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Abstract

:

Among typical energy storage devices, supercapacitors play a predominant role in industry and our life owing to their rapid charge/discharge rate, superior lifespan, high power density, low cost, and outstanding safety. However, their low energy density has severely hindered their further development. For active electrode materials, graphene-based mesoporous nanosheets (GMNs) can combine the advantages from graphene and mesoporous materials, which can be applied to significantly enhance the energy density of supercapacitors. Here, we review the recent advances in GMNs for supercapacitors, focusing on in-plane mesoporous graphene and sandwich-like graphene-based heterostructures. Firstly, the synthesis of in-plane mesoporous graphene with ordered and disordered mesopores for supercapacitors is introduced. Secondly, sandwich-like graphene-based heterostructures are classified into mesoporous carbon/graphene, mesoporous heteroatom-doped carbon/graphene, mesoporous conducting polymer/graphene, and mesoporous metal oxide/graphene, and their applications in supercapacitors are discussed in detail. Finally, the challenges and opportunities of GMNs for high-performance supercapacitors are proposed.
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1. Introduction


In recent years, the rapid consumption of fossil fuels has resulted in energy shortages and environmental issues. Therefore, the development of alternative energy sources (such as wind, solar, and tidal energy) and their effective storage technologies is vital [1,2,3,4,5,6]. At present, electrochemical energy storage systems including batteries and supercapacitors (SCs) are considered some of the important ways to store renewable energy [7,8,9]. Especially, SCs have sparked a wide range of interest because of their fast charge/discharge rate, long life, high power density, and high safety [10,11,12,13,14,15,16,17,18]. Based on the energy storage mechanism, SCs are classified into electric double-layer capacitors and pseudocapacitors. The former are mainly based on the physical adsorption/desorption that occurs on the surface of electrodes, while the latter store charge through surface and near-surface redox reactions [19,20].



To enhance the energy density of SCs, various electrode materials have been exploited [9,21,22,23], in which graphene stands out. Graphene is a 2D carbonaceous substance composed of sp2 hybrid carbon atoms arranged in a honeycomb crystal structure [24]. Since it was discovered by Geim and Novoselov in 2004, graphene is considered as the hardest and thinnest 2D material with a sheet thickness of 0.34 nm [25]. Notably, graphene possesses an atomic-level thinness, large theoretical surface area (2630 m2/g), numerous active sites, excellent electrical conductivity, rapid ion–electron transport, and impressive specific capacitance, thus making it promising in the field of energy storage and conversion, especially SCs. As an active electrode material and conductive substance, graphene ensures good electrical conductivity, accessible contact area, superior ion transport capability, and excellent flexibility, resulting in enhanced electrochemical performance for the corresponding SCs.



However, the van der Waals forces between different layers results in the easy self-stacking of graphene nanosheets and obvious decrease in specific surface area (SSA) and active sites, which hinder ion transport and lead to a significant reduction in electrochemical performance [26,27,28,29,30,31,32]. Considering that mesoporous materials possess a high SSA, large pore volume, and tunable nanostructure [22,33,34,35,36], introducing the mesopore structure into graphene to customize graphene-based mesoporous nanosheets (GMNs) will integrate the merits of graphene and mesoporous materials, restrain the restacking of graphene layers, and realize new physiochemical properties [37,38,39,40]. Therefore, GMNs are regarded as one ideal electrode material for high-performance SCs. Specifically, the mesopores can serve as ion transfer channels to reduce the diffusion resistance of electrolyte ions and thus realize good rate performance and power density for the SCs. Additionally, the mesopore networks endow GMNs with improved specific surface areas and active sites, as well as large pore volumes and reaction spaces. The high SSAs and abundant active sites enable electrolyte ions to be fully embedded and increase the effective contact area between the electrode and electrolyte, which can enhance the specific capacitance and energy density of the corresponding SCs. The large pore volume and sufficient reaction space can accommodate solvated electrolyte ions and buffer the volume change of the electrode during the charging/discharging process, delivering good cycling stability for the SCs [23,38,39,41,42,43,44,45,46,47]. Ultimately, these structural advantages endow GMNs with a high specific capacitance, good rate capacity, exceptional cycling stability, and improved power and energy densities for SCs. Although recent advances in graphene for energy storage and conversion have been summarized [48,49,50], a comprehensive overview of the synthesis and SC applications of GMNs is still lacking.



