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Abstract

:

Carbon nanostructural materials have gained the spotlight as promising anode materials for energy storage; they exhibit unique physico-chemical properties such as large surface area, short Li+ ion diffusion length, and high electrical conductivity, in addition to their long-term stability. However, carbon-nanostructured materials have issues with low areal and volumetric densities for the practical applications in electric vehicles, portable electronics, and power grid systems, which demand higher energy and power densities. One approach to overcoming these issues is to design and apply a three-dimensional (3D) electrode accommodating a larger loading amount of active anode materials while facilitating Li+ ion diffusion. Furthermore, 3D nanocarbon frameworks can impart a conducting pathway and structural buffer to high-capacity non-carbon nanomaterials, which results in enhanced Li+ ion storage capacity. In this paper, we review our recent progress on the design and fabrication of 3D carbon nanostructures, their performance in Li-ion batteries (LIBs), and their implementation into large-scale, lightweight, and flexible LIBs.
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1. Introduction


Novel, economical, and sustainable energy storage systems have emerged as a response to the needs of modern society and rising ecological concerns [1]. The excellent electrochemical properties and unique designs of the electrode materials in Li-ion batteries (LIBs) make them strong contenders for the development of large-scale, advanced transportation (e.g., electric vehicles) and smart grid applications [2]. The commercial use of graphitic carbon-based anode materials is justified by their relatively low cost, excellent structural integrity for the insertion and extraction of Li+ ions, safety (free from Li dendrite formation), and formation of a protective passivation layer against many electrolytes (i.e., solid electrolyte interphase (SEI)) [3]. Nevertheless, a low specific capacity of graphite (372 mAh·g−1, the stoichiometric formula—LiC6) is a critical limitation [4]; as a result, they potentially hinder the advance of large-scale energy storage systems that demand high energy and power densities. Thus, carbon nanostructures including carbon nanotubes, graphene, and nanoporous carbon have gained a fair amount of attention due to their superior specific capacities over graphite. Such a superior capacity is largely attributed to the unique features of carbon nanostructures, including high surface area for large Li+ ion accommodation, exceptional electrical and thermal conductivities, structural flexibility, short Li+ ion diffusion length, and broad electrochemical window [4,5,6,7,8].



There have been numerous reports on the LIB performance of nanostructured carbons (e.g., carbon nanotubes (CNTs), graphene, and nanoporous carbon) with diverse structures and morphologies through various synthetic methods. CNTs have been verified as promising anode nanomaterials due to their excellent electrochemical properties [9,10,11,12,13,14,15,16,17,18,19,20,21]. Our research team recently reported exceptionally high and stable reversible capacities of ~900 mAh·g−1 at 372 mA·g−1 or 1C (time for complete discharge in reciprocal hours) from CNTs directly grown on a Cu substrate [22]; we also demonstrated that the atomic layer deposition (ALD) alumina (Al2O3) coated CNTs on Cu showed a specific capacity of ~1100 mAh·g−1 [23]. Furthermore, graphene [6,24,25,26] and nanoporous carbon [27,28] based anode materials have been widely investigated to enhance Li+ ion intercalation capability.



However, there are still technical challenges remaining to be overcome in the practical application of carbon nanostructures to commercial products [29], including: (1) most of the reported carbon nanostructures with high specific capacity are dimensionally limited to thin-film scale, which is unsuitable for use in large-scale LIBs; (2) carbon nanostructures have an intrinsically low bulk density [30] (most nanomaterial-based electroactive materials show a bulk density of less than 1 g·cm−3, lower than the commercial-grade graphite (0.35~0.9 g·cm−3) [31,32]); the low bulk density results in low volumetric capacity, which is inadequate for large-scale energy storage systems [33]. To circumvent the aforementioned limitations, design of 3D carbon nanostructure is one of the most viable approaches to accommodating the large loading amounts of nanocarbon-based electroactive materials. High loading amounts of carbon nanomaterials result in high capacities and a large surface area for the large-scale integration [34]. In addition, the nanoscale porous 3D structure is suited to facilitate Li+ ion and electron charge transfer through the electrolyte and bulk electrode into and from the electroactive materials [35]. Pioneering efforts have been made to design the following substrate architectures: a self-assembled 3D bicontinuous nanoarchitecture [35,36], carbon papers [37], aluminum nanorods [38], nanoporous nickel [39], copper (Cu) pillar array [40], stainless steel mesh [41], and polymer scaffold [42].



In a previous report [33], we demonstrated a mathematical model to calculate the surface area of the 3D Cu mesh structure, which suggests that the surface area increases proportionally to the structure thickness and is optimized at the intermediate hole size (Figure 1). The detailed mathematical calculation may be referred to in our past publication (see Supplementary Information, [33]). Although we applied the 3D cuboid structure to justify the dependence of the surface area on both thickness and hole size, a similar trend would be observed in other 3D structures with various hole morphologies such as circular and triangular when viewed from above. In this model, a 3D Cu mesh with 50 µm thickness and 65 µm hole size corresponds to a nearly 60% increase in surface area, normalized by its 2D Cu counterpart. In contrast, CNTs grown directly on a 3D Cu mesh with the same dimensions had an areal density of ~2.8 mg·cm−2, which is ~400% higher than its 2D counterpart. The slight discrepancy between the theoretical calculations and empirical results could be attributed to the effect of processing parameters of chemical vapor deposition (CVD) (e.g., temperature and time of CNT growth) on the properties of CNTs (e.g., their diameters, lengths, and densities). As expected, the overall capacities of 3D CNTs were superior to those of 2D CNTs due to their higher surface area, which induces greater Li+ ion accommodation (a detailed discussion will be presented in Section 3.7). Similarly, Cheah et al. demonstrated an anode comprising ALD-coated TiO2 on a 3D aluminum nanorod current collector, which showed a high rate capability and a 10-fold superior areal capacity (0.0112 mAh·cm−2) to the same electroactive materials on a 2D aluminum plate [38]. Gregorczyk et al. fabricated a core/shell anode structure composed of ALD-coated RuO2 on a 3D CNT sponge with a capacity of 806 mAh·g−1, a 50-fold higher areal capacity (1.6 mAh·cm−2) than its planar (2D) RuO2 counterpart [43].



There are some investigations and review articles that cover different facets of carbon nanomaterials for energy applications [4,44,45,46,47]. Here we present the first comprehensive review discussing recently reported 3D hybrid architectures comprising nanocarbon and high-capacity nanomaterials for LIB anodes. We further concentrate on our recent advancements in terms of 3D nanostructured carbon materials for energy storage. The majority of the applications will be presented in the form of LIBs; however, the CNTs–graphene–metal seamless structure (Section 3.5) will be discussed in terms of supercapacitor application. The fabrications and properties of 3D multi-layered CNTs, 3D free-standing CNTs, 3D nanocarbon-based hybrid anodes, and CNTs–graphene–metal seamless composites will be intensively explored. Their promising applications in both LIBs and supercapacitors are then thoroughly investigated, with a focus on flexible device integration. Finally, this review will conclude with a brief discussion of current technical challenges and future directions.




2. Literature Survey


Next-generation Li-ion batteries demand high energy and power densities, which are largely obtained from the high capacity of electroactive materials. The conventional graphite-based anode and metal oxides cathode materials show lower theoretical specific capacities (e.g., LiCoO2 (274 mAh·g−1), LiMn2O4 (148 mAh·g−1), and LiFePO4 (170 mAh·g−1)) compared to silicon (3579 mAh·g−1, Li15Si4) and transition metal oxides (e.g., NiO (718 mAh·g−1), SnO2 (782 mAh·g−1), and Fe2O3 (1007 mAh·g−1)). However, these high-capacity nanomaterials show an insulating nature and structural instability during prolonged charge and discharge cycles. Hence, one approach to tackle these drawbacks is to design a hybrid anode for LIBs by incorporating carbon-based nanomaterials into the high-capacity nanomaterials. In this section, we cover the recent reports on hybrid anodes for LIBs integrated with three main 3D carbon nanomaterials, carbon nanotubes, graphene, and nanoporous carbon. Table 1 shows selected fabrication methods and charge capacities of 3D carbon nanomaterial-based anode structures for LIBs.



