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Abstract

:

Lithium-ion capacitors (LICs) are considered to be one of the most promising energy storage devices which have the potential of integrating high energy of lithium-ion batteries and high power and long cycling life of supercapacitors into one system. However, the current LICs could only provide high power density at the cost of low energy density due to the sluggish Li+ diffusion and/or low electrical conductivity of the anode materials. Moreover, the serious capacity and kinetics imbalances between anode and cathode result in not only inferior rate performance but also unsatisfactory cycling stability. Therefore, designing high-power and structure stable anode materials is of great significance for practical LICs. Under this circumstance, graphene-based materials have been intensively explored as anodes in LICs due to their unique structure and outstanding electrochemical properties and attractive achievements have been made. In this review, the recent progresses of graphene-based anode materials for LICs are systematically summarized. Their synthesis procedure, structure and electrochemical performance are discussed with a special focus on the role of graphene. Finally, the outlook and remaining challenges are presented with some constructive guidelines for future research.
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1. Introduction


Currently, lithium-ion batteries (LIBs) and supercapacitors (SCs) are regarded as two of the most important commercial electrochemical energy storage systems to power the consumer electronics and electric vehicles [1,2,3]. LIBs and SCs are also indispensable in the utilization of clean and renewable energy sources such as solar, wind and tide powers due to their intermittent production and uneven geographical distribution [4,5]. Owing to their inherently different energy storage mechanisms, LIBs and SCs exhibit greatly different electrochemical properties. For instance, LIBs have the features of high energy density, high working voltage and low self-discharge based on the Faradaic reactions, in which the Li+ reversibly intercalate/de-intercalate between the cathode and anode with electrons transferred in the external circuit [6]. However, LIBs suffer from poor power density (<1 kW kg−1) and limited cycling life (<5000 cycles) because of the sluggish Li+ diffusion in the bulk electrode and structural deterioration after repeatedly charge/discharge process [7,8]. SCs, on the other hand, have the advantages of high power density, long cycling life, wide operation temperature and free of maintenance ascribed to the non-Faradaic electrostatic double-layer charge/discharge mechanism [9]. Unfortunately, SCs store energy via physical ions adsorption at the electrode/electrolyte interface, resulting in extremely low energy density (<10 Wh kg−1). Hence, developing a hybrid energy storage device which can bridge the performance gap between the LIBs and SCs is of great significance [10,11].



Among the emerging various alternatives, lithium-ion capacitors (LICs), also known as lithium-ion hybrid supercapacitors, are considered to be one of the most promising energy storage systems because they possess comparable energy density to that of LIBs while keeping the high power output and long cycling life of SCs [12]. Typical LICs are composed of a battery-type electrode from LIB as the anode to provide high energy density and a capacitor-type electrode from SC as the cathode to ensure high power density and long-term durability [13]. As a hybrid device, LICs demonstrate a different energy storage mechanism, for which the lithium-ions intercalate into/de-intercalate from the battery-type anode through Faradaic reaction with anions adsorption onto/desorption from the capacitor-type cathode via a non-Faradaic process [14]. Furthermore, organic solvents containing lithium salts are generally used as electrolytes to guarantee a high working voltage because both the energy and power densities are proportional to the square of voltage. Consequently, the unique device configuration and hybrid energy storage mechanism enable LICs with the potential of overcoming the inherent drawbacks of LIBs and SCs.



Since the first protype of LICs was proposed by Amatucci and co-workers using activated carbon (AC) as the cathode and Li4Ti5O12 (LTO) as the anode, tremendous progresses have been achieved in electrode materials, electrolytes and pre-lithium technology during the past two decades [15,16,17]. It should be noted that the overall electrochemical performances of LICs are crucially influenced by the specific capacity, rate capability, cycling stability and operation voltage of both the cathode and anode. For example, the capacitor-type electrodes are expected to provide high power output and long lifespan. Therefore, carbon-based materials with high electrical conductivity, large specific surface area (SSA) and rich porosity are commonly adopted as the cathodes, including commercial activated carbons (ACs) [18], nanostructured carbons [19,20] biomass/polymer-derived porous carbons etc. [21,22,23]. As for the battery-type electrodes which provide high energy density for LICs, various anode materials used in LIBs could be applied. These materials can be roughly divided into three categories according to the lithium storage mechanisms: intercalation-type (carbon/Ti/Nb-based materials, etc.) [24,25,26,27], conversion-type (Fe/Mn/Co-based compounds, etc.) [28,29,30] and alloying-type (Sn/Si-based materials, etc.) [31,32] materials. More importantly, the good match in capacity and kinetics between cathode and anode also has a significant effect on the electrochemical performances of LICs. Hence, it is highly demanded to explore advanced electrode materials, especially anode materials with high rate and stable structure.



However, the electrochemical properties of the state-of-art electrode materials are still far from reaching the commercial requirements for LICs [33,34]. Taking the capacitor-type cathode as an example, the low capacity of conventional ACs is the primary cause of the limited energy density for LICs [14]. This could be mainly ascribed to the physical adsorption/desorption energy storage mechanism as well as the non-fully accessible surface area of the small and deep pores. Developing nanostructured carbon with high SSA, interconnected pores and rational pore size distribution might offer a promising solution [35]. Even so, it has become an insurmountable bottleneck to further enhance the capacity of capacitor-type electrode. Hence, it is of much practical significance to develop high-power and durable anode materials to match the cathodes. Nevertheless, the anode materials face more challenges despite many choices. First of all, the anode materials suffer from serious sluggish Li+ diffusion rate, which is the main reason for the unsatisfactory power performance [13]. For non-carbon materials, the power density might be further restrained by their low electrical conductivity. Secondly, the conversion-type and alloying-type materials have a high capacity, which, however, could hardly lead to high energy density as expected. The supposed high energy density could only be realized at the cost of low power density and drops sharply when increasing the current density [19]. Especially, the insertion-type materials usually have relatively lower capacity and/or high lithium-ion insertion/de-insertion voltage, thus further compromising the overall energy density [36]. Thirdly, the structure degradation and huge volume fluctuation of conversion/alloying-type materials during the charge/discharge process results in poor cycling life and inferior power output [6]. Overall, the still unsatisfied electrochemical properties of the current anodes and their severe capacity and kinetics imbalance with the cathodes demand advanced battery-type materials. Therefore, to obtain anode with high power and long-term durability, it is very reasonable to design and fabricate novel nanostructured materials with fast electron transport, short lithium-ion diffusion distance and stable structure.



Graphene, a two-dimensional (2D) nanostructured carbon material, possesses many excellent properties such as high electrical conductivity, large SSA, tunable inter-layer distance, outstanding mechanical flexibility, excellent chemical stability and rich surface chemistry [37,38]. Benefiting from these excellent properties, graphene and its composites have already been successfully utilized in various energy storage devices, including LICs [8,19,39,40]. As a novel nanomaterial with so many intriguing merits, graphene provides a promising solution to the existing drawbacks of the current anode materials for LICs. As displayed in Figure 1, graphene plays a crucial role in all the battery-type electrodes of LICs. Firstly, graphene could be directly used as the high-capacity and high-rate anode because of its high theoretical capacity, excellent electron transport and adjusting layer space for fast Li+ diffusion [41,42]. Secondly, graphene could increase the overall electrical conductivity and enhance the reversible capacity when forming composites with non-carbon materials [43]. Lastly, the unique 2D structure with outstanding flexibility and mechanical stability makes graphene an ideal substrate to buffer the huge volume change and prevent particle growth of conversion/alloying-type materials [44]. Obviously, graphene could significantly improve the performance of battery-type electrodes for LICs by serving either as extraordinary active materials or as flexible and conductive 2D support. With the increasing interest in this booming field and still big challenges existing in the commercialization of LICs, a systematic overview of graphene-based anodes is urgently needed for both academic and industrial communities. Hence, in this review, we comprehensively summarize the recent achievements of graphene-based anode materials in LICs. The discussions cover the fabrication process, morphology, structure, electrochemical performance of the electrode materials and also pays a special focus on the important effect of graphene. In the end, an outlook is presented to highlight the future challenges and possible research directions. We hope this review will offer some useful guidelines to develop advanced graphene-based anode materials for high-performance LICs.




2. Graphene-Based Carbonaceous Anode Materials


Carbon-based materials have been widely applied in commercial energy storage devices (such as graphite in LIBs and AC in SCs) because of their inherently high electrical conductivity, low cost, mature production process and abundant resources. In the early stage of LICs, graphite has been used as the anode [45]. However, its practical application has been inhibited by the inferior power performance, which could be ascribed to the small inter-layer distance of graphite, high crystallinity and anisotropy [46]. Hard carbons have also been adopted thanks to their improved rate capability compared with graphite [47]. The acceptable rate performance can be ascribed to the enlarged layer distance and the isotropic structure [48]. However, the limited capacity, large irreversible capacity and hysteresis in the voltage profile have seriously restricted their further applications [49]. Under this circumstance, graphene-based carbonaceous materials are emerging as attractive anodes for LICs.



