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ABSTRACT:

Two dimensional siloxene sheets are an emerging class of materials with eclectic range of 

potential applications including electrochemical energy conversion and storage sectors. Here we 

have demonstrated the dehydrogenation/dehydroxylation of siloxene sheets by thermal annealing 

at high temperature (HT) and investigated their supercapacitive performances using ionic liquid 

electrolyte. The X-ray diffraction analysis, spectroscopic (FT-IR, laser Raman, and XPS) studies 

and morphological analysis of HT-siloxene revealed the removal of functional groups at the 

edges/basal planes of siloxene, and preservation of oxygen interconnected Si6 rings with sheet-like 

structures. The HT-siloxene symmetric supercapacitor (SSC) operates over a wide potential 

window (0 to 3.0 V), delivers a high specific capacitance (3.45 mF cm-2), high energy density of 

about 15.53 mJ cm-2 (almost two-fold higher than as-prepared siloxene SSC), low equivalent series 

resistance (compared to reported silicon based SSCs) with excellent rate capability and long cycle 

life over 10,000 cycles. 

KEYWORDS: Siloxene; Thermal treatment; 2D material; Supercapacitors; Energy Density; 

Electrochemical Impedance Spectroscopy.
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1. Introduction

The advent of two dimensional materials beyond graphene created new horizons on the 

development of next-generation energy storage devices1. Two dimensional materials such as 

transition metal dichalcogenides2, transition metal carbides/nitrides/carbonitrides3,4, metal organic 

frameworks5, and polymers6 are developed and examined for application as advanced electrode 

materials for flexible and wearable energy storage devices (batteries and supercapacitors) during 

this era. Several research works have been focused on development of novel electrode materials 

and their utilization towards different types of supercapacitors such as (i) aqueous supercapacitors7, 

(ii) hybrid ion supercapacitors8, (iii) colloidal supercapacitors9, and (iv) non-aqueous 

supercapacitors10, respectively. Recent studies demonstrated the possibility of utilizing 2D metals 

such as boron, germanium, phosphorus as an electrode for supercapacitor devices as an alternative 

to graphene11–13. However, the development of silicon-based materials for high performance 

supercapacitors are beneficial for ease of integration with the existing silicon technology in the 

semiconductor industry14. Thus, plentiful research is ongoing on the energy storage properties of 

various silicon materials such as silicon wires, rods, flowers, and sheets, etc15–18. In this scenario, 

silicene, a 2D allotrope of silicon (with sp3 hybridization) received increasing attention owing to 

their unique structural and electrical properties19–21. Theoretical studies suggested the high 

possibilities of silicene in various fields including an electronic device, spintronics, 

ferromagnetism, optoelectronics, sensors, hydrogen storage, catalysis, water splitting, and oxygen 

reduction reaction, as well as novel electrodes for electrochemical energy storage devices22–24. 

However, experimental findings for many of the above-mentioned theoretical predictions are not 

yet demonstrated. This is due to the lack of appropriate methods for the preparation of high-quality 

silicene in bulk scale19. High-quality silicene sheets can be grown on the surface of suitable 
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substrates (silver, iridium, MoS2) via molecular beam epitaxy method whereas the lateral size of 

the as-grown silicene is in the range of very few nanometers, thus limits the research on silicene 

towards functional applications25,26.  Hitherto, alternative routes are developed recently to obtained 

silicene-like materials using chemical and electrochemical methods. 

Various chemical methods available for the preparation of silicene-like materials are 

reported viz (i) topotactic transformation of layered calcium silicide in presence of hydrochloric 

acid results in the formation of siloxene sheets (oxygen functionalized silicene)27, (ii) iodine 

mediated liquid oxidation and exfoliation of CaSi2 resulting in the formation of silicene sheets28, 

(iii) magnesiothermic reduction of SiO2 at elevated temperatures resulting in the formation of 

silicene flowers29, (iv), electrochemical lithiation and de-lithiation of silicon which resulting in the 

formation of oxidized silicenes, respectively30. All these methods resulted in the formation of 

silicene sheets functionalized with oxygen in which the oxygen content varies in accordance with 

the preparation methods employed (such as reaction precursors, reaction temperature, and 

environment)27–30. The silicene-like materials reported being a promising anode material for Li-

ion batteries as well as an electrode for high performance supercapacitor devices31,32. Our recent 

work demonstrated that the chemically prepared siloxene sheets as high-performance electrode 

materials for supercapacitors with a high energy density of 9.82 mJ cm-2 (higher compared to the 

reported silicon-based SCs)33. The siloxene sheets with oxidized functional groups on the surfaces 

of 2D silicon can be considered as analogs to graphene oxides (oxidized graphene, a well know 

precursor for preparation of chemically derived graphene’s). Based on the different structures of 

siloxene, it can be classified into three major types (i) Weiss siloxene, (ii) chain-like siloxene and 

