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a b s t r a c t 

Supercapacitors (SCs) with high power density and long cycling span life are demanding energy storage 

devices that will be an attractive power solution to modern electronic and electrical applications. Numer- 

ous theoretical and experimental works have been devoted to exploring various possibilities to increase 

the functionality and the specific capacitance of electrodes for SCs. Non-carbon two-dimensional (2D) 

materials have been considered as encouraging electrode candidates for their chemical and physical ad- 

vantages such as tunable surface chemistry, high electronic conductivity, large mechanical strength, more 

active sites, and dual non-faradaic and faradaic electrochemical performances. Besides, these 2D mate- 

rials also play particular roles in constructing highway channels for fast ion diffusion. This concise re- 

view summarizes cutting-edge progress of some representative 2D non-carbon materials for the aqueous 

electrolyte-based SCs, including transition metal oxides (TMOs), transition metal hydroxides (TMHs), tran- 

sition metal chalcogenides (TMCs), MXenes, metal-organic frameworks (MOFs) and some emerging ma- 

terials. Different synthetic methods, effective structural designs and corresponding electrochemical per- 

formances are reviewed in detail. And we finally present a detailed discussion of the current intractable 

challenges and technical bottlenecks, and highlight future directions and opportunities for the develop- 

ment of next-generation high-performance energy storage devices. 

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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. Introduction 

With the rapid development of society and growth of popula- 

ion, traditional energy structure with fossil energy as primary en- 

rgy and electricity as secondary energy is facing severe challenges 

n the new era [1–3] . Meanwhile, various harmful and greenhouse 

ases are emitted during the conversion process, causing serious 

nvironmental pollution issues and almost irreversible damage to 

he global ecology. Therefore, the search of clean and green renew- 

ble energy to replace original energy architecture is imperative. 

ommon renewable energy generally belongs to intermittent en- 

rgy, such as solar energy, wind, tidal energy. During the power 

eneration process, it is impossible to furnish a continuous output 

f stable current, thus posing higher requirements to the storage of 

lectricity. In addition, with the booming development of multifar- 

ous mobile portable devices and hybrid electric vehicles, there is 

lso an urgent appetite to improve the endurance of energy storage 
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001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and In
evices. At present, a wide variety of batteries dominate the main 

osition in the field of energy storage, such as traditional lead-acid 

atteries, nickel metal hydride batteries and lithium-ion batteries 

4] . This type of devices generally requires constant voltage and 

urrent charging, displaying low power density, so that cannot be 

harged and discharged at high current densities [5] . Although tra- 

itional capacitors exhibit high power density, their energy density 

s relatively too low and still cannot meet the needs of large-scale 

ractical applications [6] . In this regard, Supercapacitors (SCs) as 

 new type of energy storage device between traditional capac- 

tors and batteries, have shown significant power density (quick 

harge and discharge behavior within a few seconds), excellent re- 

ersibility and long cycle life ( > 10 6 cycles), attracting widespread 

ttention from academia and industry recently [ 7 , 8 ]. According to 

he storage mechanism, SCs can be classified into electrical double- 

ayer capacitors (EDLCs) and pseudocapacitors which store energy 

hrough physically rapid ion absorption and desorption at the in- 

erface between electrodes and electrolytes or through a chemi- 

ally reversible faradaic redox reaction, respectively [ 9 , 10 ]. Neither 

f these mechanisms depends on the diffusion of ions within the 
stitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Fig. 1. Schematic diagram for the current research field of 2D non-carbon material- 

based supercapacitor electrodes. 
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ulk of materials, like batteries. However, the limitation for SCs is 

heir insufficient energy density, resulting in a certain gap with the 

ctual application requirements. 

It is well known that the energy density of SCs is calculated by 

he formula of E = 

1 
2 × C × V 

2 , where C is the capacitance and

 is the cell voltage [11] . Exploring and matching advanced elec- 

rode materials is of great significance for improving the specific 

apacitance and broadening the working voltage. There are several 

mportant aspects to be considered in order to design an excel- 

ent electrode, such as specific surface area, pore size distribution, 

lectrical conductivity, chemical and structural characteristics [12] . 

or the past decades, novel synthetic processes based on simplicity 

nd gentleness have also been continuously proposed in the sci- 

ntific community [13] . On this basis, 2D materials as a class of 

ltrathin layered crystals have received intensive attention due to 

nique physicochemical properties within a thickness of single- or 

ew-atom layers [ 14–16 ]. Notably, several key merits of 2D mate- 

ials make it possible as potential electrode candidates: (i) large 

urface area owing to the full exposure of surface atoms; (ii) many 

lectrochemical reactive sites originating from edges; (iii) accessi- 

le electrolyte ion channels due to the open van der Waals gaps; 

iv) high morphological anisotropy and mechanical strength. For 

xample, graphene, as a 2D one-atom layer of graphite with a high 

heoretical specific area of 2600 m 

2 /g and extraordinary electrical 

onductivity, has been favored in the field of energy storage since 

ts inception in 2004 [ 17 , 18 ]. When the entire surface area is effi-

iently utilized, its theoretical mass specific capacitance will reach 

pproximately 550 F/g. Rao et al . firstly used graphene as an elec- 

rode material for SCs in 2008, showing specific capacitance of 117 

nd 71 F/g in aqueous and ionic liquid electrolyte, respectively [19] . 

ince then, the research on graphene-based energy storage materi- 

ls in SCs has rapidly emerged. Beyond graphene, 2D porous poly- 

ers offer multiple advantages of both polymers and 2D materi- 

ls [20] , such as unique pore structure and abundant active cen- 

er sites, which are beneficial for their electrochemical application, 

ut controllable synthesis is still a formidable challenge for further 

evelopment. Currently, a great number of 2D post-graphene con- 

enders, such as transition metal oxides (TMOs), transition metal 

ydroxides (TMHs), transition metal chalcogenides (TMCs), MX- 

nes, metal-organic frameworks (MOFs), have also been proposed 

or the implementation in electrodes owing to their ease of in- 

ercalative modification, introduction of pseudocapacitive working 

echanism and good hydrophilic nature [21–25] . 2D TMOs are one 

f the most attractive building blocks for electrode materials due 

o their excellent faradaic charge storage capability in connection 

ith sub-valence state change [26] . The form of 2D nanostructures 

ncluding nanofilms, nanosheets, nanoflakes, nanobelts, etc . can ex- 

and the surface area and electrical conductivity effectively. Hy- 

ridization with TMOs not only increases the pseudocapacitance 

ontribution but also improves the hydrophilic surface character. 

D TMHs, similar to TMOs, mainly involve reversible surface re- 

ox reactions [13] . They have great affinity with aqueous elec- 

rolytes and are simultaneously easy for fabrication, thus evoking 

ntensive research activity. The stability of these materials needs to 

e improved because serious polymorphous transformations occur 

uring the charging/discharging process. The use of bimetallic hy- 

roxide instead of monometallic hydroxide is a suitable scheme to 

nhance the structural stability. 2D TMCs with physical/chemical 

ersatility can provide different bandgap and carrier types (n- or 

-type) [27] . They could be either 1T or 2H phase, showing im- 

ressive electrochemical properties and wide operational voltage 

indows. In the electrochemical reactions, these materials undergo 

oth EDLC and surface faradic processes. 2D MXenes (transition 

etal carbides and nitrides) due to metallic conductivity up to 

0,0 0 0 S/cm and high surface-to-volume ratio have been exten- 

ively investigated [28] . Considering abundant electrochemically 
3734 
ctive sites in MXenes, intercalation or pseudocapacitance mecha- 

ism is viable based on their transition metal chemistry. 2D MOFs 

re highly tunable, including porous properties, chemical compo- 

itions, crystal structures and geometry morphologies [29] . The 

ompositions containing metal centers and organic ligands render 

hese materials applicable for design of EDLC or battery-type elec- 

rode. Besides, some recently novel emerging 2D materials, such 

s pseudocapacitive nickel phosphate [30] , capacitive silicon-based 

aterials [31] and antimonene [32] , are also competent for high- 

erformance SC electrodes. Hence, the recent progress in this re- 

earch direction is promising, as the non-carbon 2D material family 

embers and synthetic means continue to be enriched. However, 

here are still some unsolved obstacles associated with the devel- 

pment of the aforementioned 2D materials for SCs, including in- 

vitable defective structures, high packing density, unknown elec- 

rochemical processes, lack of cost-effective and scaling-up synthe- 

is methods, and so on. 

In this review, recent advances of the applications of non- 

arbon 2D materials in the aqueous electrolyte-based SCs are sum- 

arized in detail ( Fig. 1 ). Firstly, we bring some brief introduc- 

ory background and main development challenges on SCs, facil- 

tating a review and understanding of the current research state 

n this field. Thereafter, the specific discussion based on various 

D materials of TMOs, TMHs, TMCs, MXenes and MOFs, etc. are 

aken up. Different synthetic strategies and novel electrode engi- 

eering designs to precisely control the microstructural morphol- 

gy, optimize the conductivity and stability, tune the surface chem- 

cal/electronic properties are thoroughly presented. Besides, the 

roperties of their corresponding derivatives and the rational in- 

egration with other electrochemical active materials to construct 

ybrid electrodes are also emphasized. The impact of unique crys- 

al structures and intrinsic chemical properties inherent to these 

on-carbon 2D materials on the final electrode performances is 

hen highlighted. On the basis of this review, we will outline some 

rospects and future tasks to boost the development of state-of- 

he-art 2D materials for new type energy storage device. 

. General overviews of SCs 

SCs are a kind of energy storage device that can provide fast 

harge and discharge processes. The rise of nanomaterials short- 
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Fig. 2. Schematic CV curves and corresponding GCD profiles of capacitive, pseudo- 

capacitive and battery-like materials. Reproduced with permission [41] . Copyright 

2018, American Chemical Society. 
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ns the ion diffusion distance and increases the external surface 

rea, enabling the greatly improved utilization efficiency of some 

seudocapacitive materials in SCs. Unfortunately, many battery- 

ype electrodes that exhibit faradaic behavior are assumed to be 

seudocapacitive materials deservedly [33] . Besides, an increasing 

umber of electrode materials show electrochemical characteristics 

hat are neither purely capacitive nor purely faradaic. It is indis- 

ensable to distinguish the concepts of pseudocapacitive SC-type 

lectrodes and faradaic battery-type electrodes clearly. This section 

ainly introduces the definition of EDLCs and pseudocapacitors, 

nd sorts out some misunderstandings in actual work. 

The energy storage in EDLCs results from the charge separa- 

ion that occurs at the interface between the electrodes and the 

lectrolytes without any electron transfer and faradaic redox re- 

ctions. According to the physical electrostatic process, the for- 

ation and relaxation time of the double electric layer is about 

0 −8 s, less than the redox reaction time of the pseudocapacitance 

10 −2 ~10 −4 s) [34] . EDLCs with a nano-level plate spacing pos- 

ess an effective specific surface area several orders of magnitude 

igher than that of traditional dielectric capacitors [35] . Carbon- 

ased materials, from commercial activated carbon [36] , carbon 

erogels [37] , templated carbon [38] to carbon nanomaterials (such 

s graphene and carbon nanotubes) [ 39 , 40 ], due to high specific

urface area, excellent electrochemical stability and open poros- 

ty towards electrolyte ions, are widely used in EDLC electrodes. 

n sum, the characteristic of EDLC is fast charge/discharge but lim- 

ted charge storage. Generally speaking, good cycling stability and 

ower density of EDLCs can be characterized by a capacitor-like re- 

ponse with a rectangular cyclic voltammogram (CV) ( Fig. 2 a) and 

 linear voltage response with a triangular-shaped profile during 

he galvanostatic charging/discharging process (GCD) ( Fig. 2 c).The 

ectangular CV curve is derived from the basic property of the 

ouble-layer storage mechanism: in the absence of diffusion con- 

traints, there is an instantaneous charge separation ( i.e ., polariza- 

ion) in the capacitor under an external electric field, so d V /d t re-

ains constant. 