Three-dimensional CNTs combined with high-capacity anode materials have been synthesized by various methods; their excellent LIB performance has been demonstrated. Chen et al. fabricated the core/shell anode structure of MWCNT/V2O5 sponge using an ALD method. The anode delivered a stable and high areal capacity of 816 μAh·cm−2 at 1C (1.1 mA·cm−2); the capacity was 450 times higher than that of its planar V2O5 thin film counterpart [50]. Hu et al. synthesized a silicon–carbon nanotube coaxial sponge with an areal density of silicon (8 mg·cm−2); additionally, the 3D carbon nanotube was used for an electrical conducting and structural buffering network for high-capacity Si anode materials. The hybrid anode delivered a specific capacity of 1300 mAh·g−1 for 50 cycles with a cutoff voltage of 0.17–1.0 V at 0.2 C [51]. Hu et al. increased the areal densities of LiFePO4 cathode and Li4Ti5O12 anode materials up to 140–170 mg·cm−2; they were approximately seven to eight times higher than the traditional LIB electrode materials. Furthermore, a full cell with both cathode and anode shows a specific capacity of 140–160 mAh·g−1 for 30 cycles at 0.1C [52]. Q. Xiao et al. created a 3D multi-layered Si/CNT hybrid anode structure by thermal and plasma-enhanced CVD methods. The areal capacity proportionally increased with the number of layers (e.g., 1.25 mAh·cm−2 at four layers); the volumetric capacity of the multilayer Si/CNT composite anode was 595.4 mAh·cm−3, superior to the practical volumetric capacity of commercialized graphite anode (~450 mAh·cm−3); moreover, its theoretical volumetric capacity is 830 mAh·cm−3 [53].



Three-dimensional graphene has been incorporated with high-capacity anode materials through various methods, thus leading to outstanding LIB performance. Li et al. synthesized the 3D graphene/ultra-small SnO2 and Fe2O3 anodes by a two-step method: annealing using ion-exchange resin and then a hydrothermal process. Specific capacities of 474 mAh·g−1 and 448 mAh·g−1 were obtained for SnO2- and Fe2O3-based anodes, respectively, at 10 A·g−1 for 1000 cycles; these values were superior to those of most recently reported SnO2- and Fe2O3-based graphene composite anodes [54]. Yang et al. fabricated 3D nanoporous Fe2O3/Fe3C-graphene heterogeneous thin films by anodization and chemical vapor deposition (CVD) methods, in which multi-layer graphene coated on the 3D thin films served as an electrical conducting agent. The 3D thin film anode showed volumetric and specific capacities of 1650 mAh·cm−3 and ~518 mAh·g−1 at ~6.6C for 1000 cycles, respectively. This anode also showed volumetric and gravimetric energy densities of 2.94 Wh·cm−3 and ~924 Wh·kg−1, respectively, and volumetric and gravimetric power densities of 5.84 W·cm−3 and ~1834 W·kg−1, respectively [55]. Wu et al. prepared porous silicon spheres enclosed by 3D graphene network by using a two-step method of layer-by-layer assembly and in situ magnesiothermic reduction [56]. In their report, the 3D Si–graphene hybrid anode delivered a 300% higher specific capacity (~1300 mAh·g−1) than that of a bare silicon sphere-based anode at 0.05C after 25 cycles. Baskaran et al. synthesized 3D multi-layered graphene/Si–CuO quantum dot anodes by electrophoresis deposition, within which graphene mainly functions as an electrical conducting network for the anode. Furthermore, Cu3Si is formed by the subsequent annealing process; consequently, CuO–Cu3Si serves as a mechanical cushion against the large-volume expansion/contraction of Si during cycling. The composite anode delivers a five-fold higher specific capacity (2869 mAh·g−1) than that of graphene for an initial cycle at 0.5C [57]. Shen et al. fabricated 3D TiO2–graphene–CNT composite anode materials through controlled hydrolysis of tetrabutyl titanate (TBT), in which the CNTs act as an electrically conducting network to facilitate electron transport between the TiO2-anchored graphene layers. Furthermore, CNTs served as mechanical bridges between the graphene layers, which prevented their restack problems, thus leading to the preservation of their high surface area and accelerating the Li+ ion insertion/extraction rate into/from the 3D anode structure. The 3D anode showed a capacity of 93.1 mAh·g−1 at 30C (this value is higher than that of the previously reported graphene-TiO2 hybrid anode materials) and 111.2 mAh·g−1 at 10C after 100 cycles, respectively [58]. Li et al. employed 3D flexible, conducting network of graphene foam loaded with Li4Ti5O12 and LiFePO4 as anode and cathode materials, respectively, by using hydrothermal synthetic method. The 3D electrode-based flexible full LIB was cycled over 100 cycles at 10C with only 4% capacity loss (117 mAh·g−1) and this value surpasses most full LIBs reported in terms of rate capability and cycling performance [59]. Tao et al. employed a sonication method to anchor carnation-like NiO fabricated via a hydrothermal method both onto and into graphene layers by using a modified Hummers method. The 3D hierarchical NiO–graphene hybrid anode exhibited a reversible capacity of 1065 mAh·g−1 (higher than the theoretical capacity of NiO (718 mAh·g−1)) for the 50th cycle at a current density of 200 mA·g−1. Graphene layers largely served as electrical conducting pathways to reduce the polarization of the anode; consequently, they decrease the internal resistance of an LIB cell. Furthermore, graphene layers effectively circumvented the issue with the physical aggregation of NiO by maintaining a steadfast cycling performance and rate capability [60]. As mentioned earlier, 3D carbon nanostructures were employed to create large volumetric and areal capacities for large-scale energy storage systems demanding high values of volumetric and gravimetric energy densities. With respect to other anode configurations, a 3D silicon–carbon composite anode is considered a significant contender to achieve the aforementioned aim. Wang et al. synthesized the 3D graphitic carbon layer conformally deposited on perforated silicon nanowire arrays through a metal-aided chemical etching of silicon wafers and in situ decomposition of methane (CH4) for depositing carbon. Noticeably, they struck a balance between the maximized bulk density of Si nanowires and the necessary porous structures to guard against the strain induced by a large-volume variation (~300%) of Si despite their trade-off relationship. Furthermore, the 3D anode structure exhibited its structural and interfacial stability by maintaining a volumetric capacity of 1500 mAh·cm−3 after 200 cycles; this value was nearly four times higher than those of commercially available graphite and comparable to or even superior to the other reported values of Si-based anodes [61].