(iii) Kautsky-type siloxene34. It is expected that the removal of oxidized functional groups in the 

siloxene sheets can lead to reduced siloxene sheets which might possess higher electronic 
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conductivity. Until now, there are no such studies has been attempted to investigate the chemical 

structure of reduced siloxene sheets and their electrochemical properties. Thus, understanding the 

effect of high-temperature heat treatment (HT) process on the siloxene sheets might provide new 

insights such as (i) tailoring the functional groups, (ii) preservation of sheet-like structures or not, 

and (iii) lead to the possible routes for achieving chemically derived silicene or reduced siloxene 

sheets. Further, the reduced siloxene sheets with improved electronic conductivity (than siloxene 

sheets) can make them as an ideal candidate for supercapacitor. Therefore, in this work, we aimed 

to the remove the oxygenated groups from the siloxene sheets via a high-temperature treatment 

and investigated their chemical nature as well as applications in SCs.

2. Experimental section

2.1 Materials and methods

Calcium silicide (CaSi2), and polyvinylidene fluoride (PVDF) were purchased from Sigma 

Aldrich Ltd., South Korea. 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) were 

purchased from Alfa Aesar Chemicals, South Korea. Hydrochloric acid (HCl), carbon black, and 

N-Methyl-2-pyrrolidone (NMP) were obtained from Dae-Jung Chemicals Ltd, South Korea. 

Ultrasound irradiation was carried out in a VCX 750 ultrasonicator (Sonics and Materials, Inc, 

USA, (20 kHz, 750 W)) using a direct-immersion titanium horn.

2.2 Topochemical transformation of CaSi2 into siloxene sheets 

In a typical synthesis method, 2D siloxene sheets was prepared via topochemical 

transformation of calcium silicide in an ice-cold hydrochloric acid33. Briefly, to synthesize 

siloxene sheets, CaSi2 powders (1 g) were stirred in concentrated HCl (100 mL) at 0 °C for 4 days. 

The transformation from black color to green color confirms the dissolution of calcium in the HCl 

solution.  Upon completion of the reaction, the obtained green colored siloxene sheets was washed 
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with acetone and water. The washed powder was dispersed in water (100 mL) and subjected to 

ultrasound irradiation for 1 h. Again, the siloxene sheets were washed with water and allowed to 

dry at 80 °C for 12 h. The as prepared siloxene sheets were denoted as p-siloxene.

2.3 Thermal annealing of siloxene sheets

Briefly, 1 g of as prepared siloxene sheets was well grounded and annealed at 200 °C for 

2 h at a heating rate of 2 °C; and then the temperature was ramped to 900 °C at a heating rate of 

10 °C, was kept for 6 h in an Ar atmosphere for the removal of functional groups attached at the 

edges of the siloxene sheets, followed by cooling to room temperature. A white greyish powder 

was formed as a result thermal annealing. The obtained heat treated siloxene powder was collected 

and used for further characterization. The siloxene sheets prepared via heat treatment were denoted 

as HT-siloxene sheets. 

2.4 Instrumentation

X-ray diffraction pattern of the siloxene and HT-siloxene was collected using X-Ray 

Diffractometer System (X’pert pro MPD) with Cu-Kαradiation (λ=1.5418Å) (KBSI, Daegu 

Center). The functional groups in siloxene and HT-siloxene were examined using FT-IR 

spectroscopy (Thermo Scientific FT-IR spectrometer (Nicolet 6700)). Raman spectra were 

obtained using a LabRam HR Evolution Raman spectrometer (Horiba Jobin-Yvon, France). The 

chemical state of elements in the siloxene and HT-siloxene was analyzed using X-ray 

photoelectron spectrometer (ESCA-2000, VG Microtech Ltd.) measured at Korea Basic Science 

Institute (KBSI), Busan centre. The surface morphology and elemental mapping analysis was 

examined using field-emission scanning electron microscopy (TESCAN, MIRA3) and high-

resolution transmission electron microscopy (JEM-2011, JEOL) measured at Korea Basic Science 

Institute (KBSI), Busan centre. The surface area and pore size distribution were measured at 77 K 
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using a NOVA 2000 system (Quantachrome, USA). The atomic force microscopic analysis of HT-

siloxene sheets was measured using Digital Instruments, Nanoscope V multimode 8 (KBSI, Jeonju 

Centre). 