2.1. Graphene as Anode Material


According to the theoretical calculation, graphene has a specific capacity of 744 mAh g−1 based on Li2C6 since both sides can host lithium-ions, which is twice and over 4 times higher than that of graphite (372 mAh g−1 based on LiC6) and LTO (175 mAh g−1), respectively [42,50]. Moreover, the in-plane defects and exposed sheet edges of graphene can offer more active sites for Li ions, which leads to a higher capacity than the theoretical value [51]. Previous reports have confirmed that pristine graphene and heteroatom doped graphene showed large reversible capacity and excellent rate performance in LIBs [50,52], making graphene an even more attractive alternative as battery-type anode for LICs. For example, Ren et al. proposed pre-lithiated graphene nanosheets (GNSs) as a battery-type electrode in LICs by pairing with AC [46]. The pre-lithiated graphene presented a reversible capacity of 760 mAh g−1, over 2 times higher than that of graphite. LICs based on this anode delivered a capacitance of 168.5 F g−1 under the working voltage of 2.0–4.0 V with a maximum energy and power densities of 61.7 Wh kg–1 and 222.2 W kg−1, respectively. Although pre-lithiated GNSs-based LICs showed superior performances over pre-lithiated graphite-based ones, their rate results are still unsatisfactory. To further improve the power performance, developing graphene with enlarged interlayer distance, porous structure or heteroatom doping is commonly adopted.



Designing graphene with large inter-layer space is an effective method to facilitate Li+ storage and diffusion, which thus improves the energy and power performances. For instance, the work by Zhang et al. reported a flash-reduced graphene oxide (FRGO) as the anode for LICs [14]. Free-standing GO film was firstly prepared by vacuum filtration and then reduced with a digital camera photoflash to obtain FRGO. After photothermal reduction, the grey and smooth surface of GO film became black and rough due to the remove of oxygen-containing groups (Figure 2a). As shown in Figure 2b of the side view image of a partially reduced GO film, the thickness of the reduced part (left side) is clearly increased compared with the unreduced part (right side). The pressure between the GO sheets which was generated by the rapid degassing accounts for the phenomenon. This could be further verified by the cross-sectional SEM image in Figure 2c which demonstrates FRGO has a quite expanded structure with large voids and pathways between the highly curved graphene sheets. The loose structure with open pores is considered to raise the lithium-ions diffusion between the graphene sheets and thus achieve a fast charge/discharge rate. As expected, FRGO anode exhibited outstanding electrochemical results, including a high capacity of over 660 mAh g–1 at 0.4 C, an excellent rate capability of 220 mAh g−1 at 10 C and about 85% retention after 5000 cycles (Figure 2d,e). The superior results are attributed to the good conductivity, large SSA and open-pore structure of FRGO as well as the unique lithium storage mechanism of graphene (both sides of graphene sheet could store lithium-ions). As a result, LICs fabricated with FRGO anode and porous three-dimensional (3D) graphene-based cathode display high energy densities of 148.3–71.5 Wh kg−1 with the power densities ranging from 141 to 7800 W kg−1. Later, Ahn et al. fabricated a highly oriented rGO sponge (HOG) by thermal annealing the freeze-dried GO foam [53]. The HOG has a well-oriented and 3D porous structure formed through edge-by-edge connecting of graphene sheets, which is beneficial to Li+ storage and diffusion and in turn improve the energy and power densities of the obtained LICs. Therefore, the full-cell devices constructing with AC cathode and HOG-Li anode displayed a remarkably high energy density of 231.7 and 131.9 Wh kg–1 at 0.057 and 2.8 kW kg−1, respectively. From the above description, elaborate engineering of inter-layer space or microstructure could largely increase the capacity and rate of graphene-based anode because of their large SSA, continuous 3D electron transport network and interconnected pores for rapid ion diffusion. Moreover, the technique can be easily extended to other metal-ion batteries or capacitors (such as Na-/K-/Zn-based energy storage devices).



Materials with high SSA and rich porosity are expected to achieve outstanding capacity and rate performances through increasing lithium-ion storage sites and enhancing electrolyte permeation and diffusion. Thus, 3D porous graphene is generally prepared with template. The work by Sha et al. designed a 3D bi-functional modular graphene network (3D bmG) synthesized by using Ni metal powder assisted NaCl template method for all-carbon LICs [54]. Specially, the 3D graphene catalyzed by Ni powder with high crystallization degree (bmG-n) is supposed to improve conductivity, reduce irreversible capacity and provide high platform capacity and the 3D graphene grown on NaCl crystals with low crystallization degree (bmG-s) is helpful to provide high capacity and rate performance because of more defects and active sites. With the optimal conditions, the obtained free-standing 3D bmG-40 has a 3D interconnected porous structure and is composed of two kinds of modules with two different functions (Figure 3a,b). As clearly displayed in Figure 3c, 3D bmG-40 possesses the highest SSA, largest pore volume and acceptable conductivity. As the anode, 3D bmG-40 showed a reversible capacity of around 700 mAh g−1 with a platform below 0.2 V, illustrating the advantages of bi-functional modular materials. Further, 3D bmG-40 also had the best overall performances in terms of the rate capability and cycling stability (Figure 3d,e). In accordance with the expectation, the full LIC with 3D bmG-40 as both the anode and cathode presented a large working voltage of up to 4.5 V, an extremely high energy density of 278 Wh kg−1 (at 405 W kg−1) and a high-power density of 16.2 kW kg−1 (at 52.2 Wh kg−1) as well as long cycling life with capacity retention of 88.57% after 3000 cycles (Figure 3f,g).



Nanostructured MgO is another commonly used hard template to prepare porous materials because of its structural, compositional and thermal stability. In addition, heteroatom doping is a valid strategy to improve the capacity and rate performance of carbon materials due to more active sites for ion adsorption/rapid pseudocapacitive reaction, good wettability, enlarged inter-layer spacing and increased electrical conductivity [55,56]. Ma’s group designed a porous graphene material by self-propagating high-temperature magnesiothermic reaction of CO2 and Mg with MgO as the hard template (SHSG) [57]. The as-obtained product exhibits high electrical conductivity, large SSA, abundant mesopores and high C/O atomic ratio, which improved the capacity and rate capability compared with conventional graphite. As an anode, a specific capacity of 865 mAh g−1 at 0.4 C was achieved for SHSG, which still retains 333 mAh g−1 at 10 C [58]. By pairing it with a high-capacity N-doped hierarchical carbon nanolayers-based cathode, the obtained LICs deliver a high energy density of 146 Wh kg−1, an ultrahigh power density of 52 kW kg−1 and an extremely long cycling life of 40,000 cycles with capacity retention of 91%. Later, they reported a nitrogen-enriched graphene framework (NGF) prepared with a similar method except for introducing melamine as the precursor and N dopant (Figure 4a) [59]. The morphology and crystallinity of NGF are largely influenced by the added melamine and could be regulated by its amount. For example, the optimal NGF-2 is composed of a continuously cross-linked and porous graphene framework with well-defined edges, plenty of open pores between adjacent sheets and abundant on-plane ripples and crumples (Figure 4b,c). Thanks to the novel structure and N doping, NGF-2 displayed a reversible capacity of 1350 and 776 mAh g−1 at 0.2 and 3 A g−1, respectively, which are better than the controlled samples (Figure 4d). Moreover, NGF-2 maintained a capacity of 825 mAh g−1 at 2 A g−1 after 300 cycles with an outstanding retention of 97.4% (Figure 4e). Based on the kinetic analysis, NGF-2 had a fast surface-governed kinetics with capacitive capacity contributing to the main Li+ storage, especially at high scan rates (Figure 4f). The excellent electrochemical properties of NGF-2 could be largely attributed to the decreased contact inter-layer resistance due to the cross-linked framework, sufficient electrode/electrolyte interface and rapid charge-transfer reaction due to rich porosity, increased active sites for ions adsorption and improved electrolyte wettability and diffusion because of N doping (Figure 4g). Consequently, the LICs based on NGF-2 anode and NGF cathode delivered a high energy density of 151 Wh kg−1, an ultrahigh power density of 49 kW kg−1 (at 86 Wh kg−1) and a good cycling retention of 87% after 10,000 cycles. From the above description, it could be easily concluded that the high conductivity, abundant active sites and rapid ion diffusion rate of the doped porous graphene anode accounts for the enhanced performance.



Through rationally designing the inter-layer distance, porosity and chemical composition, graphene can be an excellent anode candidate by directly used as active material. However, it is still a big challenge to prepare graphene at a commercially acceptable cost. Moreover, the high capacity and high rate is commonly obtained with porous graphene, which usually results in large irreversible capacity, low Coulomb efficiency as well as inferior volumetric energy density. Thus, so far, one promising solution is to fabricate graphene-based composites.