Three-dimensional hierarchical nanoporous carbon possesses its exceptional surface area and pore volume to offer more Li+ ion accommodation sites relative to the other carbon nanomaterials. Zhou et al. fabricated 3D ordered mesoporous carbon (CMK-3) with a uniform pore size of 3.9 nm, a Brunauer–Emmer–Teller (BET) surface area of 1030 m2·g−1, and a total pore volume of 0.87 cm3·g−1 by using a sacrificial silica template and thermal carbonization of sucrose. Thanks to the unique nanoscale pore structures leading to such high surface area and pore volume, high capacity was obtained in the range of 850–1100 mAh·g−1 at a current density of 100 mA·g−1 [68]. Hu et al. utilized a sacrificial meso-/macroporous silica-based hard template for the fabrication of a 3D porous carbon replica via the infiltration of the silica template into a mesophase pitch dissolved solution and the subsequent thermal carbonization and silica removal. The 3D porous carbon, consisting of well-interconnected walls with submicron thickness, offers a porosity large enough to maintain a sufficient Li+ diffusion rate while maintaining high electrical conductivity of ~0.1 S·cm−1; thus, 3D porous carbon can be directly responsible for a high C-rate capability of the 3D carbon anode (e.g., 260 mAh·g−1 at 10C) [69]. Fang et al. synthesized 3D ordered multimodal porous carbon (OMPC) through the self-assembly of polystylene (PS)/silica nanoparticles as a sacrificial template and the polymer infiltration of furfurylalcohol (FFA) as a carbon precursor, followed by carbonization and silica etching. The OMPC exhibited a large BET surface area of 1120 m2·g−1 and a total pore volume of 2.36 cm3·g−1. The excellent cycling performance of OMPC is mainly due to the unique hierarchical porosity, comprising a well-tailored 3D interconnected, ordered macropore framework, which exhibits open mesopores facilitating mass transport and suppressing the volume variation during cycling. OMPC delivered a specific capacity of 904 mAh·g−1 at a specific current density of 100 mA·g−1, 127% greater than CMK-3 (no well-defined hierarchical nanostructure, 714 mAh·g−1), while the OMPC delivered a specific capacity of 758 mAh·g−1, 161% greater than CMK-3 (472 mAh·g−1) at 1000 mA·g−1 [70]. Xu et al. prepared a porous carbon/Sn anode by dispersing SnO2 nanoparticles into a sacrificial soft-template polymer matrix (as a porous structure mold) accompanied by subsequent carbonization. The porous carbon offered high electrical conductivity and served as a structural buffer to avoid the pulverization induced by large volume variation of Sn, in conjunction with the large surface area for the facile electron and Li+ ion charge transfers. Thanks to these traits, the 3D porous carbon/Sn anode delivered a high specific capacity of 950 mAh·g−1 at 200 mA·g−1; the anode showed a high rate capability, verified by a capacity of 360 mAh·g−1 even at a high current density of 2000 mA·g−1 [71].



The overall Coulombic Efficiency (CE) of the 3D carbon-based anode nanostructures listed in Table 1 shows an average value of 98%; however, an average CE obtained from the first cycle is 69%. The lower CE value in the first cycle is mainly associated with the formation of solid electrolyte interphase (SEI) with the large surface area of anode nanostructures. It is important to note that the low CE during the first cycle is not limited to 3D structures; that is, any nanostructured materials are susceptible to the irreversible capacity occurring in the first cycle. To solve the problem associated with high irreversible capacity during the first cycle, four main strategies have been implemented [72]: (1) oxidation of the graphite prismatic surface [73,74]; (2) deposition of inorganic materials and particles on the graphite particle’s surface [75,76,77]; (3) the modification of the surface of graphite anode [78,79,80,81]; and (4) incorporation of carbonaceous coatings [82,83,84]. Those modified electrodes have shown high CE in the first cycle (up to 95%). As mentioned in Table 1, the highest Coulombic efficiencies for the first cycle were demonstrated with Li4Ti5O12 and RuO2 anode materials [43,52,59]. In addition, several coating methods applied to nanocarbon-based materials have shown promising results: Ren et al. pretreated a surface of Mn3O4/reduced graphite oxide with polypyrrole, which resulted in a CE of 65% for the first cycle [85]; Fu et al. demonstrated a CE of 76% for the first cycle by coating carbon on a silicon/carbon nanofiber composite [86]; and Wang et al. deposited SiOx on the surface of nanoporous carbon in order to enhance the first cycle CE (up to 83%) [87].




3. 3D Carbon-Nanostructured Electrodes: Published Results


3.1. Fabrication of 3D CNTs


A 3D metal substrate as a current collector is beneficial for increasing the surface area of CNTs, consequently leading to a higher amount of Li+ ion intake into their structure, relative to its 2D counterpart [33]. Accordingly, we expect to attain superior electrochemical properties for advanced LIBs from 3D CNTs compared to the conventional 2D CNTs. Driven by this motivation, here we introduce a 3D interwoven Cu mesh as a substrate for the direct growth of CNTs. In this study, CNTs were grown on 3D Cu by a two-step method including sputtering for the deposition of catalytic thin layer (Ni and Ti) and thermal CVD. Figure 2a demonstrates the simple layout of magnetron sputtering system, where the main chamber is evacuated at a high vacuum of ~1 × 10−7 Torr, with a sputtering gun and substrate holder serving as cathode and anode, respectively.



For CNT growth, Ni was chosen as a catalytic metal and Ti as a diffusion barrier to prevent the formation of a Cu–Ni solid solution. The sputtering process involved plasma generation by Ar gas (~10 standard cubic centimeters per minute (SCCM)) at a power of ~75 W under a processing pressure of ~5 mTorr to deposit the uniform thin films of Ti and Ni on Cu mesh. After deposition of the thin films, Cu mesh/Ti (~10 nm)/Ni (~2.5–10 nm) layers were obtained. The Ti/Ni thin films were presumably nucleated and grown in an island (or Volmer–Weber) growth mode since the species (in our case, Ni atoms) are more strongly bonded to each other than to the substrate. Subsequently, these species lead to the coalescence of islands, thus forming a continuous film [89]. Figure 2b (left and right) represents a plane-view scanning electron microscopy (SEM) image of a 3D Cu mesh compressed at a pressure of 5000 bar along with the schematic of interwoven Cu wires of the mesh (200 Mesh Copper, TWP, Inc., Berkeley, CA, USA). Furthermore, CNTs have been grown by the chemical vapor deposition (CVD) technique, which has also been extensively employed to synthesize carbon nanomaterials such as carbon fibers, filaments, and nanotube materials for the past two to three decades [90]. Figure 2c shows a schematic diagram of a CVD reactor for CNT growth. The proposed model as depicted by Baker et al. explains the nucleation and growth mechanism of 3D CNTs on Cu in the following steps [91]: (1) a Ni thin layer could begin agglomerating as separate, spherical cap-shaped Ni islands (with an average size of 129 nm in Figure 1b (bottom)) due to thermal diffusion of Ni atoms at ~700 °C; (2) a carbon precursor gas (in our case, ethylene (C2H4)) is introduced into the CVD chamber, decomposed into carbon atoms, and diffused into the Ni islands from their surface to the core due to the thermal gradient in the Ni islands; (3) the carbon dissolves into the Ni islands until its optimum solubility limit and then precipitates below the end of Ni islands, promoting the growth of CNTs in the desired time frame. Figure 2d (left) shows the field emission scanning electron microscopy (FESEM) image of the as-grown 3D CNTs on Cu, highlighting densely packed and randomly oriented CNTs. The CNTs also show a low-ordered graphitization structure, revealed by a high-resolution transmission electron microscopy (HRTEM) (In Figure 2d (right), the inset shows a single CNT with an average diameter of 250 nm).




3.2. 3D CNT Growth


The morphology (e.g., length and diameter) of high-quality CNTs would be largely responsible for enhanced electrochemical properties of novel 3D CNT-based anodes comprising pure CNTs or hybrid nanomaterials (e.g., nanoscale silicon–CNTs and graphene–CNTs) for advanced LIBs [5]. To optimize the morphology of the CNTs, our team investigated the morphological variation of CNTs with growth condition (temperature and time) and the thickness of Ni catalysts (Table 2).



