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Abstract

The electrochemical properties of graphene-based supercapacitor electrode 

materials are closely related to their architecture and chemical nature. Herein, the 

siloxene-reduced graphene oxide composite hydrogel (SGH) with modified 

three-dimensional (3D) hierarchical architecture and increased oxygen-containing 

functional groups are developed via intercalating small amount of layered siloxene 

between the reduced graphene oxide sheets by a one-step hydrothermal process. 

Siloxene serves as the "spacers" to form a three-dimensional structure with graphene, 

resulting in increased specific surface area. More importantly, siloxene is used to 

modify the surface chemical nature of graphene sheets by introducing additional 

oxygen-containing functional groups. The abundant oxygen-containing functional 

groups on SGH contribute to the pseudocapacitance and improve the wettability. 
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Consequently, the proposed SGH exhibits a high specific capacitance of 520 F g-1 at 1 

A g-1 in a three-electrode system in 1 M H2SO4 electrolyte, which can be maintained 

for 76.9% even as the discharging current density increases up to 100 A g-1. 

Moreover, excellent stability is achieved for SGH with approximately 96.3% retention 

of the initial specific capacitance value after 15000 cycles at a high current density of 

50 A g-1. Furthermore, the assembled symmetrical supercapacitor of SGH//SGH 

delivers a high energy density of 24.5 Wh kg-1 at the power density of 399.6 W kg-1. 

These imply that the siloxene-reduced graphene oxide composite hydrogel may be a 

promising electrode material for high-performance supercapacitors.

Keywords: Siloxene; Graphene; Oxygen-containing functional groups; 3D 

architecture; Supercapacitors
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1. Introduction

To meet the future global demands for hybrid electric vehicles and portable 

electronic devices, research on developing the eco-friendly energy storage devices of 

solar cells, lithium-ion batteries and supercapacitors etc., has been actively pursed 

currently [1]. Among them, supercapacitors have achieved great interest and 

tremendous efforts because of higher power density and longer cycling life compared 

to other electrochemical energy-storage devices [2-4]. As one of the key issues on the 

supercapacitor performance, many supercapacitor electrode materials have been 

developed [5,6]. In the past decades, graphene, as one of the most promising 

candidates, has received great attention due to excellent electronic conductivity, large 

theoretical specific surface area (2630 m2 g-1) and high chemical stability [7]. 

Theoretically, it has been predicted that the specific capacitance can reach up to 550 F 

g-1 for graphene [8]. Nevertheless, the actual specific capacitance for most reported 

graphene are limited within the scope of 100-300 F g-1 [9]. This is due to the π−π 

stacking originated from the van der Waals interactions between graphene sheets, 

consequently generating unsatisfactory porous structure and low specific surface area, 

which causes serious limitations for mass transport and thus non-satisfactory capacitor 

performance [10,11]. 

In this concern, great effort had been made to overcome these bottlenecks by 

inserting active materials between graphene sheets, serving as “spacers” to store 

charges via faradaic reactions. However, the inserted pseudocapacitive materials, such 

as metal oxides, metal hydroxides, and conducting polymers, will suffer from 
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structural change during the charging and discharging processes because of the 

repeated reduction−oxidation reactions, leading to poor cycling stability and rate 

capability of the supercapacitor electrode [12]. 

Another alternative approach is to construct two-dimensional/three-dimensional 

(2D/3D) structures based on the sole graphene, like crumpled graphene balls [13], 

porous graphene [14] and 3D intercalated graphene sheet-sphere microstructure [15], 

or to combine graphene with other 2D structures such as boron carbon nitride 

nanosheets [16] and MXene nanosheets [17]. The increased accessible surface area of 

these hybrid structures would facilitate the transportation of electrolytic ions, thus 

favoring the formation of double layer. Besides, the interconnected mesopores are 

anticipated to be generated in the graphene-based architectures in order to accelerate 

the mass transfer via providing transport channels for electrolyte ions [12]. For 

example, 3D graphene hydrogel or aerogel self-assembled and partially overlapping 

with flexible graphene sheets were achieved to form interconnected porous 

architectures, which not only prevent excessive stacking of graphene sheets, but also 

allow free species diffusion inside the framework [18,19]. 