The energy storage mechanism of pseudocapacitors is related 

o the change of valence state caused by electron transfer, which 

riginates from the rapid reversible thermodynamic process of sur- 

ace redox reactions. Based on Conway’s research, different faradaic 

rocesses result in different pseudocapacitive characteristics, (i) 

nderpotential deposition: the electrodeposition behavior of ions 

n a 2D metal-electrolyte interface at the positive potential of 

he reversible redox potential; (ii) surface redox pseudocapaci- 

ance: reversible fast redox reactions on or near the surface of 
3735 
ctive materials, such as RuO 2 , MnO 2 and some conductive poly- 

ers; (iii) intercalation pseudocapacitance: reversible redox reac- 

ions resulting from ions intercalation into the redox active mate- 

ials without crystal phase transition, such as Nb 2 O 5 and MXenes. 

mong them, redox and intercalation pseudocapacitive materials 

re the most commonly used in the electrode design. As shown 

n Fig. 2 b, the typical CV curve of surface redox pseudocapaci- 

ance generally exhibits a rectangle-like shape within the poten- 

ial window, possibly due to a series of closely arranged, symmet- 

ical bimodal superpositions. Pseudocapacitance is featured with 

elatively large charge storage but slow charging. On the other 

and, batteries display prominent and separated redox peaks cor- 

esponding to metal center charge storage ( Figs. 2 g and h). Mean- 

hile, constant current discharge also presents a profoundly non- 

inear E versus t plot ( Fig. 2 i), showing a nearly constant potential

lateaus associated with the faradaic reduction or oxidation of the 

etal centers. The battery-like electrode materials exhibit the mer- 

ts of large charge storage but suffer from sluggish reactions. In- 

ercalation pseudocapacitors mainly depend on the non-diffusion- 

ontrolled intercalation/de-intercalation processes of cations (such 

s Li + , Na + , K 

+ , H 

+ ) within the 2D nanochannels of active ma-

erials, showing the CV and GCD behaviors intermediate between 

DLCs and batteries ( Figs. 2 d–f). If the electrode material belongs 

o the EDLC/pseudocapacitor category, capacitance (C in Farads) 

an be used to evaluate the performance of devices. If there is a 

lateau during charge/discharge process or an obvious redox peak 

n the CV curve, the capacitance value will be affected by the se- 

ection of the potential window and is not applicable. Instead, the 

oncept of capacity (Q/3.6, mAh) should be adopted [ 41 , 42 ]. 

To further analyze the kinetic difference of electrode materials, 

V investigation can be applied to reveal the voltametric response 

t various scan rates based on a power law [42–44] . The specific 

ormula is as follows: 

 = a v b (1) 

here i is the measured current at a fixed potential, v is the scan 

ate, a and b are both adjustable parameters. It has been clearly 

emonstrated that the voltametric response of battery behavior 

an be summarized as [33] : 

 = nF A C ∗D 

1 / 2 v 1 / 2 ( αnF /RT ) 
1 / 2 π1 / 2 χ( bt ) (2) 

here n is the number of electrons involved in the electrode re- 

ction, F is the faradaic constant, A is the surface area of the elec- 

rode, C ∗ is the surface concentration of the electrode material, D 

s the diffusion coefficient, α is the transfer coefficient, R is the 

olar gas constant, T is the temperature and the function χ ( bt ) 

s the normalized current. Thereinto, for a battery-type electrode, 

he peak current ( i p ) response will vary linearly with the square 

oot of the scan rate ( i p = av 0.5 , b = 0.5). For a capacitor-type or

seudocapacitor-type electrode, the current ( i ) will be proportional 

o the scan rate ( b = 1) according to the equation below [45] : 

 = C d A v (3) 

here C d is the capacitance and A is the surface area of the elec- 

rode material. Recently, it has also been discovered that not all ca- 

acity in some electrode materials comes from intercalation pseu- 

ocapacitances, but their intercalation pseudocapacitances account 

or a large part of the total capacity. In other words, the value of 

 is very close to but slightly less than 1. Therefore, it is particu- 

arly important to separate the overall current into the contribution 

rom double-layer capacitances and faradaic pseudocapacitances on 

ne side, and faradaic battery-type processes on the other side. 

he current response of each material at a fixed potential to the 

can rate is different, depending on whether the redox reaction is 

 surface-controlled ( k v ) or diffusion-controlled ( k v 1/2 ) process. 
1 2 
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his relationship can be expressed by the following formula [ 44–

6 ]: 

 ( V ) = k 1 v + k 2 v 1 / 2 (4) 

By calculating the values of k 1 and k 2 at each potential, the con- 

ribution of the (pseudo)capacitive process and diffusion-controlled 

ation intercalation process can be given respectively. In addition, 

t should also be pointed out that although the b value of intercala- 

ion pseudocapacitive behavior is close to capacitive or traditional 

seudocapacitive behavior, the CV curve of such electrodes is still 

imilar to battery-type electrodes. 

. Non-carbon 2D materials for the aqueous electrolyte-based 

Cs 

Currently, the formation of some novel non-caron 2D mate- 

ials can provide ideal material platforms to fabricate superior 

C electrodes. In this section, different physicochemical aspects 

f 2D materials including synthetic methods, special morphology 

nd electrochemical performances are presented to demonstrate 

heir promising application as electrode materials in the aqueous 

lectrolyte-based SCs. 

.1. 2D transition metal oxides (TMOs) electrodes 

.1.1. 2D TMOs and their composite materials 

Various 2D binary TMOs, such as MnO 2 [ 47 , 4 8 ], Fe 2 O 3 [4 9] , NiO

50] and Co 3 O 4 [ 51 , 52 ], have attracted tremendous attention as SC

lectrode materials due to low cost, non-toxicity, enlarged surface 

rea, excellent environmental compatibility and rich redox activity. 

mong them, MnO 2 with a high theoretical capacitance of 1370 F/g 

nd outstanding structural flexibility, showing wide applications in 

lectrocatalysis, heterogeneous catalysis and energy storage [53] . 

o overcome its intrinsic drawback of low conductivity and strong 

ggregation tendency, conductive materials are employed to im- 

rove the electron collection efficiency and optimize the electrode 

nterface. 

Wu et al . [54] grafted MnO 2 nanosheets vertically on the car- 

on nanotube (CNT) to form core-shell architectures through a 

econdary (seeded) growth and then scaffolded them in 2D re- 

uced graphene oxide with the aid of electrostatic self-assembly 

ia a simple vacuum filtration method. The SEM image clearly con- 

rmed the vertically aligned MnO 2 nanosheets on the CNT sur- 

ace densely, providing open and porous architectures. The hier- 

rchically sandwich-like structure afforded effective electrolyte ion 

ransport channels, guaranteeing the sustainable redox reaction of 

nO 2 . These ternary flexible hybrid films exhibit a high specific 

apacitance of 298 F/g in 1 mol/L Na 2 SO 4 electrolyte at a current 

ensity 0.5 A/g, exceptional rate capability and excellent cycling 

tability of 90.3% retention and approximately 100% Coulombic ef- 

ciency over 50 0 0 cycles. In another report, Gao et al . [55] di-

ectly electrodeposited 2D vertically aligned MnO 2 nanoplates on 

ickel foam as the positive electrode without further processing 

nd prepared porous graphene hydrogel as the negative electrode, 

onstructing an ASC with a wide voltage window of 2.0 V. The 

ierarchical nickel foam rendered higher mass loading per unit 

rea, which was conducive to the transport of electrolyte ions and 

he optimization of electrochemical properties for active materials. 

oreover, the electrodeposition method endowed a robust contact 

etween MnO 2 and conductive support, allowing the elimination 

f any binders or additives. Therefore, the fabricated ASC exhib- 

ted a maximum energy density of 23.2 Wh/kg at a power den- 

ity of 1.0 kW/kg and remarkable cycling performance over 50 0 0 

ycles. Li et al . [56] successfully prepared a new 2D free stand- 

ng and flexible MnO 2 /graphene film electrode through a spin- 

oating followed by in-situ hydrothermal process. The graphene 
3736 
lm without binders not only supported the vertical alignment of 

D MnO 2 nanosheets, but also served as a base current collec- 

or. This integrated electrode exhibited remarkable electrochemi- 

al performance in 1 mol/L Na 2 SO 4 aqueous solution electrolyte, 

uch as a largest specific capacitance of 280 F/g at a current den- 

ity of 1 A/g and no prominent capacitance decay over 10,0 0 0 cy- 

les. Composite materials without binders can also be obtained in 

arge quantities through a one-pot electrical exfoliation process. 

n-situ self-assembly of 2D MnO 2 /graphene relied on the effective 

nteractions between materials simultaneously exfoliated from the 

athode and anode [57] . The flexible symmetric SCs fabricated by 

uch MnO 2 /graphene film presented excellent specific capacitance 

f 265 F/g at 2.5 A/g and a largest energy density of 20.7 Wh/kg, 

hich remained unchanged under folded or rolled conditions. 

 

+ /K 

+ is prone to insert and remove in 2D α-MoO 3 , presenting 

ultiple oxidation states and redox reactions. MoO 3 /PANI coaxial 

eterostructure nanobelts were prepared by a simple and green 

n-situ polymerization approach at room temperature [58] . The as- 

ynthesized MoO 3 /PANI electrode delivered a specific capacitance 

f 632 F/g at 1 A/g in an aqueous 1 mol/L H 2 SO 4 electrolyte. Fe 2 O 3 

s a common negative electrode material could be combined with 

raphene according to the electrostatic self-assembly [59] . The ob- 

ained 2D layered hybrid electrode delivered a high specific capac- 

tance of 714 F/g at 1 A/g in 2 mol/L KOH within the negative po-

ential range from −1.2 V to −0.2 V ( vs . Hg/HgO). 

.1.2. 2D cation modified TMO materials 

Atomic-level structure engineering of TMOs, including cation 

oping and oxygen vacancy modification can give rise to influence 

he physicochemical properties of materials substantially, and even 

ill adjust the charge storage mechanism from surface redox pseu- 

ocapacitive behavior to bulk ion intercalation [ 60 , 61 ]. 

Jabeen et al . [62] applied an electrochemical oxidation to pre- 

are high Na + content Birnessite Na 0.5 MnO 2 nanosheet array in 

itu on carbon cloth. The high Na + content endowed the elec- 

rode with a large specific capacitance of 366 F/g and extended 

he positive potential window to 0–1.3 V ( vs . Ag/AgCl), further pro- 

iding the opportunity to enable the working voltage of aqueous 

SC beyond 2.0 V. On this basis, Zhu et al . [63] designed a pecu-

iar β-MnO 2 /Birnessite core-shell structure, where the outer paral- 

el open sheet provided the possibility for entrance of electrolyte 

ons. The synergy of balancing cations (Na + ) and reduced lattice 

nterlayer spacing were able to activate the Mn(IV) from the bulk 

o exploit more pseudocapacitance. The ASC based on this ma- 

erial delivered an enlarged voltage of 2.2 V in 1 mol/L Na 2 SO 4 

queous electrolyte and a maximum energy density of 40.4 Wh/kg. 

u et al . [64] put forward a versatile and rapid mass production 

ethodology of 2D ion-intercalated metal oxides via the molten 

alts method (MSM). Fig. 3 a illustrated the experimental process 

f MSM. The precursors were added to the nitrates that had been 

eated to the molten state, reacted for only 1 min, then cooled 

nd filtered to remove the soluble salts to obtain the final prod- 

cts. The critical feature of this method is the direct use of un- 

ydrated bare ions in molten salts to rapidly facilitate the forma- 

ion of 2D metal oxides. The representative SEM and TEM image 

f Na 2 W 2 O 13 confirmed the presence of stiff 2D structure ( Figs. 3 b

nd c). Fig. 3 d showed the selected area electron diffraction (SAED) 

nd high-resolution TEM (HRTEM) images demonstrating single 

rystalline nature of Na 2 W 2 O 13 . As shown in Fig. 3 e, Na + ions

ere intercalated into the interlayer of 2D metal oxides, which can 

e further verified by the results of EDS, XRD and XPS, respec- 

ively. The growth mechanism of Na 2 W 2 O 13 can be divided into 

wo steps: (i) the nucleation of [MO 6 ] octahedron seeds; (ii) the for- 

ation of 2D plane with intercalated cations to balance the crystal 

harge. The optimized Na 2 W 4 O 13 electrode exhibited good wetting 

ehavior in favor of the contact with electrolyte and displayed the 
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Fig. 3. (a) Schematic of the MSM synthetic approach. Characterization of Na 2 W 4 O 13 : (b) SEM image, (c) low-resolution TEM image, (d) HRTEM image, (e) atomic structure. 

(f) Image of the assembled solid-state SC at the bending state. (g) CV curves at different scan rates of the symmetric solid-state SC. (h) Ragone plot. (i) CV curves at a scan 

rate of 200 mV/s of the single SC and four SCs connected in series. Reproduced with permission [64] . Copyright 2017, Nature. 
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aximum volumetric capacitance of 310 F/cm 

3 at a scan rate of 

 mV/s in 0.5 mol/L Na 2 SO 4 . The flexible solid-state SC was assem-

led by a H 3 PO 4 /polyvinyl alcohol (PVA) electrolyte and two sym- 

etric A4 paper@CNT@Na 2 W 4 O 13 electrodes ( Fig. 3 f). CV curves 

emained rectangular shape without obvious distortion even at 

00 mV/s, indicating high ion migration rate and good rate perfor- 

ance ( Fig. 3 g). As illustrated in Fig. 3 h, the largest energy density

f 3.83 mWh/cm 

3 (1.33 Wh/kg) at a power density of 1.2 W/cm 

3 

598.4 W/kg) can be achieved in the Ragone plot, higher than that 

f WO 3 @MoO 3 -ASCs and VO x /VN-ASCs. Four cells connected in se- 

ies with a working voltage of 3.2 V could lit a commercial red 

ight-emitting-diode (LED), reflecting the application in flexible and 

earable electronic devices ( Fig. 3 i). 