The rate of decomposition and diffusion of carbon into Ni atoms increased with an elevation in temperature, thus leading to the higher growth rate of CNTs [89,92]. In Figure 3a, the average agglomerated sizes (mean values) of Ni islands also increased from 32 to 74 nm (231%) with elevated temperature from 700 to 750 °C at 2.5 nm in the Ni thickness, and a similar trend is followed for the other cases of 5, 7.5, and 10 nm; this is largely attributed to the increased thermal diffusion of Ni atoms at an elevated temperature. The resulting large surface area of the Ni islands offers more sites for carbon adsorption, manifesting proper diffusion channels due to the large concentration gradient of carbon across the surface [89,92]. Empirically, an average diameter of CNTs (less than 100 nm) resulted from conditions with a growth temperature of 700 °C, a growth time of 50 min, and 10 nm thick Ni thin layer, whereas an average diameter of CNTs (200–300 nm) was obtained with an increased temperature of 750 °C at conditions with the same growth time and Ni thickness. Noticeably, a considerable increase in the average CNT diameter from 50 to 250 nm was obtained by increasing the Ni thickness from 2.5 to 5 nm at 750 °C. The areal density of CNTs was correspondingly augmented from less than 0.2 mg·cm−2 to greater than 2.2 mg·cm−2 for the growth time of 50 min. Furthermore, the areal density was increased from 1.3 mg·cm−2 to 2.8 mg·cm−2 (by 215%) when the growth time increased from 30 to 50 min under the conditions of 750 °C and 10 nm thick Ni. The degree of CNT crystallinity was investigated by considering two different diameters of 50 and 250 nm by using Raman spectroscopy analysis. The two samples were designated by S-CNT (the smaller diameter CNTs were grown by 2.5 nm thick Ni at a growth temperature of 750 °C) and L-CNT (the larger diameter CNTs were grown by 10 nm thick Ni at 750 °C), respectively (the morphologies of both S-CNT and L-CNT are shown in Table 2). Both S-CNT and L-CNT exhibited a similar peak ratio (ID/IG) (nearly 0.9) of D-band (~1350 cm−1) to G-band (~1580 cm−1), serving as fingerprints of disorder and sp2 graphene arrangement in the CNTs, respectively (Figure 3b). This result clarified that CNTs with a low degree of crystallinity can be grown at lower temperatures (700–750 °C in our study), relative to the graphitization temperature (2600–3300 °C). The low-degree crystalline CNTs are beneficial for facilitating the insertion and extraction of Li+ ions into and from the CNTs through the defects and the preferentially oriented graphene layers on the CNT surfaces [93,94]




3.3. 3D Multi-Layered CNTs


Most of the nanocarbon-based anode materials have suffered from low mass loading and bulk density, which could hamper their practical applications in large-scale energy storage systems demanding high areal and volumetric capacity [29]. One legitimate strategy to overcome these hurdles is to design a multi-layered 3D CNT structure that efficiently increases its areal and bulk density. A multi-layered 3D CNT-based anode structure was fabricated by following the procedures outlined in Figure 4a–d. Bulk density of the compressed CNT layers was needed to obtain their volumetric capacity, determined by their thickness and footprint areas measured by a digital caliper (VWR). For comparison, untreated control multi-layered CNTs were also assembled at room temperature using a precision press (MTI Inc., Salt Lake City, UT, USA) with a minor pressure of 6 bar and without using the binder.



Figure 4e exhibits the multi-layered 3D CNTs with a low pressure of 6 bar. The overall thickness measured for this structure was ~780 μm, delivering areal and bulk densities of 34.9 mg·cm−2 and 0.45 g·cm−3, respectively. Such an exceptional areal density was nearly threefold higher than commercially available graphite anodes [95]. As expected, the miniscule applied pressure had no impact on the structural damage of the CNTs (inset of Figure 4e). To further increase the CNTs’ density, polyvinylidene fluoride (PVDF) is employed as a binder, followed by a hot press (detailed procedures were mentioned above). The compressed multi-layered CNTs reduced their overall thickness down to ~50 μm, augmenting the bulk density up to 1.8 g·cm−3 (Figure 4f). The denser CNT structure obtained by the hot press is seen in the close-up SEM image (inset of Figure 4f). The bulk densities for the three different multi-layered CNTs denoted by 1S (one layer), 3S (three layers), and 5S (five layers) were recorded to be 1.3, 1.85, and 1.8 g·cm−3, respectively.



Figure 4g shows the areal capacity behavior as a function of cycle number, highlighting the linear increase in areal capacity with the layer number of CNTs. As expected, 5S yields an average areal capacity of 1.92 mAh·cm−2, sufficient for commercial requirements, which is 173% and 275% superior to 3S and 1S, respectively [96]. Such a proportional increment of areal capacity suggests that assembling multi-layered CNTs will be a legitimate tactic for increasing the loading content of carbon nanomaterials and improving relevant areal capacity. Augmenting bulk density, obtained by compressing multi-layered CNTs, will lead to their enhanced volumetric capacity, a key parameter for the utilization of carbon nanomaterials in scaling up next-generation LIBs. The specific and volumetric capacities decreased stepwise with an increase in C-rate from 0.1C to 3C, which is mainly due to lowering the ionic conductivity of electrolytes with elevated C-rates [97]. The reversible capacities are recorded as 312 mAh·g−1 (578 mAh·cm−3), 251 mAh·g−1 (465 mAh·cm−3), 211 mAh·g−1 (390 mAh·cm−3), and 155 mAh·g−1 (287 mAh·cm−3) at 0.2C, 0.5C, 1C, and 3C, respectively. Furthermore, the capacity at 0.1C was rehabilitated to the initial value at the same C-rate after undergoing a C-rate test up to 3C, presumably highlighting the well-preserved structural integrity of 3S. The volumetric capacities of multi-layered 3D CNT anodes exceeded the recently published CNTs (48 mAh·cm−3 [98] and 395 mAh·cm−3 [99]), porous graphite (463 mAh·cm−3) [100] and commercial-grade graphitized mesocarbons (301.5 mAh·cm−3) [32]. With such excellent electrochemical properties, our proposed multi-layered CNT-based anodes can be envisioned to pave the way for the implementation of carbon nanomaterials to advanced LIBs demanding high volumetric capacity.




3.4. 3D CNT-Based Flexible LIB


Recent developments into flexible electronic devices have pioneered the key technologies in large-scale advanced flexible LIBs as a main power source [101]. Inspired by this technological progress, we designed a 3D free-standing CNT anode incorporated into a flexible LIB cell without compromising the areal and volumetric capacities. Figure 5a,b shows the schematic diagrams and digital image of our proposed flexible LIB cell to highlight each of its components. The as-grown 3D CNTs were transferred onto a graphene/PET film, thus acting as a working electrode (refer to Section 3.7 for brief procedures of graphene growth on Cu; refer to [63,102] for the process behind the subsequent transfer of graphene onto a polyethylene terephthalate (PET) film), while lithium metal adhered to a PET film was used for the reference and counter electrodes. In this assembly, no metal (e.g., Cu and Al) foils were used as a current collector for either cathode or anode in the flexible cell; as a result, this would allow for conformal contact between electroactive materials and metals. An assembled flexible LIB cell is represented by a schematic diagram and digital image (Figure 5). The open circuit voltage (OCV) of the flexible battery was recorded by a digital multi-tester. The charge (delithiation) and discharge (lithiation) cycles of the assembled cell with the 3D CNT-based anode were performed by using a battery-testing unit at room temperature at a C-rate of 0.1C in the cut-off voltage ranging from 0.01 to 3.0 V. The bulk density of 3D CNTs in the assembled cell was determined by their overall thickness via a digital caliper (VWR), thus obtaining volumetric capacity. A 3D CNT-based flexible LIB cell was subjected to electrochemical characterization with its relatively low total weight of ~65 mg and electroactive area of approximately 1 cm × 1 cm, although there is difficulty in comparing this cell with others due to a lack of standardization. Figure 5c demonstrates an areal capacity of the cell (~0.25 mAh·cm−2) at 0.1C, exceeding other flexible LIBs incorporated with graphene-based materials [103,104]. Moreover, the cell delivered a high volumetric capacity of ~300 mAh·cm−3 at 0.1C, acquired from a bulk density (1.45 g·cm−3) and a specific capacity (207 mAh·g−1) of the 3D CNTs. The capacity fading exhibited in the cell during cycling (Figure 5c) could be due to insufficient packaging of the LIB cell; the commercial packaging process could be a possible remedy for this shortcoming. Furthermore, nearly steady OCV values (2.55 V (flat) ~2.75 V (90° bending)) were recorded under deformed conditions (Figure 5d).