Besides the architecture, the chemical nature is equally important to affect the 

supercapacitor performance of the electrode materials. In this respect, the 

oxygen-containing functional groups attached to graphene sheets can contribute to the 

pseudocapacitance and improve the wettability in aqueous electrolyte, which hence 

increase the charge storage capacity [20]. For example, Bai et al. [21] have studied the 

effect of pH-induced chemical modification on supercapacitor performance for 
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hydrothermally reduced graphene oxide. Krishnamoorthy et al. [12] have introduced 

the oxygenated functional groups on porous graphene by nitric acid treatment under 

solar radiation for electrochemical capacitors, resulting in a promising capacitance of 

354 F g-1 at 1 A g-1. Ma et al. [22] have tailored the oxygenated groups of graphene 

hydrogels by phosphoric acid, which serves as the protective agent of phenol 

hydroxyls on graphene oxide during hydrothermal process, finally displaying a 

capacitance of 260 F g-1 at 1 A g-1. Therefore, graphene-based electrode materials 

with high specific surface area, suitable pore structure and surface functionalities are 

expected to surpass other carbon-based electrode materials for the energy storage 

devices. 

On the other hand, since the advent of graphene, 2D materials have received more 

and more consideration for the development of next-generation energy storage 

devices [23,24]. Recently, siloxene, 2D layered sheets consisting of Si6 rings 

connected through Si–O–Si bridges and surface-functionalized with oxygen, 

hydrogen, and hydroxyl groups, which can be considered as an analogue to graphene 

oxide, receives increasing attention in supercapacitor application [25,26]. It was 

reported that the chemically prepared siloxene sheets could be used as 

high-performance electrode materials for supercapacitors, in which the siloxene 

symmetric supercapacitor device reveals a specific capacitance of 2.18 mF cm−2 (8.1 

F g-1) in the tetraethylammonium tetrafluoroborate electrolyte [25]. Even so, the 

specific capacitance is still too low to meet the practical applications. However, few 

studies have been conducted on the utilization of siloxene as an additive to improve 
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the capacitive performance of the graphene materials. This inspires us to develop 

siloxene-graphene hybrids as a high-performance electrode material for 

supercapacitors.  

Herein, we synthesized 3D siloxene-reduced graphene oxide composite hydrogel 

(SGH) via a one-step hydrothermal method using the graphene oxide (GO) sheets and 

the layered siloxene as precursors. In SGH, siloxene as a planar inserted active 

material forms three-dimensional structures with graphene, which improves the 

specific surface area and promotes the structural stability, thus significantly 

facilitating the capacitive performance. More importantly, siloxene can also be used 

to modify the surface chemical nature of graphene sheets by introducing additional 

oxygen-containing functional groups during the hydrothermal process, leading to 

oxygen-rich siloxene-reduced graphene oxide composite hydrogel. Via the 

dehydration reaction of siloxene and GO, new oxygen-containing functional groups of 

C-O-Si bonds will be generated at the interfaces to contribute to the 

pseudocapacitance [27,28]. Meanwhile, the abundant oxygen-containing functional 

groups can greatly improve the wettability of SGH, which is beneficial to the charge 

storage behavior in aqueous electrolytes [22]. Thus, the proposed SGH electrode 

material is anticipated to show high specific capacitance and power characteristics 

with good long-term cycling stability.

2. Experimental Section

2.1. Synthesis of GO and siloxene

GO was synthesized from oxidative exfoliation of graphite powder by the 
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modified Hummers’ method, as reported previously [29]. 

Siloxene was prepared according to the following procedure [25]: CaSi2 was 

pretreated with KOH solution to remove the residual crystalline silicon for further 

use. Then, the treated CaSi2 was incubated with the concentrated HCl solution (37 

wt.%) under continuously stirring at 0 °C. The dispersions slowly changed from black 

to yellowish-green, demonstrating that siloxene was formed. After the reaction was 

completed, the product was collected by centrifugation, washed with acetone and 

water, and then freeze-dried to obtain the siloxene sheets.

2.2. Synthesis of 3D SGH and GH

A simple one-step hydrothermal method was used to synthesize 3D SGH. Briefly, 

siloxene (50 mg, 33 mg or 25 mg) and GO (100 mg) with a mass ratio of 1:n (n = 2, 3, 

4) were separately dispersed into 25 mL deionized water by ultrasonication. After 

that, the dispersions of siloxene and GO were mixed in a beaker and magnetically 

stirred for 30 min. Then, the mixture was transferred into a sealed Teflon-lined 

stainless steel autoclave and heated at 140 °C for 12 h. After the temperature was 

cooled down to room temperature, the 2D nanosheets of siloxene and GO 

self-assembled into 3D siloxene-reduced graphene oxide composite hydrogel (SGH). 