Herein, this review systematically presents recent advances in GMNs for SCs (Figure 1). In particular, GMNs include in-plane mesoporous graphene and sandwich-like graphene-based heterostructures. Based on the different degree of mesopore ordering, GMNs can also be divided into ordered GMNs and disordered GMNs. Therefore, the synthesis and SC applications of in-plane mesoporous graphene with ordered and random mesopores are firstly introduced. Further, various sandwich-like graphene-based heterostructures, e.g., mesoporous carbon/graphene, mesoporous heteroatom-doped carbon/graphene, mesoporous conducting polymer/graphene, and mesoporous metal oxide/graphene, are summarized for SCs. Finally, the challenges and opportunities of GMNs and the corresponding SCs in the future are provided.




2. Mesoporous Graphene


Compared with conventional graphene nanosheets, mesoporous graphene with planar vertical holes not only guarantees a higher SSA, but also possesses unimpeded transport channels in the vertical and horizontal directions, leading to a greatly increasing mass transfer rate [51,52,53]. Hence, its preparation and application in SCs are attracting more attention [53,54,55,56,57,58]. According to the degree of mesopore ordering, we classify mesoporous graphene into two categories in this section, disordered and ordered.



2.1. Disordered Mesoporous Graphene


For disordered mesoporous graphene, the pore size has a wide distribution range and the pore shape is relatively irregular [59,60,61]. Physical (photo/electron/plasma) etching has been employed for the creation of mesoporous mono/multi-layer graphene. For example, Guerra et al. reported controllable defect creation in isotopically labeled bilayer graphene through oxygen plasma treatment [62]. The high-resolution transmission electron microscopy (HRTEM) confirmed randomly distributed holes of a few nanometers, namely the vacancy defects caused by the oxygen plasma. This work provided a simple and effective method for controlling the density of defects in multi-layer graphene through sample positioning combined with the oxygen plasma. Chemical etching is also considered as one of most common and reliable methods to prepare mesoporous graphene [63,64]. In addition, various approaches have been proposed, including ion irradiation [65], hydrothermal reaction [66,67], the template function [33,68], chemical vapor deposition [69], and so on [70]. But these methods frequently result in very low yields and involve a difficult handling process, highlighting the necessity for the development of new, scalable synthesis strategies. As an example, Kim et al. [71] explored the universal synthesis of graphene nanomeshes (GNMs) through catalytic carbon gasification (Figure 2a). Specifically, graphene oxide (GO) nanosheets were selectively etched by metal oxide (i.e., SnO2, Fe3O4, and RuO2) nanoparticles, and then HI was selected to remove metal oxides and reduce GO. Notably, by varying the size and proportion of metal oxide on the graphene, the pore size, pore density distribution, and neck size of GNMs could be readily controlled. Using 7 wt%, 11 wt%, and 17 wt% SnO2, the porosity distribution of GNMs was regulated between 500 and 5000 μm−2. When the catalytic SnO2 was replaced by Fe3O4 and RuO2, the pore size of GNMs could be regulated from 5 to 20 nm. Finally, the GNMs as electrode materials of SCs exhibited superior electrochemical properties, mainly including an exceptional capacitance of 253 F/g at 1 A/g, high rate capability of 212 F/g at 100 A/g, and impressive cycle stability of 91% of retention after 50,000 cycles.



Analogously, Xu et al. [72] used a mild defect-etching reaction to produce in-plane holey graphene oxide (HGO), in which GO and H2O2 were mixed and reacted at 100 °C for 4 h (Figure 2b). The transmission electron microscopy (TEM) image revealed numerous planar pores of several nanometers on the HGO surface (Figure 2c). And nitrogen adsorption–desorption tests demonstrated a much higher SSA (~430 m2/g) compared to GO (~180 m2/g), along with a prominent size distribution in 2–3 nm. Considering the significantly improved SSAs and ion diffusion dynamics compared to the non-porous counterparts, the HGO could serve as binder-free supercapacitor electrodes with ultrahigh electrochemical performances in various electrolytes. With the poly (vinyl alcohol) (PVA)-H2SO4 gel electrolyte, the HGO-based SCs demonstrated a specific capacitance of 201 F/g at 1 A/g, exceptional flexibility even at a bending radius of ~2 mm, and an outstanding cycling stability of ~90% of retention after 20,000 cycles under the bending state (Figure 2d–g).