2.5 Preparation of electrodes

Initially, the homogeneous slurry of working electrode was prepared by grinding active 

material (90 wt %) with 5 wt % of carbon black and 5 wt % of PVDF binder dispersed in NMP. 

Then the prepared slurry was spread onto an aluminum(Al) foil using doctor blade to ensure the 

uniformity of the electrode thickness. The electrode was dried at 80 °C in a vacuum oven to 

evaporate the solvent. After complete drying of the electrode coated on Al, it is subjected to be 

densely pressed by a rolling press machine (WCRP-1015G), and the electroactive mass of the HT-

siloxene electrode was calculated from the difference between the mass of the Al foil before and 

after coating using Dual-range Semi-micro Balance (AUW-220D, SHIMADZU) with an 

approximation of five-decimal points is approximate ~0.5 mg in each substrate. For the coin cell 

fabrication, the electrode was cut into a circle shape with a diameter of 14 mm. 

2.6 Fabrication and testing of symmetric supercapacitor device

The symmetric supercapacitor (SSC) device based on p-siloxene and HT-siloxene (HT-

siloxene) sheets was fabricated with a CR2032 coin cell configuration with electroactive area of 

1.54 cm2 separated by a Celgard membrane. EMIMBF4 is used as the electrolyte. The fabricated 

SSC device was crimped using an electric coin cell crimping and disassembling machine (MTI, 

Korea). All the electrolyte handling and device fabrication were carried out in a glove box with 

less than 1 ppm of moisture and oxygen. Electrochemical characterization of the SSCs were 

analyzed using cyclic voltammetry (CV) at various scan rates, EIS analysis in the frequency range 

from 0.01 Hz to 100 kHz at an amplitude of 10 mV, and galvanostatic charge-discharge (CD) 
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measurements using different current ranges were performed using an Autolab PGSTAT302N 

electrochemical workstation. The methods used for determining specific capacitance, 

energy/power density, and maximal power density of HT-siloxene SSC device is provided with 

the electronic supporting document.

3. Results and discussion

Figure 1 shows the schematic representation of the preparation of reduced siloxene sheets 

via high-temperature treatment of siloxene sheets (prepared via topochemical reaction of layered 

calcium disilicide (CaSi2)). A topochemical reaction between the layered CaSi2 with ice-cold HCl 

results in the de-intercalation of Ca ions from CaSi2 and simultaneous formation of siloxene sheets 

comprising various functional groups (oxygen interconnected with Si6 rings, Si-OH, Si-H, and  

OSi2Si–H functionalized at the edges and basal planes) as shown in Figure 1(A and B)27,33,35. 

Upon thermal annealing at a temperature of 900 C, some of the functional groups attached to the 

siloxene sheets (Figure 1 (C)) are decomposed and results in the structure given in Figure 1 (D). 

The color of the pristine siloxene sheets (green color) was changed into a grey colored (See Figure 

S1, SI) after the HT process which might be due to the removal of functional groups attached with 

the siloxene sheets. The siloxene sheets prepared via topochemical reaction and HT process were 

denoted as p-siloxene and HT-siloxene sheets, respectively.

Figure 2 represents the comparative physico-chemical characterization of the p-siloxene 

and the HT-siloxene sheets. Figure 2(A) shows the X-ray diffraction (XRD) pattern indicating the 

presence of two diffraction peaks in the p-siloxene sheets observed at 13.5 and 26 which 

corresponds to the (001) and (100) planes of bi-dimensional silicon sheets derived from layered 

calcium disilicide via a topochemical reaction36. After thermal treatment, significant changes have 

been observed in the XRD pattern of HT-siloxene sheets as follows: (i) the peak observed at 13.5° 
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(interlayer spacing of 0.65 nm) was diminished completely, and (ii) the broad peak observed at 

26° (interlayer spacing of 0.33 nm) was preserved even after the high temperature treatment. This 

might be due to the removal of oxygenated functional groups at the edges and basal planes of p-

siloxene under HT process37–39. This effect is similar to that of thermal reduction of graphene oxide 

into graphene sheets39,40. This suggested that the thermal treatment of p-siloxene sheets resulted in 

the removal of oxygenated functional groups and the 2D silicon backbone was preserved. This 

finding is in agreement with the study of Yamanaka et al27. The bonding nature of the functional 

groups present in the p-siloxene and HT-siloxene sheets were examined using Fourier transformed 

infrared (FT-IR) spectroscopy as shown in Figure 2(B). The FT-IR spectrum of p-siloxene sheets 

shows the presence of broad vibration bands observed at 452, 867, 1034, 1639, and 2140 cm-1 

which correspond to the vibrations raised from the (Si–Si), (Si–H), (Si–O–Si), (Si–OH), and 

