/discharge, its structure is prone to distort, resulting in the rapid decay of the capacity, especially at higher temperatures (Wu, Liu, & Guo, 2014; Lee, Cho, Song, Lee, & Cho, 2012). LiMn2O4 and its doping variants are attractive because of their easy availability and abundance but their low electrical conductivity brings about a low rate capacity (Zhang, et al., 2012; Akbar, Rehan, Haiyang, Rafique, & Akbar, 2018). However, many research advances have pointed towards graphene as viable operators for enhancing the rate capacity and conductivity of spinel cathode materials. The use of LiMn2O4 graphene composite as LIB cathode materials has reportedly showed enhanced electrochemical characteristics of the cathode (Akbar, Rehan, Haiyang, Rafique, & Akbar, 2018; Nitta, Wu, Lee, & Yushin, 2015).
4.1.3	Olivine (LiMPO4; M = Fe, Mn, Co, Ni) Cathodes
Olivine cathode materials are sometimes referred to as phosphate cathode in the literature (Graf, 2018). Olivine cathode material was introduced in 1997 and crystallizes like the natural mineral lithiophilite in the olivine structure (Graf, 2018; Padhi, Nanjundaswamy, & Goddenough, 1997). It is a polyanionic material, the polyanions ((PO4)3-) occupy lattice positions and increase cathode redox potential while also stabilizing its structure (Nanjundaswamy & al., 1996). Lithium ferrous phosphate (LiFePO4; LFP) is probably most researched cathode material with olivine structure, owing to its high theoretical capacity (170 mAh g-1), acceptable operating voltage (3.4 V vs.Li+/Li), good cycling stability, low toxicity, good thermal stability, and low cost (Doughty & Rother, 2012; Graf, 2018; Nitta, Wu, Lee, & Yushin, 2015; Wu, Liu, & Guo, 2014). Other olivine materials such as LiMnPO4 (lithium manganese phosphate; LMP) has been developed, this material offers about 0.4 V higher average voltage compared to olivine LFP, resulting to higher specific energy, but at the expense of lower conductivity. LiCoPO4, LiNi1/2Co1/2PO4, and LiMn1/3Fe1/3Co1/3PO4, (LCP, NCP, MFCP) also exhibit relatively high operating voltage and good capacity, but further improvements are required in terms power, stability and energy density (Nitta, Wu, Lee, & Yushin, 2015; Li, Mu, vanAken, & Maier, 2013). 
The biggest benefit of LFP is non-toxic compared to other olivine cathode LiMPO4 (M = Co, Mn, and Ni) but unfortunately, LFP intrinsically exhibits poor electrical as well as ionic conductivity and low average potential which limits its electrochemical performance, especially the rate capability, as cathode in LIBs (Kang, Ma, & Li, 2011; Fisher, Prieto, & Islam, 2008; Andersson, Kalska, Haggstrom, & Thomas, 2000; Wu, Liu, & Guo, 2014). Various approaches have been attempted to improve the both the electrical and ionic conductivities by doping the LFP with other metals ions, reducing the particle size, coating with conductive carbon layer and aliovalent doping (Wu, Liu, & Guo, 2014; Chung, Bloking, & Chiang, 2002; Chung, Jang, Ryu, & Shim, 2004; Xu, Chang, & Gao, 2012). The results show that these approaches have been beneficial somewhat in achieving the aimed intended for but critical improvements are still required. Graphene in the recent times has been pursued as a material of choice to significantly, in combination with LFP, improve the electrochemical performance of LIBs.
It has been noted that 3D graphene-metal oxide structures such as porous graphene films, graphene foams, and graphene ball hybrids are more significant than their 2D in energy storage fields. 3D graphene structures are said to maintain the superior intrinsic properties of graphene sheets which include large surface area and excellent electrochemical properties; the addition of metal oxides can further improve the functions of these structures (Choi, Lee, & Kang, Three-dimensional porous graphene-metal oxide composite microspheres: Preparation and application in Li-ion batteries, 2015; He, et al., 2013; Cao, Yin, & Zhang, 2014; Huang, et al., 2014; Cao X. H., et al., 2014). More importantly, a 3D graphene structure with porous morphology allow easy electrolyte penetration and fast Li+ diffusion for Li-ion batteries (LIBs). Thus, 3D graphene-metal oxide composites are said to exhibit excellent electrochemical properties for a wide range of energy storage applications (Cao, Yin, & Zhang, 2014). Yang et al., (2013) used LFP/3D graphene composite in LIB cathode, the result showed that the conducting 3D graphene nano-network, enables both Li+ and electrons to migrate and reach each of LFP particles, hence realizing the full potential of the active materials which in return led to an enhanced electrochemical performance of the device. Similarly, 3D graphene LFP composite was developed by Zhou et al. (2011) as a Li-ion battery cathode material withexcellent high-rate capability and cycling stability. The composite was prepared with LiFePO4nanoparticles and graphene oxide nanosheets by spray-drying and annealing processes. It was reported that the presence of abundant voids between the LiFePO4 nanoparticles and graphene sheets was beneficial for Li+ diffusion. The composite cathode material was able to deliver a capacity of 70 mAh g-1 at 60C discharge rate and showed a capacity decay rate of <15% when cycled under 10C charging and 20C discharging for 1000 times (Zhou, Wang, Zhu, & Liu, 2011).