2.2. Graphene-Modified Carbonaceous Composites as Anode Materials


The practical utilization of graphene is impeded by the high cost, sophisticated preparation process and severe aggregation. Hence, introducing other carbonaceous materials into graphene to form composites could not only reduce the overall cost and inhibit the restacking but also keep the inherent properties of graphene [60]. Yang et al. prepared polydopamine-graphene composite (PDA-GN) by depositing redox active polymer onto the surface of reduced GO and used it as anode in LICs [61]. The PDA-GN had a wrinkled morphology and abundant interconnected macropores with no obvious aggregation (Figure 5a). The TEM images clearly showed that PDA-GN has a 2D sandwich structure and PDA was evenly coated on the graphene nanosheets (Figure 5b,c). As displayed in Figure 5d, PDA-GN presents a reversible capacity of 1150 and 371 mAh g−1 at 0.05 and 5 A g−1, respectively. The 2D morphology, numerous active sites and porous structure of the composite coupled with high electrical conductivity of graphene are beneficial to the remarkable electrochemical performance. Consequently, dual-graphene LICs fabricated with PDA-GN anode and porous graphene cathode achieved a high energy density of 135.6 Wh kg−1 and a high-power density of 21.0 kW kg−1 (Figure 5e). More importantly, the devices could deliver an energy density of 76.4 Wh kg−1 at a low temperature of −20 °C. Recently, Sui et al. reported a graphene-modified carbon (GC) which was facilely prepared by annealing graphene/phenol formaldehyde resin (PF) composite [62]. During the hydrothermal reaction, PF was induced to form on the surface of graphene oxide. Thus, the as-prepared sample presented a thin layered structure with some micropores and defects after thermal treatment. Benefiting from unique nanostructure, the obtained PF-derived carbon demonstrated a high reversible capacity of over 530 and 210 mAh g−1 at 0.1 A g−1 and 5.0 A g−1, respectively. With GC as the anode and graphene-enhanced porous carbon as the cathode, the all-graphene LICs were assembled and exhibit a maximum energy and power densities of 142.9 Wh kg−1 and 12.1 kW kg−1. Besides, other graphene modified carbon materials as anodes have been reported, including graphene oxide (rGO) coated melamine foam or GO/poly(aniline) aerogel derived doped carbons [63,64], biomass waste derived hard carbon/graphene composites [65,66], and graphene/soft carbon [67].



With large aspect ratio and high conductivity, carbon nanotube (CNT) could serve as an outstanding spacer to inhibit graphene restacking [68]. For example, Sun et al. reported a LIC device using single walled carbon nanotube and graphene (SG) composite as both the cathode and anode [69]. Thanks to the introduction of CNT, the restacking of graphene nanosheets was effectively suppressed and the obtained 3D composite showed high electrical conductivity and large SSA with more intra-pores compared with pristine chemically reduced graphene. As an anode, pre-lithiated SG delivered a reversible capacity of 562 mAh g–1 at 50 mA g–1. The outstanding performance could be attributed to larger inter-layer space, more structural defects and enhanced accessibility for Li+ of the 3D SG composite. Similarly, Adelowo et al. demonstrated an all-graphene-based LIC with reduced graphene oxide-carbon nanotubes (rGO-CNT) electrodes [70]. rGO-CNT showed a reversible capacity of 990 mAh g−1 at 0.1 A g−1, which still keeps 598 mAh g−1 at a high current density of 2 A g−1. These values are significantly higher than those for both rGO and CNT, indicating an improved electron/ionic conductivity for the rGO-CNT electrode. The LICs displayed high energy and power densities of 114.5 Wh kg−1 and 2.57 kW kg−1, respectively. Based on the above discussion, an obvious conclusion could be drawn that high-capacity and high-rate 3D graphene-based anode could be achieved by forming composites with other carbon materials while the issues of high cost and agglomeration of graphene could be overcome.



In conclusion, graphene can be directly used as active material or as a nanostructured additive to modify other carbonaceous materials in LICs. For easy comparison, the electrochemical performances of the graphene-based anode materials and their full cells are summarized in Table 1. As we can see from these results, LICs with graphene-based carbonaceous anodes exhibit outstanding electrochemical properties because high conductivity, tunable interlayer space and controllable microstructure and composition lead to high capacity and excellent rate.





3. Graphene-Based Hybrid Anode Materials


Besides the carbonaceous anodes, other battery-type materials with intercalation/conversion/alloying-based mechanisms are also drawing tremendous attention in LICs. However, these materials suffer from low electrical conductivity and/or huge volume variation during the charge/discharge process, which usually results in limited power density and poor cycling performance. Fortunately, graphene can be used as an outstanding substrate or building unite to load the intercalation/conversion/alloying-type compounds and form hybrid anode materials, which could form a highly conductive network, suppress the large volume change and mitigate the restacking problem of graphene sheets. Therefore, it is of great significance to investigate the electrochemical properties of these graphene-based hybrid materials in LICs and the role of graphene in them.



3.1. Graphene/Intercalation-Type Anode Materials


Compared with carbonaceous anodes, intercalation-type materials such as Ti/Nb-based compounds have the features of relatively higher Li+ diffusion rate and smaller volume change. These excellent properties render them intriguing anode candidates with high power and long-term durability. However, these materials usually suffer from low electrical conductivity and slow bulk ion transport, seriously limiting their power density. Moreover, their relatively low specific capacity and high working potential lead to unsatisfactory energy density. As a result, several strategies are commonly adopted to tackle these shortcomings, including fabricating composites with highly conductive material (such as graphene), rationally regulating the porosity, and carefully designing the micro/nanostructure.



3.1.1. Graphene/Ti-Based Materials


Among the Ti-based materials, LTO is one of the most promising anodes due to the following advantages: (1) excellent safety and high coulombic efficiency (close to 100%) without forming lithium dendrite and solid-electrolyte interface (SEI) because of the high operating potential of 1.5 V vs. Li/Li+; (2) long cycling performance because of near zero-strain during the charge/discharge process and (3) stable spinel structure with 3D Li+ diffusion channels [72]. Since the pioneering work by Amatucci and co-workers, LTO has been widely adopted as anode for LICs [15,26,36,73]. However, the still inferior rate performances derived from low Li+ diffusion coefficient (<10−6 cm−2 s−1) and poor electrical conductivity (2.65 × 10−7 S cm−1) inhibit their application in fields requiring high power output [74]. To overcome this obstacle, incorporating nanosized LTO into graphene-based conductive materials is a highly feasible method and high-performance LTO/graphene composites can be achieved by adjusting the synthesis parameters and the amount of graphene [75,76].



For example, Leng et al. reported an advanced all-graphene-based LIC using graphene-inserted LTO composite (G-LTO) as the anode and graphene/sucrose derived 3D porous material as the cathode [43]. As shown in Figure 6a, G-LTO was facilely prepared through a solvothermal reaction of ball-milled LTO cluster and GO sheets followed by heat treatment. Obviously, nanosized LTO particles are well dispersed among the crumpled graphene network and evenly covered by the graphene sheets (Figure 6b,c). Benefiting from the graphene modification and the synergistic effect between LTO and graphene, the optimized G-LTO with only 3.6 wt% of graphene delivered a capacity of 207 mAh g−1 and 176 mAh g−1 at 0.3 C and 1 C, respectively (Figure 6d). More importantly, G-LTO also exhibited excellent rate capability compared with pure LTO (Figure 6e). The outstanding electrochemical performance of graphene/LTO nanocomposite anode could be attributed to: (1) the enhanced electrical conductivity because of the 3D conductive graphene network; (2) fast ion pathways due to graphene sheets hindering LTO agglomeration; and (3) the extra capacity contribution from the graphene spacer. The full cell delivered a high energy density of 95 Wh kg−1 at 0.4C and still retained 32 Wh kg−1 at an ultrahigh rate of up to 100 C. Later, a work by Wang et al. fabricated a composite composed of nanosized LTO and graphene nanosheets using a novel atomic layer deposition (ALD) seeded process in combination with hydrothermal lithiation and thermal treatment (Figure 6f) [77]. As presented in the SEM and TEM images of Figure 6g,h for the optimized sample, LTO nanoparticles with an average size of 21.0 nm were homogenously anchored on the surface of wrinkled graphene without obvious aggregation. Owing to the efficiently conductive network of graphene and the strictly restrained LTO particle size by the ALD seeded route, a facile electron transport network and a short lithium-ion diffusion path were achieved. The integrated effects of nanosized LTO and graphene endowed the as-obtained composite with a high reversible capacity of 212.9 mAh g−1 at 0.5 C, which still kept 120.8 mAh g−1 at an extremely high rate of 100 C (Figure 6i). As might have been expected, the LICs based on the LTO/graphene anode and commercial AC cathode achieved a maximum energy and power densities of 52 Wh kg−1 and 57.6 kW kg−1, respectively. Furthermore, a stable cycling was achieved with a capacity retention of 97% after 2000 cycles at a high current density of 25 A g−1.



