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Abstract 

In the past decade, 2D materials such as graphitic carbon nitride, transition metal dichalcogenides, 

layered metal oxides and hydroxides, hexagonal boron nitride and MXenes have garnered a great 

attention with the discovery of graphene. Very recently, novel 2D materials analogous to graphene 

such as phosphorene, antimonene, silicene, siloxene, germanene etc., were discovered and are 

emerging as strong competitors to the existing 2D materials. These materials pose explicit 

properties making them suitable for various applications. This article reviews the properties, 

synthesis techniques and the supercapacitive nature of phosphorene, antimonene, silicene and 

siloxene while briefing the properties of other 2D materials viz. germanene, stanene, arsenene and 

bismuthene. With the successful implementation of phosphorene as supercapacitor electrode, 

research is progressing in exploring the supercapacitive nature of other novel 2D materials. The 

investigations on these materials are still in its infancy and most of the properties lack experimental 

evidence. The current research trends on these novel materials are discussed in this review. 
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1. Introduction 

With the increase in the global energy crisis, there is an increased need to explore novel energy 

resources and efficient energy storage systems [1]. The charge storage mechanisms and the 

kinetics happening at the interface of the electrode and the electrolyte govern the energy and power 

density of storage systems. In this regard, batteries are the widely used storage systems working 

on the principle of reversible redox reactions which exhibit increased energy density with low 

power density. Other innovative storage systems are supercapacitors, which exhibit increased 

power density and cycle life. The selection of electrode material plays an important role in 

improving the performance of supercapacitors [2, 3]. Various materials such as activated carbon, 

graphene, carbon nanotubes, metal oxides, metal nitrides, transition metal chalcogenides, 

conducting polymers and their composites have been explored as supercapacitor electrodes, with 

each of them exhibiting specific disadvantages and advantages with respect to the other [4-9]. 

Carbonaceous electrodes usually exhibit higher electrical conductivity and electrochemical 

stability; however, they suffer from poor cycle life and specific capacitance as they lack redox 

reactions [10]. Conducting polymer electrodes possess enhanced capacitance compared to 

carbonaceous materials while suffering from mechanical stress leading to poor stability [11]. 

Similarly, various metal oxides and composites that have been explored so far exhibit improved 

capacitance but face the issue of poor electrical conductivity [1, 12]. Research started to focus on 

exploring novel materials as supercapacitor electrodes, as electrode materials play the most 

important part in evaluating the performance of supercapacitor. Recently, two dimensional (2D) 

materials with thickness of few atoms have been gaining importance as supercapacitor electrodes. 

2D electrode materials exhibit advantages such as (i) larger surface area (ii) the weak van der 

Waals forces acting between the layers help in the intercalation of electrolyte ions, and (iii) high 



flexibility and mechanical strength exhibited by the materials enable them to be used as flexible 

electrodes [13]. The excellent thermal, electronic, mechanical and optical properties exhibited by 

graphene, discovered through a ‘scotch tape’ method by Geim and Novoselov in 2004 led to the 

extensive use of graphene in various fields [14-16]. Thus, the outstanding properties of graphene 

directed the research to progress in discovering various other 2D materials. The properties such as 

strong quantum confinement, tunable thickness, electrical conductivity and large surface area 

observed in 2D materials make them unique compared to materials of other dimensions [17]. The 

schematic representation of the performance comparison of 2D electrodes with 0D, 1D or 3D 

electrodes in energy storage is shown in Figure 1. 2D materials such as transition metal 

dichalcogenides (MoS2, WS2, WSe2, MoSe2 and MoTe2)[18], hexagonal boron nitride [19], 

graphitic carbon nitride [20], metal oxides and hydroxides [21] and MXenes [22] gained 

importance after graphene. 

Figure 1. Graphical representation of the performance of 2D electrodes compared to other 

materials.  



Very recently, novel 2D materials such as silicene, germanene, stanene, phosphorene, siloxene, 

arsenene, antimonene and bismuthene have attracted much attention due to their structures and 

properties analogous to graphene [23, 24]. The research trend in 2D materials since the discovery 

of graphene in 2004 is depicted in Figure 2. These novel 2D materials are usually synthesized 

through prominent techniques such as molecular beam epitaxy (MBE), mechanical and chemical 

exfoliations, chemical vapour deposition (CVD), ion intercalation and exfoliation techniques [24-

26].  

Figure 2. Research trends in 2D nanomaterials. 

Though graphene is known to possess high electronic conductivity when compared to silicon; it is 

not a semiconductor which makes it difficult to be used in certain electronic applications. The 

novel 2D materials such as silicene, phosphorene and germanene have thus become strong 

competitors among 2D materials with their nature similar to graphene [23]. Though the 

experimental analysis on these materials are still in their infancy, we tried to summarize the current 

research trends on these materials as we hope that these are the future 2D materials. 2D materials 

are generally explored in energy storage applications due to their layered structures with well-



defined geometry, extreme hardness, capability to accommodate various intercalants, high 

mechanical strength, good chemical stability and large surface area. The high surface area of these 

novel 2D materials helps in improving the double-layer capacitance while the reactive basal planes 

and edges helps to improve the pseudocapacitance.  Also the ion intercalation happening in the 2D 

materials makes them as promising electrode materials for supercapacitors [27]. With the success 

found in experimental evaluation of the supercapacitive nature of phosphorene, scientists gained 

interest in exploring the rest of Group VA elements such as arsenene, antimonene and bismuthene 

[28]. 