Finally, the products of SGH were washed with deionized water and freeze-dried. The 

SGH materials synthesized by siloxene and GO with a mass ratio of 1:n (n = 2, 3, 4) 

were named as SGH (1:n) (n = 2, 3, 4). As a control, the reduced graphene oxide 

hydrogel (GH) was also synthesized by similar synthetic method without the addition 
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of siloxene.

2.3. Characterization 

Scanning electron microscope (SEM) (Hitachi S-4800, Japan) and transmission 

electron microscope (TEM) (Tecnai G2 F20 S-TWIN, Holland) were employed to 

investigate the morphology and structure of the as-prepared materials. The crystalline 

structure and chemical composition were characterized by X-ray diffraction (XRD) 

(D/MAX-RA, Japan) and X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi, 

USA). The functional groups of the materials were examined via FT-IR spectroscopy 

collected on a Thermo Scientific FT-IR spectrometer (Nicolet 6700). Raman spectra 

were obtained by using a Laser confocal inverted microraman spectrometer 

(invia-reflex, England) with a 532 nm laser. The contact angle measuring instrument 

(JC2000D2(RT-400)) was employed to test the contact angles. The N2 adsorption–

desorption isotherms of GH and SGH were measured using an automatic micropore 

and chemisorption analyzer (ASAP 2020, USA) and the pore size distributions were 

calculated using the Barret–Joyner-Halenda (BJH) method.

2.4. Electrochemical measurements

The electrochemical measurements in a three-electrode system were conducted in 

1 M H2SO4 aqueous solution on an electrochemical workstation (CHI 660E, China). 

A platinum sheet and a saturated calomel electrode (SCE) were used as the counter 

electrode and the reference electrode, respectively. A modified glassy carbon (GC) 
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electrode with a diameter of 5 mm was used as the working electrode. After the 

pre-treatment of polishing and rinsing, the GC electrode was coated with 10 μL 

suspension of active materials (2 mg mL−1, in Nafion (5.0 wt.%): water: ethanol (v/v) 

= 2: 99: 99) and dried at room temperature. The cyclic voltammetry (CV) and 

galvanostatic charge and discharge (GCD) measurements were tested in the potential 

ranged from -0.2 to 0.8 V (vs. SCE) at different scan rates and current densities, 

respectively. Electrochemical impedance spectroscopy measurements were operated 

at the open circuit potential from 10-2 to 105 Hz with a 5.0 mV amplitude. The specific 

capacitances of the electrode materials were calculated from the galvanostatic 

discharge process according to the following equation: C= IΔt/(mΔV), where C is the 

specific capacitance (F g-1), I is the discharge current (A), Δt is the discharge time (s), 

ΔV is the voltage change during the discharge process, and m is the mass of the active 

materials on the electrode (g). For the electrochemical tests in the two-electrode 

system, the symmetric supercapacitor was fabricated in Swagelock cells by using two 

identical electrodes with a glass fiber separator in 1 M H2SO4 solution. To prepare the 

electrode with a mass loading of 1 mg for active materials, the conductive carbon 

paper was coated by the mixed slurry of SGH (1:3) (80 wt.%), carbon black (10 wt.%) 

and poly(tetrauoroethylene) (10 wt.%) in dimethyl formamide and then dried under 

vacuum at 60 °C. The cyclic voltammetry and charging/discharging measurements 

were performed in the potential range of 0-1.6 V. The specific capacitance (Cs) of the 

samples were calculated using eq. 1 given below. 

Cs = 4 (I × ∆t)/ (m × ∆V)                                     (1)
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Energy density (E) and power density (P) were calculated using eqs. 2 and 3:

E = 1/2 C × (∆V)2                                           (2)

P = E/∆t                                                   (3)

where I is the constant discharge current (A), Δt is the total discharge time (s), m 

is the mass of active materials on both electrodes (g), and ΔV is potential window 

during the discharge process (excluding the IR drop).

3. Results and discussion

As illustrated in Scheme 1, 3D SGH were facilely synthesized via one-step 

hydrothermal reaction between GO and siloxene. During this process, GO is 

transformed into reduced graphene oxide (rGO) and the siloxene sheets are inserted 

between the rGO sheets through π-π interaction, hydrogen bonding and C-O-Si 

bonding.