(OSi2Si–H), respectively41. The FT-IR spectrum of p-siloxene treated at various temperatures 

from 300 to 900 °C is provided in Figure S2, SI. This study revealed that the dehydrogenation of 

Si-H groups was occurred at a temperature of 400 °C, whereas the removal of Si-OH and OSi2Si-

H groups were removed at a temperature of 600 °C. Hitherto, the intercalated hydroxyl groups 

(3100 – 3600 cm-1) has been completely removed at a temperature of 900 °C. This finding is in 

agreement with the previous study of Yamanaka et al.37 After the HT process at a temperature of 

900 °C , the following changes occurred in the FT-IR spectrum of HT-siloxene as follows: (i) the 

vibration bands of (Si–OH), (OSi2Si–H), and (Si–H) groups diminished completely 

suggesting their thermal decomposition at higher temperatures, (ii) The band correspond to (Si–

O–Si) become broadened due to the thermal shock faced by the oxygen-enriched hexagonal silicon 

rings which leads to the formation of a new band observed at 805 which corresponds to the (Si–

O), and (iii) the (Si–Si) band (at 452 cm-1) becomes more sharpened after the HT-process.
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10

The crystallinity and bonding nature of the p-siloxene and HT-siloxene sheets were 

examined using laser Raman spectroscopy as shown in Figure 2(C). The laser Raman spectrum of 

p-siloxene sheets shows the presences of two sharp bands two bands at 495 and 525 cm-1 attributed 

to the vibrations of Si–O/Si-OH and Si–Si bonds, respectively33. The presence of Si-H bonding 

(640 and 740 cm-1) in the p-siloxene sheets is also evident from the Raman spectrum. After HT 

process, the only one sharp band at 516 cm-1 was observed in the Raman spectrum of HT-siloxene 

sheets which corresponds to the vibration raised from symmetric stretching (E2g) modes of Si-Si 

bonds present in the hexagonal Si6 rings; this confirms the integrity of the 2D bi-dimensional 

structure even after HT process. This finding is in close agreement with the previous study on the 

Raman spectrum of 2D silicon prepared via lithiation and de-lithiation process30. Typical X-ray 

photoelectron survey spectrum (Figure S3, SI) of p-siloxene and HT-siloxene sheets shows the 

presence of Si 2p and O 1s states of elements at binding energies 102 and 530 eV respectively. 

The core-level spectrum O 1s states (see Figure S4, SI) which arises due to the presence of oxygen 

in the interconnected Si rings of the HT-siloxene sheets. Figure 2(D) shows the core-level spectrum 

of Si 2p states in the p- siloxene sheets and HT-siloxene sheets which showed significant changes 

as follows: The core-level spectrum of Si 2p states in p-siloxene sheets can be resolved into two 

components (i) Si-Si bonding (eV) and Si-O bonding (eV), respectively. After the HT process, the 

Si-Si component disappeared, and only one peak at 101.5 eV (Si-O bonding) was observed in the 

Si 2p core-level spectrum of HT- siloxene sheets. The disappearance of Si-Si peak in the core-

level spectrum of HT-siloxene is in agreement with the previous study on the XPS analysis of heat-

treated Wohler siloxene sheets38. Figure 3(A-G) represents the high-resolution transmission 

electron microscopic (HR-TEM) images and elemental mapping spectrum of the HT-siloxene. The 

HR-TEM images revealed the presence of sheet-like morphologies with few layers, suggesting 
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11

that the HT process did not affect the 2D structure of p-siloxene. The atomic force micrograph 

(AFM) of the HT-siloxene sheets were provided in Figure 3(D) and the section analysis of various 

sheets were provided in Figure S5 and S6 (SI), respectively. Figure 3 (D) represents the presence 

of sheet-like morphologies of the HT-siloxene which agrees with the HR-TEM micrographs. The 

section analysis of the HT-siloxene sheets (Figure S5 and S6, SI) revealed that the thickness of the 

sheets is in the range of 0.5 to 0.8 nm suggesting the presence of monolayer and/or bilayers of HT-

siloxene sheets36. The elemental mapping images of HT-siloxene sheet (Figure 3(E-H)) indicates 

the presence of Si atoms (red-colored) and O atoms (grey-colored) distributed throughout the 

sheets. The O/Si ratio of the HT-siloxene sheets was found to be 1.17 % determined using Cliff-