Though much report does not exist on the supercapacitive performance of these novel materials, a 

few available reports are summarized in this review. 

2. Novel supercapacitor electrode materials 

2.1 Phosphorene 

Bridgman reported the synthesis of black phosphorous (BP) for the first time in 1914 from white 

phosphorous at high temperature and pressure [29]. Since then, not much interest was paid on 

black phosphorous until the discovery of 2D black phosphorous in 2014. In 2014, 2D black 

phosphorous named as phosphorene was proposed by mechanical exfoliation from its parent 

material using a blue tape method. This isolated single layer of black phosphorous was named as 

phosphorene as it is analogous to graphene [30]. The in-plane bonding in phosphorene is sp3

hybridized due to which it exhibits a puckered structure unlike graphene [31]. The layers in 

phosphorene are held weakly through Van der Waals forces [32]. It possesses a band gap of 1.5 

eV, which is greater than that of its bulk form (0.3 eV) [33]. Phosphorene is a semiconducting 

material with a hole mobility of 1000 cm2/Vs and is highly sensitive to an external electric field. 

The exciting fact about phosphorene is that its band gap decreases with an increase in 2D layer 



spacing thus enabling them to have a tunable band gap [34, 35]. In the last five years, there are 

several evaluation works centered on the advancement concerning the useful functions of black 

phosphorus and phosphorene in different energy devices. Figure 3 is a schematic illustration that 

represents the important role of phosphorene in electrochemical energy storage and imitates the 

growing research of phosphorene in energy storage applications. Recently, like a promising and 

potential 2D material, phosphorene has engrossed a lot of significance in the major fields and areas 

of materials science and electrochemistry [34, 35]. Due to the distinctive furrowed 2D 

configuration, phosphorene has a huge surface area, elevated carrier mobility and well-built 

mechanical strength (95 GPa) that are positive possessions in the field of energy harvesting and 

device renovation [35]. 

Figure 3. A schematic illustration of the major advancements of phosphorene in energy storage. 

Bulk black phosphorous is considered as a van der Waals material and thus the synthesis 

techniques employed in the production of graphene from graphite can also be applied to produce 



phosphorene. Few layer thick phosphorene can be obtained by mechanical, liquid exfoliation, 

electrochemical exfoliation, pulsed laser deposition and plasma thinning techniques [36-41]. 

Table 1 summarizes the major methods used for the synthesis of phosphorene.

Table 1 Concise summary of methods employed in the synthesis of phosphorene.

Top Down Synthesis Bottom up Synthesis 

Synthesis Process Nature of product 
obtained 

Synthesis Process Nature of 
product obtained 

Mechanical exfoliation 

(scotch Tape)

Few layers [37] Pulsed Laser 
deposition  

(Growth on 
substrate, high cost, 

controllable 
preparation of 

material)

Amorphous and 
few layer thick 
material [39] 

Liquid phase 
exfoliation 

(Ultra-sonication and 
rotating blade. Simple, 
cost effective process)

Prone to defects 
[38] 

Electrochemical 
exfoliation 

(High Voltage, 
scalable production, 

cost effective) 

Thick material 
[41]

The solution stripping method has found to be the best one for the large-scale production of 

phosphorene [42]. Kang et al., reported the synthesis of 2D phosphorene through the solvent 

stripping method by placing black phosphorus in an ultrasonicator with ice water, operated at a 

power of 30 W. The ultrasonication was carried out in a dark argon atmosphere glove box. A yield 

of about 1 mg/ml was obtained, which was further centrifuged to obtain phosphorene. Figure 4

shows the microscopy analysis of the solvent-exfoliated BP [43].



Figure 4. (a) AFM height image (b) false-colored SEM image (c) and low-resolution TEM image 

of solvent-exfoliated BP nanosheets. Adapted from Ref [43] copyright 2015 American Chemical 

Society.

The applications of phosphorene in various fields/devices are limited due to stability issues under 

ambient conditions. Phosphorene has two uncoupled pairs of electrons in each of its atoms, and it 

possesses a high surface to volume ratio, thereby making it highly reactive. Phosphorene easily 

reacts with oxygen, water and light and undergoes degradation to form oxidized phosphorous or 

phosphoric acid [44]. Phosphorous with a puckered structure exhibits good electrical conductivity 

and fast ion diffusivity making them suitable to be used as supercapacitor electrodes. Hao et al. 

reported the fabrication of a flexible supercapacitor using black phosphorous nanoflakes obtained 

through liquid phase exfoliation. Such a supercapacitor exhibited a specific capacitance of 59.3 

F/g at 5 mV/s with capacitance retention of 71.8% after 30000 charge-discharge cycles [45]. 