Porous graphene is also adopted to further enhance the power output of LTO by improving the Li+ diffusion rate. For example, Jeong et al. applied holey graphene (HG) with nanosized pores as building blocks to prepare spherical HG-based electrode materials [78]. Specially, a spherical holey graphene supported LTO (LTO/HG) anode was designed for LICs by spray-drying flat HG and Ti/Li precursors followed by thermal annealing. As shown in Figure 7a, the spherical LTO/HG composite with a size of 2–3 μm was compactly assembled and the LTO particles were well wrapped by HG, predicting that the conductivity could be largely improved. As further revealed by N2 adsorption/desorption isotherms (Figure 7b), smaller mesopores (4–8 nm) were also observed for the spherical LTO/HG sample owing to the in-plane holes of HG. The superiority of the novel structure for the spherical LTO/HG could be verified by the rate capability. As displayed in Figure 7c, the spherical LTO/HG and LTO/rGO have a comparable capacity at low current density (~170 mAh g−1 at 0.1 A g−1). However, the capacity of spherical LTO/rGO drops sharply with increasing the rate and only 3.3% remained at 30 A g−1 while spherical LTO/HG composite showed capacity retention of 68.6% and 49.0% at 30 A g−1 and 50 A g−1, respectively. As expected, LIC assembled with spherical LTO/HG as the anode and HG as the cathode delivered a maximum energy density of 117.3 Wh kg−1 (at 0.1 kW kg−1) and a maximum power density of 19.7 kW kg−1 (at 43.1 Wh kg−1) (Figure 7d). The attractive energy and power densities largely result from the numerous holes of HG which greatly increase the rate capability of the battery-type anode and the specific capacity of the capacitor-type cathode (Figure 7e).



As the above discussion, LTO has an inferior capacity (typically lower than 170 mAh g−1), which thus restrains the energy density of the obtained full cell. Accordingly, TiO2 has also been investigated as an insertion-type anode for LIBs and LICs due to its large capacity (335 mAh g−1), long-term cycling stability (small volume variation of 4%) and low cost [79,80]. However, like LTO, TiO2 also faces challenges of low electrical conductivity and slow ion diffusion coefficient [81,82]. To overcome these disadvantages, Wang et al. designed a 3D anatase TiO2-Graphene composite with large SSA via freeze drying [83]. The graphene wrapped TiO2 primary nanoparticles (less than 10 nm) formed spherical secondary particles which further agglomerated into micrometer-sized platelet-like particles. Benefiting from the hierarchical structure and the introduction of graphene, the as-prepared TiO2-graphene delivered a high capacity of 312 mAh g−1 at 0.1 C and remained 158 mAh g−1 at 10 C. Furthermore, LICs pairing it with AC showed an outstanding rate performance and stable cycling stability with capacitance retention of 95% after 5000 cycles. It is believed that the well-designed 3D architecture of TiO2-Graphene with ultra-small primary particle size, a homogeneous graphene coating and an adequate contact area with the liquid electrolyte account for the superior electrochemical results.



Other methods are applied to further improve the capacity and rate of graphene-modified TiO2, such as forming composite with other metal or introducing defects. For instance, Auxilia et al. fabricated a hierarchical ternary composite comprised of Au@TiO2 core-shell nanoparticles anchored onto rGO nanosheets (Au@TiO2/RGO) through a one-pot hydrothermal method [84]. The composite yielded a large reversible capacity of 905 mAh g−1 at 0.1 A g−1, which was provided by the porous nanostructured RGO and TiO2 and also through alloying/de-alloying between Au and Li. The Au@TiO2/RGO displayed excellent rate performance due to the high conductivity of RGO and Au as well as the high ion transfer coefficient. As expected, the full cell by pairing the Au@TiO2/RGO anode with AC cathode achieved an energy density of 110 Wh kg−1 and a power density of 11 kW kg−1. Besides, defect engineering is another useful strategy to increase the conductivity of TiO2. The work by Zhu et al. demonstrated a 3D interconnected black-TiO2−x/graphene (B-TiO2−x/G) aerogel with rich oxygen vacancy [85]. The oxygen-deficient porous B-TiO2−x nanosheets exhibited significantly enhanced electrical conductivity and Li+ diffusion kinetics and graphene can reduce the energy barrier of Li diffusion. The obtained B-TiO2−x/G aerogel showed a remarkable reversible capacity (732.7 mAh g−1 at 0.1 A g−1), high-rate capability (193.9 mAh g−1 at 10 A g−1) and long-term durability, rendering it an excellent anode material for LICs. By coupling it with biomass-derived microporous carbon cathode, the as-fabricated LICs exhibited a wide operating voltage (1.0–4.0 V), high energy density (166.4 Wh kg−1), high power output (7.9 kW kg−1) as well as long cycling life (~87% capacity retention after 3000 cycles), verifying the synergistic effects of oxygen deficiency and conductive graphene matrix.




3.1.2. Graphene/Nb-Based Materials


Nb-based materials, typical intercalation-type compounds with high specific capacity, exceptional rate capability and cycling stability, are emerging as excellent anodes for LICs. Recent reports demonstrated that transition metal-based compounds with novel nanostructure displayed intercalation pseudocapacitive characteristics, making them promising anode materials to bridge the kinetics gap with the capacitor-type cathodes [86,87,88]. Among these materials, orthorhombic Nb2O5 has even more attractive rate and cycling performances due to the features of unique pseudocapacitive intercalation mechanism and rapid Li+ transport throughout a-b plane without any phase transformation [89]. The pioneering works of Dunn et al. verified that Nb2O5 could provide 2D Li+ transport pathways with almost no kinetics limitations from solid-state diffusion and the Li+ intercalation behavior is highly capacitive and reversible [90,91] and other work showed that the intercalation induced pseudocapacitance and rate ability of T-Nb2O5 strongly depend on the SSA and particle size [92].



To increase the electrical conductivity and further enhance the Li+ diffusion rate of Nb2O5, carbon coating, nanostructure engineering and porosity designing are commonly adopted. For instance, Wang et al. presented a binder-free Nb2O5@graphene composite via depositing Nb2O5 nanoparticles on the GO sheet and then thermal annealing [93]. Compared with the bare Nb2O5, the as-synthesized Nb2O5@graphene showed a comparable capacity at 0.1 A g−1 but it achieved much higher capacity retention (91.2% vs. 74.4% for bare Nb2O5) at 2 A g−1, illustrating the role of graphene. Jiao et al. fabricated Nb2O5@C/reduced graphene oxide (M-Nb2O5@C/rGO) composites through annealing GO supported Nb-based metal organic frameworks (MOFs) [94]. After pyrolysis, the Nb-based MOFs transformed into M-Nb2O5@C nanoparticles with a size of 10 nm and homogeneously dispersed on the surface of graphene, forming a composite with interconnected porous structure. Benefiting from these characteristics, M-Nb2O5@C/rGO showed an acceptable reversible capacity of 192 mAh g−1 at 0.05 A g−1 and remained 97 mAh g−1 at 5 A g−1. By assembled with the AC cathode, the full LICs cell delivered competitive energy and power densities of 71.5 Wh kg−1 and 3.9 kW kg−1, respectively. More appealingly, an excellent cycling stability of 94% retention after 2500 cycles was achieved. In these composites, the outstanding electrochemical performances of LICs are mainly attributed to the combination of merits of high conductive graphene and the nanostructured active materials with rapid surface pseudocapacitive, which is regarded to match the kinetics of the cathode.



Recently, Ti/Nb-mixed-metal oxides, especially TiNb2O7 (TNO), are considered to be a promising high-capacity and high-rate anode for LICs. Similar to Ti- and Nb-based compounds, the high Li+ storage potential of TNO endows it with high Coulombic efficiency and excellent safety by avoiding the formation of SEI and lithium dendrite [95]. The superior theoretical capacity of TNO (388 mAh g−1) arises from the multiple Ti- and Nb-related redox couples [96]. More importantly, TNO exhibits a more open crystal structure as Ti4+ and Nb5+ ions randomly occupy the octahedral sites, leading to a high Li+ diffusion coefficient [97]. For example, a holey graphene supported TNO (TNO/HG) composite was prepared by Jiao et al. through in situ anchoring nanostructured TNO onto the HG [98]. As displayed in Figure 8a, the TNO/HG had a reversible capacity of 286.2 mAh g−1 at 0.05 A g−1 and, impressively, a capacity retention of 73.5% was retained at 5 A g−1. Moreover, the electrochemical reactions in the TNO/HG electrode presented a typical surface-controlled capacitive behavior. The capacity contribution of surface capacitive process gradually improved as the scan rate increased with a value of 86.7% at 1 mV s −1 (Figure 8b). The surface-controlled Faradaic reaction is quite helpful for fast charge storage and in turn for high power output and stable long-term cycling. In accordance with the expectation, the prepared TNO/HG//AC LICs exhibited a long and stable life with the capacitance retention of 90.2% after 3000 cycles (Figure 8c). The full cell achieved a high energy density of 86.3 Wh kg−1 at a power density of 237.7 W kg−1 and still kept 28.7 Wh kg−1 at 3.88 kW kg−1 (Figure 8d). Besides, other reports showed that the electrochemical performance of HG/TNO composites could be further improved by preparing TNO with rich porosity or regulating the composition of electrolytes [99,100].