On the other hand, the substitution of various cations (Co, Fe, 

g, Mn, Ni and Zn) on In 2 O 3 nanosheet ground has been realized 

y a simple hydrothermal method [65] . Therein, compared with 

ure In 2 O 3 , the Co-In 2 O 3 electrode with the optimal performance 

ncreased by 4.8 times in specific capacity and 1.3 times in rate 

apability. Furthermore, different cation substitutions affected the 

apacitance contribution of all electrodes. Mg and Zn substitution 

nhanced the capacitive contribution, while Co, Fe, Mn and Ni sub- 

titution increased the diffusion contribution. First principles cal- 

ulations based on the density functional theory (DFT) confirmed 

he relatively lower formation energies and metallic character of 

ations substitution system to optimize the electrochemical perfor- 

ances. Among all seven ASCs, the device based on Co-In 2 O 3 pos- 

tive electrode delivered a largest energy density of 32 Wh/kg. 

.1.3. 2D ternary TMOs and their composite materials 

Besides, 2D ternary TMOs with a formula of AB 2 O 4 owing to 

ich electrochemical activity, abundant redox reactions, high elec- 
3737 
ron conductivity and excellent cycling stability have been widely 

ecognized as the competitive candidates for the selection of SC 

lectrode materials [ 66 , 67 ]. Zhang et al . [68] innovatively synthe- 

ized NiCo 2 O 4 nanosheet arrays in situ on Ni foam through an op- 

imized hydrothermal reaction in terms of crystal growth dynamics 

nd a subsequent pyrolysis process ( Fig. 4 a). SEM and TEM images 

oth confirmed the existence of cross-linked structure of ultrathin 

yrolyzed NiCo 2 O 4 nanosheets ( Figs. 4 b and c). More exposed ac- 

ive sites and plentiful diffusion channels were provided by the 

irtue of reasonable structure modulation and ordered crystal ori- 

ntations, which also ultimately reduced the inner resistance and 

uffered the stress resulted from the phase transition during the 

harging/discharging process. Impressively, the NiCo 2 O 4 nanosheet 

lectrode exhibited admirable electrochemical evaluation, includ- 

ng drastically increased specific capacitance of 2017.8 F/g at 1 A/g 

n 6 mol/L KOH, distinguished rate performance of 93.2% and re- 

arkable capacitance retention of 90.9% after 50 0 0 cycles ( Fig. 4 d).

t can also be observed from SEM that the array-like NiCo 2 O 4 

anosheet structure was maintained well after cycling ( Fig. 4 e). For 

urther practical application, the NiCo 2 O 4 /NF electrode matched 

ith activated carbon (AC) electrode was fabricated into a flexible 

olid-state ASC using a PVA-CMC-KOH electrolyte ( Fig. 4 f). There 

as no apparent deformation of the collected CV curves under re- 

eated bending angles from 0 ° to 120 °, indicating the outstanding 

echanical flexibility for this ASC device ( Fig. 4 g). The specific ca- 

acitance of the ASC was calculated to be 186.7 F/g at 1 A/g from 

CD curves ( Fig. 4 h), and the rate capacity was 69.6% at 30 A/g. 

A freestanding and dual hierarchical MnCo 2 O 4 /Ni electrode has 

een established for high-performance SCs through a simple hy- 

rothermal method without any binder followed by mild elec- 

rodeposition [69] . The highly hierarchical porosity which was con- 
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Fig. 4. (a) Schematic illustration of the NiCo 2 O 4 preparation process. (b) SEM and (c) TEM images of NiCo 2 O 4 nanosheets. (d) Specific capacitance retention of the NiCo 2 O 4 
electrode after 50 0 0 cycles. (e) SEM image of the NiCo 2 O 4 electrode after cycling. (f) A schematic diagram of solid-state NiCo 2 O 4 /NF//AC ASC. (g) Electrochemical stability 

measurement of ASC under repeated bending angles. (h) GCD curves of the ASC device. Reproduced with permission [68] . Copyright 2020, Wiley-VCH. (i) SEM and (j) TEM 

images of ZnCo 2 O 4 nanowires. (k) SEM and (l) TEM images of ZnCo 2 O 4 ultra-thin curved sheets. Reproduced with permission [70] . Copyright 2019, Elsevier. 
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tructed by macroporous Ni foam, vertical MnCo 2 O 4 nanoflakes 

nd mesoporous MnCo 2 O 4 nanosheets, offered integrated diffusion 

hannels from bottom to top and allowed the access of OH 

− into 

he inner active sites. This electrode exhibited an outstanding spe- 

ific capability of 283 mAh/g (2265 F/g) at 2 mA/cm 

2 (1.67 A/g) in 

 mol/L KOH and high cycling duration of 15% capacitance decay 

fter 20 0 0 cycles. 

In another work, ZnCo 2 O 4 ultra-thin curved sheets directly an- 

hored on Ni foam was prepared via a facile hydrothermal method 

ith the involvement of sodium dodecyl sulfate (SDS) chains [70] . 

nterestingly, ZnCo 2 O 4 nanowires can only be obtained without the 

ddition of SDS ( Figs. 4 i and j). The authors explained that a large

umber of hydrophilic adsorption sites can be supplied by SDS for 

n 

2 + and Co 2 + . The nucleus can grow with the SDS chains and 

ormed a parallel chain arrays owing to the electrostatic repulsion, 

hich was finally transformed into the ultra-thin curved sheets 

 Figs. 4 k and l). Afterwards, the ZnCo 2 O 4 sheet-type electrode ex- 

ibited a high specific capacity of 832 C/g at the current density of 

 A/g in 2 mol/L KOH aqueous electrolyte and superior cycling sta- 

ility of only 14.5% capacitance attenuation after 50 0 0 cycles at a 

uper-high current density of up to 50 A/g. The fabricated ASC with 

 working voltage of 1.7 V can output a maximum energy density 

f 20.31 Wh/kg at a power density of 855 W/kg. 

.2. 2D transition metal hydroxides (TMHs) electrodes 

.2.1. 2D TMH materials 

TMHs, similar to TMOs, have been extensively investigated as 

dvanced electrode materials in SCs. However, the bulk electrode 

orphology of TMHs often suffers from the sluggish reaction ki- 

etics, resulting in the insufficient utilization of active sites [71] . 

ccordingly, spreading the bulk TMHs into their 2D counterparts 

an achieve fast ion/electron transport, flexible strain adaptation 

uring cycling process and reduced ion diffusion retardation. 
3738 
In this regard, a lot of work was carried out around Ni(OH) 2 
nd Co(OH) 2 . For instance, Zhu et al . [72] reported the mass syn- 

hesis of high-quality ultrathin 2D α-Ni(OH) 2 nanosheets by a 

icrowave-assisted liquid phase growth method. TEM and SEM 

mages further confirmed the existence of a well-defined sheet-like 

D structure with micro-sized flat regions and less than 2 nm of 

hickness. Ni K-edge XANES spectra manifested the observed spec- 

ral peaks of nanosheets slightly shifted to the higher energy direc- 

ion relative to bulk counterparts ( Fig. 5 a), reflecting the interlayer 

cattering from few layers α-Ni(OH) 2 nanosheets with 1.52 nm 

hickness. Ni K-EXAFS oscillation curve of nanosheets showed a 

mall reduction in amplitude ( Fig. 5 b), suggesting the special lo- 

al atomic arrangement different from bulk Ni(OH) 2 . There were 

lso three noticeable differences of the Fourier transform curves 

 Fig. 5 c), implying the structural contraction in the surface of 

anosheets to balance the surplus surface energy and improve the 

tability of materials. The α-Ni(OH) 2 electrode with a high surface 

tomic ratio displayed a largest specific capacitance of 4172.5 F/g 

t 1 A/g and excellent capacitance retention of 98.5% over 20 0 0 

ycles at a high current density of 16 A/g in 6 mol/L KOH. Hu et al .

73] also prepared ultrathin 2D Ni(OH) 2 nanosheets via an acid- 

ssisted hydrothermal strategy, which exhibited a high specific ca- 

acitance of 2537.4 F/g at 1 A/g in 6 mol/L KOH. 

Gao et al . [74] proposed a new concept to optimize the proper- 

ies of SCs based on the atomic thickness adjustment of β-Co(OH) 2 
anosheets. Five atomic layers of Co(OH) 2 with preferred (001) 

lane orientation can be prepared by an oriented-attachment strat- 

gy, which was verified by the results of XRD pattern and TEM im- 

ge. The electrode benefited from 100% exposed hydrogen atoms, 

emonstrating an excellent capacitance performance of 2028 F/g at 

 A/g in 2 mol/L KOH. The final fabricated all-solid-state ASC with 

 wide cell voltage of 1.8 V delivered a fairly high energy density 

f 98.9 Wh/kg at an extremely high power density of 17,981 W/kg, 

omparable to that of Li-ion batteries. 
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Fig. 5. (a) Ni K-edge XANES spectra. (b) Ni K-EXAFS oscillation functions k 2 x ( k ). (c) Fourier transforms of α-Ni(OH) 2 nanosheets and bulk counterparts. Reproduced with 

permission [72] . Copyright 2014, Nature. (d) TEM of 2D MoSe 2 –Ni(OH) 2 nanohybrid. Reproduced with permission [77] . Copyright 2019, Elsevier. (e) Schematic representation 

of DV-intercalated Co(OH) 2 and the possible charge storage mechanism. (f) Comparative CV measurements for ACH and DV-ACH electrodes in 1 mol/L Na 2 SO 4 . Reproduced 

with permission [80] . Copyright 2020, Elsevier. (g) Schematic of the synthesis of Ni(OH) 2 –CoQD on NF. (h) The adsorption free energies, (i) charge density difference, (j) 

total and partial density of states for the CoQD-attached Ni(OH) 2 (110) surface. (k) Capacitances as a function of current density. (l) Cycling performance at 15 mA/cm 

2 for 

Ni(OH) 2 –CoQD and Ni(OH) 2 electrodes. Reproduced with permission [81] . Copyright 2018, The Royal Society of Chemistry. 
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.2.2. 2D TMH-based composite materials 

Although the single-component TMHs have achieved good re- 

ults, the issue of capacitance decay at high current densities after 

ong cycles still exists due to the slow ion transfer rate and mod- 

rate electronic conductivity [75] . Mixing them with some elec- 

rochemical active materials can be selected to address this issue, 

uch as carbonaceous materials, metal selenides, polyoxometalates 

nd other TMHs. 

Ling et al . [76] found the rate capacitance deteriorated with 

he increase of electrode thickness based on the theoretical anal- 

sis and experiments of Co(OH) 2 nanosheets without the addition 

f carbon nanotube. Meanwhile, the role of additive carbon nan- 

tubes was further clarified. On the one hand, the charge distribu- 

ion was optimized to increase the intrinsic electrode performance, 

nd on the other hand, the rate-limiting resistance was transferred 

rom electrode to electrolyte at high current densities to elimi- 

ate the thickness-dependent effect. Kirubasankar et al . [77] pre- 
3739 
ared a new 2D MoSe 2 –Ni(OH) 2 nanohybrid through a simple one- 

tep hydrothermal method. There were no MoSe 2 nanoparticles 

ound in the TEM image ( Fig. 5 d), indicating the presence of main

oSe 2 nanoflake morphology and their random distribution onto 

i(OH) 2 nanosheets. This nanohybrid possessed a unique perpen- 

icularly oriented structure that effectively inhibited the stacking 

f Ni(OH) 2 nanosheets, increased the accessible surface area, and 

hortened the ion diffusion distance. The hybrid electrode showed 

 higher specific capacitance and more stable cycling performance 

han those of pristine Ni(OH) 2 due to the synergistic effect. 