Figure 5. Electrochemical properties of BP/CNTs (1:4) ASSP device with ~1.13 μm thick paper 

electrodes. (a-c) Cyclic voltammograms at various scan rates reach up to 500 V/s. (d) Stack 

capacitances calculated from the CV curves at different scan rates. (e) Galvanostatic 

charging/discharging curves at different current densities. (f) CV curves at a scan rate of 1 V/s 

with differently bent configurations. Adapted from Ref [46] copyright 2017 American Chemical 

Society. 

Yang et al. reported the synthesis of BP/CNT nanocomposite and fabrication of a flexible 

supercapacitor. With BP/CNTs ratio of 1:4, the supercapacitor exhibited a capacitance of 41.1 

F/cm3 at 5 mV/s. The intercalation of CNTs into the BP layers helps in avoiding restacking of the 

BP layers. The electrochemical behavior of the flexible solid state device is shown in Figure 5. It 

has to be noted that the rectangular shape of the voltammogram slowly changes with the increase 

in the scan rate [46].



Figure 6. Mask-assisted simplified fabrication of PG-MSCs. (a-e) Illustration of the fabrication of 

PG-MSCs, which includes the following steps: (a) photograph of synthesized graphene and 

phosphorene inks; (b) step-by-step filtration of graphene and phosphorene in sequence with the 

assistance of an interdigital mask; (c) dry transfer of PG hybrid film onto PET substrate; (d) peeling 

off the PTFE membrane, drop-casting electrolyte, and device package; (e) integration of serially 

interconnected MSC devices. (f) Photograph of 9 serially interconnected PG-MSCs. (g) Flexibility 

and stability demonstration of PG interdigital electrodes at a highly folded state. Aadapted from 

Ref [47] copyright 2017 American Chemical Society. 

Xiao et al. demonstrated the fabrication of flexible micro supercapacitors through interdigital 

electrode patterning of phosphorene and graphene sheets layer on layer. The materials were 

transferred onto a polyethylene terephthalate (PET) substrate using a mask to produce a flexible 

electrode. When an ionic liquid such as 1-butyl methylimidazolium hexafluorophosphate 



(BMIMPF6) was used, the micro supercapacitor exhibited a specific capacitance of 9.8 mF/cm2

with an energy density of 11.6 mWh/cm3. The schematic of the fabrication of 

phosphorene/graphene based micro supercapacitors is given in Figure 6 [47]. Zu et al. reported 

the synthesis of phosphorene through an electrochemical cathodic exfoliation with a yield of 

~93.1%. When used in an asymmetric hybrid system, the electrode exhibited an energy density of 

203.7 W/kg [48]. Various reports on the application of black phosphorous and its composites as 

supercapacitor electrodes are available in literature [49-52].

Wen and his coworkers designed and fabricated black phosphorus sponge by employing 

electrochemical exfoliation technique for solid-state supercapacitor applications. The BP sponge 

was cut into small pieces and then spread over gold coated PET current collector after which, 

poly(vinylalcohol)/phosphoric acid (PVA/H3PO4) gel electrolyte was deposited over the BP 

sponge electrode and tested for its electrochemical activity. A schematic of the fabrication process 

and its electrochemical testing are illustrated in Figure 7. The pseudocapacitive nature was 

evaluated through cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) methods. 

From the CV curves, a specific capacitance of 80 F/g and 28 F/g was calculated at a scan rate of 

10 mV/s and 100 mV/s, respectively. The GCD curves indicate the existence of double layer 

capacitance and the precise triangular shape indicates better charge transfer and diffusion between 

electrode/electrolyte interface. A 80% retention of capacitance even after 15,000 charge discharge 

cycles was observed which authenticates better reversibility response of the electrode material 

[53].  



Figure 7. (a) Schematic illustration of the fabrication of BP sponge electrode (b) cyclic 

voltammograms obtained for various scan rates (c) mass capacitances calculated from the CV 

curves for various scan rates (d) galvanostatic charging/discharging curves obtained at different 

current densities and  (e) cyclic stability test carried out for 15,000 cycles at a scanning rate of 100 

mV/s . Adapted from Ref [53] copyright 2017 Royal Society of Chemistry. 

Huang et al. reported the synthesis of anti self discharging phosphorene based zinc ion hybrid 

supercapacitor operating with a wide potential window. Two different electrolytes were used in 

evaluating the supercapacitive nature of the electrode. In “water in salt” electrolyte, the device 

exhibited a potential window of 2.2 V and a specific capacitance of 214 F/g, even after 5000 

charge-discharge cycles. Authors found an extension in the operating potential window (2.5 V) of 

phosphorene based electrodes when an organic electrolyte (0.2 M Zinc chloride into the tetraethyl-



ammonium tetra-fluoro-borate in propylene carbonate (Et4NBF4/PC)) is used. The device 

operating with this organic solvent exhibited a specific capacitance of 105 F/g even after 9500 

charge discharge cycles. Additionally, this phosphorene based supercapacitor prominently acquire 

exceptional anti-self-discharge property. The phosphorene-Zinc ion based hybrid supercapacitor 

preserves 76% of capacitance even after 300 inactive hours. The authors established realistic 

function of the hybrid phosphorene metal ion based capacitor by utilizing a stretchy paper-based 

micro-capacitor. Authors claim that the phosphorene-zinc ion supercapacitor can efficiently solve 

the problem of the rigorous self-discharge difficulty found in ultracapacitors. Furthermore, metal 

ion phosphorene based capacitors operating at a high potential window are suitable for high power 

applications [54].