In summary, the pore structure of disordered mesoporous graphene obtained using various strategies is randomly distributed and uncontrollable. And the generated structural defects limit the repetitive synthesis and mechanism study of GMNs for SCs. Therefore, the in-plane mesoporous graphene with ordered mesopores may be more meaningful and promising.




2.2. Ordered Mesoporous Graphene


Ordered mesoporous graphene possesses uniform pore sizes and orderly arranged mesopores in the basal plate. In order to accurately customize the pore structure, various template strategies have been developed, mainly involving the construction of mesopores inside graphene nanosheets using rigid nanoparticles or flexible molecules as the hard or soft templates [40,57,68]. For instance, Fang et al. [73] reported a low-concentration micelle close-packing assembly strategy to controllably synthesize ordered mesoporous graphene. As shown in Figure 3a, the phenolic resin molecules interacted with triblock copolymer Pluronic F127 templates to form spherical micelles, and then the subunits were assembled in a close-packed manner through hydrothermal treatment to gain two-dimensional (2D) ordered mesoporous carbon nanosheets. Thereinto, anodized alumina (AAO) films were used as substrates, providing a large surface area for 2D carbon production. Further, the mesoporous carbon nanosheets were converted to mesoporous graphene through carbonization at 700 °C. Notably, the obtained mesoporous graphene displayed tens of microns of average length and 400–500 nm of width, as well as a uniform mesopore size of ~9 nm (Figure 3b). Owing to the high SSA (~283 m2/g) and ordered mesopores, the mesoporous graphene showed an outstanding lithium-ion storage capacity and cycling performance. However, their SC application was not involved.



In addition, Bai et al. [63] successfully prepared an ordered graphene nanomesh (GNM) with regulable periodicity and neck width (5–20 nm) using block copolymer photolithography. Specifically, graphene was employed as a 2D precursor, SiOx film served as a protective layer and subsequent hard mask, and polystyrene block-methyl methacrylate (PS-b-MMA) block copolymer worked as the sacrificial template (Figure 3c). By etching away the underlying SiOx, the individual GNM could be stripped off (Figure 3d). As shown in Figure 3e,f, the GNM showed uniform mesopores of 39 nm and an average neck width of 7.1 nm. Although it is inherently scalable for manufacturing continuous semiconductor GNM films, this method is limited by high-cost, low-yield, and dangerous conditions because of the usage of CHF3 plasmon-based reactive ion etching (RIE) and O2 plasma etching.



To sum up, the controllable fabrication of ordered mesoporous graphene is difficult and their SC applications is undeveloped at present. Therefore, the exploitation of novel preparation methods and the investigation of the structure–activity relationship of ordered mesoporous graphene for SCs are innovative and urgently needed.





3. Sandwich-like Graphene-Based Mesoporous Heterostructures


As a kind of 2D nanocomposite, the sandwich-like GMNs are obtained by in situ patterning the mesoporous functional layer on both sides of the graphene substrate. It is hoped to greatly reduce the stacking of graphene nanosheets, extend the physicochemical properties of materials, and meet the multifunctional requirements of devices (e.g., SCs). Up to now, various sandwich-like GMNs have been developed, including mesoporous carbon/graphene, mesoporous heteroatom-doped carbon/graphene, mesoporous conducting polymer/graphene, mesoporous metal oxide/graphene, and so on [41,74,75,76].