Recently, polyoxometalates (POMs) as a family of nanometric 

luster compounds composing of early transition metals (V, Mo, W, 

a and Nb) with highest oxidation states and oxygen species ex- 

ibit special property, such as rapid and reversible multiple elec- 

ron transfer without any obvious structural change [78] . For ex- 

mple, a chemical solution deposition strategy was carried out 

o build 2D layered mesoporous architecture of Ni(OH) 2 interca- 
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ated with polyoxovanadate (POV) anions in 2018 [79] . The layer- 

y-layer ordered morphology and intercalation effects enabled the 

i(OH) 2 –POV electrode with improved ionic conductivity and dif- 

usion, thus providing remarkable electrochemical activity and sta- 

ility. Similarly, Kumar et al . [80] incorporated decavanadate (DV) 

nions into the interlayer space between α-Co(OH) 2 nanoplates 

ACH), constructing ion-buffering reservoirs to enhance the pseu- 

ocapacitive behavior. As shown in Fig. 5 e, the introduction of DV 

etween ACH layers boosted the in-and-out mobility of ions and 

rovided extra pseudocapacitance under swift faradic transitions. 

uch pseudocapacitive contribution of DV can be confirmed by 

he existing multiple redox peaks in the DV-ACH voltammograms 

 Fig. 5 f). The ASC based on DV-ACH nanoplates finally achieved a 

aximum energy density of 27.67 Wh/kg at a power density of 

44.9 W/kg, suggesting the high efficiency of POMs modulation. 

Moreover, the hybridization between different TMHs can pro- 

ide abundant redox reactions and improve electrode activity. Shi 

t al . [81] anchored Co(OH) 2 quantum dots (CoQDs) on Ni(OH) 2 
anosheets by a convenient room temperature dipping technology 

o boost the electrode capacitance behavior ( Fig. 5 g). DFT calcu- 

ations were performed to elucidate the decrease of OH 

− absorp- 

ion free energy after the addition of CoQDs as a surface modifier 

 Fig. 5 h). Bader charge method was further employed to reveal the 

ransfer of extra electrons from the attached CoQDs into Ni(OH) 2 
ayers. The charge density difference was calculated to shown the 

ain accumulation of many electrons at the interface of Ni(OH) 2 
110) surface and CoQDs ( Fig. 5 i). The result of total and partial

ensity states ( Fig. 5 j) manifested the contribution of Co 3d or- 

itals to form the conduction band maximum (CBM) and enhance 

he density of states near the Fermi level, thus promoting the ad- 

orption of OH 

−. Consequently, Ni(OH) 2 –CoQD showed better re- 

ults than bare Ni(OH) 2 in terms of specific capacitance, rate per- 

ormance and cycling stability ( Figs. 5 k and l). 

.2.3. 2D LDHs and their composite materials 

Among many reported 2D electrode materials, lay- 

red double hydroxides (LDHs) with a general formula of 

M 1-x M 

′ 
x (OH) 2 ] 

x + A 

n −
x /n ·mH 2 O (abbreviate to M 1-x M 

′ 
x -LDH), 

here M, M 

′ and A 

n − represent bivalence, trivalence metallic 

ations and an interlayer charge-balancing anion, respectively, 

ave received special attention owing to reversible redox kinetics 

nd abundant chemical composition [ 82–84 ]. Ge et al . [85] sys- 

ematically employed a series of chemical exfoliation, dispersion 

nd self-assembly by co-feeding technologies to fabricate true 

i-Al LDH/rGO superlattice according to electrostatic interactions 

 Fig. 6 a). XRD patterns ( Fig. 6 b) presented the diffraction peaks of

002) at approximately 16.2 °, confirming the formation of stacked 

uperlattice structure unambiguously for both Ni–Al LDH/GO 

nd Ni–Al LDH/rGO. The superlattice electrode showed a high 

apacity of 129 Ah/kg at 8 min discharge, which was larger than 

hat of Ni-Al LDH significantly. The ASC based on Ni-Al LDH/rGO 

ith high mass loading dual electrodes still exhibited good cy- 

ling stability, that was retaining 67.4% of initial capacitance 

fter 10,0 0 0 cycles. Li et al . [86] synthesized ultrathin Ni-Al LDH

anosheet-assembled multi-level nanotube by an atomic layer 

eposition (ALD) technique followed by a simple hydrothermal 

reatment. SEM and TEM images both showed the tube-like NiAl 

DH nanotubes with perpendicularly grafted nanoflakes ( Figs. 6 c 

nd d). Such hierarchical structure offered a synergistic effect that 

D nanosheets would create accessible ion transport channels and 

D nanotube was able to avoid the agglomeration issues during 

rolonged charging/discharging process. Besides, the cycle number 

f ALD can control the morphology of final products finely, such 

s thickness of nanosheets and diameter of nanotubes, which was 

ital to the eventual electrochemical performances. Thereinto, the 

ptimized electrodes delivered a maximum specific capacitance 
3740 
f 2123.7 F/g at 0.5 A/g and maintained 91.9% of the initial ca- 

acitance after 10,0 0 0 cycles at 5 A/g ( Figs. 6 e and f). In another

epresentative work, petal-like ultrathin Ni-Al LDHs nanosheets 

3–5 nm) were vertically coated on the graphene/polypyrrole 

GP) support [87] . This hybrid architecture can maximum the 

xposure of active materials and shorten the transport path of 

lectron/electrolyte. For the working electrode derived from this 

pecially structured material, a high specific capacitance of 2395 

/g at 1 A/g in 6 mol/L KOH can be achieved. 

Kim et al . [88] also mixed 2D fullerene (C 60 ) nanosheets with 

i–Fe-layered double hydroxide (LDH) to yield a composite of C 60 –

DH based on the electrostatically-induced self-assembly ( Fig. 6 g). 

he change of FT-IR peaks between 120 0 cm 

−1 and 150 0 cm 

−1 

 Fig. 6 h) indicated the homogeneous hybridization between two 

omponents. The largest specific capacitance can reach 2697 F/g 

t 1 A/g in 1 mol/L KOH, higher than that of the electrode with- 

ut C 60 . The improvement of capacitance performance can be at- 

ributed to the improved porous structure, the involvement of 

he redox process from C 60 and the enhancement of ion trans- 

er kinetics. Due to the abundant zinc resources and its excel- 

ent Faradaic pseudocapacitance, Pan et al . [89] employed a ho- 

ogeneous precipitation method to in situ crystallize 2D well- 

efined ZnCo 1.5 (OH) 4.5 Cl 0.5 ·0.45H 2 O nanosheets (~30 nm) on the 

i foam. Synchrotron XRPD data analysis successfully revealed the 

omplexed structure feature of this lamellar compound. The posi- 

ive [ZnCo 1.5 (OH) 4.5 ] 
0.5 + cation layer is the principal part, and the 

harge is conserved by Cl − anion between the layers. This elec- 

rode displayed a remarkable specific capacitance as high as 3946.5 

/g at 3 A/g in 1 mol/L KOH. Accordingly, the all-solid-state ASC 

elivered a striking energy density of 114.8 Wh/kg at an average 

ower density of 643.8 W/kg, surpassing many reported relative 

evices. Furthermore, Elgendy et al . [90] also reported the succes- 

ive ionic layer adsorption and reaction method to synthesize a 

ernary Ni-Zn-Fe LDH for the application in SCs firstly. The assem- 

led ASC finally displayed a high energy density of 14.9 Wh/kg, 

howing an ideal application prospect. 

.3. 2D transition metal chalcogenides (TMCs) electrodes 

.3.1. 2D TMC materials 

TMCs, constituting another essential category of 2D layered ar- 

hitecture, have been applied as electrodes for SCs due to large 

urface area, many edge sites, ultrathin thickness and diverse ox- 

dation states [ 91–93 ]. Intrinsically, the extraordinary thinness of 

MCs derives from the central metal atoms interacted with the 

ayers of chalcogen atoms via the strong covalent bond and the 

xistence of weak van der Waal’s forces between individual layers. 

mong all TMCs, MoS 2 is very voguish, which not only can pro- 

ide pseudocapacitance by faradaic redox reactions in the Mo cen- 

er but also electrical double layer capacitance at the interface of 

lectrodes and electrolytes [ 48 , 57 , 94 , 95 ]. For example, Huang et al .

96] reported a simple hydrothermal method to synthesis several 

anometers thickness of 2D MoS 2 with a uniform flower-like struc- 

ure. The unique morphology of MoS 2 can be directly characterized 

y SEM and TEM ( Figs. 7 a and b), indicating the great hallmark of

arge specific surface area. The MoS 2 nanosheet electrode exhib- 

ted a highest specific capacitance of 129.2 F/g at 1 A/g in 1 mol/L 

a 2 SO 4 ( Fig. 7 c). It was also found that the water layer on both

ides of metallic phase MoS 2 nanosheets prepared by hydrother- 

al method could construct nanoscale channels with a distance of 

.18 nm for ion diffusion and improve the cyclic stability [97] . 

VS 2 , partially filled energy band (EF) at the Fermi level, has 

een examined as an electrochemical active material for SCs. Guo 

t al . [98] developed a mild colloidal chemical synthesis approach 

o prepare ultrathin VS 2 nanoplates with rich defects ( Fig. 7 d). The 

n-plane and out-of-plane defects can be found as marked using 
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Fig. 6. (a) Schematic of the synthetic process for Ni–Al LDH/rGO superlattice materials. (b) XRD patterns of Ni–Al LDH/rGO and Ni–Al LDH/GO superlattice structures. 

Reproduced with permission [85] . Copyright 2016, Elsevier. (c) SEM and (d) TEM images of 20NiAl-LDH. (e) Rate capabilities, (f) cycling performance of 5-, 10- and 20NiAl- 

LDH. Reproduced with permission [86] . Copyright 2017, Elsevier. (g) Schematic diagram for the preparation of C 60 –LDH nanocomposites. (h) FT-IR spectra. Reproduced with 

permission [88] . Copyright 2019, The Royal Society of Chemistry. 
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otted signs in the top ( Fig. 7 e) and side ( Figs. 7 f and g) view

EM image, respectively. Compared with the bulk VS 2 , two weaker 

eaks of nanoplates at 278 cm 

−1 and 403 cm 

−1 in the Raman spec- 

ra further confirmed the presence of rich defects ( Fig. 7 h). As a

onsequent, the improved resulting electrode exhibited an ultra- 

igh specific capacitance of 2200 F/g at 1 A/g in 1 mol/L KOH. The 

nergy density of the fabricated ASC was 66.54 Wh/kg at a power 

ensity of 0.75 kW/kg. At the same time, the two connected de- 

ices in series were also able to successfully light the LED panel 

or more than 10 min ( Fig. 7 i), holding great promise as a good

lectrode material. 

.3.2. 2D TMC-based composite materials 

Although the specific capacitance of 2D TMCs is good, their 

oor electric conductivity and few accessible active sites result in 

eteriorated cycling performance during consecutive charging and 

ischarging process. And most TMC-based SCs only can work well 

nder a low electrode mass loading. In this respect, considerable 

ork has been devoted to improving the conductivity by inte- 

rating other active materials. Feng et al . [99] developed a new 

olymer-direct-intercalation strategy to incorporate N-doped car- 

on materials into the MoS 2 interlayers with the assistance of car- 

onization ( Fig. 8 a). This method endowed the resulting compos- 

tes with 9.8 Å MoS 2 interlayers ( Fig. 8 b), 74% MoS 2 contents and

igh + 6 Mo valences ( Fig. 8 c), which can boost pseudocapacitive 
3741 
nergy storage and rapid charge transfer. As shown in Fig. 8 d, ki- 

etics analysis was taken based on the plots of peak current den- 

ity ( I p ) versus square root of sweep rate ( ν1/2 ), where the slope

lose to 0.5 indicated the contribution of predominant diffusion- 

ontrolled ion intercalation effect. Consequently, 4144 F/g at 1 A/g 

n 6 mol/L KOH was achieved for the typical MoS 2 /NC electrode 

 Fig. 8 e), surpassing that of MoS 2 /C and pure MoS 2 electrodes. 

hodankar et al . [100] grew a high mass loading (7.2 mg/cm 

2 ) of

oS 2 on carbon fibers (CF) by a hydrothermal method. The verti- 

ally arranged network structure was displayed in the SEM image 

 Fig. 8 f), which was conductive to the access of electrolytes and 

he intercalation of ions. The specific b values between 0.91 and 

.94 at different potential was illustrated in Fig. 8 g, suggesting the 

ain involvement of surface faradaic and non-faradaic reactions. 

he negative electrode of MoS 2 @CF exhibited a maximum areal ca- 

acitance of 495 mF/cm 

2 (75 F/g) at 6 mA/cm 

2 in 1 mol/L Na 2 SO 4 

nd an extremely high 95% of the initial capacitance retention at 

8 mA/cm 

2 after 15,0 0 0 cycles ( Figs. 8 h and i), which were com-

arable to the recently reported MoS 2 -based work with low mass 

oading of active materials. 