Lorimer thin ratio section analysis (see Figure S7, SI). The O/Si ratio of HT-siloxene is lower 

compared to that of the p-siloxene sheets (1.49 %)33 which confirms the decrease in oxygen content 

after HT-process. The field emission scanning electron microscopic (FE-SEM) images of the HT-

siloxene sheets indicates the presences of sheet-like structures (see Figure S8(A-D), SI) and the 

elemental mapping analysis (see Figure S9(A-D), in SI) indicates the presence of Si and O atoms 

in the HT-siloxene sheets. Figure S10 (SI) represents the N2 adsorption-desorption isotherms of 

the HT-siloxene sheets indicating the high surface area of about 64.2 m2 g-1 (which is higher than 

that of the surface area of siloxene sheets (59.72 m2 g-1)) with an average pore size in the range of 

30 to 40 nm respectively. These physico-chemical characterizations of HT-siloxene sheets 

suggested the removal of oxygenated functional groups such as Si-OH and OSi2Si–H groups at 

the basal planes and edges of the p-siloxene sheets. The removal of these functional groups might 

provide distinct electrochemical performances of HT-siloxene sheets compared to the p-siloxene 

sheets. 

Page 11 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

The electrochemical energy storage performance of the HT-siloxene sheet as electrodes 

were characterized via the fabrication of coin-cell type symmetric supercapacitors (SSC) with 1-

Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) as electrolyte. Figure S11 (SI) shows 

the CV profiles of the HT-siloxene SSC measured using a scan rate of 100 mV s-1 with different 

OPWs (0 to 3.0 V) which indicates that the fabricated SSC can operate over a wide OPW of 3.0 

V.  Figure 4 (A) shows the comparative CV profiles of the p-siloxene and HT-siloxene sheets 

based SSCs in EMIMBF4 electrolyte obtained at a scan rate of 100 mV s-1. It shows the presence 

of quasi-rectangular CV profiles for both SSCs over the operating potential window (OPW) of 

about 3.0 V. The current range in the CV profiles is higher for the HT-siloxene SSC compared to 

p-siloxene SSC, thus indicating the superior electrochemical energy storage performance of the 

HT-siloxene SSC. The CV profiles of HT-siloxene SSC shows the presence of a small peak 

observed at a cell voltage of 0.3 V which indicates the conformation change of electrochemical 

ions inside the micropores of HT-siloxene electrodes during electrochemical charging/discharging 

cycle42. Figure 4(B and C) shows the CV profiles of the HT-siloxene SSC obtained under different 

scan rates ranging from 25 to 1000 mV s-1, respectively. The increasing current values and the 

retained quasi-rectangular nature of the HT-siloxene SSC with an increase in scan rates, suggest 

the better electrochemical capacitive nature of the HT-siloxene electrodes. The CV profiles of the 

p-siloxene SSC recorded at different scan rates is also provided (see Figure S12, SI). The effect of 

scan rate on the specific capacitance of p-siloxene and HT-siloxene based SSCs are provided in 

Figure 4(D). A maximum areal specific capacitance of about 3.09 mF cm-2 (equivalent to 

gravimetric specific device capacitance of 4.76 F g-1) was obtained for the HT-siloxene SSC which 

is almost 1.47-fold higher compared to the specific capacitance of p-siloxene SSC (2.10 mF cm-2 

or 3.24 F g-1) obtained using a scan rate of 25 mV s-1. With an increase in scan rate upto ten-fold, 
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the HT-siloxene SSC retains a specific capacitance upto 91.6 % whereas the p-siloxene SSC retains 

only 40.45 %. Further, increase in scan rate upto 40-fold (1000 mV s-1), the HT-siloxene SSC still 

retained a specific capacitance of about 83.54 % whereas the p-siloxene SSC retains only 23.68 %. 

These studies suggested the enhancement of specific capacitance in HT-siloxene based SSCs with 

superior rate capability compared to p-siloxene SSCs. 