Overall, Ti/Nb-based anode materials with an intercalation-type energy storage mechanism have the advantages of high working potential, stable structure and relatively better kinetics, especially when using graphene to improve the conductivity. LICs using them as anodes show outstanding electrochemical performances, as displayed in Table 2. On the other hand, unfortunately, the high Li+ insertion/de-insertion potential coupled with low capacity of these materials also results in low energy density for the full-cell devices. Doping with heteroatoms is one possible strategy to regulate the potential and increase the capacity, which thus should be given more attention.





3.2. Graphene/Conversion-Type Anode Materials


The above-described intercalation-type anode materials show high rate and stable cycling due to their structural stability and relatively rapid ion diffusion. However, their low capacity results in unsatisfactory energy density. By contrast, conversion-type materials, which are mainly transition metal oxide/sulfide/nitride, have high deliverable capacity since conversion reactions are associated with the store and release of multiple numbers of electrons and Li+, rendering them promising anode candidates for high-energy LICs. Unfortunately, they usually suffer from low electrical conductivity, sluggish ion diffusion and huge volume variation during the charge/discharge process, leading to poor cycling stability, fast capacity fading and large voltage hysteresis [103]. One feasible approach is to form composites with conductive materials (like graphene) to solve the insulating drawback and to buffer the uncontrollable volume change. Moreover, developing nanostructured materials through elaborate engineering is an effective strategy to enhance the ion diffusion rate and suppress the volume change. Therefore, incorporating nanosized conversion-type metal compounds with graphene is a promising method to achieve high-rate and high-capacity anode materials for LICs.



3.2.1. Graphene/Metal Oxides


Metal oxides are regarded as outstanding battery-type anodes due to their low working potential (<1 V vs. Li/Li+) and large theoretical specific capacity (>500 mAh g−1) based on the conversion reaction. Especially, Fe3O4 has received tremendous attention in LICs due to its high capacity, low cost, nontoxicity, environmental friendliness and abundant resources. For example, Zhang et al. [104] designed a dual graphene-based LIC with Fe3O4/graphene (Fe3O4/G) nanocomposite as the anode and graphene-based 3D porous carbon material (3DGraphene) as the cathode. As presented in Figure 9a, the Fe3O4/G composite was prepared by a simple in-situ solvothermal reaction of GO and Fe precursors in combination with thermal annealing while 3DGraphene was obtained from GO and sucrose using the hydrothermal reaction followed by activation. Thanks to the introduction of graphene which is supposed to prevent the agglomeration of Fe3O4 nanoparticles and to increase the electron and ion transport of the composite, the as-prepared Fe3O4/G exhibited a reversible capacity of 1089 mAh g−1 at 0.09A g−1 and a capacity of 708 mAh g−1 was retained at 2.7 A g−1, much higher than those of pristine Fe3O4 and graphene (Figure 9b,c). The Fe3O4/G//3DG full cell delivered ultrahigh energy densities of 204–65 Wh kg−1 over the power densities of 55–4600 W kg−1, which are much better than the symmetric supercapacitor (Figure 9d). The composite of Fe3O4 nanocrystallites mechanically anchored among the layers of 3D graphene (Fe3O4-G) was prepared by Zhang et al. via low-temperature thermal annealing method [30]. By integrating with AC, the Fe3O4-G-based LICs showed a high energy density of 120 Wh kg−1, an outstanding power density of 45.4 kW kg−1 and an excellent capacity retention of 81.4% after 10,000 cycles. Besides, one-step solvothermal method [105] and microwave-assisted solvothermal process [106] were also adopted to prepare graphene modified Fe3O4 composites and high performances were achieved.



Graphene incorporated Mn3O4 and MnO composites have also been applied as anode materials for LICs because of their high capacity, low redox potential and abundant availability [107,108]. For example, Ulaganathan et al. fabricated a Mn3O4-graphene (Mn3O4-G) composite through a hydrothermal approach and used it as the anode for LIC by pairing with AC cathode [109]. With the introduction of graphene to improve the conductivity and prevent the agglomeration of Mn3O4 nanoparticles, the obtained LICs displayed high energy and power densities of 142 Wh kg−1 and of 6.5 kW kg−1, respectively, as well as a stable cycling with capacity retention of ~80% after 9000 cycles. Another work by Zhou’s group presented a MnO-graphene composite (MnO@GNS) prepared by uniformly dispersing MnO nanocrystals on the surface of graphene [110]. The well-designed 3D composite exposes a large portion of the exterior interface of the active phase and thus showed a high capacity of over 1000 mAh g−1 and an exceptional rate capability of 436 mAh g−1 at 5 A g−1. The novel framework of nanosized MnO anchored on flexible graphene formed a robust structure and brings about rapid electron and ion transport, which thus enables the composite with high energy density, outstanding power output and long-term cycling stability. More recently, Yang et al. reported a 1D graphene nanoscroll wrapped MnO nanoparticle (GNS@MnO) material through a simple freeze-drying process followed by thermal treatment (Figure 10a) [44]. As shown in the TEM image of the optimal GNS@MnO-600 (Figure 10b), MnO nanoparticles were completely and uniformly wrapped in the GNS to form a nanotube-like structure so that the drawbacks associated with insulating, agglomeration and volume variation of MnO could be perfectively solved. As a result, GNS@MnO-600 showed a high capacity of 766 mAh g−1 at 0.1 A g−1 and also a remarkable rate performance (437 mAh g−1 at 5 A g−1). Furthermore, the kinetics behavior of GNS@MnO-600 displayed that surface capacitive contribution dominated the overall Li+ storage (Figure 10c), ensuring an enhanced ion diffusion coefficient. As expected, LIC constructed with GNS@MnO-600 anode and 3D framework AC delivered a maximum energy and power densities of 197 Wh kg−1 and 23.5 kW kg−1 and a long cycling life (84.8% capacity remained after 3000 cycles).



Mo-based oxides have received considerable attention recently as anode materials in LICs due to their high theoretical capacity and excellent chemical stability [111]. Graphene-wrapped MoO3 nanobelt foam was prepared by a hydrothermal reaction [112]. The as-fabricated composite showed a 3D interconnected porous microstructure with nanosized MoO3 uniformly wrapped by the ultrathin graphene sheets. This novel structure ensures a good electrolyte accessibility and benefits to improving electric conductivity and accommodating the stress from volume change. Moreover, theoretical calculation revealed that graphene could reduce the diffusion energy barrier of Li+ adsorbed on the surface of MoO3 nanobelts while kinetics analysis showed that 72% of the capacity is contributed by capacitive mechanism, making the composite a high-rate anode. By pairing with a 3D graphene-wrapped polyaniline nanotube foam derived carbon, the full cell exhibited high energy and power densities of 128.3 Wh kg−1 and 13.5 kW kg−1, respectively. In addition, a long-term cycling durability was achieved with the capacity retention of 90% after 3000 cycles. Compared with MoO3, MoO2 has much improved electrical conductivity, but it still suffers from poor bulk lithium-ion diffusivity and large volume change. Therefore, by annealing GO coated Mo/Cu-MOFs in combination with etching metallic Cu particles, Ock et al. prepared a high-capacity and high-rate graphene modified MoO2 anode (MoO2@rGO) [113]. The composite is composed of MOFs-derived ultrafine MoO2 particles embedded in mesoporous carbon framework and further coated with rGO shell. Owing to the synergistic effects of mesoporous channels for rapid Li+ diffusion, carbon-rGO pathways for facile electron transport and nanosized MoO2 for high capacity, the as-fabricated MoO2@rGO delivered an extremely high capacity of 1474.9 mAh g−1 at 0.1 A g−1 and still maintained 551 mAh g−1 at an ultrahigh current density of 20 A g−1. As a result, the full cell constructed with MoO2@rGO as anode and polyaniline chain-integrated rGO as cathode exhibited a remarkable energy density of 242 Wh kg−1, ultrafast power density of 28.75 kW kg−1 and long-term stability with capacity retention of 96% after 10,000 cycles.