3.5. 3D Carbon Nanotube–Graphene Seamless Structure


Designing CNTs directly grown on metal has a high potential to be implemented in various device applications (e.g., supercapacitors); however, it has faced shortcomings of inadequate CNTs–metal interfacial contact and surface area utilization efficiency [105]. To overcome these shortcomings, we designed vertically aligned CNT forests directly grown on graphene fabricated on a 3D Ni substrate (hereafter, referred to as 3D CNTs–graphene–Ni) through a thermal CVD method via an Fe/Al2O3 catalyst layer. In this unique structure, the CNTs are strongly bonded to the graphene layer by covalent bonding, forming a seamless and robust CNTs–graphene hybrid architecture (Figure 6a), while graphene serves as an interfacial layer between the CNTs and the metal to realize the direct growth of high quality CNTs on 3D Ni. Figure 6b demonstrates SEM image of the as-obtained 3D CNTs-graphene-Ni, illustrating its well-interconnected network structure. The inset of Figure 6b gives a SEM image of the as-obtained structure; it also shows the length of CNTs in this structure, which was measured around 35 μm. The peak ratio (IG:ID) of G and D (appearing at 1580 cm−1 and 1350 cm−1, respectively) of the CNTs (~3:1) indicates a high degree of crystallinity of the CNTs from Raman spectra (Figure 6c). The presence of defects in CNTs is clarified by D peak and the defects largely stem from sp3 carbon atoms, derived during the growth process. The clear radial breathing mode (RBM) signals in the inset (left) of Figure 6c support different kinds of CNTs that are single-, double-, or triple-walled, with diameters ranging from 3 to 7 nm, as observed from the HRTEM images in the inset (right) of Figure 6c. The well-controlled contact interface of the 3D CNTs–graphene–Ni structure could be characterized by the capacitive properties of the structure (Figure 6d–f). In an electrochemical double-layer capacitor (EDLC) cell, the structure was used as an electrode, while aqueous KOH (6 M) was used as the electrolyte. Figure 6d shows the cyclic voltammograms (CVs) of the EDLC at various scan rates. The current response linearly increased as a function of scan rate, showing the typical (e.g., rectangular and symmetric) shape of the CV traces, associated with the good rate capability of the structure. Such a consistent shape of the CVs was seen at a high scan rate of 500 mV/s, highlighting low-contact resistance at the interface of the 3D CNTs–graphene–Ni structure [106,107,108]. The Nyquist plot shown in Figure 6e reveals the frequency response of the EDLC cell ranging from 1 MHz to 10 mHz. The line is almost parallel to the imaginary Z axis, indicating the ideal capacitive behavior. The resistance of electrolyte migration was determined to be 1.25 Ω from the semicircle traced by the enlarged data (the inset of Figure 6e) in the high-frequency region. The Galvanostatic charge–discharge traces in Figure 6f can be translated to specific capacitance values of 104, 99, 101, and 100 F·g−1 acquired at current densities of 0.2, 0.33, 0.67, and 1.00 A·g−1, respectively. The nearly consistent specific capacitances with the increasing scan rate until 1.00 A·g−1 point to the exceptional diffusion conductivity between the 3D CNTs–graphene structure and the electrolyte. These obtained values outperformed the EDLC assembled with CNTs directly grown on Inconel without graphene approximately fivefold and were also equivalent to the recently reported values of the EDLC assembled with graphene oxide [109,110,111]. Such an excellent electrochemical performance was largely due to the low-contact resistance at the interface of the 3D CNTs–graphene–Ni structure. This design is expected to show promising results when implemented into the application of Li-ion battery systems.




3.6. 3D Carbon Nanotube–Graphene for Flexible LIB


To date, carbon nanomaterial-based LIBs with flexible polymer substrates have faced drawbacks such as the low loading amount of electroactive materials and complicated fabrication processes [112]. Furthermore, higher specific and volumetric capacities of anodes featuring no metallic current collectors have been a hot topic for emerging flexible LIBs [101]. In light of these issues, a large-area patterned 3D CNTs–graphene hybrid anode structure was fabricated by a simple hot lamination process, transferring the CNTs grown on 3D Cu mesh onto graphene attached to a polyethylene terephthalate (PET) flexible film. In this structure, graphene served as a bridge to promote electrical conductivity throughout the 3D network of CNTs. Figure 7a–d represents the processing steps for the 3D CNTs on graphene–PET film. Good flexibility of the 3D CNTs–graphene–PET film was obtained; the physical flexibility inflicted no damage on the structure (Figure 7d). The exceptional flexibility and structural integrity were presumably attributed to pressure-sensitive adhesives coated on the commercial PET film, tethering 3D CNTs–graphene firmly to PET.



The patterned 3D CNT structure was successfully transferred and uniformly arrayed over the graphene–PET film, as shown in a FESEM plane view (Figure 7e). The high electrical conductivity (low sheet resistance of 8 Ω/sq) was measured for the 3D CNTs. Once the CNTs were transferred over the PET film, the 3D CNT structure was turned upside down with respect to its original structure on 3D Cu. The FESEM image of the darker regions (compared to the brighter box regions) represents the bottom side of the 3D CNT architecture directly grown on the Cu mesh substrate. When pressed by a thermal laminator, the upper regions of 3D CNTs on Cu were filled into the free spaces (i.e., the brighter box regions in the FESEM image, corresponding to the holes in the Cu mesh), thus exhibiting randomly oriented CNTs (Figure 7e). Compared with a CNTs–polycarbonate (PC) film fabricated by a small-scale and costly laser-jet patterning technique, and rolled quartz cylinders [113], the 3D CNTs–graphene–PET film had the following unique features: (1) graphene layers were intermediated with both heterogeneous materials of CNTs and PET, therefore serving as an electrical conducting agent; (2) the 3D CNTs–graphene–PET film was synthesized using a simple lamination process of CNTs grown on 3D Cu mesh. The overall height of the 3D CNTs on a PET film is estimated to be 40 µm and 3D CNTs are firmly adhered to PET through the adhesives coated on the PET film (Figure 7f). A schematic diagram also highlights the conformal adhesive layer by the white line, along with designation of other components (Figure 7g). Both the presence and crystallinity of CNTs and graphene are revealed by Raman spectroscopy analysis from two main peaks, G mode at ~1580 cm−1 (the first-order scattering of the E2g phonon of sp2 C atoms) and D mode at ~1350 cm−1 (k-point photons of A1g symmetry) [114]. Typical G and D peaks ensure the presence of graphene and CNTs grown on Cu and transferred onto a PET film (Figure 7h). Furthermore, the low degree of crystallinity of CNTs is validated by the intensity ratio of D to G mode peaks (ID/IG~1), seemingly attributed to the lower growth temperature (750 °C) relative to the graphitization temperature (2600–3300 °C).