Scheme 1. Schematic illustration for the preparation of the 3D oxygen-rich SGH via a 

hydrothermal self-assembly process.
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The morphologies of siloxene, GO, GH and SGH were examined by SEM. The 

SEM image of siloxene (Figure 1a) reveals a sheet-like structure with densely packed 

layers, which is one of the potential reasons of the low specific capacitance and in 

agreement with that reported previously [30]. The SEM image of GO (Figure 1b) 

indicates that GO also forms a dense agglomerate consisting of layered structure. In 

comparison, the GH reveal typical 3D porous networks, which are composed of 

crumpled and entangled lamellas as shown in Figure 1c. Furthermore, the SEM image 

of SGH in Figure 1d also shows a similar 3D porous architecture but with slightly 

flatter lamellas. This is resulted from that the layered siloxene sheets with flat surface 

are inserted between the rGO sheets during hydrothermal process. 

Figure 1. SEM images of (a) siloxene, (b) GO, (c) GH and (d) SGH (1:3).

TEM was further applied to characterize the microstructures of the siloxene, GO, 

GH and SGH samples. The TEM image of siloxene in Figure 2a illustrates its flat 
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sheet morphology identified with the SEM result (Figure 1a). Figure 2b shows a TEM 

image of the exfoliated graphene oxide by ultrasonic, indicating the typical attributes 

of crumpled ultrathin structure with some folds [31]. As expected, the TEM image 

illustrates that GO is exfoliated into thin layers. After hydrothermal reaction, the thin 

and crumpled sheets are randomly entangled to form the reduced graphene oxide 

hydrogel and the siloxene-reduced graphene oxide composite hydrogel as shown in 

Figure 2c-d, resembling rippled silk waves [32]. However, compared with GH (Figure 

2c), SGH (Figure 2d) presents more interlaced edges due to the alternant stack of GO 

and siloxene sheets. Figure 2e-h depict the elemental mapping images of C, O and Si 

in SGH. It is noted that C, O and Si elements distribute uniformly, which means that 

the siloxene sheets are successfully incorporated into the graphene skeleton after the 

hydrothermal reaction. The resulted intercalated structure would prevent the stack and 

accumulation of rGO sheets, forming a 3D hierarchical network for fast ion and 

electron transfer, which is beneficial to boosting the electrochemical capacitive 

properties of SGH [33].

Nitrogen adsorption-desorption measurements were employed to explore the 

specific surface area and porous nature of GH and SGH. As shown in Figure 3a, the 

type IV nitrogen adsorption/desorption isotherms indicate the presence of mesopores 

for the samples [34]. The specific surface area of SGH (1:3) analyzed by the 

Brunauer–Emmett–Teller (BET) method is 395 m2 g-1, which is higher than that of 

GH (351 m2 g-1), indicating that the insertion of siloxene contributes to improving the 

specific surface area of graphene hydrogel. The pore size distribution curves of GH 
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and SGH (1:3) are obtained according to the BJH method (Figure 3b), revealing the 

existence of meso-pores and macro-pores. The high specific surface area and 

abundant pore channels of SGH (1:3) can facilitate the diffusion of electrolyte ions as 

well as enhance the electric double layer capacitance [35].

Figure 2. TEM images of (a) siloxene, (b) GO, (c) GH and (d) SGH (1:3); (e) The 

corresponding EDS elemental mappings of (f) carbon, (g) oxygen and (h) silicon for 

SGH (1:3).

The surficial functional groups of siloxene, GO, GH and SGH were further 

probed by Fourier transform infrared (FT-IR) spectroscopy, as shown in Figure 3c. 

The broad bands observed at 3417-3430 cm-1 indicate the presence of hydroxyl 
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groups for all samples. Besides, the typical absorption bands assigned to C=O bonds 

and carboxylic acid at 1735 and 1626 cm-1, C-OH bonds at 1405cm-1, C-O-C bonds at 

1219 cm-1 and C-O bonds at 1053 cm-1 are clearly seen in the spectrum of GO [36]. 

For the GH, the intensity of above-mentioned bands obviously decrease or disappear 

but with C=C bonds emerging at 1567 cm-1, indicating the removal of 

oxygen-containing functional groups and the increase of graphitization degree during 

the hydrothermal process [37]. In the spectrum of siloxene, the absorption bands are 

observed at 433, 879, 1060, 1635 and 2123 cm-1, respectively corresponding to the 

vibrations of Si-Si, Si-H, Si-O-Si, Si-OH, and OSi2≡Si-H [25]. In contrast, the FT-IR 

spectrum of SGH (1:3) visibly changes as follows: (1) the bands attributed to 

OSi2≡Si−H and Si−H groups disappear, suggesting their thermolysis during 

hydrothermal process [26]; (2) a new band is observed at 943 cm-1, which is assigned 

to C-O-Si, demonstrating that the hydroxyl groups on GO and siloxene dehydrates to 

form new oxygen-containing functional groups at the interfaces, which achieve the 

reservation of oxygen [38]; (3) meanwhile, the band at 1623cm-1 for SGH (1:3) 

weakens, further revealing that part of Si−OH groups on siloxene change to C-O-Si 

bonds and some residual Si−OH groups are still held after the dehydration reaction; 