Zhao and his colleagues recently designed an innovative phosphorene embellished phase altered 

microcapsules that exhibit self-thermo regulatory property, which can be utilized as electrode 

material for ultracapacitors.  The decline in electrochemical performance of ultracapacitors 

because of the high exothermic reaction during cycling process, lead to designing of self-thermo 

regulatory electrodes for future practical applications. Authors designed and developed these 

electrode materials for a wide temperature range. In this electrode material, the inner shell is 

comprised of n-docosane phase altered material embedded with silicon oxide, and the outer layer 

is coated with polyaniline/phosphorene hybrid structures that behave as a pseudocapacitive 

material. The electrode material reported in this work exhibits a distinctive blend of phosphorene 

and phase change material that demonstrates the prospective application of ultracapacitors at high 

temperatures [55].

Most recently, Kim et al. fabricated a hybrid nano-structured electrode material for supercapacitor 

that comprises of 2D functionalized phosphorene blended with conducting polymer, polypyrrole 



(PPY). The hybrid electrode material was synthesized by a mechano-chemical method followed 

by an oxidative polymerization process, as illustrated in Figure 8.  The authors investigated the 

polymerization process of pyrrole monomer on the surface of 2D phosphorene in detail. The 

obtained specific capacitance of hybrid electrode material was 411 F/g, which was four times 

higher when compared to pristine polypyrrole electrode material (106 F/g). Furthermore, the 

synthesized hybrid material enhanced the compositional durability of polypyrrole, comply the 

cyclic constancy of two times superior than that of immaculate polypyrrole. This is the first 

research publication on 2D phosphorene hybridized with conductive polymer for realistic use in 

energy-storage device [56].

Figure 8. Schematic illustration depicting the formation of phosphorene-polypyrrole composite 

electrode material for supercapacitor application. Adapted from Ref [56] copyright 2020 Elsevier 

Ltd. 

Hajibaba and Abdi evaluated the electrochemical properties of different phases of black, blue and 

green phosphorus by utilizing Joint Density Functional Theory (JDFT). Authors also investigated 

and calculated parameters such as charge density, energy density, band configuration and quantum 

capacitance for blue, black and green 2D phosphorus by employing JDFT. This work discussed 



and observed the charge up intensity for different phases against different applied voltages. The 

obtained results were compared among all three phases blue, black and green 2D phosphorus. The 

outcome of the research investigation proposed that 2D phosphorous has superior areal capacitance 

compared with 2D graphene at elevated voltages [57].

2.2 Antimonene 

The isolated few layers of black phosphorous had an appreciable band gap required for 

optoelectronic applications but were highly hygroscopic. They are highly sensitive to atmosphere 

and completely deteriorate upon exposure to air thereby limiting its practical applications [58]. 

This led to the search for new 2D materials with good stability and bandgap under atmospheric 

conditions. Antimony is a silvery lustrous, non-hygroscopic, layered material, which belongs to 

the same group as that of BP (group 15). It exhibits a band gap of 1.2 to 1.3 eV useful for 

optoelectronic applications [59]. Antimonene derived from crystals of antimony (Sb) can be 

obtained through techniques such as mechanical exfoliation, liquid phase exfoliation, and epitaxial 

growth and have found applications in various fields [60]. Ares et al. demonstrated the production 

of submillimeter flakes from a crystal of antimony by repeatedly peeling it using scotch tape and 

then pressing the tape against a Si (111) substrate. Thick flakes with many layers and low yield 

were obtained through this method. Thin flakes with large areas could be obtained by pressing the 

tape against a viscoelastic polymer coated glass slide and then pressing the slide against the 

substrate. Such flakes exhibited good stability for more than two months in atmospheric conditions 

[61].  Gusmao et al. reported the synthesis of antimonene through aqueous shear exfoliation using 

kitchen blades. A rotating blade was used to exfoliate the Sb crystals producing antimonene with 

sizes varying from 100 nm to 900 nm [62]. Gibaja et al. demonstrated the production of antimonene 

through liquid-phase exfoliation by sonicating antimony crystals in a mixture of 4:1 isopropanol 



and water for 40 minutes. Non-exfoliated material was discarded through centrifugation, and the 

formation of layered antimonene was confirmed through AFM [63]. The electrochemical 

exfoliation of antimonene was reported by Lu et al., in which bulk antimony was used as cathode 

and Na2SO4 was used as the electrolyte. Upon application of a constant voltage of -6 V for 60 min, 

multilayered antimonene of 31.6 nm thickness was produced. Such an antimonene was stable upto 

25 days in ambient conditions exhibiting higher stability to that of black phosphorous [64]. 