The electrochemical characteristics of 3D CNTs–graphene as a working electrode were tested by using a 2032 coin-type half-cell, assembled with Li metal as counter and reference electrodes, and crescent-shaped Cu foil on the CNTs as a current collector. Specific capacities varied from 254 mAh·g−1 to 59 mAh·g−1 at different C-rates from 0.17C to 1.7C in a staircase manner (Figure 7i), and then the specific capacity was recovered to an initial capacity of ~254 mAh·g−1 (at 0.17C) after being subjected to the higher C-rate up to 1.7C. The stable and reversible specific capacities are comparable to other values from free-standing CNT films [13,18,19]. These findings secure the excellent C-rate capability of the flexible LIB anode, largely ascribed to outstanding structural integrity and interfacial bonding strength of 3D CNTs–graphene on PET.




3.7. 3D Carbon Nanotube–Amorphous Silicon


Various types of hybrid anode nanostructures have been developed to induce a synergistic combination of two complementary nanomaterials for improved electrochemical performance. Recently, a 3D CNTs–silicon hybrid anode has gained great attention in obtaining the synergistic effects of 3D CNTs and silicon [45]. In this anode, 3D CNTs are used as an electrical conducting framework and structural buffer against ~300% volume variation of silicon during cycling; silicon, on the other hand, functions as a high-capacity material with a theoretical capacity of 4200 mAh·g−1. In our previous study, silicon was directly deposited onto the 3D CNTs via a sputtering method; as a result, it was possible to synthesize this anode without any complicated chemical processing steps [33]. Figure 8a illustrates the schematic of the cross-section view of CNTs grown on a single Cu wire, in which densely grown and larger diameter CNTs are demonstrated on the top surface area of Cu, with relatively smaller diameter CNTs on the lateral side area. In this proposed anode, the electrochemical performance was affected by the controlled interface between the CNTs as active material and Cu current collector [22,115]. Amorphous Si (a-Si) was subsequently coated on the as-grown 3D CNTs via the sputtering method and a Ti adhesion layer was intermediated with a-Si for reinforced bonding strength between a-Si and CNTs.



The high degree of defects can be seen in the high ratio of ID/IG (~1) for the CNTs in Raman spectra (Figure 8b). The larger extent of defects offers more accessible sites for Li+ ion insertion into the CNT structure and the decreased diffusion length for Li+ ions; as a result, the defective CNTs are more beneficial for enhancing electrochemical performance [93,94]. In the a-Si/CNTs hybrid structure, the broad intensity peak at roughly 480 cm−1 in Figure 8b verifies the existence of a-Si [116].



Figure 8c presents a comparative view of the cycling stabilities acquired from the three different anode systems for 50 cycles at 1C (corresponding to a current density of 372 mA g−1). For the 3D CNTs on Cu, the reversible capacity gradually rose from 226 mAh·g−1 at the 1st cycle to 258 mAh·g−1 at the 39th cycle, and then eventually dropped slightly to 254 mAh·g−1 up to the 50th cycle. Such a trend of increase in capacity over the entirety of the cycles is at odds with previous reports on the constant capacity of CNT [22,23]. This continuous charge and discharge process presumably activated more surface area on the close-packed and randomly oriented CNT structure. Compared with 3D CNTs, a-Si coated 3D CNTs yielded a capacity improved by nearly 10%, suggesting an alloy formation between a-Si and Li. Nevertheless, a specific capacity of 278 mAh·g−1 at the 50th cycle was lower than the previous reports on Si nanotubes [117] and Si nanowires [118], potentially due to the lower weight ratio of the deposited a-Si to CNTs (below 1%). The fairly stable cycling performance also ensured that Si–C bonding at the interface between a-Si and CNTs was robust without causing the a-Si layer to peel off when a-Si/3D CNT anode was cycled. Additionally, in the case of CNTs on 2D Cu foil (2D CNTs), a specific capacity of ~163 mAh·g−1 was delivered up to the 50th cycle. The capacity value was ~64% that of 3D CNTs, presumably attributed to a nearly 400% higher areal density of the 3D CNTs leading to greater Li+ ion accommodation abilities, as discussed in Section 1.



Coulombic efficiency (calculated by the ratio of charge (delithiation) capacity to discharge (lithiation) capacity) of a-Si/3D CNTs was recorded as higher than 98% after the 4th cycle and then nearly 99% after the 22nd cycle (Figure 8c). This finding verified the excellent reversibility of the a-Si/3D CNTs anode, attributed to the large amount of Li+ ions furnished by Li metal in a cell. Overall, the specific capacities of a-Si/3D CNTs are superior to 3D CNTs regardless of the C-rates (Figure 8d); an average capacity of the a-Si/3D CNTs (334 mAh·g−1 at 5C) outperformed 3D CNTs (249 mAh·g−1) by 34%. Moreover, the average capacity ratio of 5 and 0.1C for the a-Si/3D CNTs was measured around 0.93, exceeding 3D CNTs (0.86) by 8%. With the enhanced performance, we confirmed that a-Si thin layer incorporated with CNTs could be a promising approach toward the enhanced storage capacity for advanced LIBs. Furthermore, the overall capacities of 3D CNTs were higher than 2D CNTs over the entirety of the C-rates. The result could stem from the higher surface area contributed by a fourfold higher areal density of 3D CNTs for Li+ ion insertion abilities in conjunction with facilitated Li+ ion diffusion within the 3D structure.




3.8. 3D Multi-Layered Structure of Graphene–Silicon Quantum Dots


The development of inter-layers in the 3D silicon–carbon nanostructure as a hybrid anode structure is a novel approach to enhancing the electrochemical properties of the LIBs. For this anode, the inter-layer serves as an electrical conducting and structural buffering agent and is more effective than recently developed silicon–nanocarbon hybrid anodes, which do not include an inter-layer; thus, this approach can resolve the issues of cycle-induced pulverization and low electrical conductivity of silicon [119,120]. Inspired by this concept, our research team formed an inter-layer Cu3Si as an electrical conducting and structural buffering media in the matrix of silicon–CuO quantum dots (hereafter referred to as Si–CuO QD) by thermal reduction in an Ar atmosphere [121,122,123]. Figure 9a represents processing flows of each synthesis step of Graphene/Silicon–CuO quantum dot (hereafter referred to as Gr/Si–CuO QD) multi-layered anode structure for LIB by using an electrophoresis deposition (EPD) technique. The graphene oxide (GO), a precursor to graphene, was fabricated through the modified Hummers method [124]. During fabrication, Cu was employed as anode to create the Si–CuO formation. Similar to the graphene growth on Cu (anodic deposition in Figure 9a (left)), Si–CuO thin film on Cu was carried out by repeating the cathodic deposition and followed by drying process until a desired thickness (15–100 nm) of Si–CuO thin layer was reached. A final product of Gr/Si–CuO layered thin films was obtained by alternating anodic and cathodic depositions, as depicted by the schematic diagram (Figure 9a (right)). For the fabrication of inter-layer Cu3Si in Si–CuO QD, subsequent reduction process was introduced by annealing at 400°C for 30 mins in Ar environment with a process pressure of 50 mTorr (as opposed to a base pressure of 10−7 mTorr) in a vacuum CVD system.