3.2.2. Graphene/Metal Sulfides or Nitrides


MoS2, a typical 2D layered transition metal dichalcogenides, has drawn growing research interest because of its tunable morphology, structure and surface chemistry, making it an appealing electrode material in LIBs, supercapacitors and hybrid devices [114,115]. Notably, MoS2 has a larger interlayer distance of 0.62 nm via weak van der Waals stacking along the c-axis, which is regarded to facilitate the Li+ insertion and transport [116]. The capacity of MoS2 could be regulated by the depth of discharge according to lithium storage mechanism [117]. For example, MoS2 only accommodates a theoretical capacity of around 167 mAh g−1 without destroying the 2D layered structure at a charge/discharge voltage between 1.0 V and 3.0 V (vs. Li/Li+) through an intercalation/de-intercalation process. On the other hand, it could deliver a capacity of up to 669 mAh g−1 based on a four-electron transfer reaction followed by a conversion-type mechanism. Under this condition, unfortunately, the structure is severely destroyed, and a large volume variation occurs. Moreover, MoS2 also faces challenges of poor electrical conductivity and easy restacking. To tackle these issues, introducing graphene to form composites is a feasible strategy to develop advanced MoS2-based anode materials [118]. Zhang et al. designed a 3D porous composite with MoS2 flocculent nanostructure uniformly incorporated onto 3D graphene (MoS2@3DG) by a solution method (Figure 11a) [119]. Thanks to the highly conductive graphene and the interconnected porous structure (Figure 11b), the MoS2@3DG had significantly enhanced rate capability with capacity of 1024 and 688 mAh g−1at 0.1 and 8 A g−1, respectively, which is much better than that of pristine MoS2 (Figure 11c). The fabricated LIC with MoS2@3DG as the anode and nitrogen-doped porous carbon as the cathode exhibited a maximum energy density of 156 Wh kg−1 at 197 W kg−1and remained 97 Wh kg−1 at a high-power density of 8.3 kW kg−1. The full cell also demonstrated an acceptable cycling performance with a capacity retention of 78% after 2000 cycles while the pristine MoS2-based LIC only cycled for less than 100 times, illustrating the critical role of graphene.



The layer space of MoS2 could be elaborately engineered to increase the ion diffusion rate so that the power output could be improved. Wang et al. synthesized MoS2-carbon microflowers supported on reduced graphene oxide (MoS2-C-RGO) via a hydrothermal reaction and annealing (Figure 11d) [120]. The spacer could be inserted into MoS2 layers during the hydrothermal process and transformed to carbon layer after thermal treatment. As demonstrated in Figure 11e and f, the inter-layer space between adjacent MoS2 monolayers for MoS2-C-RGO is ~1 nm compared with the value of 0.63 nm for the conventional MoS2 nanosheets. The conductivity of the interlayer modified MoS2 was further enhanced through incorporating RGO. As a result, the obtained composite showed a capacitive behavior-controlled lithium storage (79.3%) (Figure 11g). Benefiting from these characteristics, MoS2-C-RGO exhibited better rate and cycling performance than pure MoS2 and MoS2-C (Figure 11h,i). By integrating with polyaniline derived porous carbon cathode, the obtained device presented a high energy density of 188 Wh kg−1 (at 200 W kg−1) and kept 45.3 Wh kg−1 even at an extremely high-power density of 40 kW kg−1 in addition to a long-term cycling stability with a retention of 80% after 10,000 cycles.



Recent investigation of vanadium nitride (VN) has shown exciting results as a conversion-type anode for LIBs due to its high theoretical capacity, low lithiation/de-lithiation potential and small electrical resistivity [121]. Yan et al. [122] reported a 3D porous architecture by integrating VN nanowires with graphene (3D VN-RGO) and applied it as the anode. The 3D porous structure with interconnected diffusion channels offered a good pathway for ion transport and efficient access of the electrolyte to the electrode surface. Additionally, the overall conductivity of the composite could be further increased by the highly conductive graphene network while the porous structure of VN nanowire reduced ion diffusion distance and endowed it with capacitive charge storage behavior. Benefiting from these intriguing characteristics, the 3D VN-RGO composite showed a capacity of 640 and 270 mAh g−1 at 0.1 and 5 A g−1, respectively. These values are much higher than those of pure VN (400 and 120 mAh g−1), clearly demonstrating the importance of the 3D architecture in improving the electrochemical performance. Based on the 3D VN-RGO anode and an activated polyaniline-derived carbon cathode, the as-assembled full cell delivered a maximum energy of 162 Wh kg−1 at 0.2 kW kg−1 and a value of ~64 Wh kg−1 was achieved even at an ultrahigh power density of 10 kW kg−1.



From the above discussions and as also summarized in Table 3, we can conclude that graphene plays an important role in improving the electrochemical performances of LICs with high-capacity conversion-type compounds as the anode. Graphene not only acts as an excellent conductive additive to improve the conductivity of the composite, but also serves as the flexible matrix to suppress the growth and agglomeration of conversion-type nanoparticles as well as accommodating the large volume change during the charge/discharge process. These characteristics endow conversion-type anode-based LICs with enhanced energy and power densities and long-term cycling stability by narrowing the kinetics gap between the battery-type and capacitor-type electrodes, increasing ion diffusion rate and inhibiting structural degradation. Even so, there is still a long way to go for conversion-type materials to meet the ever-growing requirements of commercial devices, especially in terms of power output and cycling life. Developing nanosized metal compounds with pseudocapacitive behavior might be a promising research direction to further improve the electrochemical properties.





3.3. Graphene/Alloying-Type Anode Materials


With the continuous demand of high-energy LICs, increasing attention has been focused on exploring Si/Sn-based materials with the alloying/de-alloying mechanism because of their high theoretical capacity, low lithiation potential and abundant availability [125,126]. Nevertheless, the slow Faradaic reaction and huge volume variation during the charge/discharge process result in unsatisfactory power density and short cycling life. In order to tackle these disadvantages, nanostructure engineering and forming composite with highly conductive materials are possible solutions to these issues [127,128]. With this in mind, carbon modified nanostructured Si/Sn anodes have been developed and attractive electrochemical properties have been demonstrated [31,129,130,131]. Particularly, graphene, with merits of stable and flexible 2D sheets, large SSA, and high electrical conductivity, has been applied to form composites with these alloying-type materials and develop high-performance anodes for LICs [132,133]. For example, Jiang et al. constructed a 3D conductive framework of graphene aerogel supported Si nanoparticles (Si@GA) through a hydrothermal reaction of GO and SiO2 followed by magnesiothermic reduction (Figure 12a) [134]. As shown in Figure 12b, Si particles are almost fully encapsulated by graphene to form a 3D conductive composite with high surface area and abundant pores, which not only buffers the severe volume expansion of Si but also facilitates electron transfer and rapid electrolyte penetration and diffusion. Consequently, the optimal composite (Si@GA-2) exhibited outstanding rate capability with reversible capacity of 1327.3 and 551.9 mAh g−1 at 0.1 and 5 A g−1, respectively (Figure 12c,d). More importantly, the sample had a stable cycling over 200 cycles with capacity retention of 98.2%, proving the structural stability of the composite. To match the advanced anode, the boron carbonitride nanotubes (BCNNTs) with high-rate pseudocapacitive behavior and desirable capacity was applied as cathode to assemble a 4.5 V LIC, which delivered a maximum energy and power density of 197.3 Wh kg−1 and 11.2 kW kg−1, respectively (Figure 12e). In addition, a desirable cycling stability of 82.4% was achieved after 10,000 cycles.



Graphene modified metallic Sn and SnO2 composites are also emerging as advanced anode for LICs. Stacked reduced graphene oxide-tin (SrGO-Sn) composite was prepared by Ahn et al. [135] via co-reduction of graphene oxide and Sn2+. However, the obtained SrGO-Sn showed unsatisfactory capacity due to the restack structure of graphene and the incomplete encapsulation and uneven distribution of Sn particles, which thus results in relatively low energy density. However, the full cell device had an ultra-long cycling life of 120,000 cycles with capacity retention of 60%. Ajuria et al. reported a self-standing, binder-free 3D macroporous rGO foam decorated with SnO2 nanoparticles (SnO2-rGO) [132]. The SnO2-rGO composite had an open 3D porous network with nanosized SnO2 decorating on the graphene sheets, forming a highly conductive framework with facile ion diffusion pathways. As an anode, the obtained sample delivered a reversible capacity of 950 mAh g−1 at 0.05 A g−1, displaying a promising battery-type electrode for high-energy LICs. By integrating it with a thermally expanded and activated reduced graphene oxide (a-TEGO) cathode, the a-TEGO//SnO2-rGO LICs demonstrated outstanding electrochemical results, including a maximum energy and power density of 186 Wh kg−1and 10 kW kg−1, respectively, as well as long a long-term cycling (70% capacity retention after 5000 cycles).



Benefiting from the incorporation of graphene, LICs based on alloying-type anodes demonstrate exciting electrochemical performances, as discussed above and summarized in Table 4. Similar to the role in the conversion-type materials, graphene makes a significant contribution in increasing the electrical conductivity and preventing the pulverization of alloying-type anode. However, the imbalances in term of capacity, rate and cycling stability between the alloying-type anode and the capacitor-type cathode are still unsatisfactory. Therefore, future research should pay more attention on the developing nanostructured materials with improved kinetics and structural stability.