Molecular beam epitaxy (MBE) and van der Waals epitaxy (vdWE) are the widely used epitaxial 

growth techniques for producing high quality 2D layers. Ji et al. reported the use of vdWE for the 

synthesis of antimonene onto various substrates. A two zone (T1 and T2) furnace was used for this 

purpose in which antimony (Sb) powder was placed in T1 zone, which was subjected to heat to 

produce vapors of Sb. The vapors of Sb were passed to T2 zone, wherein the Sb atoms diffuse and 

crystallize onto the mica substrate. The schematic of setup, epitaxial growth process, optical and 

AFM images of the prepared samples are given in Figure 9. The antimonene formed exhibited a 

polygonal shape with a thickness of 4 nm (Figure 9g) [65].  



Figure 9. (a) A schematic illustration of the sample synthesis configurations (b) schematic of van 

der Waals epitaxy (c-f) Optical images of typical antimonene polygons with triangular, hexagonal, 

rhombic and trapezoidal shapes, respectively  (g) AFM image of a typical triangular antimonene 

sheet (The thicknesses are 4 nm) (h) AFM image of a tiny antimonene sheet  (The thicknesss is ca. 

1 nm [65]. 

Various reports exists on the demonstration of growth of antimonene onto different substrates such 

as PdTe2, Ge (111), Bi2Te3 (111), Sb2Te3 (111) and Ag (111) using MBE techniques [66-68]. 

Experimental and theoretical studies have shown that the high surface area exhibited by 

antimonene (which is due to its puckered lamellar structure), large interlayer channel size (3.73 Å) 

and the good electrical conductivity (1.6 × 104 S/m) exhibited by them make them suitable 

candidates for energy storage applications [27]. Numerous reports exist on the use of antimonene 

electrodes in energy storage devices [69, 70]. Antimonene can be an excellent anode material in 



Li and Na ion batteries as antimony exhibits a theoretical capacity of 660 mAh/g for storing both 

Li and Na ions [71]. Hou et al. reported the use of synthesized antimony/carbon fiber network as 

anode for sodium ion batteries. The electrode exhibited a capacity of 542 mAh/g at a high current 

density of 100 mA/g with a capacity retention of 96.7 % after 100 cycles [69]. Emiliano et al. 

reported the synthesis of antimonene by liquid phase exfoliation of antimony by sonicating it with 

isopropanol and tested for its supercapacitive nature. It exhibited a specific capacitance of 1578 

F/g at a current density of 14 A/g. It was shown that with a slight increase in the content of 

antimonene onto the electrode by 1.8 to 36 ng, a significant increase in the capacitance could be 

obtained [27]. In the work reported by Mariappan et al., antimonene nanodendrites  grown on Ni 

foam through electrochemical deposition process was used as a positive electrode in the 

construction of asymmetric  supercapacitor (ASC)  with graphene based negative electrode. The 

ASC exhibited energy and power density of 84.79 Wh/kg and 20625 W/kg respectively [28]. 

Ismail et al. reported that during the exfoliation of antimonene, the total surface area increases 

which lead to increase in the electrode active sites and electrolyte interactions thereby resulting in 

high specific capacitance of 597 F/g when compared to that of ball-milled antimony (101 F/g) at 

10 mV/s. The impedance studies also showed low values of equivalence series resistance and 

charge transfer resistance compared to its bulk counterpart [72].  

2.3 Silicene 

Silicene synthesized by MBE methods on single crystals of Ag (111) at ultra-high vacuum has 

gained much attention with its graphene-like characteristics. This novel material was first reported 

in 2012 and has been a hot topic of research since then [73, 74]. These newly discovered 2D 

materials are similar to graphene only with respect to their 2D nature but vary invariably to 

graphene in different ways. Firstly, these materials do not have a 3D layered parent like graphene, 



which can be exfoliated. They can only be synthesized chemically or through MBE techniques. 

The substrate on which it is grown greatly influences the structural and electronic properties of 

these 2D structures. The second difference is that, graphene is a fully flat material with sp2

hybridization only, whereas group IV elements have a mixed sp3 hybridization in their layers, 

which increases with an increase in its atomic size. This makes the bonds in the atoms to be 

buckled, resulting in non-flat layers. The buckling in the atoms of the newly discovered 2D 

elements is given in Figure 10. It can be seen that free-standing silicene has a buckling around 

0.44 Å. The influence of the substrate and the buckling present in silicene greatly influences its 

properties enabling them to be used in electronic devices [75].

Figure 10. Illustration of the increasing buckling of different elemental 2D materials [76].