Importantly, since 1T-MoS 2 (metastable 1T phase) has been 

hown to be more suitable for the use in SCs than 2H-MoS 2 
semiconducting 2H phase), Wang et al . [101] designed the 2D/2D 

T-MoS 2 /Ti 3 C 2 MXene heterostructure by a magneto-hydrothermal 

ethod ( Fig. 8 j). The specific capacitance of highly ambient-stable 
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Fig. 7. (a) SEM and (b) TEM iamges of MoS 2 nanosheets. (c) Specific capacitance as a function of current density for MoS 2 nanosheet electrode. Reproduced with permission 

[96] . Copyright 2014, Elsevier. (d) Schematic illustration of rich-defect VS 2 nanoplates. (e) In-plane defects; (f) the distorted lattice stripes; (g) the defects in the side edge 

of VS 2 nanoplates. (h) Raman spectra of VS 2 powder and VS 2 nanoplates. (i) Two ASCs were connected in series to light a LED. Reproduced with permission [98] . Copyright 

2018, The Royal Society of Chemistry. 
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T-MoS 2 /Ti 3 C 2 MXene electrode at 2 A/g in 1 mol/L H 2 SO 4 was

rominently higher than that of 2H-MoS 2 /Ti 3 C 2 MXene, 1T-MoS 2 
nd Ti 3 C 2 MXene electrodes ( Figs. 8 k and l). This notable per-

ormance was primarily attributable to synergistically interplayed 

ffect between 1T-MoS 2 and Ti 3 C 2 MXene, which constructed 

nough interwoven space for charge storage ( Fig. 8 m). Addition- 

lly, hierarchical Ni 3 S 2 and Co 3 S 4 were deposited on a reduced 

raphene oxide hydrogel@Ni foam by a two-step hydrothermal 

rotocol [102] , which both showed excellent energy storage per- 

ormances. Structural integrity is particularly important for the 

tability of composites. Choudhary et al . developed a “one-body”

O 3 /WS 2 core/shell structure by sequential oxidation and sulfu- 

ization on W foil current collectors, where 1D WO 3 nanowire 

rrays were integrated with conformal 2D WS 2 layers seamlessly 

103] . By virtue of this integrated structure, the hybrid exhibited 

n exceptional cycling stability of zero loss over ultralong 30,0 0 0 

ycles. 

.3.3. 2D ternary TMCs and their composite materials 

Moreover, ternary TMCs with low electronegativity and rich re- 

ox reactions have been greatly studied as a notable class of pseu- 

ocapacitive candidates in the search for advanced electrode ma- 

erials [ 104 , 105 ]. For example, uniform and smooth NiCo 2 S 4 sheets

an be prepared using a controllable two-step anion-exchange pro- 

ocol [106] . The interwoven network was intergraded by the even 

anotubes in multiple different directions. This particular mor- 

hology brought virtues of both a low contact resistance and im- 

roved porosity for the sufficient infiltration of electrolytes. Conse- 

uently, the capacitance performance can reach 1780 F/g at 1 A/g 
3742 
n 3 mol/L KOH, maintaining 79% of this value at 10 A/g. Strikingly, 

2.4% of capacitance retention and 91.6% of Coulombic efficiency 

alue can be obtained after a continuous 10,0 0 0 cycles, demon- 

trating the marvelous stability of NiCo 2 S 4 electrode material. Shen 

t al . [107] reported a hydrothermal method followed by a sulfida- 

ion process to grow NiCo 2 S 4 nanosheets on nitrogen-doped car- 

on foams (NCF) with robust adhesion. The resultant binder-free 

iCo 2 S 4 /NCF electrode presented an impressively enhanced spe- 

ific capacitance of 877 F/g at 20 A/g in 6 mol/L KOH and pos- 

essed the merits of flexibility, lightweight and high energy den- 

ity simultaneously. In another work, Chen et al . [108] investigated 

he synergistic effect of nickel and cobalt species in Ni x Co 3-x S 4 /rGO 

anocomposites by regulating their composition. By analyzing the 

hase structures, metal valent states and electrochemical behav- 

ors of active materials, it can be concluded that Ni provided most 

f the capacitance due to its variable valence while Co increased 

he conductivity owing to its lower valence state. The optimized 

i 1.5 Co 1.5 S 4 /rGO electrode with unique sandwich-like structure ex- 

ibited high specific capacity of 347.5 mAh/g at 0.5 A/g in 2 mol/L 

OH based on the mass of metal sulfides. It was also suggested in 

revious literature that Co was a promoted phase in TMCs. There- 

ore, Yang et al . [109] reported a ternary-binary compound sys- 

em via a one-step hydrothermal process, where Co 3 S 4 /CoMo 2 S 4 
anosheets (CMS) were vertically grown on reduced graphene ox- 

de (rGO). CoMo 2 S 4 originating from the sulfurization of Na 2 MoO 4 

rst nucleated on the graphene substrate and then evolved into 

 sheet structure. The excess Co source further formed Co 3 S 4 
anoparticles on CoMoS 4 nanosheets, generating semicoherent in- 
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Fig. 8. (a) The schematic of the polymer-direct-intercalation strategy for the synthesis of MoS 2 /NC. (b) TEM image and (c) XPS spectra of Mo 3d. (d) Dependence of the 

peak current density on square root of scan rate of MoS 2 /NC. (e) Specific capacitances as a function of current density for MoS 2 nanosheets, MoS 2 /C and MoS 2 /NC. Repro- 

duced with permission [99] . Copyright 2019, Nature. (f) SEM images of MoS 2 @CF. (g) Plot of b values versus the potential. (h) Capacitance versus current density and (i) 

capacitance-retention plot for MoS 2 @CF electrode. Reproduced with permission [100] . Copyright 2020, Wiley-VCH. (j) Schematic of the synthetic process for the prepara- 

tion of 1T-MoS 2 /Ti 3 C 2 MXene and 2H-MoS 2 /Ti 3 C 2 MXene. (k) GCD curves of 2H-MoS 2 , Ti 3 C 2 MXene, and 2H-MoS 2 /Ti 3 C 2 MXene. (l) GCD curves 1T-MoS 2 , Ti 3 C 2 MXene and 

1T-MoS 2 /Ti 3 C 2 MXene. (m) Schematic illustrating H 

+ ion storage. Reproduced with permission [101] . Copyright 2020, Wiley-VCH. 
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erfaces. Such nanointerfaces with abundant defects left void reser- 

oir for ions transport and buffer volume expansions during charge 

nd discharge process. The CMS-rGO hybrid electrode exhibited a 

igh specific capacitance of 1457.8 F/g at 1 A/g in 3 mol/L KOH, 

nd demonstrated a nice cycling stability of maintaining 97% after 

0 0 0 cycles. 

In addition, defect engineering has also been conducted to en- 

ance the electrochemical properties of ternary metal sulfides, in- 

luding increasing active sites and improving electrical conductiv- 

ty. For instance, Li et al . [110] designed the introduction of sulfur 

acancies using the NaBH 4 treatment in CoNi 2 S 4 nanosheets. The 

PS spectra of S 2p showed the higher 2p 1/2 content for r-CoNi 2 S 4 
57.7%) than that of pristine CoNi 2 S 4 (43.3%), reflecting the forma- 

ion of more sulfur vacancies after reduction. Theoretical calcula- 

ion based on the first-principle DFT analysis was carried out to 

eveal the stronger hybridization between Co and Ni d states and 

loser S p states to the Fermi level for r-CoNi 2 S 4 nanosheets, which 

as in good agreement with the experimental results. Therefore, 

he resulting r-CoNi 2 S 4 electrode exhibited an ideal specific capac- 

h

3743 
tance of 1117 C/g at 2 A/g in 6 mol/L KOH. The ASC also presented

 superior energy density of 55.4 Wh/kg at the power density of 

 kW/kg. 

.4. 2D novel MXene electrodes 

.4.1. 2D MXene materials 

An emerging family of 2D transition metal carbides or nitrides 

amed as MXenes with a general formula of M n + 1 X n T x (n = 1–4)

ere discovered by Y. Gogotsi in 2011 [111] , where M represents 

n early transition metal (Ti, Cr, V, etc .), X denotes C and/or N, 

 x is the surface functional group (-OH, = O, -Cl and -F). It should 

e noted that these materials can be developed by the selective 

tching of A from MAX phases, where A is mostly group 13–15 

lements of the periodic table. As a type of SC electrode mate- 

ials with excellent performance, MXenes possess the unique ad- 

antages of high electrical conductivity, low ionic diffusion coeffi- 

ient, large surface area to volume ratio, good hydrophilicity and 

igh surface activity [ 112 , 113 ]. Electrolyte ions are favorably acces- 
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Fig. 9. (a) Schematic of the synthesis for MXene clay and the electrode preparation process. (b) Comparison of rate performances between Ti 3 C 2 T x clay and previous HF- 

produced MXene. Reproduced with permission [114] . Copyright 2014, Nature. (c) Schematic illustrations of preparation processes for fabricating pristine and etched Ti 3 C 2 T x 
films. (d) Schematic diagram of the ion pathway improvement in the etched Ti 3 C 2 T x film comparing with the pristine film. (e) Gravimetric rate performance of etched 

Ti 3 C 2 T x films. Reproduced with permission [115] . Copyright 2020, Wiley-VCH. (f) Schematic illustration of the 3D printing of MSCs. (g) Cross-sectional SEM image of the 

MSC electrode. (h) Areal capacitance as a function of sweep rate for different MSCs. (i) Ragone plots. Reproduced with permission [116] . Copyright 2020, American Chemical 

Society. (j) Digital photographs of Li-V 2 CT x films. (k) The charge density difference after Li insertion. Reproduced with permission [121] . Copyright 2019, Wiley-VCH. 
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ible into the 2D nanochannels between MXenes sheets, providing 

pportunities for highly reversible redox reactions on the active 

urface of the transition metal atomic layer and thereby supply- 

ng intercalative pseudocapacitance. Besides, the carbon/nitrogen 

tomic layers in MXenes can rapidly transfer electrons, so that 

reat rate performance can come true even under a high charg- 

ng/discharging current density. 

On this account, Gogotsi’s group pioneered a series of excel- 

ent work on MXene-based SCs. For example, a method using LiF 

nd HCl to prepare Ti 3 C 2 T x was proposed ( Fig. 9 a) [114] . The re-

ulting material expanded in volume when combined with water, 

hich can be shaped like clay and dried into a highly conductive 

olid (1500 S/cm) or can be rolled into a film with tens of microns

hick. As shown in Fig. 9 b, the additive free Ti C ‘clay’ exhib-
3 2 

3744 
ted superior cyclability and rate performance, and displayed a vol- 

me capacitance of up to 900 F/cm 

3 at 2 mV/s in 1 mol/L H 2 SO 4 ,

hich was almost double the values of their previously reported 

ork. Recently, they also reported a novel, simple and controllable 

oncentrated H 2 SO 4 oxidation method ( Fig. 9 c), in which Ti 3 C 2 T x 
anocrystals can be partially etched without affecting or destroy- 

ng the crystal structure of the unetched part [115] . The utilization 

f electrochemically inactive by-products such as TiO 2 suppressed 

he re-stacking of the Ti 3 C 2 T x film, and led to an increase in the

pacing between atomic layers at the same time. The Ti 3 C 2 T x film 

ith hierarchically porous ion channels ( Fig. 9 d) increased the in- 

erlayer spacing and reduced the flake size, enabling it to com- 

ine ultra-high rate performance (64% of capacitance retention at 

0,0 0 0 mV/s) with high volumetric capacitance at a practical high 
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ass-loading (12 mg/cm 

2 ) as shown in Fig. 9 e. Additionally, Orangi 

t al . [116] constructed all-solid-state micro-SCs (MSCs) through a 

D printing of water-based, viscoelastic and highly concentrated 

i 3 C 2 T x MXene ink without binders on various substrates ( Fig. 9 f),

ncluding flexible polymer films and papers. The cross-sectional 

EM image ( Fig. 9 g) displayed the horizontally aligned morphology 

f MXene flakes, which endowed the peculiar electrode with high 

lectrical conductivity. By adjusting the number of deposited lay- 

rs and electrode height, the MSC eventually exhibited a maximum 

real capacitance of 1035 mF/cm 

2 at 2 mV/s and highest areal en- 

rgy density of 51.7 μWh/cm 

2 ( Figs. 9 h and i). 

As mentioned, the terminated -F or/and -OH groups may pre- 

ent the transport of electrolyte ions, leading to a higher diffusion 

arrier and decreasing the conductivity. Surface nitrogen-modified 

trategy was usually adopted to enhance the electrochemical per- 

ormance effectively [117] . Herein, Wen et al . [118] for the first 

ime put forward the inclusion of N atoms into Ti 3 C 2 T x MXenes 

o enlarge the interlayer spacing and increase the pseudocapaci- 

ance. The post-etch annealing treatment in NH 3 atmosphere en- 

owed the products with 1.7–20.7 at% surface nitrogen species. The 

 doped Ti 3 C 2 T x electrodes showed a 460% increase in gravimetric 

apacitance (192 F/g at 1 mV/s) compared to the pristine Ti 3 C 2 T x 
34 F/g at 1 mV/s) in 1 mol/L H 2 SO 4 . Since ammonia as a nitro-

en source requires a great number of raw materials to achieve 

igh doping levels, Yoon et al . [119] adopted a step-by-step strategy 

o obtain nitrogen-doped Ti 2 CT x with cyanamide. In this process, 

he formation of intermediate polymeric carbon nitride (p-C 3 N 4 ) is 

articularly significant, which can cause Ti 2 CT x nanosheets to be 

elaminated while doping with heteroatoms. Based on the above 

odification, N-doped Ti 2 CT x delivered remarkable characteristics 

s a SC electrode, such as a notably increased specific capacitance 

f 327 F/g at 1 A/g (234 F/g for pristine-Ti 2 CT x ) and stable cyclic

erformance of 96.2% retention at 5 A/g over 50 0 0 cycles. 