Figure 5(A) represents the comparative galvanostatic CD profile of p-siloxene and HT-

siloxene SSCs recorded using a constant current of 0.25 mA, respectively. It evidences that the 

charging and discharging time of the HT-siloxene SSC is quite higher to that of the p-siloxene 

SSC, thus indicating superior energy storage properties of the HT-siloxene SSC. The CD profiles 

of HT-siloxene SSC recorded using different applied current ranges are shown in Figure 5(B) 

which displayed the presence of quasi-symmetric CD profiles, an indication of predominant 

charge-storage due to pseudocapacitive nature43. The CD profiles of the p-siloxene SSC recorded 

at different applied current ranges are also provided (see Figure S13, SI). The effect of applied 

current on the specific capacitance of HT-siloxene SSC is provided in Figure 5(C). The maximum 

specific capacitance of 3.45 mF cm-2 (equivalent to gravimetric specific device capacitance of 5.31 

F g-1) is obtained for the HT-siloxene SSC recorded at a current of 0.25 mA, which is 1.71 times 

higher than the p-siloxene SSC (specific capacitance of 2.02 mF cm-2 (equivalent to gravimetric 

specific capacitance of 3.11 F g-1) and those of reported SSCs using silicon electrodes in organic 

electrolyte (See Table S1, SI). The rate capability, cyclic stability, energy and power density are 

some of the important features which determine the practical applications of a supercapacitor 

device33,44. Figure 5(D) shows the rate capability of the HT-siloxene SSC which showed better 

capacitance retention and stable cycling (over 50 cycles) with different applied current ranges from 

low to high and high to low. This study demonstrated the excellent rate performance of HT-
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siloxene SSC. The energy/power performance metrics of the HT-siloxene SSC (in comparison 

with p-siloxene SSC and other silicon-based SSCs)) is presented in the form of Ragone plot (Figure 

6 (A)). The HT-siloxene SSC possesses a high energy density of about 15.53 mJ cm-2 (equivalent 

to gravimetric energy density of 6.64 Wh Kg-1) with a corresponding power density of 0.24 mW 

cm-2 (equivalent to gravimetric power density of 375 W kg-1) as obtained from the CD profiles 

using a current range of 0.25 mA, respectively. At the same current range, the p-siloxene SSC 

possesses an energy density of about 9.09 mJ cm-2 or 3.89 Wh Kg-1 with a corresponding power 

density of 0.24 mW cm-2 or 375 W kg-1. With an increase in current ranges upto 10 mA, the energy 

density of p-siloxene and HT-siloxene SSCs are found to be 2.14 and 9.05 mJ cm-2 (0.91 and 3.875 

Wh kg-1), whereas the power density increases upto 9.74 mW cm-2 (equivalent to gravimetric 

power density of 15000 W kg-1), respectively. Thus, the removal of functional groups in the p-

siloxene sheets via thermal treatment results in providing superior energy density without 

compensating the power density. Further, the Ragone plot also highlights the superior performance 

metrics of the HT-siloxene with other silicon-based SSCs as well. The energy density of the HT-

siloxene SSC is quite higher compared to other SSCs such as silicon nanowires (190 µJ cm-2)45 , 

diamond coated Si NWs (2.5 mJ cm-2)46, PEDOT coated  Si NW (9  mJ  cm-2)47, polypyrrole coated 

Si NW  (11 mJ cm-2)15  and  polypyrrole coated  Si NTr  (15  mJ  cm-2)15, graphene/Si NW (3.6 mJ 

cm-2)48 and  diamond coated Si NW (11 mJ cm-2)49. 

The superior capacitive nature and charge-transfer kinetics of the HT-siloxene SSC over 

p-siloxene SSC was analyzed in detail using EIS measurements in the frequency range of 0.01 Hz 

to 100 KHz at an amplitude of 10 mV, and the results are presented in the form of Nyquist and 

Bode plots. Figure 6(B) shows the Nyquist plot (plot of real against the imaginary component of 

the impedance) of p-siloxene and HT-siloxene SSCs. The Nyquist plot of both SSCs revealed the 
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presence of three characteristic regions viz. (i) low-, (ii) intermediate- and (iii) high- frequency 

regions from which important parameters such as Warburg line, Knee frequency, and equivalent 

series resistance (ESR) of the devices33,50. At first, the low-frequency region shows the presence 

of Warburg line (an indication of diffusion controlled reaction) which is closer to the imaginary 

axis for the HT-siloxene SSC compared to that of the p-siloxene SSC, thus indicating the better 

capacitance of the former51. The knee frequency observed at the intermediate frequency region is 

about 10 and 100 Hz for the p-siloxene and HT-siloxene SSCs, respectively.  The ESR of the p-

siloxene and HT-siloxene SSCs can be determined from the low- frequency region (see inset of 

Figure 6(B)) which was found to be 3.86 and 2.34 , respectively52. The low ESR of the HT-

siloxene SSC might be attributed to the removal of oxidized functional groups from the p-siloxene. 