(4) another new band can be also seen at 805 cm-1 due to the formation of Si−O bond, 

resulting from the suffered thermal shock for the oxygen-incorporated hexagonal 

silicon rings. Consequently, above analysis demonstrates the successful incorporation 

of siloxene into the reduced graphene oxide sheets accompanied by additional 

oxygen-containing functional groups including the newly generated C-O-Si bonds, 
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Si−O bonds, and residual Si−OH bonds, resulting in the oxygen-rich graphene-based 

materials after hydrothermal process [27].

Generally, the introduction of oxygen-containing functional groups can improve 

the hydrophilicity. As shown in Figure 3d, the water contact angle obviously 

decreases from 53.9° for GH to 36.2° for SGH (1:3), indicating that the additional 

oxygen-containing functional groups greatly improve the wettability of the 

siloxene-reduced graphene oxide composite hydrogel. Good wettability for an 

electrode material is beneficial to not only the increase of effective active specific 

surface area for charge storage, but also the decrease of ion diffusion resistance 

[39,40].

Figure 3. (a) N2 adsorption-desorption isotherms, (b) pore size distribution curves, (c) 

FT-IR spectra and (d) water contact angle measurements for different samples.

The structure of the as-prepared samples was further investigated by XRD. Figure 

S1 shows the presence of two diffraction peaks centered at 13.5° and 27° for the 
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siloxene sheets, respectively attributed to the (001) and (100) planes of 2D silicon 

sheets derived from layered calcium disilicide via a topochemical reaction [25]. The 

XRD patterns of GO, GH and SGH (1:n) are presented in Figure 4a. The 

characteristic (002) diffraction peak of GO sheets appears at 2θ = 9.06°, 

corresponding to an interlayer distance of 9.75 Å. The significantly higher interlayer 

distance of GO compared to the natural graphite is ascribed to the abundant 

oxygen-containing functional groups intercalated into the interlayer space [41]. After 

hydrothermal process, the typical peak at 2θ = 9.06° completely disappears for GH 

and SGH (1:n), and instead broad peaks located at around 2θ = 24.15° appear, 

corresponding to a decreased interlayer spacing of 3.68 Å [42]. The substantial shift 

of (002) reflection and the decreased interlayer spacing confirm the formation of the 

reduced graphene oxide [43-44].

The chemical composition and structure were also characterized by Raman 

spectra. Figure S2 manifests the characteristic bands of siloxene sheets at 370, 495, 

506, 640, 730 and 1090 cm−1, respectively attributed to the vibrations of Si-Si, Si−O, 

Si−Si, Si−H, Si−H and Si−O bonds, confirming the presence of Si-Si, Si-O and Si-H 

groups [25,34,45]. In the Raman spectra of GO and GH (Figure 4b), two bands at 

1347 and 1596 cm-1 for D band and G band can be clearly observed, which are 

signatures of graphitic carbon materials, respectively. By comparison, the Raman 

spectra of SGH (1:n) presented in Figure 4b indicates the successful introduction of 

siloxene into GH, based on two additional bands observed at 554 and 1087 cm-1 for 

SGH (1:n) corresponding to Si−O vibrations [46]. Generally, the relative intensity 



17

ratio between D and G band (ID/IG) declares the amount of disorder or defects in the 

carbon structure [47]. The ID/IG values of GO, GH, SGH (1:4), SGH (1:3) and SGH 

(1:2) were measured to be 1.13, 1.30, 1.21, 1.20 and 1.17, respectively. Compared 

with GO, the enhanced ID/IG values of GH and SGH (1:n) indicate that more defects 

were generated in graphene sheets after the hydrothermal reduction process. 

Interestingly, the ID/IG ratio of SGH (1:n) decreases with the increase of siloxene. This 

result illustrates that the incorporation of siloxene leads to less structural defects on 

rGO sheets, potentially due to the formation of new oxygen-containing functional 

groups at the potential sites of defect by integrating with siloxene during the 

hydrothermal reduction process [48]. 