The self-pseudocapacitance of MXenes often suffers from poor 

rocessability and low intrinsic surface area. Ion intercalation and 

nterspace engineering strategies are always adopted to address 

hese issues. For one instance, the energy storage performance 

nd electromagnetic interference shielding of MXenes can be en- 

anced by the cation intercalation through the hybridization of 

n 3d and O 2p orbitals [120] . Furthermore, Mohammadi et al . 

121] also added another 2D chemically stable MXene composi- 

ion of V 2 CT x beyond Ti 3 C 2 T x through a cation-driven assembly 

ethod. XRD and XPS data of the assembled C-V 2 CT x flakes (where 

 represents Li, Na or Mg) showed no significant change after one 

onth, both implying the suppression of oxidation in the ambi- 

nt conditions. Macroscopically, the Li-V 2 CT x film kept invariable 

or one week and one month ( Fig. 9 j). This was concerned with

he charge transferred from the inserted alkali ions to the ter- 

inating groups of MXene layers, which can be verified by the 

FT calculation ( Fig. 9 k). A significant decrease in charge density 

an be found clearly near Li atoms. Bader charge analysis further 

howed that each Li atom lost 0.8 eV, while each -F terminating 

tom gained about 0.2 eV and -O terminal groups obtained approx- 

mately 0.06 eV because the charge was predominantly transferred 

nto MXene layers. As a result, the best electrode showed an ex- 

raordinary specific capacitance value of ~1315 F/cm 

3 (~420 F/g) 

t 5 mV/s in 3 mol/L H 2 SO 4 and unprecedented stability of ~77% 

apacitance retention after one million cycles. Pinto et al . [122] re- 

ently reported one kind of previously unexplored Mo x V 4-x C 3 MX- 

nes in a solid solution state, which can be applied as positive 

lectrode materials in SCs compared with other MXenes. By tun- 

ng the ratio of Mo:V, the chemical environment of surface ter- 

inations and electrical conductivity can be optimized. Thereby, 

he optimal Mo 2.7 V 1.3 C 3 electrode exhibited a high volumetric ca- 

acitance of 860 F/cm 

3 at 5 mV/s in 1 mol/L H 2 SO 4 and excellent 

lectrical conductivity of 830 S/cm at room temperature. The emer- 
3745 
ence of this novel material provides a possibility for the construc- 

ion of all-MXenes SCs. 

.4.2. 2D MXene-based composite materials 

In order to further improve the performance, MXenes can be 

ombined with organic and inorganic materials to construct het- 

rogeneous structures, so that they can complement each other 

nd produce a synergistic effect. Combining MXenes with con- 

ugated polymers will provide a set of intriguing properties, 

uch as adjustable band gap, controllable exciton and charge 

ransport and improved water solubility. Wu et al . [123] em- 

loyed 2,6-diaminoanthraquinone (DAQ), tetrakis(4-bromophenyl) 

ethane (TM) and Ti 3 C 2 T x nanosheets as raw materials to prepare 

omogeneous PDT/Ti 3 C 2 T x electrode films based on the Buchwald- 

artwig coupling ( Fig. 10 a). XPS presented the basically unchanged 

 1s spectra of PDT/Ti 3 C 2 T x electrode before and after bending 

est ( Fig. 10 b), suggesting the occurrence of excellent hybridiza- 

ion and the potential for good cycling stability. The atomic-scale 

chematic ( Fig. 10 c) illustrated the strong hydrogen bonds interac- 

ion between N 

–H groups of decentralized PDT chains and -OH or 

F terminal groups of Ti 3 C 2 T x sheets, which can offer highways for 

harge-carrier transfer. Meanwhile, the introduction of PDT back- 

ones can enhance the mechanical property of this composite and 

nhibit the volume expansion and contraction effectively during 

he charging/discharging process, resulting in the negligible capac- 

tance loss for 10,0 0 0 cycles under different static bending angles 

 Fig. 10 d). In another work, one-step co-electrodeposition method 

as carried out to use Ti 3 C 2 T x with hydrophilic functional groups 

s a core polymer ( Fig. 10 e), promoting the gradual polymerization 

f pyrrole monomer radical cations and forming the MXene/PPy 

omposite films successfully [124] . Boota et al . [125] also focused 

n 2D Ti 3 C 2 T x with the modification of polyfluorene derivatives 

PFDs). The polymer with charged lateral chains had a greater im- 

act on increasing the layer spacing of MXenes than the other 

wo polymers with nonpolar and polar side chains. This organic- 

norganic hybrid electrode showed an overall improvement in elec- 

rochemical performances, including gravimetric capacitance, volu- 

etric capacitance and capacitance retention. These researches fur- 

her supported the contribution of conductive polymer to improv- 

ng the electrochemical performance of MXene-based electrodes. 

Moreover, NiMoO 4 as a promising inorganic electrode material 

as also hybridized with Ti 3 C 2 T x through hydrothermal method 

nd post-calcination to fabricate an interconnected porous 2D/2D 

eterostructure ( Fig. 10 f) [126] . Beneficial from high electronic con- 

uctivity and rich redox chemistry of two components, the result- 

ng electrode exhibited a specific capacity of 545.5 C/g at 0.5 A/g 

n 3 mol/L H 2 SO 4 , which was obviously higher than that of in-

ividual component ( Fig. 10 g). Consequently, the assembled ASC 

evice with an operating voltage of 1.6 V showed a desirable en- 

rgy density of 33.36 Wh/kg at 400.08 W/kg. Besides, Wang et al . 

127] incorporated graphite oxide (GO) as a binder into the surface 

nd interlayers of MXenes firstly and then break the C 

–O bonds in 

O nanosheets with the aid of CH 4 plasma excitation to exfoliate 

Xene flakes. The graphene wrapped MXene electrode achieved a 

aximum areal specific capacitance of 54 mF/cm 

2 at 0.2 A/cm 

2 , 

ow equivalent series resistance of 13.6 � and outstanding stabil- 

ty of 100% capacitance retention in each 10 0 0 individual cycles, all 

f which were superior to those of the pure MXene electrode ob- 

iously. Owing to the high capacity of sulfides, Luo et al . [128] in-

orporated Ni-S nanostructure into delaminated Ti 2 C 3 nanosheets 

d-Ti 2 C 3 ). The coupling with high-conductivity d-Ti 2 C 3 could ef- 

ciently alleviate volume expansion of battery-type Ni-S materi- 

ls during charging/discharging process. The synergistic effect of 

oth active materials made the nanohybrid electrode possess an 

ncreased specific capacity of 840.4 C/g at 1 A/g in 6 mol/L KOH. 
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Fig. 10. (a) Schematic for the preparation of PDT/Ti 3 C 2 T x film electrode. (b) XPS spectra of N 1s for the SC under the bending and recover states. (c) Schematic of decentral- 

ized PDT chains with Ti 3 C 2 T x . (d) Capacitance retention of the SC for 10,0 0 0 cycles under different static bending angles. Reproduced with permission [123] . Copyright 2019, 

Elsevier. (e) Schematic of the electrochemical synthesis process for the PPy/MXene composite film on the ITO-coated glass. Reproduced with permission [124] . Copyright 

2019, Elsevier. (f) Schematic of special ion channels and unique interaction between NiMoO 4 and Ti 3 C 2 T x . (g) Comparative GCD curves of NiMoO 4 /Ti 3 C 2 T x , NiMoO 4 and 

Ti 3 C 2 T x electrodes. Reproduced with permission [126] . Copyright 2019, Elsevier. 
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.5. 2D metal-organic frameworks (MOFs) electrodes 

.5.1. 2D MOF materials 

Since the concept of metal organic frameworks (MOFs) as 

ighly crystalline hybrid porous materials were firstly proposed by 

aghi and his collaborators in 1995, tremendous attention has been 

roused in potential applied field, involving catalysis, sensing, gas 

torage and separation, energy storage and conversion [ 129–131 ]. 

urrently, 2D MOFs as a new family of researched objects show 

istinctive hallmarks of abundant exposed redox active sites, large 

pecific surface areas and strong quantum confinements, allowing 

s to prepare promising electrodes with high storage capacity for 

Cs [29] . This 2D geometrical configurations are also beneficial for 

he adequate utilization of inside ion channels compared with con- 

entional bulk MOFs. 

In this section, we mainly focus on pristine and composite 

OF materials, while MOF derivatives (metal oxides and car- 

on materials) are not in the scope of discussion. Neat MOFs 

f Ni 3 (2,3,6,7,10,11-hexaiminotriphenylene) 2 (Ni 3 (HITP) 2 ) without 

ny conductive additives or binders were entirely used as ac- 

ive electrode materials for the first time in 2017 [132] . As 

hown in Fig. 11 a, Ni 3 (HITP) 2 consisted of stacked π-conjugated 

D sheets and open cylindrical channels with a diameter of 

.5 nm, which was further determined by N 2 adsorption isotherm. 

he schematic diagram ( Fig. 11 b) showed spacious compatibil- 

ty between pores and large electrolyte ions (TEA 

+ , TEA 

+ ·7ACN, 
3746 
F 4 
− and BF 4 

−·9ACN). The anodic and cathodic sweep CV curves 

 Fig. 11 c) presented a working potential of 1.0 V and EDLC behav- 

or for Ni 3 (HITP) 2 . Meanwhile, ex situ XAS ( Fig. 11 d) was carried

ut to probe the quasi -reversible faradaic phenomenon occurred 

t about 0.7 V ( vs. Ag/AgCl), revealing the center of redox reac- 

ion was on the HITP ligand rather than Ni. The symmetric de- 

ice with neat Ni 3 (HITP) 2 can obtain a capacitance normalized to 

pecific surface area (630 m 

2 /g) of 18 μF/cm 

2 , which was higher 

han that of most carbon materials except holey graphene. In an- 

ther work, 2D Ni 3 (HITP) 2 nanosheets were also loaded on nickel 

oam substrates to be explored as active materials in SCs [133] . The 

onstructed device had an impressive areal specific capacitance of 

5.69 mF/cm 

2 at 0.1 mA/cm 

2 and a prominent capacitance reten- 

ion of 84% over ultralong 10 0,0 0 0 cycles. 

Feng et al . [134] reported a coordination reaction in alkaline 

olution under the air atmosphere to synthesize robust and con- 

uctive 2D M-HAB (M = Ni or Cu, HAB = hexaaminobenzene) 

OFs ( Fig. 11 e). Grazing-incidence X-ray diffraction (GIXD) clearly 

howed 2D distinct face-on orientation ( Fig. 11 f). The CV curves of 

i-HAB exhibited a pair of predominantly broad peaks in an al- 

ost mirror image relationship ( Fig. 11 g), indicating the pseudo- 

apacitive behavior. Accordingly, the gravimetric capacitance and 

real capacitance of Ni-HAB electrode with an areal density of 

 mg/cm 

2 were 420 F/g and 1.6 F/cm 

2 in 1 mol/L KOH, re- 

pectively. The assembled device based on freestanding additive- 

ree Ni-HAB pellets with 190 μm thick showed an exception- 
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Fig. 11. (a) Molecular structure of Ni 3 (HITP) 2 . (b) Relative size of pores and electrolytes. (c) CV curves of Ni 3 (HITP) 2 powder in a three-electrode system. (d) Ni K-edge XANES 

of Ni 3 (HITP) 2 electrode. Reproduced with permission [132] . Copyright 2017, Nature. (e) Molecular structure of Cu-/Ni-HAB MOFs. (f) 2D GIXD pattern of a Cu-HAB thin film. 

(g) CV curves of Ni-HAB. (h) Comparison of the volumetric and areal capacitance of Ni-HAB with other materials. Reproduced with permission [134] . Copyright 2018, Nature. 

a

t

b

o

t

m

i

o  

(

s

a

c  

r

c

3

M

t

p

d

l

o

(

(  

s

T

p

m

a  

t

N

s

e

t

a

T

1  

t

T

n

6

c

3

m

w

t

s

a

w

m

p

w

n

2

c

A

m

s

c

l

m

a

r

T

n

C

t

s

s

p

7

i

i

e

a

e

lly high volumetric capacitance of 760 F/cm 

3 and areal capaci- 

ance of 13.7 F/cm 

2 , which both outperformed the reported car- 

on electrodes ( Fig. 11 h). Wechsler and Amir [135] also devel- 

ped an electrophoretic deposition method to fabricate the pris- 

ine Ni 3 (HAB) 2 MOF as SC electrodes. The Ni 3 (HAB) 2 -based sym- 

etric SC exhibited outstanding performances with an areal capac- 

tance of 13.64 mF/cm 

2 and 81% capacity retention over continu- 

us 50,0 0 0 cycles. Zheng et al . [136] synthesized 2D Co 2 (OH) 2 BDC

BDC = 1,4-benzenedicarboxylate) nanosheets through a mild 

urfactant-assisted one-pot hydrothermal route. This ultrathin MOF 

cted as a superior charge storing electrode material with a spe- 

ific capacitance of up to 1159 F/g at 0.5 A/g in 3 mol/L KOH and

emarkable stability of 96.7% capacitance retention after 60 0 0 cy- 

les. 