Mortazavi et al. reported the theoretical investigations of silicene on the storage capability of Na 

and Li ions. Based on their calculations, silicene could hold a capacitance of 954 mAh/g, which 

was much higher than that of germanene (369 mAh/g) and stanene (226 mAh/g) [77]. Zhang et al. 

reported the synthesis of silicene flowers through a simple chemical route, which was tested as 

anodes for Li-ion batteries. The silicene flowers consist of networks of silicene nanoplates with 



different orientations forming a 3D flower-like structure. These electrodes exhibited a capacity of 

2000 mAh/g at 800 mA/g with excellent rate capability [78]. The potential applications of silicene 

as supercapacitor electrodes were also explored by DFT computations [79-81]. It was shown that 

by introducing vacancy defects with doping (N, B, P and S) in silicene, the quantum capacitance 

of silicene electrodes could be enhanced. With an increase in the defect concentration, an increase 

in quantum capacitance was observed. With very low formation energies, S and B could bond 

strongly with Si atoms compared to P and N doped single vacancy silicene. These results show 

that silicene can be used as a supercapacitor electrode [80]. With the discovery of silicene, 

extensive research searched for new 2D materials synthesized through MBE under vacuum. 

2.4 Siloxene 

Most recently, two-dimensional silicon (Si) called siloxene has drawn more attention in energy 

storage devices such as lithium-ion batteries and supercapacitors. They are also used in biosensing 

applications such as dopamine sensors.  Siloxene has been identified as a direct band gap material, 

discovered by German chemist Friedrich Wohler in 1863. Siloxene is synthesized through 

topotactic deintercalation of calcium and liquid exfoliation from Zintl phase of calcium silicide 

(CaSi2). 2D siloxene acquire a squat buckled configuration owing to its dual band role position 

that is dissimilar from the graphene planar arrangement. The presence of surface terminating 

functional groups and mix up of sp2 and sp3 hybridization, enables siloxene to be used as electrode 

material in energy storage devices and in biomedical applications [82, 83]. Siloxene is produced 

by de-intercalation of Ca2+ from CaSi2 using aqueous hydrochloric acid. In brief, specific amounts 

of CaSi2 powder and HCl are stirred in ice bath under inert gas for 2-3 days as illustrated in Figure 

11. During this reaction, the de-intercalation of Ca layers and functionalization of Si sheet would 

take place concurrently to produce siloxene [84, 85].



Figure 11. Synthesis process of 2D Siloxene novel material. Adapted from Ref [84] copyright 

2020 Elsevier Ltd. 

Based on parameters such as reaction period, acidic medium concentration and temperature used 

in the liquid exfoliation process, siloxene is identified as two types: Weiss and Kautsky siloxene 

configurations. Weiss type siloxene configuration written as Si6(OH)3H3 consist of six member 

rings that are Si6 attached with substitute Si-OH and Si-H bonds while in Kautsky siloxene 

configuration written as Si6O3H6 has Si6 loop associated with Si-O-Si link. 

The existence of bountiful functional groups on the surface of siloxene and its distinctive 2D 

configuration make siloxene useful in several applications especially as electrode materials for 

supercapaciors. Conversely, due to incomplete information of siloxene’s electrochemistry, merely 

a small number of research efforts have been published and investigated on the electrochemical 

function of siloxene. The siloxene has been primarily engaged in supercapacitors and lithium-ion 

batteries as an electrode material and recognition of biomarkers in biomedical sensors technology 

[82, 83]. In 2018, Krishnamoorthy and his coworkers employed Siloxene as electrodes for 

symmetric supercapacitor abbreviated as SSC [82]. They reported the preparation of Kautsky 

siloxene configuration made by de-interspersion of calcium silicides through removal of calcium 

and define its Si-O-Si link with Si6 rings and their inter-correlations by Fourier transform infrared 



spectroscopy (FTIR). The pseudocapacitance behavior of 2D Siloxene has been evaluated in 

tetraethyl ammonium tetrafluoroborate (TEABF4) organic electrolyte. The siloxene based 

symmetric supercapacitor exhibited interesting results with an operating potential window of 3 V. 

The constructed SSC device exhibit distinctive pseudocapacitive results with energy density and 

areal energy density of 5 Wh/Kg and 9.82 mJ/cm2 respectively. The SSC device demonstrates 

nearly 98% retention of capacitance despite of 10000 charge-discharge cycles. The electron 

transport and dispersion rate of the electrolyte ions improved significantly due to the presence of 

conductive hexagonal silicon frameworks within 2D siloxene during the execution of 

electrochemical faradic reactions. The existence of large scale interlayer space between siloxene 

sheets and huge accessible surface area is responsible for quick ion transportation that leads to 

acquiring outstanding pseudocapactance values of SSC device [82]. In 2019, Pazhamalai and 

coworkers studied and reported the effect of high-temperature on the properties of siloxene [86]. 