Furthermore, XPS measurements were used to investigate the oxygen contents 

and the surface functionalities on siloxene, GH and SGH (1:n). For siloxene, the Si 2p 

spectrum (Figure S3) can be deconvolved into two peaks located at 99.9 eV and 103.5 

eV, respectively assigned to Si-Si and Si-O bonds. The O 1s peak at 532.5 eV in 

Figure S4 corresponds to Si-O bonds of siloxene, which is consistent with that shown 

in previous report [25]. The survey spectra (Figure 4c) of SGH (1:n) further indicate 

the presence of C, O and Si elements. Accordingly, Table 1 presents the atomic 

contents (at.%) of carbon, silicon and oxygen in SGH (1:n), along with GH and 

siloxene based on XPS measurements. According to the atomic ratios of different 

samples in Table 1, the mass content of the reduced graphene oxide in SGH (1:3) is 

approximately calculated to be 86%. Apparently, the oxygen contents of SGH are 

improved successively by introducing siloxene, resulting in an oxygen-rich 
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graphene-based materials. To explore the valence state and composition of oxygen 

species, the high-resolution O 1s spectra of SGH (1:n) were further studied as 

contrasted with GH. As shown in Figure 4d, the O 1s spectra of SGH (1:n) can be 

divided into four types of oxygen-containing bonds: O–C=O bonds (536.0±0.2 eV), 

C-O-C, C–OH and/or C–O–Si bonds (533.2±0.2 eV), Si–O bonds (532.5±0.2 eV) and 

C=O bonds (531.5±0.2 eV) [22,25,27]. Generally, the peaks centered at 533.2±0.2 eV 

in O 1s spectra were assigned to C–OH and/or C–O–Si bonds due to the easy 

transformation of epoxy groups (C–O–C) into hydroxyl groups (C–OH) for graphene 

in acidic medium via ring opening reactions. With respect to that of the C=O bonds, 

the distinctly enhanced intensity of the signal at 533.2±0.2 eV for SGH (1:3) further 

confirms the formation of C–O–Si bonds at the interfaces of graphene and siloxene 

sheets. It can be seen that the content of the dominated C-O functional groups 

(C-OH/C-O-Si) is improved with the increase of siloxene in the composite, which is 

ascribed to the increase of interface functional groups of C-O-Si. To further confirm 

the state of oxygen-containing functional groups, the C 1s spectrum of SGH (1:3) is 

fitted and shown in Figure S5. The C-C/C=C, C-O, C=O and O-C=O groups are 

located at 284.8 eV, 286.1 eV, 288.5 eV and 290.4 eV, respectively [49], which is 

consistent with the results shown in the O 1s spectrum (Figure 4d). The resulted 

siloxene-reduced graphene oxide composite hydrogel with increased 

oxygen-containing functional groups would optimize the pseudocapacitance and 

wettability and thus enhance the capacitor performance [27-28,50].
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Table 1. The atomic contents of carbon, silicon and oxygen in SGH (1:n), GH and 

siloxene.

C (at.%) Si (at.%) O (at.%)

SGH (1:2) 72.6 4.6 22.8

SGH (1:3) 76.0 3.5 20.5

SGH (1:4) 78.8 2.1 19.1

GH 84.2 – 15.8

siloxene - 39.4 60.6

Figure 4. (a) XRD patterns, (b) Raman spectra, (c) XPS surveys for different samples, 

and (d) high-resolution O 1s spectra for the GH and SGH (1:n).

The electrochemical performance of siloxene, GH and SGH (1:n) were tested in a 

three-electrode system and 1 mol L-1 H2SO4 was used as the electrolyte. Figure 5a 

describes the cyclic voltammetry (CV) curves of siloxene, GH and SGH (1:n) at a 

file:///C:/%25E8%25BD%25AF%25E4%25BB%25B6/%25E6%259C%2589%25E9%2581%2593%25E8%25AF%258D%25E5%2585%25B8/Dict/8.7.0.0/resultui/html/index.html%23/javascript:;
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scan rate of 20 mV s-1. For siloxene, a small-area rectangular curve and thus very-low 

capacitance are observed. Except for siloxene, a rectangular-like shape with a couple 

of redox peaks at a voltage range of 0.2-0.4 V is exhibited for the CV curves of other 

samples, indicating a combination of electronic double layer capacitive and 

pseudocapacitive behaviors [51]. In which, the pseudocapacitances are attributed to 

the Faradaic redox reactions of electrochemically active oxygen-containing functional 

groups on the surface of the electrode materials [52]. According to above composition 

and structural analysis, we know that abundant oxygen-containing functional groups 

such as C-OH, C=O and C-O-Si exist on GH and SGH (1:n), which play an important 

role in contributing the pseudocapacitance by Faradic redox reactions in the aqueous 

electrolyte [22,27,41]. The possible oxidation/reduction reactions [22,27-28] are 

proposed as shown in Scheme 2. Compared with GH, SGH (1:n) demonstrate a 

greatly enhanced capacitance with significantly larger area of the rectangular-like CV 

curves. Particularly, SGH (1:3) shows an optimal capacitance. Figure 5b shows the 