In this Gr/Si–CuO QD structure, the Si–CuO QD layer with a 15–100 nm thickness and wave-like graphene layer with a 5–10 nm thickness were stacked alternately (Figure 9b,c). The XRD pattern from the Gr/Si–CuO QD verifies the presence of components such as carbon and graphene oxide (PDF#46-0944), amorphous CuO (PDF#44-0706), poly-crystalline Cu3Si (PDF#51-0916), and Si, as denoted in Figure 9d. Figure 9e manifests the superior capacities of the Cu3Si-formed Gr/Si–CuO QD to the Gr/Si–CuO QD at the corresponding C-rates, along with a staircase-type capacity decrease as the C-rate increases. Furthermore, the Cu3Si-formed Gr/Si–CuO QD exhibited a 222% higher capacity of 2760 mAh·g−1 at 0.5C than the Gr/Si–CuO QD, and then the capacity gradually decreased to 350 mAh·g−1 at 5C with 12% capacity retention. Afterwards, once the C-rate returned to 0.5C, the capacity was elevated to 1810 mAh·g−1, which is 241% higher than the Gr/Si–CuO QD at a similar C-rate. The XRD, SEM, and Raman analyses corroborated the structural integrity of Gr/Si–CuO QD even after undergoing 100 discharge–charge cycles (see Supporting Information, Figure S1 [57]). Therefore, we confirmed the following dual functions of the inter-layer of Cu3Si for the outstanding C-rate capability and structural integrity of the Gr/Si–CuO QD structure: electrical conducting and structural cushioning media [125,126].





4. Conclusions and Perspectives


Efforts have been dedicated to develop 3D carbon nanostructured (e.g., CNTs, graphene, and nanoporous carbon) anodes in an attempt to implement them into advanced LIBs. The excellent electrochemical properties of these 3D carbon nanostructured anodes include high surface area, short diffusion length of Li+ ions, and high loading of active materials, which further contributes to higher LIB performance than conventional carbon nanostructured anodes. Furthermore, our proposed 3D CNTs and 3D graphene networks are being used in conjunction with high-capacity electroactive materials such as nanoscale metal-oxides/silicon to form the nano-heterostructure designs. By implementing such designs, the electrochemical performances have improved significantly over those pristine electroactive materials. However, most of the carbon nanostructures face the technical challenge of low Coulombic efficiency (the high irreversible capacity) obtained from the first cycle, mainly associated with the solid electrolyte interphase (SEI) layer formation by the organic electrolyte decomposition. The modification of either the surface of carbon nanomaterials or the electrolyte solution could be a viable way to solve this challenge in the future. Designing 3D nanocarbon conducting networks with high-capacity electrode materials for advanced LIBs can be applied to the emerging battery systems such as Li-sulfur, Li-air, and Li-organic batteries. This direction will bring forth many potential opportunities for the development of novel carbon nanostructures in the field of energy storage.
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Figure 1. The surface area variation of 3D Cu mesh, its normalized increment by 2D Cu foil, and the empirically measured average weight of CNTs as a function of thickness and hole size. Note that the inset represents a unit cell of the 3D Cu cuboid with its dimension (Reprinted with permission from [33]. Copyright (2012) Elsevier.). 
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Figure 2. (a) Schematic diagram of a magnetron sputtering system for Ti and Ni deposition; (b) scanning electron microscopy (SEM) image and schematic diagram of 3D Cu mesh; (c) schematic diagram of a CVD for CNT growth; (d) SEM image of 3D CNTs on Cu (left) and high-resolution transmission electron microscopy (HRTEM) image of a single CNT with low-ordered graphitization structure (right) (Reprinted with permission from [88]. Copyright (2015) Elsevier.). 
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Figure 3. (a) The variations of Ni island size and CNTs’ areal density with CNT growth conditions: temperature and the thickness of sputter-coated Ni thin film; (b) Raman spectra to compare the degree of crystalline order of 3D CNTs synthesized at the two different growth conditions. 
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Figure 4. (I) Procedures for the synthesis of multi-layered 3D CNT anode: (a) 3D CNTs grown on Cu via CVD; (b) Cu removal by FeCl3 etching solution; (c) 3D free-standing CNT structure after washing away Cu; (d) the multi-layered 3D CNTs by PVDF binder-assisted pressing of the layers of 3D CNTs. (II) Field emission scanning electron microscopy (FESEM) cross-sectional images of the structures of multi-layered 3D CNTs obtained (e) before and (f) after the treatment of binder and high compressive pressure at 60 °C. (III) Comparative electrochemical properties of the multi-layered 3D CNT anodes with the number of stacked layers. Note that 1S, 3S, and 5S of CNTs have areal densities of 2.6, 4.5, and 9.0 mg·cm−2 and bulk densities of 1.3, 1.85, and 1.8 g·cm−3, respectively. (g) Areal capacity versus cycle number of all the multi-layered 3D CNT anodes at 0.5C; (h) specific and volumetric capacities of 3S versus cycle number at various C-rates (Reprinted with permission from [88]. Copyright (2015) Elsevier.). 
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Figure 5. (I) (a) A schematic diagram representing the components of a flexible LIB cell, in which the 3D CNTs act as a working electrode; (b) a schematic demonstrating an assembled flexible cell (above) and the corresponding digital image of the fabricated LIB cell demonstrating its thin thickness (<1 mm) and structural flexibility. (II) (c) Specific capacity versus cycle number of the flexible cell assembled by 3D free-standing CNTs at 0.1C; (d) the OCV behavior varied with the bending state of the flexible LIB. The incorporated schematic diagrams represent the cell bent under tensile and compressive loads (left). The digital image demonstrates the consistency of the OCV value of ~2.7 V when the cell is bent (right) (Reprinted with permission from [49]. Copyright (2016) IOP Publishing.). 
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Figure 6. (a) A schematic model of a CNT forest directly grown on graphene–porous nickel while lifting the Fe/Al2O3 catalytic layer; (b) SEM image of a CNT–graphene–porous nickel sample. The sample was synthesized using 1.5 nm Fe/10 nm Al2O3 as the catalyst; the growth time was 10 min. Inset shows SEM image demonstrating CNTs grown for 10 min; the length of CNTs was ~250 μm. (c) Raman spectra of the CNTs under 633 nm excitation wavelengths. Insets show spectra of the radial breathing modes (RBMs) (left) and TEM images of the CNTs with different wall numbers. (d–f) Supercapacitor performances of the devices integrated with CNT–graphene–porous nickel; (d) CV traces at different scan rates; (e) electrochemical impedance spectra. Inset demonstrates the data at high-frequency ranges. (f) Galvanostatic charge/discharge curves measured in the 6 M KOH electrolyte under different currents (Reprinted with permission from [105]. Copyright (2013) American Chemical Society.). 
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Figure 7. (I) Fabrication procedures of 3D CNTs on flexible graphene–PET substrate: (a) Graphene–PET film and 3D CNTs on Cu; (b) hot lamination of 3D CNTs onto graphene–PET; (c) Cu removal by using FeCl3 solution; (d) 3D CNTs transferred onto the graphene–PET film. Note that the digital image demonstrates the exceptional flexibility of the 3D CNTs–graphene–PET structure. (II) Structural and electrochemical properties of 3D CNTs–graphene–PET; (e) plane-view SEM image; (f) cross-sectional SEM image; (g) schematic diagram of the cross-sectional image shown in (f); (h) Raman spectra of 3D CNTs and graphene on two different substrates Cu foil and PET film, and pristine PET film; (i) C-rate capability at seven different current densities, the values of which are denoted in the plot (Reprinted with permission from [63]. Copyright (2014) Elsevier.). 
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Figure 8. (a) Schematic model of CNTs grown on 3D Cu and a-Si deposited CNTs on 3D Cu; (b–d) structural and electrochemical properties of CNT-based anodes: (b) Raman spectroscopic response. Note that the broad peak at around 480 cm−1 in the a-Si/CNTs indicates the presence of amorphous Si. (c) Comparative cycling performances of the different anode structures. Coulombic efficiency of a-Si/CNTs at 1C is shown. (d) The variation of reversible capacities with different C rates (Reprinted with permission from [33]. Copyright (2012) Elsevier.). 
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Figure 9. Schematic representation of (a) the fabrication of multi-layer Gr/Si–CuO QD through the second electrophoresis (i.e., anodic and cathodic depositions); (b,c) low and magnified FESEM cross-section images of Gr/Si-CuO QD showing the multi-layered structure of Si–CuO QD embedded into the graphene layers, including a schematic diagram of Gr/Si–CuO multilayered structure; (d) XRD pattern of annealed Gr/Si–CuO/Cu, verifying the presence of orthorhombic Cu3Si, corresponding to the (012) (2θ = 44.5°) and (300) (2θ = 44.9°) planes; (e) C-rate capability of pristine Gr/Si–CuO QD and Cu3Si-formed Gr/Si–CuO QD (Reprinted with permission from [57]. Copyright (2014) Elsevier.). 
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Table 1. Comparison of fabrication methods and charge capacities of 3D carbon nanomaterial-based anode for LIBs.
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3D Carbon-Based Anode Nanostructure