4.1.4	Tavorite Cathodes
Another type of cathode materials is tavorite-sructured cathodes such as Li3V2(PO4)3 (LVP) and LiFeSO4F (LFSF). Tavorite-sructured cathode materials are another attractive cathode materials owing to their high cell voltage and reasonable specific capacity. Electrochemically active lithium iron sulfate fluoride (LiFeSO4F) with tavorite structure was first reported in 2010 by These materials are said to hold promise for the future of LIB cathode materials (Nitta, Wu, Lee, & Yushin, 2015; Masquelier & Croguennec, 2013). 
4.2	Graphene LIB Anode
Materials for LIB anode are required to exhibit certain characteristics such as high lithium storage capability and robust structure for repeated charge/discharge cycles (Mao, Lu, & Chen, 2015). Carbon-based materials especially graphite are most widely used as anode in Li-ion (Sobkowiak, 2015). Graphite anodes possess a high electronic conductivity and high practical capacity of approximately 350 mAh/g i.e. maximum one Li atom can be stored per six C atoms (LiC6) based on the intercalation of Li, which give a theoretical maximum capacity of 372mAh/g (Campbell, et al., 2016; Ferrer, Mace, Thomas, & Jeon, 2017). In addition, the crystalline carbon allotrope graphite is almost exclusively utilized due to a much flatter cycling curve profile, and low operation voltage averaging about 0.125 V vs. Li/Li+. Interestingly, using graphene as anode, two Li atoms can be stored per six C (Li2C6) because both sides of graphene are able to store lithium ions, giving a theoretical capacity of 744 mAh/g; and more Li atoms can be intercalated in defective sites and edges of graphene, which could lead to even higher capacity than 744 mAh/g (Ferrer, Mace, Thomas, & Jeon, 2017; Bonaccorso, et al., 2015; Zhu, Yin, Yan, & Zhang, 2014; Sun, Wu, & Shi, 2011). 
On the other hand, many alternative non-carbon based materials have been demonstrated as potential anode materials for LIBs due to their high specific capacities. The alternative non-carbon based anode materials that have attracted considerable attention recently are Li-alloys with different p-block elements, LixM, (M = Si, Sn, Sb, Al, etc.) (Croguennec & Palacin, 2015; Li & Dahn, 2007; Obrovac & Chevrier, 2014; Mao, Lu, & Chen, 2015) as well as conducting polymers such as polypyrrole (ppy) (Xia, Chao, Zhang, Shen, & Fan, 2015). These materials possess theoretical capacities of up to ten times higher than that of the carbon materials, for instance, Sn exhibits 981 mAh/g, SnO2 exhibits 1491 mAh/g, and Si exhibits 4200 mAh/g compared with those of carbon-based materials (372 mAh/g for graphite) (Mao, Lu, & Chen, 2015). However, non-carbon based anodes suffer from significant capacity degradation, volume change (expansions and contractions) during Li+ insertion/extraction cycles, which causes the pulverization of the anodes and electrical detachment of the active materials from the current collector (Sobkowiak, 2015; Mao, Lu, & Chen, 2015). The issues of volume changes during lithiation and delithiation, and extensive internal stresses have limited their utilization as anode materials despite the high theoretical capacity.
Various attempts have been made in using the graphene/non-carbon based electrode nanocomposite with the view to facilitate the transport of electrons and ions, and reduce the stress of the collective electrode during lithiation and delithiation process.  Yet, most of the reported composites either with reduced graphene oxide (rGO) or 2D graphene framework are far from practically serving as anodes due to low Coulombic efficiency in the first cycle and unsatisfactory cycling performance (Mao, Lu, & Chen, 2015). Restacking of rGO or 2D graphene due to the van der Waals forces can significantly reduce the surface area and limit electron and ion transport. 3D graphene eliminates restacking issues and provide a large specific surface area, porous structure, and fast electron transport (Chen, et al., 2011; Han, Wu, Li, Zhang, & Feng, 2014).