CV curves of SGH (1:3) at different scan rates ranging from 5 to 200 mV s-1. The 

peak current and area of the CV curves gradually increase with the increase of scan 

rate. Especially, the CV curves still maintain a rectangular-like shape with the 

symmetrical anodic and cathodic peaks even at a high scan rate of 200 mV s-1, 

indicating outstanding electrochemical reversibility and excellent rate capability of 

the SGH (1:3) electrode. Based on the CV curves, the specific capacitances of SGH 

(1:3) are calculated to be 463, 453, 439, 419, 400 and 372 F g-1 at 5, 10, 20, 50, 100 

and 200 mV s-1, respectively. Figure 5c depicts the galvanostatic charge/discharge 
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(GCD) profiles of siloxene, GH and SGH (1:n) at a current density of 1 A g-1. Due to 

the Faradaic redox reactions of oxygen-containing functional groups, the GCD curves 

of GH and SGH (1:n) slightly deviate from ideal triangular shape. The SGH (1:3) 

exhibits a superior specific capacitance of 520 F g-1, which is much higher than that of 

siloxene (23 F g-1), GH (283 F g-1), SGH (1:4) (364 F g-1) and SGH (1:2) (431 F g-1) 

under the same conditions, further indicating a satisfactory improvement of the 

electrochemical supercapacitor performance by incorporating siloxene into graphene 

hydrogel. According to the specific capacitance values of GH and siloxene, it can be 

inferred that the reduced graphene oxide may contribute most of capacitance of the 

SGH composite. Certainly, the specific capacitance of SGH (1:n) are electronic 

double layer capacitance coupled with pseudocapacitance. The enhanced capacitive 

performance can be reasonably attributed to the improved pseudocapacitance and 

wettability resulted from the increased oxygen-containing functional groups, as well 

as the modified 3D hierarchical structure with increased specific surface area. Figure 

5d presents the GCD curves of SGH (1:3) at different current densities. Based on the 

discharge curves, the specific capacitances of SGH (1:3) were calculated to be 520, 

488, 461, 445, 428, 410 and 400 F g-1 at the current densities of 1, 2, 5, 10, 20, 50 and 

100 A g-1, respectively. For comparison, the specific capacitance values at different 

current densities for SGH (1:n) and GH are shown in Figure 5e. Even at a high current 

density of 100 A g-1, SGH (1:3) still remain an impressive capacitance of 400 F g-1 

with 76.9% capacitance retention of the original capacitance (at 1 A g−1), which are 

higher than that of GH (64.7%), reflecting a superior rate capability. The excellent 
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rate performance of SGH (1:3) are potentially related to good wettability, large 

specific surface area, 3D interconnected pore structure and high electronic 

conductivity, which are beneficial to accelerating the multidimensional electron 

transport and the electrolyte ion diffusion [12,22,53]. As a high-rate 

discharge-recharge is required in practical applications, the proposed SGH (1:3) with 

outstanding rate performance is promising as a high-performance electrode material 

for supercapacitors.

Scheme 2. The redox processes of oxygen-containing functional groups in H2SO4 

electrolyte.

Electrochemical impedance spectroscopy (EIS) measurements were further 

employed to investigate the kinetic feature of ion and charge transport within the 

porous network of SGH. As shown in Figure S6, an ideal capacitive behavior of SGH 

(1:3) is revealed by the nearly vertical Nyquist plot in low frequency region. The 

Warburg region and semicircle (inset in Figure S6) in the magnified region 

respectively represents the ion diffusion and charge transfer resistance [54]. The large 

slope of the ideal straight line in the low frequency range corresponding to the 

Warburg impedance declares fast ion diffusion. Meanwhile, the small diameter of the 

semicircle indicates a low charge transfer resistance (1.81 Ω) for SGH (1:3), revealing 
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good charge transfer properties. Consequently, the fast ion diffusion and charge 

transport deliver greatly positive effect on the electrochemical capacitance properties 

of SGH (1:3). Despite a larger charge transfer resistance of the siloxene electrode 

(Figure S7), the incorporation of siloxene at a small proportion has little effect on the 

charge transfer properties of the graphene-based hydrogels (Figure S8).