The ESR of the HT-siloxene SSC is quite lower compared to the reported ESR values of silicon-

based SSCs (Si NWs (22 Ω)45, diamond-coated Si NWs (7 Ω )46, Si NTs (17 Ω)53). A low ESR can 

results in obtaining maximal power density of a supercapacitor (since Pmax = V2/4ESR)44. The low 

ESR of HT-siloxene SSC leads to a high maximal power density values of about 627.05 mW cm-

2 compared to that of p-siloxene SSC (Pmax = 429.46 mW cm-2). The obtained maximal power 

density of HT-siloxene SSC is higher compared to the recent works of silicon-based SSCs ( Si 

NWs ( 182 mW cm-2) 45, diamond-coated Si NWs (321 mW cm-2)46, Si NTs (235 mW cm-2)53,  and 

Si NWs of 20 μm (1.4 mW cm-2)54). The Bode phase angle plots of the p-siloxene and HT-siloxene 

SSCs are shown in Figure 6(C) which indicates the change in phase angle with respect to applied 

frequency. The phase angle at the low frequency region is often used to characterize the capacitive 

nature of the device7. The phase angle at the low frequency region (0.01 Hz) is found to be 71.85 

and 83.38 for the p-siloxene and HT-siloxene SSCs demonstrating the better capacitive nature in 

the later. The capacitor response frequency (fo) at the phase angle of -45 was 4.67 Hz for HT-
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siloxene SSC much higher than that of p-siloxene SSC (0.9668 Hz). Thus, the corresponding time 

constant (τo=1/f) was only 0.214 s for HT-siloxene SSC, compared to 1.034 s for p-siloxene SSC. 

The low time constant (time required to discharge all the energy with an efficiency of >50%) 

strongly suggest that the HT-siloxene SSC possess huge potential for instantaneous delivery of 

ultra-high power and energy. Table S2 (SI) summarizes the parameters derived from EIS spectrum 

of p-siloxene and HT-siloxene SSCs. Figure 6 (D) shows the capacitance retention of HT-siloxene 

SSC over 10,000 cycles recorded at a current range of 5 mA. A capacitance retention of 96.3 % of 

the initial capacitance was obtained for the HT-siloxene SSC, thus demonstrating their better 

electrochemical stability over prolonged cycles. Figure S14 (A-D), SI shows that the FE-SEM 

micrographs of HT-siloxene electrode before and after the electrochemical cyclic tests which 

demonstrated that there are no structural changes occurred at the HT-siloxene electrode even after 

10,000 cycles of continuous CD measurements55. Further, the FE-SEM micrograph of HT-siloxene 

electrode after cyclic test revealed that the electroactive material is completely wetted with the 

electrolyte ions. The elemental mapping analysis of HT-siloxene electrode after cyclic test (Figure 

S15 (C-H)) indicates the presence of Si, O, C, N, B and F atoms distributed throughout the surface 

of the HT-siloxene electrode. The presence of C, N, B and F elements at the HT-siloxene electrode 

arises as a result of EMIMBF4 electrolyte ions intercalation/de-intercalation process over prolong 

CD cycles. Figure S16 (A) shows the XPS survey spectrum of HT-siloxene electrode after cyclic 

test which revealed the presence of B 1s, C 1s, N 1s, and F 1s states in addition to the Si 2p and O 

1s of the HT-siloxene. The core level spectrum of Si 2p state (Figure S16 (B)) observed at the 

binding energy of 101.7 eV was in consistent with the prepared HT-siloxene sheets.  The core 

level spectrum of O 1s state shows the presence of oxygen in the interconnected Si rings of the 

HT-siloxene sheets33,38. Figure S16 (D-G) shows the core-level spectrum of C 1s, N 1s, B 1s, and 
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F 1s states which arises from the EMIMBF4 electrolyte used in the HT-siloxene SSC. The binding 

energy values and spectral features of C 1s, N 1s, B 1s, and F 1s states are well matched with the 

XPS spectrum of EMIMBF4 electrolyte.56,57 In spite of having high energy storage capability and 

long cycle life of the fabricated HT-siloxene SSC, we examined for their use in practical 

applications.  Initially, the HT-siloxene SSC was fully charged upto 3.0 V using a constant current 

of 0.5 mA, the stored energy in the HT-siloxene SSC can be utilized to power up electronic 

appliances. The fully charged HT-siloxene SSC is capable of glowing 10 commercial green LED 

for 15 s, 12 commercial blue LEDs for 25 s and a commercial blue night lamp for 10 s (inset of 

Figure. 6 (D)). These practical applications prove the proof of concept for the high-performance 

HT-siloxene SSC as a promising potency for future generation energy storage sectors.