4. Conclusions and Outlook


Through integrating the advantages of LIBs and supercapacitors into one device, LICs are considered as the most promising systems to realize high energy density, high power density and outstanding cycling stability simultaneously. Nevertheless, the overall electrochemical performances of current LICs are still unsatisfactory. Especially, the high energy density could only be achieved at the cost of low power density due to the sluggish kinetics of the anode materials, not to mention their low electrical conductivity (for non-carbon anodes). Furthermore, the capacity and kinetics mismatch between anode and cathode further compromises the energy density. Besides, the structural degradation and sever volume variation of the anode during repeatedly charge/discharge process always results in a limited cycling life. Therefore, developing anode materials with high rate and stable structure is of great significance for advanced LICs. Under this circumstance, graphene with outstanding properties and flexible and stable 2D structure, has been found extensive applications in LICs either as active material or as an excellent substrate to form composites with other materials. In this review, we systematically summarized graphene-based anode materials for LICs and highlighted the important role of graphene. Based on the above discussions, it could be easily concluded that graphene makes a great contribution in improving the rate and cycling performances of the constructed battery-type electrodes and full cells.



However, there is still a long way to go prior to the commercial applications of LICs. The following several great challenges should be given more attention to develop advanced LICs, especially the graphene-based anode materials.



A feasible industrial production method of graphene for large-scale applications. Among the graphene preparation technologies, the modified Hummers method has the shortcomings of complex and tedious process, using hazardous reactants and generating heavy metal ions and other toxic materials while the mechanical exfoliation and chemical vapor deposition suffer from low yield and high cost. Thus, it is highly demanded to develop a facile, cost effective, green and large-scale production method to materialize the industrial-level application of graphene.



Advanced anodes with well-matched rate and cycling performance with cathodes. Currently, the rate capability and cycling stability of the reported anode materials, even compositing with graphene, cannot compete with those of cathodes due to the sluggish Faradaic reaction mechanism and structure degradation (i.e., volume change, side reactions). Therefore, regulating the porosity, nanostructure engineering and forming composite with high conductive materials are always adopted to enhance their electrochemical properties. According to the previous reports, intercalation-type and conversion-type anodes have been thoroughly investigated while the research of high-capacity alloying-type anodes is only limited to Si/Sn-based materials. Hence, other alloying-type materials (such as P/Ge/Sb/Bi-based compounds and their composites) are also promising battery-type electrodes. It must be noted that elaborate technologies should be used to enhance the conductivity and to buffer the volume variation of these materials. In addition, other emerging nanostructured materials such as MXene, phosphorene and graphdiyne should be given more attention as anodes due to their high conductivity, tunable layer distance and/or more exposed active sites.



Efficient and feasible pre-lithiation technology. The anodes of LICs usually consume a large amount of electrolyte to form a stable solid-electrolyte interface at the electrode surface during the first few cycles. This situation is more serious for graphene-based nanostructured anode materials because of their large SSA. Therefore, pre-lithiation is highly necessary for the anode to increase the operational voltage, energy and power densities, and cycling stability as well as reducing the irreversible capacity. Thus, so far, metallic lithium belt/powder, lithium metal oxides/nitrides, lithium salts are typically adopted to compensate the lithium loss and stabilize the anode. However, it is still a big challenge to realize facile, controllable and safe pre-lithiation, promoting researchers to develop novel technology.



Developing safe and stable electrolytes. Organic electrolytes are typically applied to ensure high working voltage. However, they suffer from safety risk at extreme conditions because of their flammable and volatile property. Additionally, they also face the challenge of decomposition, especially oxidation at high potential. Under this circumstance, ionic liquids are emerging as novel electrolytes and have been investigated in energy storage systems owing to their wide operation voltage, good conductivity, high safety, excellent thermal stability and non-inflammability. Recently, advanced aqueous electrolytes such as “water-in-salt” electrolyte also receive enormous interests because they combine the advantages of high voltage of non-aqueous ones and high safety of aqueous electrolytes.



The practical LICs are expected to integrate the features of high energy, high power and long cycling life into one system. However, the state-of-art of LICs could not realize these performances simultaneously due to the structural instability of electrode materials, the mismatched capacity and rate between cathode and anode. Recent reports of metal compounds with pseudocapacitive behavior exhibit excellent high-rate charge/discharge ability and long-term cycling stability through microstructure engineering and forming composite with high conductive materials, which might be a possible solution to the current dilemma of anodes. Two methods could be applied to further enhance the capacity of porous carbon cathode, such as designing a hierarchical structure with rational pore size distribution to increase the accessible SSA, and doping with heteroatom or forming composites with redox active materials to introduce pseudocapacitance. Recently, dual-carbon LICs (also known as all-carbon LICs), which are composed of carbon anode and cathode, have drawn intensive interests due to their low cost, abundant resources, and structural/chemical/electrochemical stability. More importantly, they also have the advantage of renewability with various biomass-based raw materials. However, nanostructured materials with large SSA and rich porosity usually suffer from low tap density, resulting in inferior volumetric energy and power densities. This situation is more serious for nanocarbon-based electrodes. Thus, the porosity and the taping density should be well balanced to obtain both high gravimetric and volumetric performances, especially for the nanocarbon-based materials.



Other systems of hybrid capacitors. Considering the limited and the uneven distribution of lithium resources in the crust, it is reasonable to design and fabricate Na/K-ion capacitors which have similar device configuration and working mechanism with LICs but abundant resources. Besides, other systems using multivalent ions as charge carriers (such as Zn2+, Mg2+, Al3+) are emerging as novel energy storage devices. Especially, Zn-based ion capacitors have drawn tremendous interests recently due to their merits of high safety, low cost and non-toxicity. More importantly, they are less sensitive to air and water so that aqueous electrolyte could be used.



In summary, LICs with the graphene-based anodes have gained tremendous progresses although they are still far from the ideal target of having comparable energy density with LIBs and power density and cycling life with SCs. Thus, more efforts should be devoted to developing high-rate and stable-cycling anodes and high-capacity cathodes, aiming to mitigate the performance gap between them. We believe that the drawbacks of current LICs will be overcome and the practical applications of LICs will be realized under the cooperation of the academic and industrial communities.
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Figure 1. Graphene-based anode materials for LICs. 
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Figure 2. Optical images of (a) top view and (b) side view of partially reduced GO film disc; (c) SEM image of FRGO film; (d) rate performance and (e) cycling stability of FRGO. Reproduced with permission from [14]. Copyright 2015, Elsevier. 
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Figure 3. (a) SEM and (b) TEM images of 3D bmG-40 (in SEM, bmG-s part is marked in green, and the bmG-n part is marked in blue); (c) the specific surface area, pore volume and electrical conductivity of 3D bmG with different nickel templates percentages; (d) rate capability and (e) cycling stability of all samples; (f) Ragone plots and (g) cycling performance of bmG-40//bmG-40 LIC. Reproduced with permission from [54]. Copyright 2021, Elsevier. 
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Figure 4. (a) Schematic illustration of the synthesis of the N-doped graphene framework via combustion synthesis; (b) SEM and (c) TEM images of NGF-2; (d) rate capability of different NGF materials; (e) cyclic stability of NGF-2 at 2 A g–1; (f) CV curve of NGF-2 at 1 mV s−1 and the shadowed area represented the capacitive contribution; (g) schematic illustration showing the initial stage of capacitive and bulk storage in NGF-2. Reproduced with permission from [59]. Copyright 2021, Springer. 
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Figure 5. SEM (a), TEM (b,c) of the PDA-GN composite; (d) rate performance of PDA-GN anode; (e) Ragone plot of PDA-GN//PG LIC. Reproduced with permission from [61]. Copyright 2020, Elsevier. 
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Figure 6. (a) Schematic of the synthesis of G-LTO nanocomposite; (b) SEM and (c) TEM images of G-LTO; (d) the charge/discharge profile of G–LTO; (e) the rate capabilities of G–LTO and pure LTO. Reproduced with permission from [43]. Copyright 2013, Springer. (f) Schematic illustration of a typical ALD seeded process incorporated with hydrothermal lithiation to prepare LTO/graphene composite; (g) SEM and (h) TEM images of 100-LTO-G-600C (inset: the corresponding particle diameter distribution of LTO); (i) charge/discharge potential profiles of 100-LTO-G-600C. Reproduced with permission from [77]. Copyright 2017, Elsevier. 
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Figure 7. (a) TEM image of spherical LTO/HG composite; (b) N2 adsorption/desorption isotherm (the inset is pore size distribution) and (c) rate capability of spherical LTO/HG and LTO/rGO composites; (d) Ragone plots for the spherical LTO/HG-based LICs and other reports; (e) schematic of LICs with HG cathode and spherical LTO/HG anode. Reproduced with permission from [78]. Copyright 2019, Elsevier. 
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Figure 8. (a) Rate capability of TNO, TNO/G and TNO/HG; (b) capacity contributions of the capacitive and diffusion-limited at various sweep rates; (c) cycling performance of TNO/HG//AC; (d) Ragone plots of TNO/HG//AC compared with other Ti- and Nb-based LICs. Reproduced with permission from [98]. Copyright 2018, Elsevier. 
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Figure 9. (a) Schematic of the synthesis of Fe3O4/G nanocomposite anode and 3DGraphene cathode with the configuration of the dual-graphene electrode LICs; (b) charge–discharge curves of Fe3O4/G electrode at different current densities; (c) rate performance of Fe3O4/G, pristine Fe3O4 and graphene; (d) Ragone plots of the Fe3O4/G//3DGraphene hybrid supercapacitor and 3DGraphene//3DGraphene symmetric supercapacitor. Reproduced with permission from [104]. Copyright 2013, Royal Society of Chemistry. 
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Figure 10. (a) Schematic illustration of the preparation of GNS@MnO composites; (b) TEM image of GNS@MnO-600; (c) CV curve of GNS@MnO-600 at 0.6 mV s−1 and the corresponding capacitive contribution (shadowed area); (d) Ragone plots of GNS@MnO-600//3DFAC with different mass ratios; (e) cycling stability of the optimal LIHC device of GNS@MnO-600//3DFAC. Reproduced with permission from [44]. Copyright 2021, Royal Society of Chemistry. 
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Figure 11. (a) Schematic of the fabrication of the MoS2@3DG composite; (b) SEM image of the MoS2@3DG (inset: optical photograph of MoS2@3DG bulk sample); (c) rate capability of MoS2, MoS2@3DG. Reproduced with permission from [119]. Copyright 2016, American Chemical Society. (d) Schematic of the synthesis of MoS2-C-RGO; high-resolution TEM images of (e) pure MoS2 and (f) MoS2-C-RGO; (g) voltametric response for MoS2-C-RGO electrode at a sweep rate of 0.5 mV s−1 (the capacitive contribution to the total current is shown by the orange region); (h) rate capability and (i) cycle stability of pure MoS2, MoS2-C and MoS2-C-RGO electrodes. Reproduced with permission from [120]. Copyright 2017, Elsevier. 
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Figure 12. (a) Schematic illustration of preparation procedure for Si@GA anode; (b) SEM image of Si@GA-2 composite; (c) rate capability and (d) cycling performance of Si@GA composites; (e) Ragone plot for Si@GA//BCNNTs LIC compared with previous reports. Reproduced with permission from [134]. Copyright 2020, Royal Society of Chemistry. 
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Table 1. Graphene-based carbonaceous anode materials and their LICs performance.
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	Anode Materials
	Capacity of Anode (mAh g−1)
	Area Loading Mass (mg cm−2)
	Cell Voltage (V)
	Maximum Energy Density (Wh kg−1)
	Maximum Power Density (kW kg−1)
	Cycling Stability
	Reference