The presence of rich quantity of the oxygen functional groups on the edge, or basal surface leads 

to a decrease in conductivity of 2D siloxene sheets. Therefore, removal of O2 groups causes an 

increase in conductivity as well as electrochemical active sites for redox reactions. In this regard, 

Pazhamalai et al. reported the elimination of O2 groups from pristine siloxene designated as p-

siloxene, through treating them at high temperature (900°C) and designated temperature treated 

siloxene as HT-Siloxene. The calcinations process at 900°C decayed O2 groups from the edge or 

base planes of siloxene layers without disturbing its 2D structure. Higher conductivity was 

observed in HT-siloxene as compared to p-siloxene leading to better performance of HT siloxene. 

The obtained pseudocapacitance value of HT siloxene is 1.7 times more than p-siloxene. The HT-

Siloxene based supercapacitor device exhibited a maximum energy density of 6.6 Wh/Kg, which 

is much higher than p-siloxene i.e. 3.8 Wh Kg-1. The entire exclusion of O2 groups from p-siloxene 



improved the energy density of device. This also let to the increase in the cyclic stability of the 

device [86]. Kim and coworkers investigated another attractive approach by using siloxene coated 

nickel foam as a catalyst for dry restructuring methane (DRM). Carbon coated siloxene/Ni foam 

catalyst was then utilized as electrode material for supercapacitors. The schematic of this process 

is shown in Figure 12 [87]. The carbon obtained through DRM reactions is deposited over siloxene 

coated nickel foam resulting in enhanced capacitance. In comparison with previously published 

works, carbon deposited siloxene/Ni foam composite reveals a much higher energy density of 30.8 

WhKg-1 that shows an incredible improvement in pseudocapacitance values. This approach 

demonstrates the utilization of already used siloxene-based catalyst waste for energy storage and 

harvesting applications. More recently, Pazhamali and his co-workers analyzed and investigated 

the production of silicon-oxy-carbide (SiOC) by using the carbothermal decomposition process of 

siloxene sheets. This approach also authenticates the synthesis of a stretchy template from siloxene 

that can directly be utilized for supercapacitor application. Integration of siloxene with sodium 

alginate at 900°C lead to the development of silicon-oxy-carbide (SiOC). Electrodes based on 

SiOC exhibited enhanced cyclic stability and specific capacitance compared to siloxene based 

electrodes. The SiOC based energy storage device exhibited an energy density of 21 Wh/kg, which 

is much superior than pristine-siloxene as per the earlier published reports.  [88]. 



Figure 12. Graphic elucidation of the siloxene encrusted Ni foam was studied as a catalyst for the 

dry modification of methane (DRM) via the reaction between methane and carbon dioxide gases 

to generate syngas (H2 + CO). The improved catalyst after DRM process shows the development 

or deposition of carbon on the surface due to methane disintegration and the recovered catalyst 

(carbon coated siloxene/Ni foam) is utilize as electrode for symmetric supercapacitor employing 

ionic liquid electrolyte. Adapted from Ref [87] copyright 2019 American Chemical Society. 

Most recently, Krishnamoorthy et al. designed and developed a new hybrid electrode material, 

2D/2D rGO-siloxene heterostructures for SCs device by de-intercalating calcium from CaSi2 and 

partial reduction of graphene oxide via sonochemical reaction using hydrochloric acid as shown 

in Figure 13 [89]. In this approach, an advanced electrode material is fabricated by hybridizing a 

2D layer of rGO with a 2D layer of siloxene making a hetero-structure configuration. The double-

layer capacitance from rGO integrates with the pseudocapacitance from siloxene resulting in the 

advanced performance of the device.  An energy density of 56 Wh/Kg and power density of 15,000 

WK/g was calculated from the device. The recently published research works centeres on the 

synthesis of multi-component electrode materials for SCs devices [88, 89]. The synthesized rGO-



siloxene based supercapacitor can function over a broad temperature scale of -15 to 80 °C, making 

them appropriate for automobiles industry. These investigations demonstrate the real pertinence 

of siloxene-rGO electrode material to drive an electric car and capture the braking energy in 

regenerative brake-electric vehicle model. These efforts unlock innovative information for 

assessing the utilization of rGO-siloxene based SC as energy devices in electric automobiles. 

Figure 13. Graphical illustration of the synthesis of siloxene–rGO 2D/2D heterostructures. 

Adopted from Ref [89] Copyright 2020 Wiley Publications 

Composite electrode materials made with siloxene and rGO exhibit improved storage capability 

due to their synergistic effects. The specific capacitance of siloxene is limited due to its aggregation 

leading to an inferior precise surface area. Therefore, by establishing a spacer material such as 

transition metal oxides or carbon materials such as reduced graphene oxide (rGO) among the 

siloxene sheets, the admittance sites for the electrochemical reactions can be increased [90]. Meng 

and his colleagues have investigated supercapacitive performance by creating a three-dimensional 



structural design of siloxene-reduced graphene oxide hydrogel (SGHG) by using an easy 

hydrothermal process as shown in Figure 14 [90].

Figure 14. Schematic representing the fabrication of siloxene-reduced graphene oxide composite 

hydrogel (SGHG). Adapted from Ref [90] Copyright 2020 Elsevier Publications. 