3.1. Mesoporous Carbon/Graphene


Due to their excellent conductivity, superior electrochemical stability, cheap price, and environmental friendliness, carbon materials are recognized as one of the most common electrode materials of SCs [77,78,79]. Thus, by coupling the carbon component, mesopore structure, and graphene substrate, the resulting mesoporous carbon/graphene displays a high specific capacitance, outstanding rate performance, and good cycling stability. For example, Yang et al. [80] proposed a bottom-up method for the mass production of sandwich-like graphene-based mesoporous silica (GM-silica) nanosheets, where the graphene nanosheet was completely separated by the mesoporous silica layer. Then, GM-silica nanosheets could be used as a template to produce graphene-based mesoporous carbon and graphene-based mesoporous Co3O4. As shown in Figure 4a–d, the pore size of the prepared graphene-based mesoporous carbon nanosheets was ~2 nm, the thickness was ~28 nm, and their SSA was up to 980 m2/g. Further, the graphene-based mesoporous carbon as the active electrode presented good electrochemical performance for lithium-ion storage, while its SC application was not reported.



In addition, Liu et al. [81] firstly reported the interface-induced co-assembly of ordered mesoporous carbon/graphene aerogel (OMC/GA) composites for SCs, where the GA, F127, and resols were used as the macroporous substrate, mesopore template, and carbon source, respectively (Figure 4e). Prominently, the obtained OMC/GA was constituted by a network of highly ordered mesoporous carbon (~9.6 nm) on interconnected macroporous graphene (Figure 4f). During co-assembly, the weight ratio of resol-F127 micelles to GA could easily change the orientation of the mesopore structure (perpendicular or horizontal to the GA surface), which also had a great influence on their electrochemical behavior. As shown in Figure 4g,h, the OMC/GA with vertical mesopore (OMC/GA-2)-based all-solid-state SCs exhibited a superior specific capacitance of 44.3 F/g at 5 mV/s, rate capability of 23.6 F/g at 300 mV/s, cycling stability of 7.4% loss after 1000 cycles, energy density of ~6.2 Wh/kg, and power density of ~3545 Wh/kg compared to other counterparts. Therefore, this method provided a promising platform for the development of mesoporous graphene composites with controllable mesopores, and they were expected to show wide applications in SCs, batteries, sensors, and catalysis.




3.2. Mesoporous Heteroatom-Doped Carbon/Graphene


It is well known that the introduction of heteroatoms (e.g., N, O, S, and P) into mesoporous carbon/graphene can improve its wettability in electrolytes, change the electronic structure and physicochemical properties, and thus exhibit pseudocapacitance for SC application [82,83,84,85]. In recent years, nitrogen-doping has been deemed to be one of the most widely used strategies to enhance the electrochemical performance of mesoporous carbon/graphene. For instance, our group controllably synthesized a series of mesoporous nitrogen-doped carbon/graphene nanosheets (mNC/G) with SiO2 nanospheres as a mesopore template and graphene as a 2D substrate (Figure 5a) [86]. The mNC/G nanosheets with varying mesopore sizes of 7 nm, 12 nm, and 22 nm were successfully achieved by changing the size of the SiO2 template. As exhibited in Figure 5b, the mNC/G with 7 nm mesopores presented a specific capacitance of 267 F/g at 0.5 A/g, which was much higher than those of mNC/G with 12 nm mesopores (202 F/g) and 22 nm mesopores (157 F/g). This result was probably attributed to the smaller mesopores, larger SSAs, more active sites, and thus higher specific capacitance. Further, the mNC/G-based micro-supercapacitors (MSCs) showed a volumetric capacitance of 21.0 F/cm3 and a volume energy density of 1.9 mWh/cm3, exceeding most of the reported graphene-based MSCs (Figure 5c).