	FRGO
	660
	~1
	0–4.2
	148.3
	7.8
	~80% after 3000
	[14]



	HOG
	1019
	5
	2–4.2
	231.7
	2.8
	84.2% after 1000
	[53]



	SHSG
	854
	1.5
	2–4.5
	146
	52
	91% after 40,000
	[58]



	N-rGO aerogel
	1444.04
	~0.82
	2–4
	170.28
	25.75
	~100% after 3000
	[71]



	N-DGA
	1387
	/
	2–4
	39
	1.2
	71% after 2000
	[56]



	NGF-2
	1361
	2
	1–4
	151
	49
	87% after 10,000
	[59]



	N-GS
	395
	1–1.5
	0–4.5
	187.9
	11.25
	93.5% after 3000
	[64]



	3D bmG
	~780
	/
	0–4.5
	278
	16.2
	88.57% after 3000
	[54]



	GC
	530
	1–1.5
	0–4.2
	142.9
	12.1
	88% after 5000
	[62]



	G/SC
	360
	~1
	1–4.1
	151
	18.9
	93.8% after 10,000
	[67]



	HC-rGO
	450
	~1
	1.5–4.2
	200
	10
	88% after 10,000
	[66]



	Li-SG
	500
	1
	0–4.1
	222
	/
	58% after 5000
	[69]



	PDA-GN
	1150
	0.5
	0.01–4.2
	135.6
	21.0
	98% after 3000
	[61]
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Table 2. Graphene/intercalation-type anode materials and their LICs performance.
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	Anode Materials
	Capacity of Anode (mAh g–1)
	Area Loading Mass (mg cm–2)
	Cell Voltage (V)
	Maximum Energy Density (Wh kg–1)
	Maximum Power Density (kW kg–1)
	Cycling Stability
	Reference





	LTO+G
	~170
	1.5–2.5
	1.5–3
	63
	2.7
	97% after 3000
	[76]



	G–LTO
	207
	/
	0–3
	95
	3
	87% after 500
	[43]



	LTO/HG
	160.2
	/
	1.5–3
	117.3
	19.7
	81.7% after 2000
	[78]



	LTO-G-600C
	350.1
	1.5–2.8
	1.5–3
	52
	57.6
	97% after 2000
	[77]



	TiO2@PCNF-GA
	250.1
	~1.3
	0–3
	79.7
	15
	93.3% after 10,000
	[27]



	TiO2-FD
	312
	~1
	1–3
	
	
	95% after 5000
	



	Au@TiO2/RGO
	905
	~1
	1–4
	110
	11
	83% after 1000
	[84]



	TiO2(B)@C/rGO
	231.7
	/
	0–3
	59.4
	17.3
	70.1% after 5000
	[101]



	B-TiO2−x/G
	732.7
	/
	1–4
	166.4
	7.9
	87% after 3000
	[85]



	ZTO/rGO
	560
	/
	0–4.5
	204
	67.5
	76% after 1000
	[102]



	T-Nb2O5/GCN
	~170
	~1
	0–3.5
	129
	32
	80% after 10,000
	[89]



	HG-TNO
	323
	/
	1–3.5
	103.9
	17.9
	81.8% after 10,000
	[99]



	TNO/HG
	286.2
	~1
	0.8–3.2
	86.3
	3.88
	90.2% after 3000
	[98]



	TNO/HrGO
	324.7
	~1.5
	0–3
	66.3
	23.2
	79.9% after 6000
	[100]
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Table 3. Graphene/conversion-type anode materials and their LICs performance.
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	Anode Materials
	Capacity of Anode (mAh g–1)
	Cell Voltage (V)
	Maximum Energy Density (Wh kg–1)
	Maximum Power Density (kW kg–1)
	Cycling Stability
	Reference





	Fe3O4/G
	1000
	1–4
	204
	4.6
	70% after 1000
	[104]



	Fe3O4-G
	820
	1–4
	120
	45.4
	81.4% after 10,000
	[30]



	ZnFe2O4@C/RGO
	1011
	1–4.2
	174
	51.4
	80.5% after 10,000
	[123]



	CG@SF
	1445
	1–4
	121
	18
	87% after 2000
	[124]



	Mn3O4-G
	643
	1–4
	97.2
	6.25
	76.8% after 3000
	[107]



	Mn3O4-G
	643
	1.5–4
	142
	6.5
	80% after 9000
	[109]



	GNS@MnO
	766
	0.5–4.2
	197
	23.5
	84.8% after 3000
	[44]



	MnO@GNS
	1350
	1–4
	127
	25
	76% after 3000
	[110]



	MoS2-RGO
	860
	0–4
	188
	40
	80% after 10,000
	[120]



	MoS2@3DG
	1022.3
	0–4
	156
	8.31
	78% after 2000
	[119]



	MoO2@rGO
	1474.9
	1.25–4.5
	242
	28.75
	93% after 10,000
	[113]



	3DMoO3/GNSs
	~1100
	0–3.8
	128.3
	13.5
	90% after 3000
	[112]



	CoO-rGO
	1674
	1–4
	132
	35.8
	84.7% after 5000
	[29]



	3DVN–RGO
	~640
	0–4
	162
	10
	83% after 1000
	[122]
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Table 4. Graphene/alloying-type anode materials and their LICs performance.
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	Anode Materials
	Capacity of Anode (mAh g−1)
	Cell Voltage (V)
	Maximum Energy Density (Wh kg−1)
	Maximum Power Density (kW kg−1)
	Cycling Stability
	Reference





	Si@GA
	1618.8
	0–4.5
	197.3
	11.2
	82.4% after 10,000
	[134]



	SrGO-Sn
	292
	2–3.8
	30
	7.4
	98% after 120,000
	[135]



	SnO2-rGO
	950
	1.5–4.2
	186
	10
	70% after 5000
	[132]



	SnO2@C@half-rGO
	879.6
	0–4
	257
	20
	78.2% after 2000
	[136]



	Ce2Sn2O7/RGO
	814.6
	0.01–3.8
	122.3
	9.65
	~58% after 9000
	[137]



	SnS2/RGO
	1198
	0–4.5
	149.5
	35
	90% after 10,000
	[133]
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