.5.2. 2D MOF-based composite materials 

Nonetheless, there are still some intrinsic shortcomings of 

OFs that limit their practical application, including low conduc- 

ivity and unsatisfactory chemical stability. In this case, the com- 

osite use of MOFs with different types of materials (such as con- 

uctive polymers, carbon materials) is beneficial to resolve these 

imitations. Yao et al . [137] developed a simple in situ chemical 

xidation technology to grow polypyrrole (PPy) on 2D Cu-TCPP 

TCPP = 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin) nanosheets 

 Fig. 12 a). FT-IR spectra ( Fig. 12 b) displayed the appearance of peak

hift, corroborating the polymerization of PPy on the surface of Cu- 

CPP. GCD profiles ( Fig. 12 c) revealed the introduction of an ap- 

ropriate content of PPy could improve the electrochemical perfor- 

ance. The optimal electrode exhibited an excellent charge stor- 

ge capacity of 496 F/g at 1 A/g in 0.5 mol/L H 2 SO 4 , higher than

hat of neat Cu-TCPP (245 F/g). Wang et al . [138] prepared 2D 

i 2 [CuPc(NH) 8 ] nanosheets with high crystallinity and a p-type 

emiconducting behavior by the virtue of ball milling mechanical 

xfoliation method ( Fig. 12 d). The MSCs based on various mass ra- 

io of graphene/Ni 2 [CuPc(NH) 8 ] would presented different integral 

reas of CV curves ( Fig. 12 e) and discrepant capacity performances. 

he optimized device delivered a competitive areal capacitance of 

8.9 mF/cm 

2 at 0.04 mA/cm 

2 ( Fig. 12 f). Bai et al . [139] proposed

he concept of xD–2D hybrid nanostructures to obtain 1D–2D M- 

CPP nanofilm/CNT ((M = Cu, Co and Ni)) and 2D–2D M-TCPP 

anosheet/GO. The best specific capacitance of 2280 F/g at 5 A/g in 
3747 
 mol/L KOH can be achieved for Ni-TCPP nanofilm/CNT electrodes, 

onfirming the significance of mixing individual components. 

.6. Some recently emerging 2D electrode materials 

Besides the 2D materials discussed above, some other layered 

aterials that have not been exploited on a large scale are still 

orthy of attention due to their intriguing electrochemical proper- 

ies and high specific surface area. Nickel phosphate with the open 

tructure of abundant channels and cavities can supply rich redox 

ctive sites and high charge storage capacity [30] . The current main 

ork is focused on the synthesis of 1D nickel phosphate, and Ya- 

auchi et al . successfully prepared a 2D crumpled sheet-like amor- 

hous nickel phosphate for the first time. Nickel glycerate particles 

ere first self-deconstructed to form nickel hydrogen phosphate 

anotubes, and then underwent a self-weaving process into this 

D special morphology. The amorphous nature obtained after cal- 

ination can further improve the electrochemical performance. The 

SC based on the optimal nickel phosphate material displayed a 

aximum energy density of 50 Wh/kg at an average power den- 

ity of 362 W/kg. 

As the second most abundant element in the earth’s crust, sili- 

on plays an important role in current microelectronic devices. 2D 

ayered silicon-based nanosheets, as one kind of graphene-like Si 

aterial, was widely used as anodes of batteries due to its unpar- 

lleled specific capacity, but its application in SCs has been less 

eported. Based on this, Gao et al . [140] from the University of 

sukuba, reported an electrode composed of layered silicon-based 

anosheets (TSNs) with excellent performance. By the reaction of 

aSi 2 with hydrochloric acid solution at 20 °C to remove Ca 2 + , 
hey obtained a layered Si with Si 6 ring, and then modified the Si 

keleton with functional groups, including hydrogen and hydroxyl 

pecies. The SCs based on TSNs electrode can provide a high ca- 

acitance of up to 8.29 mF/cm 

2 and a maximum energy density of 

.65 mWh/cm 

3 . The specific capacitance still can remain 90.6% of 

ts initial value after 12,0 0 0 cycles. 

Based on the analysis of experimental and theoretical stud- 

es, antimonene with a puckered lamellar structure, displays great 

lectrical conductivity (1.6 × 10 4 S/m), high environmental stability 

nd ideal interlayer channer size (3.73 Å). These fascinating prop- 

rties make antimonene an attractive candidate for storage energy 
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Fig. 12. (a) Schematic of the synthetic process of Cu-TCPP@PPy. (b) FT-IR spectra. (c) GCD profiles. Reproduced with permission [137] . Copyright 2018, Elsevier. (d) Schematic 

illustration of the exfoliation for 2D Ni 2 [CuPc(NH) 8 ]. (e) CV curves of MSCs based on EG and Ni 2 [CuPc(NH) 8 ]/EG. (f) Capacitances as a function of current density for 

Ni 2 [CuPc(NH) 8 ]/EG-2-based MSC. Reproduced with permission [138] . Copyright 2020, Wiley-VCH. 
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pplications. Impressively, Martínez-Periñán et al . [32] employed 

 modified liquid-phase exfoliation technique to prepare few-layer 

ntimonene. This electrode showed an outstanding specific capaci- 

ance of 1578 F/g with a rather high current density of 14 A/g. Un-

er the same conditions, the electrode can still retain about 65% of 

ts initial value after 10,0 0 0 cycles at 14 A/g, and the attenuation 

ainly occurred in the first 10 0 0 cycles. 

. Summary and outlook 

We have sorted a systematic overview of few recently reported 

on-carbon 2D materials such as TMOs, TMHs, TMCs, MXenes and 

OFs. for current energy storage in the aqueous electrolyte-based 

Cs. Comparative electrochemical performances of all above men- 

ioned 2D electrode materials are listed in Table 1 . Since the charge 

torage mechanism near the electrode surface mainly determines 

he overall performance, designing the ideal electrode material 

ith suitable pore size distribution and tunable surface character- 

stic is a critical factor for optimizing the function of SCs. Non- 

arbon 2D materials are one kind of promising candidates in im- 

roving many aspects, including adjustable conductivity, enhanced 

on absorption affinity, facilitated electrochemical kinetics and ef- 

ective interfacial electronic interaction. The resultant controllable 

D surface property not only guarantees the inherent advantage of 

uick charging and discharging process for SCs, but also offers a 

arge number of redoxable components to achieve broad voltage 

indow and impressive specific capacitance. Several nanomaterial 

ngineering strategies have been applied to design advanced elec- 

rodes rationally, including the construction of core-shell architec- 

ure, fabrication of heterogeneous structure, chemical substitution, 

ations intercalation, defects modification, surface anchoring and 

o on. Considering the above approaches, the low electrical con- 

uctivity of TMOs, TMHs and MOFs is thus increased effectively. 

Xenes and TMCs also exhibit rich redox activity, stable cycling 

ife and improved charge/mass transport property. 

Nevertheless, it is of noteworthy that there are still certain 

ottlenecks alongside with this research field, and some reason- 

ble suggestions should be adopted enthusiastically for further im- 

rovements. (1) SCs are used in the different energy storage sites 

ompared with batteries and are unlikely to replace the latter, be- 

ause their energy density is still considerably lower than bat- 

eries (10 0–30 0 Wh/kg) especially for aqueous electrolyte-based 
3748 
Cs. Considerable research advancements have been made, such 

s selecting electrode materials with high electrochemical activity, 

ombining various materials, and designing nanometer multi-level 

tructures. Taking some strategies to extend the voltage window 

f aqueous SCs to 2.6 V or higher is also feasible, such as electro- 

hemical cyclic modification [62] , introduction of “water in salt”

 141–143 ], electrode modification to repel H 

+ and OH 

−. (2) The 

hoice of negative electrode materials is relatively rare. When as- 

embling a full device, the commonly used negative electrode ma- 

erial is activated carbon [144] , but its specific capacitance is only 

bout 200 F/g. In order to achieve the charge balance between 

wo electrodes, the loading of activated carbon is much larger than 

hat of the positive electrode active material, which will degrade 

he energy density. Another common negative material is Fe 2 O 3 

 145 , 146 ], which owns high specific capacity but poor rate and cy-

ling performance, making it unable to match the positive mate- 

ial perfectly. (3) In contrast to areal capacitance (F/cm 

2 ) and vol- 

metric capacitance (F/cm 

3 ), gravimetric capacitance (F/g) in the 

ost literature is used to evaluate the performance of electrodes. 

n general, carbon-based electrode materials with porous struc- 

ures display high specific surface area and can provide high gravi- 

etric capacitance, but their low packing density (g/cm 

3 ) results 

n low volumetric capacitance, which hinders their development 

n demanding industrial applications. At present, the proper bal- 

nce between gravimetric and volumetric capacitance, which takes 

nto account both packing density and resistance, has become a 

rime challenge [147] . (4) The self-discharge characteristic of SCs 

s an important factor in evaluating their performance and com- 

ercial specifications. The charged capacitor is in a high free en- 

rgy state relative to the discharge state, so there is a pseudo driv- 

ng force of self-discharge. But SCs have low persistence and high 

elf-discharge rate, about 10% −40% per day, which is considered 

o be the main obstacle in practical applications [ 148–150 ]. (5) In 

rder to bind the active materials together with current collec- 

ors, binders are indispensable components in most current elec- 

rodes. Among them, polytetrafluoroethylene (PTFE) and polyvinyli- 

ene fluoride (PVDF) as insulating polymers, are the most com- 

only used binders owing to their electrochemical stability and 

reat binding ability [151] . However, there are still some hinder- 

ng limitations in the use of binders. Firstly, these polymers have 

oor electrical conductivity, which will increase the internal resis- 

ance and are adverse to the rate performance of materials. Sec- 
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Table 1 

Various 2D materials for SC electrodes. 

Sample No. Electrode material Electrolyte Potential range Specific capacitance Cycling life Ref. 

2D TMO-based materials 

1 MnO 2 @OMCRs 1 mol/L Na 2 SO 4 0~1.0 V vs . Ag/AgCl 218 F/g at 20 mV/s – [48] 

2 Co 3 O 4 6 mol/L KOH −0.2~0.4 V vs . 

Hg/HgCl 2 

1716 F/g at 5 mV/s 85% for 10,000 cycles 

at 50 mV/s 

[52] 

3 rGO/CNT/MnO 2 1 mol/L Na 2 SO 4 0~0.8 V vs . Hg/HgCl 2 298 F/g at 0.5 A/g 90.3% for 5000 cycles 

at 10 A/g 

[54] 

4 MnO 2 /graphene 1 mol/L Na 2 SO 4 0~0.9 V vs . Hg/HgCl 2 280 F/g at 1 A/g 99% for 10,000 cycles 

at 3 A/g 

[56] 

5 MoO 3 /PANI 1 mol/L H 2 SO 4 −0.4~0.6 V vs . 

Hg/HgCl 2 

632 F/g at 1 A/g 76.7% for 3000 cycles 

at 50 mV/s 

[58] 

6 α-Fe 2 O 3 /rGO 2 mol/L KOH −1.2~−0.2 V vs . 

Hg/HgO 

714 F/g at 1 A/g – [59] 

7 Na 0.5 MnO 2 1 mol/L Na 2 SO 4 0~1.3 V vs . Ag/AgCl 366 F/g at 1 A/g 98% for 10,000 cycles 

at 4 A/g 

[62] 

8 β-MnO 2 /Birnessite 1 mol/L Na 2 SO 4 −0.1~0.9 V vs . 

Hg/HgCl 2 

306 F/g at 1 A/g 92% for 3000 cycles at 

2 A/g 

[63] 

9 Na 2 W 4 O 13 0.5 mol/L Na 2 SO 4 −0.2~0.6 V vs . 

Ag/AgCl 

310 F/cm 

3 at 5 mV/s 93% for 10,000 cycles 

at 10 mV/s 

[64] 

10 Co-In 2 O 3 3 mol/L KOH 0~0.5 V vs . Ag/AgCl 404 C/g at 1 A/g – [65] 

11 NiCo 2 O 4 @NF 6 mol/L KOH −0.2~0.5 V vs. 

Hg/HgCl 2 

2018 F/g at 1 A/g 90.9% for 5000 cycles 

at 10 A/g 

[68] 

12 MnCo 2 O 4 /NF 2 mol/L KOH 0~0.45 V vs . Ag/AgCl 283 mAh/g at 

2 mA/cm 

2 

85% for 2000 cycles 

40 mA/cm 

2 

[69] 

13 ZnCo 2 O 4 /NF 2 mol/L KOH 0~0.45 V vs . Ag/AgCl 832 C/g at 5 A/g 85.5% for 5000 cycles 

at 50 A/g 

[70] 

2D TMH-based materials 

14 α-Ni(OH) 2 6 mol/L KOH −0.2~0.43 V vs. 