Several composites combining 3D graphene with various non-carbon based high-capacity anode materials have been demonstrated to be promising in LIB.  The non-carbon based anode materials include Sn (Qin, et al., 2014), SnO2 (Huang, et al., 2013), Si (Luo, et al., 2012; Zhu, Zhang, Xu, Yan, & Xue, 2014), Fe3O4 (Chang, et al., 2013), Fe2O3 (Cao X. H., et al., 2014; Cao X. , et al., 2014), MnO (Lee, Choi, Lee, & Kang, 2014), MnO2 (Li, Zhang, Zhu, Wei, & Shen, 2014; Zhu, Zhang, Xu, Yan, & Xue, 2014), TiO2 (Jiang, et al., 2014; Shen, Zhang, Li, Yuan, & Cao, 2011), NiO (Choi, Ko, Lee, & Kang, 2014), MoO2 (Choi & Kang, 2014), V2O5 (Choi & Kang, 2014), Co3O4 (Choi, et al., 2012), CoO (Ma, et al., 2014), MoS2 (Xu, Lin, Huang, Liu, & Duan, 2013; Wang, et al., 2014), Ni3S2, (Zhao, et al., 2014)186 Ge (Ma, et al., 2014), S (Wang, et al., 2014), and also conducting polymers (Xia, Chao, Zhang, Shen, & Fan, 2015). 
For instance, Qin et al. (2014) employed 3D graphene/Sn composite as a LIB anode through CVD technique, the composite anode exhibited good capacities of 1022 mAh/g at 0.2 C, 865 mAh/g at 0.5 C, 780 mAh/g at 1 C, 652 mAh/g at 2 C, mAh/g at 5 C, and 270 mAh/g at 10 C, where 1 C is 1 A/g. Long cycling stability was also and maintaining approximately 96.3% after 1000 cycles. The result demonstrated that the anode pecific capacity and good capacity retention surpass many other carbon/Sn composites (Mao, Lu, & Chen, 2015; Li, Dhanabalan, Gu, & Wang, 2012; Xu, et al., 2013). The observed enhanced electrical conductivity was ascribed to the porosity, high electrical conductivity, large surface area, and high mechanical flexibility of the graphene/Sn composite structure.
 Another study carried out by Huang et al. (2013) obtaining 3D graphene/SnO2 composites  through a two-step assembly method indicated a large surface area, several macropores, and a low mass density. The the result showed that the composite provided multidimensional channels for electron transport and electrolyte access, and enabled the rapid diffusion of lithium ions from the electrolyte to theelectrode. A high capacity of 830 mAh/g for up to 70 charge/discharge cycles at 100 mA/g with good cyclingstability was achieved. The composite have been reportedly doped by other workers in  order to either tune the electronic properties of the composite or improve the lithium storage properties (Mao, Lu, & Chen, 2015; Wang, Xu, Sun, Gao, & Yao, 2014). 
5.0	Conclusion and Perspective
The revolution in the landscape of the battery technology through the invention of LIBs and the continued development of the materials via intensive research has been a monumental feat. The success of LIBs have affected our everyday life positively ranging from portable electronics to the large-scale energy-storage devices, such as electric vehicles. The present LIB technology could boast of high energy density, high cycle life, and good efficiency, yet there is a need to push the boundaries of cost, energy density, power density, cycle life, and safety in order to meet the ever increasing demand for the enhanced energy storage devices. To achieve this, this will require inexpensive high capacity electrode materials with good electrical/ionic conductivity as well as cyclic stability, environmental benignity and excellent lithium storage properties. 3D graphene networks has been demonstrated to be a promising candidate due to its unique properties such as excellent mechanical strength, large specific surface area, desirable flexibility, and good electronic conductivity.
Presently, the 3D graphene composite as electrode material is considered as suitable strategy to practically improve LIB performance; the electrochemical performance can be improved due to availability of more active sites, the porosity of the 3D graphene networks can facilitate the ion diffusion, issues of safety and of cyclic stability can be addressed with 3D graphene composite electrode. However, there are still notable concerns related to the high cost and synthesis of 3D graphene composite electrode which have to be addressed to make the LIBs using 3D graphene composite electrode commercially viable. Future work should be directed towards reducing the current high cost of production with focus on mass producing high-quality 3D graphene composite electrode. In addition, effective synthesis design is essential to maximise LIB performance, structure and morphology of the composite which has to be environmentally benign, simple, affordable and scalable.
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