	
Synthetic Method

	
Charge Capacity

	
C-Rate (C) or Current Density (mA·g−1)

	
Overall/1st Cycle Coulombic Efficiency (%)

	
Reference






	
Vertically aligned free-standing 3D CNTs

	
CVD

	
490 mAh·g−1

	
N/A

	
N/A

	
[9]




	
3D amorphous Si-CNTs directly grown on Cu current collector

	
CVD and sputter deposition

	
356 mAh·g−1

334 mAh·g−1

	
1C

5C

	
~99%/~67%

	
[33]




	
3D Core Shell Multiwalled Carbon Nanotube@RuO2

	
ALD

	
~600 μAh·cm−2

	
N/A

	
~88%/~91%

	
[43]




	
Multistacked layers of porous Co3O4 nanoplates wrapped by capillary-like CNT nets

	
Layer-by-layer (LBL) structure

	
>1000 mAh·g−1

~710 mAh·g−1

	
5 A·g−1

50 A g−1

	
97%/~75%

	
[48]




	
3D free-standing CNTs-graphene

	
CVD

	
2 mAh·cm−2 (coin cell)/0.25 mAh·cm−2 and 300 mAh·cm−3 (flexible cell)

	
0.1C

	
99%/~44%

	
[49]




	
3D MWCNT/V2O5 Core/Shell Sponge

	
ALD

	
816 μAh·cm−2

	
1C

	
~99%/N/A

	
[50]




	
3D Si-CNT sponges

	
Dichlorobenzene-based CVD for CNT growth and SiH4/Ar-based CVD for Si nanoparticles

	
~1300 mAh·g−1

	
0.2C

	
~97%/83%

	
[51]




	
Li4Ti5O12 (anode) imbedded in 3D CNT sponges

	
Dip coating of CNT ink into polyester fiber textile

	
140–160 mAh·g−1

	
0.1C

	
>99.5%/95%

	
[52]




	
3D multi-layered Si/CNT

	
Thermal and plasma-enhanced CVD

	
2561.2 mAh·g−1, 1.25 mAh·cm−2 and 595.4 mAh·cm−3

	
1C

	
>99%/61%

	
[53]




	
3D graphene/ultra-small SnO2 and Fe2O3 anodes

	
Annealing using ion-exchange resin and hydrothermal synthesis

	
474 mAh·g−1 (SnO2) and 448 mAh·g−1 (Fe2O3)

	
10 A·g−1

	
>99.5%/58%

	
[54]




	
3D nanoporous Fe2O3/Fe3C-Graphene heterogeneous thin films

	
Anodization/CVD

	
1650 mAh·cm−3 and ~518 mAh·g−1

	
~6.6C

	
~98%/~88%

	
[55]




	
3D porous architecture of Si/graphene nanocomposite

	
Modified sol-gel method/in situ magnesiothermic reduction/spray-drying

	
~900 mAh·g−1

	
100 mA·g−1

	
~93%/~49%

	
[56]




	
3D multi-layered graphene/Si-CuO quantum dot

	
Electrophoresis deposition/annealing

	
2869 mAh·g−1

	
0.5C

	
>99%/87%

	
[57]




	
3D TiO2-Graphene-CNT

	
Solution-based method

	
111.2 mAh·g−1

93.1 mAh·g−1

	
10C

30C

	
~98%/N/A

	
[58]




	
3D Li4Ti5O12/graphene foam

	
CVD and Hydrothermal Synthesis

	
160 mAh·g−1

	
30C

	
>99%/98%

	
[59]




	
3D hierarchical NiO-graphene

	
Hydrothermal/a modified Hummers method

	
1065 mAh·g−1

	
200 mA·g−1

	
97%/~65%

	
[60]




	
3D graphitic carbon layer conformally deposited on perforated silicon nanowire arrays

	
Metal-assisted chemical etching of silicon wafers/in situ decomposition of methane

	
1500 mAh·cm−3

	
0.2C

	
~99%/78%

	
[61]




	
3D porous graphene networks anchored with Sn nanoparticles

	
Freeze-drying and CVD

	
1089 mAh·g−1

	
0.2 A·g−1

	
>99%/~69%

	
[62]




	
Large-area patterned 3D CNTs-graphene on flexible PET film

	
CVD and sputter deposition

	
254 mAh·g−1

	
0.17C

	
>99%/N/A

	
[63]




	
3D monolithic Fe2O3/graphene

	
Modified Hummers/Hydrothermal synthesis/freeze drying

	
810 mAh·g−1

	
100 mA·g−1

	
>97%/~65%

	
[64]




	
Flexible free-standing hollow Fe3O4/graphene

	
Vacuum filtration/thermal reduction

	
~940 mAh·g−1

	
200 mA·g−1

	
>99.5%/~56%

	
[65]




	
Free-standing layer-by-layer assembled hybrid graphene-MnO2 nanotube thin films

	
Modified Hummers/Hydrothermal reaction/ultrafiltration technique

	
686 mAh·g−1

	
100 mA·g−1

	
~99%/~56%

	
[66]




	
3D Sn/graphene nanocomposite

	
Modified Hummers/Chemical reduction

	
508 mAh·g−1

	
55 mA·g−1

	
96.5%/~65%

	
[67]




	
3D ordered mesoporous carbon (CMK-3)

	
Sacrificial silica template and thermal carbonization of sucrose

	
850–1100 mAh·g−1

	
100 mA·g−1

	
90%–93%/~35%

	
[68]




	
Hierarchically Porous Carbon Monoliths with Highly Ordered Microstructure

	
Sacrificial meso-/macroporous silica/infiltration/carbonization

	
260 mAh·g−1

	
10C

	
>98%/~57%

	
[69]




	
3D Ordered multimodal porous carbon (OMPC)

	
Self-assembly/polymer infiltration/carbonization/silica etching

	
758 mAh·g−1

904 mAh·g−1

	
100 mA·g−1

1000 mA·g−1

	
>98%/57%

	
[70]




	
3D porous carbon/Sn

	
Dispersing SnO2 nanoparticles into a sacrificial soft-template polymer matrix/carbonization

	
950 mAh·g−1

	
200 mA·g−1

	
>99.5%/75%

	
[71]








Note that our proposed 3D carbon nanostructures, methods, and specific capacities are in bold.
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Table 2. The morphology variation of 3D CNTs on Cu with the different growth conditions of temperature and time for carbon decomposition, and the thickness of sputter-coated Ni thin film. Note that the scale bar applies to all the images.
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