The fusion configuration of SGHG has improved the explicit surface area and better ion diffusion, 

resulting in enhanced capacitance. Pure siloxene electrode material exhibited a specific 

capacitance of 23 Fg−1. With a current density of 1 Ag−1, the composite SGHG with 1:3 ratio of 

the combined materials reveals a high specific capacitance of 520 Fg−1 via the synergistic effect of 

two components. The existence of oxygen functional groups on the surface of siloxene enhance 

the soaking ability of the electrode within electrolyte interface. They also offer pseudocapacitance 

resulting in an exceptional rate capability and capacitance retention [90]. 

2.5 Other novel 2D materials 

Various other novel 2D materials such as germanene, stanene, bismuthene and arsenene have also 

started gaining attention with the success of phosphorene. However, the properties of these new 

novel materials are still not explored and sufficient details on them are still not reported in the 

literature [91-94]. In addition, these materials are yet to be explored as supercapacitor electrodes 



while they are found to be useful in few other applications. With the discovery of silicene, 

germanene was synthesized by Bianco and his group [95]. Hydrogen terminated germanium sheets 

of millimeter-scale were synthesized from topochemical de-intercalation of CaGe2. The 

synthesized sheets were thermally stable and can be mechanically exfoliated as single or few-

layered structures onto SiO2/Si. It has a direct band gap of 1.53 eV, making them useful for 

optoelectronics and sensing applications. Wang et al., reported the use of Germanene nanoribbons 

in spin field effect transistor (FET) by first principle calculations, which proves that germanene 

will be the future hot material for spintronic [96]. Davila et al., reported the growth of one-atom 

thick germanene layers using MBE on Au (111) substrate, which was similar to the growth of 

silicene layers on Ag (111) substrates [97]. Zhu et al., demonstrated the use of silicene/germanene 

attached to MgX2 (X = Cl, Br and I) for Li ion storage applications through first-principle 

calculations [98]. However, the supercapacitive behavior of germanene is yet to be explored.  

Stanene is the tin counterpart of graphene identified as a promising candidate in electronic device 

fabrication due to its tunable band gap and topological states [23]. Though there is a lack of 

knowledge on the basic properties of stanene, the similarities in their crystal and electronic 

structure to that of graphene has enabled them to be the hot topic of research. The successful 

synthesis of 2D stanene through MBE was reported by Zhu et al. for the first time and the  

formation was confirmed through STM [99]. Growth of stanene on Cu (111) at low-temperature 

was reported by Deng and his group. It was reported that stanene was ultra-flat that could be 

used for various electronic devices [93]. Bismuthene is the latest member of the 2D family with 

excellent optoelectronic and catalytic properties. Since bismuthene cannot be synthesized easily 

by mechanical exfoliation from bismuth, reports on bismuthene are rare. The acid-interaction and 

liquid phase exfoliation method was used by Yang et al., to synthesize 2D bismuthene successfully. 



The synthesized material was used as an absorber to the mode-lock laser [94]. Bismuthene acts as 

a topological insulator at room temperature while other insulators usually work at very low 

temperatures [92] Similarly, Arsenene is yet another very recent 2D material, which are the most 

stable allotropes of arsenic. They have an indirect band gap of 0.83 eV with a puckered layered 

structure like that of phosphorene [100]. Very recently Shah et al., reported the evidence for the 

existence of monoloayer arsenene [101].

3. Summary and outlook 

With the increase in demand for energy and the need to develop efficient storage devices, 

supercapacitors have been the interesting research topic. In the process of enhancing the energy 

density of supercapacitors, various electrode materials are being explored. After the discovery of 

the wonder material graphene, research went on in discovering various other 2D graphene-like 

materials. Very recently, novel materials analogous to graphene such as antimonene, phosphorene, 

silicene, siloxene, germanene, and so on came into limelight with their unique properties. These 

materials have a tunable band gap, which enables them to be used in various electronic devices. 

They are usually synthesized through MBE, mechanical and chemical exfoliations, CVD, ion 

intercalation and exfoliation techniques. Among all the latest 2D novel materials mentioned here, 

phosphorene have been gaining much research attention due to its well established synthesis 

techniques. The basic properties of these 2D novel materials have been assessed theoretically. 

However a few properties lack experimental evidence providing a greater scope for research in 

this field.  Though these materials are semiconducting unlike graphene, they do not have van der 

Waals forces between the layers in their bulk form. This is a major drawback in synthesizing them 

as freestanding sheets. A few reports exist for the successful synthesis of freestanding sheets which 

are discussed in this review. The research carried out to explore the energy storage capability of 



these novel 2D materials has been summarized in this review. The few available theoretical and 

experimental proofs for using these materials as supercapacitor electrodes are discussed here. 

Though major research is progressing on the improvement of supercapacitive nature of novel 2D 

materials theoretically, there is not much experimental proof. Practical evidence is yet to be 

reported in detail for most of the novel 2D materials to be used as supercapacitor electrodes. With 

advancements and optimizations in the synthesis techniques, the novel 2D materials discussed in 

this review are sure to be the next generation materials useful for a myriad of applications.  
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