Apart from the hard template of SiO2 nanospheres, soft templates (e.g., micelles of surfactants or block copolymer) can also be used to prepare nitrogen-doped mesoporous carbon/graphene. For example, Zhang et al. [87] synthesized 2D GO@nitrogen-doped mesoporous carbon (GO@NMC) using a simple, multistage, and self-assembled strategy, where poly-diaminopyridine (PDAP) acted as both carbon and nitrogen precursors, the polystyrene-b-polyethylene oxide (PS-b-PEO) block copolymer served as mesopore templates, and GO worked as a structural guide for 2D morphology (Figure 5d). After high-temperature carbonization (700 °C), GO@NMC with a mesopore range of 8–25 nm and N content of up to 19 wt% was produced (Figure 5e). Using it as an active electrode material, the resulting GO@NMC-based SCs displayed a specific capacitance of ~256 F/g at 0.2 A/g and excellent cycling stability for 5000 cycles (Figure 5f,g). In addition, the triblock copolymer of Pluronic P123 was used as a soft template to prepare mesoporous nitrogen-doped carbon/reduced GO (mNC/rGO) nanosheets. Specifically, P123 firstly formed columnar micelles in water, and then the micelles and dopamine (DA) molecules co-assembled on the GO surface through hydrogen bonding and electrostatic interactions. Through polymerization of DA, removal of P123, and hydrothermal treatment, mesoporous polydopamine/rGO (mPDA/rGO) was successfully obtained, and then mNC/rGO was received after further high-temperature carbonization treatment (Figure 5h). From transmission electron microscopy (TEM), it could be seen that the curved cylindrical mesopores were evenly distributed on rGO nanosheets (Figure 5i). Furthermore, with the mPDA/rGO positive electrode and mNC/rGO negative electrode, the prepared lithium-ion capacitor (LiC) exhibited excellent electrochemical performance, e.g., an energy density of 208 Wh/kg at a power density of 176 W/kg, which was the highest value of the recently reported PDA-based LICs (Figure 5j).



In addition, polyatom-doped mesoporous carbon/graphene was developed and applied in SCs [38,88,89]. For instance, Xu et al. [38] prepared nitrogen–sulfur co-doped mesoporous carbon/graphene with a uniform mesopore structure (10 nm) using a 2D mesopore dual-template method (Figure 6a,b). Unluckily, the composite was not used in SCs, but as a carbon-based catalyst for oxygen reduction reaction (ORR). Moreover, Tan et al. [88] used GO as a 2D substrate, F127 as a soft template, and resin and phytic acid as organic precursors to synthesize phospho-nitrogen co-doped mesoporous carbon nanosheets (rGO@PN/C) (Figure 6c). Notably, the doping amount of nitrogen and phosphorus was 1.9 at% and 0.5 at%, the thickness was 27.8 nm, the mesopore diameter was ∼14 nm, and the SSA was 1116.7 m2/g, respectively. Meanwhile, TEM and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) confirmed that the introduction of the phosphorus element did not change the morphology of mesoporous nanosheets (Figure 6d,e). Owing to the high SSA, low thickness, rich mesopore structure, and phospho-nitrogen co-doping, the rGO@PN/C exhibited high activity and rapid mass transfer for ORR. Furthermore, Guo et al. [89] reported porous phospho-nitrogen co-doped carbon/graphene heterostructures (NPC/rGO) using metal–organic framework (MOF)-nanoparticles as a precursor through stepwise pyrolysis and phosphorylation process (Figure 6f). In the NaCl aqueous electrolyte, the NPC/rGO presented the highest specific capacitance of 228 F/g at 5 mV/s compared to contrast samples (Figure 6g). Therefore, polyatom-doping of mesoporous carbon/graphene may exhibit better electrochemical properties compared with single heteroatom-doping, and their applications in SCs will be an important research direction in the future.
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Figure 5. (a) Schematic of the synthesis and (b) specific capacitance versus current density of mNC/G. (c) Ragone plot of mNC/G-MSCs [86]. (d) Schematic of the fabrication, (e) TEM images, (f) specific capacitance versus current density, and (g) cycling stability of GO@NMC [87]. (h) Diagram of the synthesis process and (i) TEM image of mNC/rGO. (j) Ragone plots of the mPDA/rGO//mNC/rGO LIC with different reported LICs [90]. 
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3.3. Mesoporous Conducting Polymer/Graphene