Conclusion

We have demonstrated the removal of functional groups attached at the edges and basal 

planes of p-siloxene sheets via thermal annealing process.  The chemical and structural analysis of 

as-prepared HT-siloxene sheets revealed that they are composed of oxygen enriched Si6 rings with 

amorphous sheet-like structures. The investigation of HT-siloxene sheets as an electrode for 

supercapacitors demonstrated the high energy density of 15.53 mJ cm-2 (almost 2-fold higher 

compared to p-siloxene SSC) without compensating the power density. Further, HT-siloxene SSC 

possesses superior rate capability, low ESR value (compared to that of pristine-siloxene SSC) and 

better calendar life, thus demonstrating their excellent candidature towards the development of 

high-performance electrochemical energy storage devices. Future studies via advanced 

chemical/physical/thermal methods for complete removal of oxygenated functional groups bonded 

with siloxene sheets might result in the fundamental research development of chemically prepared 

silicenes and their practical application towards next-generation energy storage devices. 
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Figure 1. Schematic representation of the preparation of HT-siloxene sheets.  (A-B) Preparation 

of p-siloxene sheets from CaSi2 via a topochemical reaction, (C) structure of the resulting p-

siloxene sheets with oxygenated functional groups. (D) structure of the HT-siloxene sheets after 

heat treatment of 900 ºC.
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Figure 2. Physicochemical characterization of p-siloxene and HT-siloxene sheets. (A) X-ray 

diffraction pattern of the p-siloxene and HT-siloxene sheets. (B) Fourier transform infrared 

spectrum of p-siloxene and HT-siloxene sheets. (C) Laser Raman spectra of the p-siloxene and 

HT-siloxene sheets. X-ray photoelectron spectroscopy of the p-siloxene and HT-siloxene sheets 

(D) Core-level X-ray photoelectron spectra for Si 2p states of p-siloxene and HT-siloxene sheets. 
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Figure 3.  (A-C) High-resolution transmission electron microscopy (HR-TEM) images, (D) 

tapping-mode atomic force micrograph of the HT-siloxene sheets, (E-H) overlay image, elemental 

mapping of Si atoms and oxygen atoms with corresponding EDS mapping table of the HT-siloxene 

sheets.
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Figure 4. Electrochemical analysis of the p-siloxene and HT-siloxene-based symmetric 

supercapacitor (SSC) device (CR2032 coin cell) in 1-Ethyl-3-methylimidazolium 

tetrafluoroborate (EMIMBF4). (A) Cyclic voltammetric profile of the p-siloxene and HT-siloxene 

SSCs measured over operating voltage window from 0.0 to 3.0 V using a scan rate of 100 mV s-1. 

(B-C) Cyclic voltammetric profiles of HT-siloxene SSCs measured using different scan rates from 

25 to 1000 mV s-1. (D) Variation of areal specific capacitance of p- siloxene and HT-siloxene SSCs 

with respect to scan rate. 

Page 30 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



31

Figure 5. (A) Galvanostatic charge–discharge profile of the p-siloxene and HT-siloxene SSCs 

measured using a constant current of 0.25 mA. (B) Charge–discharge profiles of HT-siloxene SSC 

obtained using various applied current ranges. (C) Effect of discharge current on the specific 

capacitance of the siloxene and HT-siloxene SSCs ensuring the enhanced electrochemical 

properties of HT-siloxene. (D) Rate capability studies of the HT-siloxene SSC.
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Figure 6. (A) Ragone plot of the HT-siloxene SSC showing the superior performance metrics over 

the reported Si-based SSCs (The electrolyte, OPW, specific capacitance, energy/power density of 

the references given in Figure 6(A) were provided in the Table S1, SI).  The Electrochemical 

impedance spectroscopic analysis of the p-siloxene and HT-siloxene SSCs analyzed using (B) 

Nyquist plot and (C) Bode phase angle plot. (D) Cycling stability of the HT-siloxene SSC over 

10,000 continuous charge–discharge cycles. The inset in (D) shows the practical application of 

fully charged HT-siloxene SSC to glow (i) 10 commercial green LEDs; (ii) glow 12 commercial 

blue LEDs and (iii) powering a blue LED based night lamp.
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