Hg/HgCl 2 

4172 F/g at 1 A/g 98.5% for 2000 cycles 

at 16 A/g 

[72] 

15 β-Ni(OH)2 6 mol/L KOH 0.1~0.55 V vs. 

Hg/HgO 

2537 F/g at 1 A/g 77.6% for 3000 cycles 

at 10 A/g 

[73] 

16 β-Co(OH) 2 2 mol/L KOH −0.2~0.5 V vs. 

Hg/HgCl 2 

2028 F/g at 1 A/g – [74] 

17 MoSe 2 -Ni(OH) 2 6 mol/L KOH −0.1~0.5 V vs . 

Hg/HgCl 2 

1175 F/g at 1 A/g 90% for 3000 cycles at 

2 A/g 

[77] 

18 Ni(OH) 2 –POV 2 mol/L KOH 0~0.35 V vs . 

Hg/HgCl 2 

1440 F/g at 1 A/g 85% for 2000 cycles at 

10 A/g 

[79] 

19 α-Co(OH) 2 -DV 1 mol/L Na 2 SO 4 0~0.9 V vs . Ag/AgCl 258 F/g at 1 A/g – [80] 

20 Ni(OH) 2 -CoQD 2 mol/L KOH 0~0.5 V vs . Hg/HgCl 2 3244 F/g at 5 mA/cm 

2 90.9% for 1000 cycles 

at 15 mA/cm 

2 

[81] 

21 NiAl LDH 2 mol/L KOH 0~0.5 V vs. Hg/HgCl 2 2124 F/g at 0.5 A/g 91.9% for 10,000 cycles 

at 5 A/g 

[86] 

22 Petal-like NiAl LDH 6 mol/L KOH −0.1~0.35 V vs . 

Hg/HgCl 2 

2395 F/g at 1 A/g 99.6% for 10,000 cycles 

at 10 A/g 

[87] 

23 C 60 -NiFe LDH 1 mol/L KOH 0~0.55 V vs . 

Hg/HgCl 2 

2697 F/g at 1 A/g – [88] 

24 ZnCo 1.5 (OH) 4.5 Cl 0.5 • 0 ·45H 2 O 1 mol/L KOH 0~0.5 V vs . Ag/AgCl 3946 F/g at 3 A/g – [89] 

25 Ni-Zn-Fe LDH 6 mol/L KOH 0~0.45 V vs . Ag/AgCl 1452 F/g at 5 mV/s 112.5% for 1000 cycles 

at 50 mV/s 

[90] 

2D TMC-based materials 

26 Sn 0.33 Ni 0.67 Se 2 3 mol/L KOH 0~0.6 V vs . Hg/HgO 346 mAh/g at 

1 mA/cm 

2 

98.12% for 10,000 

cycles 30 mA/cm 

2 

[93] 

27 MoS 2 1 mol/L Na 2 SO 4 −0.8~0.2 V vs. 

Ag/AgCl 

129 F/g at 1 A/g 85.1% for 500 cycles at 

1 A/g 

[96] 

28 M-MoS 2 -H 2 O 0.5 mol/L Li 2 SO 4 −1~0.25 V vs . 

Ag/AgCl 

380 F/g at 5 mV/s – [97] 

29 VS 2 1 mol/L KOH 0~0.4 V vs . Hg/HgCl 2 2200 F/g at 1 A/g – [98] 

30 MoS 2 /NC 6 mol/L KOH 0~0.37 V vs . Ag/AgCl 4144 F/g at 1 A/g 92% for 8000 cycles at 

10 A/g 

[99] 

31 MoS 2 @CF 1 mol/L Na 2 SO 4 −0.8~0 V vs . 

Hg/HgCl 2 

75 F/g at 6 mA/cm 

2 95% for 15,000 cycles 

at 18 mA/cm 

2 

[100] 

32 1T-MoS 2 /Ti 3 C 2 1 mol/L H 2 SO 4 −0.4~0.2 V vs. 

Ag/AgCl 

386.7 F/g at 1 A/g 96.8% for 20,000 cycles 

at 50 A/g 

[101] 

33 NiCo 2 S 4 3 mol/L KOH 0~0.45 V vs. Ag/AgCl 1780 F/g at 1 A/g 92.4% for 10,000 cycles 

at 10 A/g 

[106] 

34 NiCo 2 S 4 /NCF 6 mol/L KOH −0.1~0.5 V vs . 

Hg/HgCl 2 

1231 F/g at 2 A/g 90.4% for 1000 cycles 

at 10 A/g 

[107] 

35 Ni 1.5 Co 1.5 S 4 /rGO 2 mol/L KOH 0~0.5 V vs . Hg/HgO 347.5 mAh/g at 0.5 A/g 85% for 2000 cycles at 

1 A/g 

[108] 

36 Co 3 S 4 /CoMo 2 S 4 -rGO 3 mol/L KOH 0~0.45 V vs . 

Hg/HgCl 2 

1458 F/g at 1 A/g 93.8% for 5000 cycles 

at 10 A/g 

[109] 

37 r-CoNi 2 S 4 6 mol/L KOH 0~0.5 V vs. Hg/HgO 1117 C/g at 2 A/g 79% for 4000 cycles at 

10 A/g 

[110] 

( continued on next page ) 
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Table 1 ( continued ) 

Sample No. Electrode material Electrolyte Potential range Specific capacitance Cycling life Ref. 

2D MXene-based materials 

38 Ti 3 C 2 T x clay 1 mol/L H 2 SO 4 −0.3~0.25 V vs . 

Ag/AgCl 

900 F/cm 

3 at 2 mV/s ~100% after 10,000 

cycles at 10 A/g 

[114] 

39 Ti 3 C 2 T x 3 mol/L H 2 SO 4 −1.2~−0.2 V vs. 

Hg/HgSO 4 

~1200 F/cm 

3 at 5 mV/s 99% for 10,000 cycles 

at 100 mV/s 

[115] 

40 N-Ti 3 C 2 T x 1 mol/L H 2 SO 4 −0.2~0.35 V vs. 

Ag/AgCl 

192 F/g at 1 mV/s – [118] 

41 Na-V 2 CT x 3 mol/L H 2 SO 4 −0.4~0.2 V vs. 

Ag/AgCl 

~1315 F/cm 

3 at 5 mV/s 77% for 1,000,000 

cycles at 100 A/g 

[121] 

42 Mo x V 4-x C 3 1 mol/L H 2 SO 4 −0.4~0.45 V vs . 

Ag/AgCl 

860 F/cm 

3 at 5 mV/s ~90% after 12,000 

cycles at 3 A/g 

[122] 

43 PDT/Ti 3 C 2 T x 0.5 mol/L H 2 SO 4 0~0.6 V vs . Hg/HgCl 2 284 mF/cm 

2 at 

50 mA/cm 

2 

~100% for 10,000 

cycles 

[123] 

44 PPy/MXene 1 mol/L H 2 SO 4 0~0.5 V vs . Ag/AgCl 416 F/g at 0.5 A/g – [124] 

45 PFD/Ti 3 C 2 T x 1 mol/L H 2 SO 4 −0.2~0.4 V vs . 

Ag/AgCl 

380 F/g at 2 mV/s 98% for 10,000 cycles 

at 100 mV/s 

[125] 

46 NiMoO 4 /Ti 3 C 2 T x 3 mol/L H 2 SO 4 0~0.4 V vs . Ag/AgCl 545.5 C/g at 0.5 A/g 68% for 10,000 cycles 

at 20 A/g 

[126] 

47 Ni–S/d-Ti 3 C 2 6 mol/L KOH 0~0.5 V vs . Hg/HgO 840.4 C/g at 1 A/g 66.5% for 5000 cycles 

at 10 A/g 

[128] 

2D MOF-based materials 

48 Ni-HAB 1 mol/L KOH −0.25~−0.75 V vs . 

Ag/AgCl 

760 F/cm 

3 at 0.2 mV/s 90% for 12,000 cycles 

at 10 A/g 

[134] 

49 Co 2 (OH) 2 BDC 3 mol/L KOH 0~0.45 V vs. Ag/AgCl 1159 F/g at 0.5 A/g 96.7% for 6000 cycles 

at 2 A/g 

[136] 

50 Cu-TCPP@PPy 0.5 mol/L H 2 SO 4 −0.2~0.7 V vs . 

Ag/AgCl 

496 F/g at 1 A/g 69.9% for 3000 cycles 

at 20 A/g 

[137] 

51 Ni-TCPP/CNT 6 mol/L KOH −0.1~0.4 V vs . 

Ag/AgCl 

2280 F/g at 5 A/g 90.3% for 2000 cycles 

at 5 A/g 

[139] 

Other 2D materials 

52 NiHPi-500 1 mol/L KOH 0~0.45 V vs . Ag/AgCl 450 F/g at 1 A/g 94.8% for 5000 cycles 

at 10 A/g 

[30] 
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ndly, the binder usually accounts for 10%~20% of the electrode 

ass but providing a little capacitance will degrade the energy 

ensity of SCs. Thirdly, some porous structures may be blocked, 

ausing local “dead pores” and reducing the available surface area. 

ast, the toxic fluorine-containing binders can also raise some en- 

ironmental concerns which are not conducive to sustainable de- 

elopment. Seriously, this conventional slurry treatment based on 

olymer binders can destroy the ordered structures of 2D materi- 

ls, leading severe self-aggregation as well as diminishing the re- 

ox reactions [57] . With this context, integrating the electrodes 

irectly on metal current collectors without any binders will en- 

ure mechanically and chemically stable interfaces [151] . Therefore, 

here will be a great deal of space for the rational design of the 

rdered freestanding structure growing over the current collectors 

n the future, which will effectively address the “dead mass” is- 

ues and boost the electron transport kinetics, especially for 2D 

aterials [ 93 , 103 ]. (6) Most 2D materials suffer from large irreg-

larities in the lateral size and crystallite shape, which has an ad- 

erse effect on the formation of uniform pore channels inside the 

heet. It is essential to design a dependable and reproducible syn- 

hesis method for the obtaining of monodisperse 2D nanosheets 

hrough minimizing the lattice strain that causes the fracture of 

D nanocrystals. (7) Most monolayer 2D nanosheets require to be 

ynthesized stepwise, including the preparation of original lamellar 

aterials and subsequent multistep stripping process, which de- 

ands tremendous amount of time and effort s. The corresponding 

ne-pot synthetic methodology is only suitable for a few materials. 

ence, it has become an urgent requirement to exploit a universal 

ne-pot synthesis protocol applicable for a variety of 2D novel ma- 

erials. (8) There are still enormous rooms to employ the merits 

f superlattice hybrid structure with face-to-face contact between 

ayers for enriching the functionality of hybrid electrodes. There- 

ore, an orderly superlattice heterostructure should be formed to 

aximize the interfacial electronic coupling. (9) Although macro- 
3750 
copic performance results can be obtained through electrochemi- 

al tests, the mechanism of various reaction processes on the elec- 

rode surface still requires to be understood in-depth. It is nec- 

ssary to exert systematic spectroscopic investigations combining 

ith theoretical calculations to clarify the operating mechanism of 

hese 2D nanostructured electrodes with high activities. Besides, a 

roper understanding of surface chemistry, such as chemical com- 

osition, functional groups and defect sites, will contribute to the 

onstruction of excellent electrode materials. Classical XPS [152] , 

RD [153] and XAS [154] technologies are difficult to meet the 

bove requirements. In-situ spectroscopic analyses including XRD, 

aman, FT-IR and XAS are efficient characterization tools to probe 

he transport characteristics of metal ions and the variation of sur- 

ace crystalline phase under working conditions. In addition, it is 

ery crucial to control the structural and morphological character- 

stics of layered materials while designing high performance de- 

ices. In-situ techniques like SEM, TEM, AFM and scanning electro- 

hemical microscope (SECM) can be used to study various surfaces 

nd overall reaction processes of SCs, such as morphology change, 

nterface evolution, volume expansion/shrinkage. Recently, the in- 

itu piezoelectric electrochemical spectroscopy method based on 

anometer depth and ultra-fast speed (femtosecond) research can 

rovide the specific evidence of piezoelectric electrochemical phe- 

omena in the energy conversion and storage process of SCs [155] . 

y combining various in-situ and ex-situ technologies, deep multi- 

imensional and multi-modal information of various interface re- 

ctions occurring in EES devices can be realized, which will en- 

ble us to adjust parameters for developing smart devices. (10) 

owadays, a great deal of efforts has been devoted into develop- 

ng flexible energy storage devices with stable electrochemical per- 

ormance, excellent electrical conductivity, high capacity and cyclic 

tability. 2D layered materials are suitable candidates for the de- 

ign of flexible SCs due to the presence of persistent van der Waals 

orces within the stacked layers, which makes these materials rel- 
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tively soft and elastic. In one instance, 2D MOFs as flexible charge 

torage materials are in the early development stage owing to their 

pecial surface area, abundant porous architecture and unique wav- 

ng nature, providing great applicable room for miniaturized and 

exible SCs [156] . 
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