The conducting polymer refers to the highly conductive copolymer, such as polypyrrole (PPy) [45,91,92,93] and polyaniline (PANi) [94,95,96]. In order to overcome the high volume expansion/contraction during the charge/discharge process, the mesoporous conducting polymer is usually in situ grown on graphene to form GMNs with a sandwich-like structure. For example, Liu et al. [97] employed the spherical micelles of an amphiphilic block polymer (PS-b-PEO) as soft mesopore templates to fabricate mesoporous conducting polymer-GO nanosheets (Figure 7a). The TEM and SEM characterizations confirmed the highly regular and uniform mesopore structure for mesoporous PPy-GO (mPPy@GO, Figure 7b,c). Furthermore, mPPy@GO with 19.3 nm mesopores revealed a high specific capacitance (300 F/g at 1 mV/s) and excellent cycling stability (~99% retention after 5000 cycles), as shown in Figure 7d,e. And the mPPy@GO-based MSCs displayed an areal capacitance of 19 mF/cm2 and high rate capability up to 100 V/s. For another example, Mai’s group demonstrated the general preparation of graphene-based 2D mesoporous polymer nanosheets using pyrrole, aniline, and dopamine as monomers [31]. Specifically, the cylindrical micelles of P123 block copolymer were used as the mesopore templates, which interacted with the pyrrole, aniline, or dopamine monomer and GO substrate through hydrogen bonding. After the polymerization of monomers, removal of P123 templates, and hydrothermal treatment, the mesoporous conducting polymer/rGO nanosheets including mesoporous PPy/rGO (mPPy/rGO), mesoporous PANi/rGO, and mesoporous polydopamine/rGO were obtained (Figure 7f). Notably, the SEM and TEM images showed a clear mesopore structure with 11 nm for mPPy/rGO (Figure 7g,h). Further, the mPPy/rGO-based MSCs exhibited an impressive electrochemical performance, e.g., volumetric capacitance of 102 F/cm3 and areal capacitance of 81 mF/cm2 at 1 mV/s (Figure 7i). In addition, their energy density (2.3 mWh/cm3) was higher than the commercial energy storage devices and some reported MSCs, proving the good application prospects of the mesoporous conducting polymer/graphene and corresponding MSCs (Figure 7j).



Considering that the single mesopore structure cannot satisfy the multi-functional demand for material design and device application, Qin et al. [75] developed ordered dual-mesoporous polypyrrole/graphene (DM-PG) using a soft and hard dual-mesopore template strategy. Significantly, the sandwich-like DM-PG possessed well-defined small and large mesopore arrays (~7 nm and 18 nm) on both sides of graphene, which yielded a larger specific capacitance of 376 F/g at 1 mV/s and a higher NH3 response compared with single mesoporous and non-mesoporous samples (Figure 8a–d). Using the PVA-H2SO4 gel electrolyte, the resulting MSCs presented an areal capacitance and volumetric capacitance of 38 mF/cm2 and 110 F/cm3, respectively (Figure 8e). The Ragone plot of DM-PG-based MSCs is displayed in Figure 8f, revealing a superior volumetric energy density (2.5 mWh/cm3). More importantly, DM-PG nanosheets could be used as bifunctional active materials of an MSC and NH3 sensor for the simultaneous construction of a planar MSC-sensor integrated system with excellent compatibility and good performance (Figure 8g).



Furthermore, phosphomolybdate (POM) redox molecules can be introduced into mesoporous conducting polymer/graphene to further improve the electrochemical performance of electrode materials and the corresponding SCs [98,99]. From this, Wu’s group successfully prepared mesoporous PPy/graphene nanosheets with redox POM anchoring (mPPy@rGO-POM) using a soft template method for planar MSCs with enhanced volumetric capacitance [74]. Firstly, vermicular mesoporous mPPy@GO nanosheets were synthesized using P123 block copolymer as the mesopore template. After POM impregnation and the hydrothermal process, an mPPy@rGO-POM with low thickness (~3 nm), large SSA (142 m2/g), abundant mesopore structure, and uniform POM loading was obtained (Figure 8h,i). Further, the mPPy@rGO-POM-based MSCs presented a high areal capacitance of 115 mF/cm2 and volumetric capacitance of 137 F/cm3, as well as an outstanding energy density of 4.8 mWh/cm3 and power density of 645.1 mW/cm3 (Figure 8j,k). This strategy was expected to open up many possibilities for designing high-performance GMNs and building next-generation, flexible energy storage devices.