Figure 5. (a) CV curves of different samples measured at the scan rate of 20 mV s-1. 

(b) CV curves of SGH (1:3) at different scan rates (5-200 mV s-1). (c) GCD curves of 

different samples at the current density of 1 A g-1. (d) GCD curves of SGH (1:3) at 

different current densities (1-100 A g-1). (e) Specific capacitances of GH and SGH 
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(1:n) at different current densities. (f) Cycling stability and coulombic efficiency of 

SGH (1:3) measured at 50 A g-1.

Cycling stability is crucial for the practical applications of the electrode material 

in supercapacitors. Thus, we conducted the cycling life tests for SGH (1:3) by 

repeating the galvanostatic charge-discharge process for 15000 cycles at a current 

density of 50 A g-1. As shown in Figure 5f, the specific capacitance remains as high as 

96.3% of the initial value after 15000 cycles, delivering an admirable long-term 

cycling stability. On the other hand, the coulombic efficiency of SGH (1:3) is 

maintained at around 100% throughout the whole cycling process. The proposed 

siloxene-reduced graphene oxide composite hydrogel exhibits superior 

supercapacitance performance in three electrode system compared with other 

graphene-based materials as presented in Table S1.

In order to further demonstrate the superior electrochemical capacitive 

performance and the potential of the SGH electrode in practical energy storage 

applications, we assembled symmetric supercapacitor using the proposed sample of 

SGH (1:3) in 1 mol L-1 H2SO4 aqueous electrolyte. Figure 6a shows the CV curves of 

the symmetric supercapacitor of SGH//SGH operated at 20 mV s-1 in different voltage 

windows. No obvious increase of anodic current is observed even at 1.6 V, 

demonstrating the stability of the electrolyte. Besides, the CV curves at different scan 

rates of 5, 10, 20, 50, 100 and 200 mV s-1 for the symmetric supercapacitor are 

presented in Figure 6b. It is noted that each CV curve displays a rectangular-like 

shape, further proving good capacitive behavior of the SGH electrodes. Even at the 
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high scan rate of 200 mV s-1, there is no obvious distortion, delivering fast 

charge/discharge stability and excellent rate capability. By calculating from the 

galvanostatic discharge curves (Figure 6c), the specific capacitance of the assembled 

symmetric supercapacitor is 276 F g-1 at the current density of 0.5 A g-1. The 

corresponding power density is 399.6 W kg-1, accompanying with an energy density 

of 24.5 Wh kg-1. Impressively, the energy density can be still maintained at 19.4 Wh 

kg-1 even when the power density reaches up to 1600.2 W kg-1. Both of energy 

density and power density for the assembled SGH//SGH symmetric supercapacitor are 

significantly higher than that of other reported devices based on graphene materials 

(Figure 6d) [55-62]. On the other hand, the assembled SGH//SGH symmetric 

supercapacitor exhibits an excellent cycling stability with a capacitance retention of 

96.5% after 10000 charge/discharge cycles at a current density of 10 A g-1 (Figure 

S9). These results demonstrate that the siloxene-reduced graphene oxide composite 

hydrogel is an excellent electrode material for supercapacitors.
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Figure 6. Electrochemical performance of SGH (1:3) in a two-electrode symmetrical 

supercapacitor (1 M H2SO4): (a) CV curves with different potential windows. (b) CV 

curves at different scan rates (5-200 mV s-1). (c) Galvanostatic discharge curves at 

various current densities (0.5-5 A g-1). (d) Ragone plot of the device in comparison 

with the other reported data.

4. Conclusions

The oxygen-rich siloxene-reduced graphene oxide composite hydrogel is 

successfully achieved via interface engineering. By intercalating small amount of 

siloxene between the reduced graphene oxide sheets to introduce additional 

oxygen-containing functional groups and to form a three-dimensional structure with 

graphene, the surface chemical nature and the 3D hierarchical architecture of 

graphene sheets are tailored. In which, the abundant oxygen-containing functional 

groups on SGH can contribute to the pseudocapacitance and improve the wettability, 
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thus enhancing the capacitive properties. On the other hand, the modified 3D 

hierarchical architecture with increased specific surface area can also facilitate the 

capacitance performance. Consequently, the electrode materials of siloxene-reduced 

graphene oxide composite hydrogel shows high gravimetric specific capacitance, 

good rate capability and excellent cycling stability. This work provides an effective 

method of preparing high-performance graphene-based materials for supercapacitors 

by tailoring the architecture and regulating the chemical nature.
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