3.4. Mesoporous Metal Oxide/Graphene


As active electrode materials, metal oxides store charge through surface and near-surface Faraday oxidation/reduction reactions, which can generate a larger pseudocapacitance than double-layer capacitance [100,101,102,103]. On account of their poor conductivity and high volume changes in the charge/discharge process, metal oxides can be combined with the 2D graphene and mesopore structure to fabricate mesoporous metal oxide/graphene to enhance their electrochemical performance. For instance, Yang et al. [104] prepared a graphene-based mesoporous SnO2 composite (defined as G-M-SnO2) with cetyltrimethylammonium bromide (CTAB) as the structure-guiding agent. Obviously, the SnO2 grew uniformly on the surface of graphene, and the mesopore size was about 3 nm (Figure 9a–c). However, the G-M-SnO2 was applied to batteries but not SCs. Further, Lan et al. [105] reported a confined interfacial micelle assembly technique for the controllable synthesis of ordered mesoporous TiO2 on different substrates (e.g., SiO2, carbon, polymer, metal oxide, and metal sulfide) for the first time. Using Pluronic F127 as the mesopore template, GO as the substrate, and glycerol as the confined solvent, highly ordered mTiO2/GO nanosheets were successfully prepared. The TEM characterization exhibited a uniform mesopore structure with 9.5 nm (Figure 9d,e). Notably, this method had a certain universality for most 2D materials to construct mesoporous TiO2-based nanosheets. In addition, Tong et al. [106] prepared the mesoporous Nb2O5/graphene/mesoporous Nb2O5 (G@mNb2O5) nanosheets through a simple two-step hydrolysis technique. As shown in Figure 9f, the TEM images verified the uniform coverage of Nb2O5 nanoparticles on graphene. The nitrogen physisorption measurements further confirmed the existence of 1–4 nm mesopores (Figure 9g). Then, the electrochemical behavior of G@mNb2O5 was investigated using a sodium-ion half-cell, in which the capacities at 50 and 2000 mA/g were 293 and 125 mAh/g, respectively (Figure 9h,i). With an activated carbon cathode and G@mNb2O5 anode, a full sodium-ion hybrid SC was successfully fabricated. It displayed an outstanding energy density of 56.1 Wh/kg at 120 W/kg and a good cycling stability of ∼89% of retention for 800 cycles (Figure 9j,k). These results demonstrated the feasibility of G@mNb2O5 nanosheets for high-energy and high-power sodium-ion hybrid devices.





4. Summary and Perspective


In this review, the chemical synthesis and SC applications of GMNs (including in-plane mesoporous graphene and sandwich-like mesoporous graphene-based heterostructures) are summarized in detail. Specifically, physical/chemical etching and template methods are the primary synthesis strategies for disordered and ordered mesoporous graphene, respectively. The in-plane mesopores enable mesoporous graphene with an increased SSA and rapid ion transport, as well as SCs with an enhanced specific capacitance and rate performance. Sandwich-like mesoporous graphene heterostructures with varying compositions (e.g., carbon/graphene, heteroatom-doped carbon/graphene, conducting polymer/graphene, and metal oxide/graphene) have been produced using various template methods. They can greatly restrain the restacking of graphene nanosheets and improve the electrochemical performance of materials and corresponding SCs. However, there are still some unresolved challenges in GMNs for SCs.



(1) Obviously, the reported GMNs are limited to mesoporous graphene, mesoporous carbon/graphene, heteroatom-doped carbon/graphene, conducting polymer/graphene, and metal oxide/graphene so far. Thus, the development of new GMNs, such as mesoporous metal sulfides/carbides/nitrides, metals, metal–organic frameworks, and covalent organic frameworks/graphene heterostructures, is vital and promising, which will generate special physicochemical properties for SC applications. (2) From the view of synthetic strategies, the mesopore template method is the most common strategy used to controllably prepare GMNs. However, the complicated steps and harsh reaction conditions impede their large-scale production. To meet the industrial or commercial demands, simpler and more efficient synthesis technologies are demanded for GMNs. (3) At present, there are few studies on the application of GMNs in SCs, and some research only reported the synthesis of GMNs but did not involve their SC applications [38,70,73]. So, the investigation of SC applications and the summary of performance parameters for GMNs are crucial in the future. (4) The exploration of the structure–activity relationship of GMNs is still in the initial stage, and only a few reports have discussed the effects of pore size and sheet thickness on their electrochemical performance [86,97]. Therefore, it is necessary to systematically study the role of the composition, SSA, pore shape, pore size, or thickness of GMNs in SC applications, and the in situ characterization may provide an important platform.



In summary, the structural advantages, synthesis methods, and SC applications of GMNs have been thoroughly discussed, revealing their promising future and existing challenges. Although GNMs are still in their infancy, they have opened up a new space in the field of materials science, and their commercialization can be expected soon after surmounting the above unsolved problems.
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Figure 1. Schematic diagram of various GMNs for SCs. 
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Figure 2. (a) Schematic illustration of the preparation of GNMs [71]. (b) Fabrication mechanism and (c) TEM image of HGO, (d) galvanostatic charge/discharge (GCD) profiles, (e) specific capacitance versus current density, (f) cyclic voltammetry (CV) curves at different bending radii, and (g) cycling stability at 10 A/g and bending radius of ∼2 mm of HGO-based SCs [72]. 
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Figure 3. (a) Schematic of the preparation, and (b) TEM and SEM images of the ordered mesoporous graphene [73]. (c) Schematic of the fabrication of ordered GNM through block copolymer photolithography, (d) schematic of the structure, and (e,f) TEM images of GNM with 39 nm periodicity and 7.1 nm neck width [63]. 
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Figure 4. (a,b) SEM images, (c) TEM image, and (d) nitrogen adsorption/desorption isotherm of graphene-based mesoporous carbon [80]. (e) Schematic of the preparation; (f) TEM images of OMC/GA with different mesopore orientations; (g) CV curves; (h) specific capacitance versus current density; (i) cycling stability; and (j) Ragone plots of SCs based on OMC, GA, and different OMC/GA [81]. 






Figure 4. (a,b) SEM images, (c) TEM image, and (d) nitrogen adsorption/desorption isotherm of graphene-based mesoporous carbon [80]. (e) Schematic of the preparation; (f) TEM images of OMC/GA with different mesopore orientations; (g) CV curves; (h) specific capacitance versus current density; (i) cycling stability; and (j) Ragone plots of SCs based on OMC, GA, and different OMC/GA [81].



[image: Carbon 09 00091 g004]







[image: Carbon 09 00091 g006] 





Figure 6. (a) Schematic diagram and (b) TEM image of NMSPC [38]. (c) Illustration of the fabrication, (d) TEM image, and (e) SEM image of rGO@PN/C [88]. (f) Schematic for the preparation of NPC/rGO, and (g) specific capacitances of NPC/rGO and other samples [89]. 
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Figure 7. (a) Schematic of the preparation of mesoporous conducting polymer-GO nanosheets, (b) SEM image, (c) TEM image, (d) specific capacitance versus current density, and (e) cycling stability of mPPy@GO with different mesopore sizes [97]. (f) Schematic of the preparation of mesoporous polymer/rGO nanosheets, (g) SEM image, and (h) TEM image of mPPy@rGO. (i) Areal capacitance and volumetric capacitance, and (j) Ragone plots of mPPy/rGO-based MSCs and some commercial energy storage devices [31]. 
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Figure 8. (a) Schematic of the synthesis and (b,c) TEM images of DM-PG, (d) specific capacitance comparison of DM-PG and its counterparts, (e) volumetric and areal capacitances, (f) Ragone plot of DM-PG-based MSCs with commercial energy storage systems, and (g) DM-PG-based planar MSC-sensor-integrated system [75]. (h) Schematic diagram, (i) TEM image of mPPy@rGO-POM, (j) CV curves, and (k) Ragone plot of mPPy@rGO-POM-based MSCs [74]. 
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Figure 9. (a) Schematic for the formation and (b,c) TEM images of G-M-SnO2 [104]. (d) Schematic diagram of the structure and (e) TEM image of mTiO2/GO [105]. (f) TEM image, (g) nitrogen adsorption/desorption isotherms, (h) GCD profiles, (i) rate performance of G@mNb2O5 nanosheets, (j) GCD profiles at 0.05 A/g, and (k) Ragone plots of G@mNb2O5//AC device with other representative sodium-ion hybrid SCs [106]. 
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