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Abstract 

The present study elaborates facile approach to generate active sites in cashew nut shaped 

silica (SiO2). These active sites are attributed to the high concentration of oxygen vacancies 

and bimodal mesoporosity in silica owing to etching and calcination treatment. In the etched 

calcined silica (ECS), mesopores act as buffered spaces, whereas, OVs provide high 

carrier/donor density (3× 10��cm-3). High density of carriers/donor reduces the distance 

between active sites (2.5 nm) further enhancing the rate of electron transfer. Consequent to 

the unique combination of OVs and bimodal mesoporosity, ECS exhibits high 

electrochemically accessible surface area (3170 m2 g-1) and excellent charge storage in 

ECS||ECS cell (~337 F g-1 at 1 A g-1). In addition, the symmetric cell (ECS||ECS) delivers 

maximum energy density of 46.86 Wh Kg-1 at power density of 537.59 W Kg-1 with 

respectable capacitance retention (111 % after 10,000 cycles). Remarkably, the solid state 

flexible device unveiled energy density of 2.16 Wh Kg-1 at 166.05 W Kg-1 even under the 

bent state retaining 165 % of its capacitance up till 3000 cycles. This work essentially 

highlights the synergism between mesoporosity and oxygen vacancies on the charge storage 

characteristics of silica.  

 Abbreviations: as-synthesized silica (AS), etched silica (ES), etched calcined silica (ECS), 

oxygen vacancies (OVs) 

Keywords:  Cashew nut shaped silica, Oxygen Vacancies, Bimodal mesoporous, 

Supercapacitor, Carrier/donor density 
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Research highlights 

• High carrier/donor density (3× 10��cm-3) in oxygen deficient cashew nut shape silica. 

• Minimal distance (2.5 nm) between active sites ameliorates the current density.  

• Bimodal mesoporosity and OVs endows cashew nut shape silica with high specific 

capacitance of 337 F g-1 at 1 A g -1. 

• Flexible solid state device exhibits good capacitive behaviour even in deformed state. 

 
 

 
1. Introduction  

The alarming issues of environment [1,2] and clean energy demand have triggered 

researchers towards designing advanced green energy storage devices. Supercapacitors (SCs), 

a new class of energy storage devices, meet the demands of advanced applications requiring 

high power delivery [3]. SCs have been considered as eco-friendly energy storage devices 

with commendable features like high power density, fast charge–discharge characteristics, 

peak operating voltage, long cycle life and reliability [4–7]. 

In order to realize good performance, there should be a balance between specific surface 

area and conductivity of the material. Use of porous/large surface area materials is one of the 

key approach for shortening the diffusion pathway of electrolytic ions. To enhance 

charge/discharge rate, several conductive agents are incorporated into electrode material 

[8,9].  However, effective volume density of the electro-active material decreases by addition 

of conductive agents [10]. Thus, to boost the conductivity as well as porosity, modification in 
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composition and structure of the electrode material is a wise strategy. Silicon, a 

semiconducting material [11] has recently gathered attention in the area of energy storage due 

to its high abundance in earth crust, easy availability, minimal environmental impact, high 

thermal stability [12] and unique electronic and chemical properties. Porous silica (derivative 

of silicon) offers desirable properties such as high surface area, low toxicity [13], high 

differential capacitance (upto 180 µF cm-2) [14], hydrophilicity [15], and excellent chemical 

stability [16] enduring harsh environments like high temperature and strong acids/bases. 

Although silica has been explored in Li ion batteries [17–19], but the studies on utilization of 

silicon [20–23] and porous silica [24–28] as an electrode in supercapacitors are lacking. A 

vast array of morphologies [29–32] and the presence of large number of hydrophilic surface 

groups (e.g. OH) [33,34] make silica appealing as an energy storage material. In earlier 

studies, improvement in capacitance of carbon electrodes using SiO2 nanoparticle [35] as 

fillers has also been reported by Leonard et al. Other reports in continuation endorse the role 

of silica particles in polyaniline matrix in achieving better cycling stability [36]. Even though 

there are numerous advantages associated with silica, yet low electronic conductivity [37] i.e. 

its insulating nature (wide band gap) limits its application as a capacitive electrode. Hence, it 

is extremely desirable to improve the conductivity of silica electrode. To eliminate this issue, 

we have introduced intrinsic defects into the structure of silica. Electrochemical and 

electronic properties of metal oxides are strongly influenced by the intrinsic defects [38,39]. 

Introduction of oxygen vacancies (OVs), one of the intrinsic defects is considered as an n–

type dopant. These dopants improve the kinetics of charge storage and conductivity of the 

material by shifting Fermi level close to the conduction band [40]. Since, the formation 

energy of oxygen vacancy is small, it can be easily introduced as anion vacancy into the 

metal oxide [41]. 
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Different from previous studies, here silica is synthesized in cashew nut shaped morphology. 

This morphology provides more active edge sites for the participation in redox reactions. To 

further obtain the porosity in ionic accessible range, etching is carried out. Generally, etching 

deals at high temperature using corrosive and hazardous etchants (e.g. HF) [42]. We have 

adopted etching based on the spontaneous dissolution and regrowth of silica using NaBH4 

(etching agent) and PVP (surface protecting agent) [43]. The abovementioned process does 

not require harsh conditions and can be performed in the absence of inert atmosphere, thus 

turning out to be completely facile, green and economical. Interestingly oxygen vacancies 

(OVs) with the aid of NaBH4 were introduced on the surface accompanied large size 

mesopores. Mesoporous structure helps in providing a large accessible surface area for ion 

transport/charge storage and also act as a buffering reservoirs [44–46] whereas oxygen 

vacancies (OVs) build the localized states below the conduction band so that valence band 

can easily overlap with the conduction band [47]. This in turn improves the conductivity of 

silica with enhancement in the active sites for redox reactions. Further, calcination treatment 

enriched the silica with small size mesopores. Thus, the final product exhibits bimodal 

mesoporosity with ample amount of oxygen vacant sites. Bimodal porosity is shown to have 

significant role in improving the ion-transport kinetics [48] as it increases the 

electrochemically active surface area of the silica by nearly four times than the BET surface 

area. In the present study, we have elucidated the synergistic effect of bimodal porosity and 

oxygen vacancy on the electrochemical performance of silica electrodes. Oxygen deficiency 

in silica results in a huge improvement in number of carrier/donor densities that in turn 

increases the rate of electron transfer. The deduction of oxygen from the SiO2 structure 

generates enormous free electrons that direct to the transition in behaviour from insulating to 

semiconductive [49]. This also lessen the potential barrier exist in between Fermi level of 

silica electrode and redox potential of electrolyte [50]. The oxygen deficient mesoporous 
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cashew nut shaped silica electrodes acquires maximum energy density of 46.86 Wh Kg-1 at 

power density of 537.59 W Kg-1. The mesoporosity in the structure helps to attain excellent 

cycling stability upto 10000 cycles by acting as buffered spaces. For portable application, a 

solid state and flexible device is much needed. Here, we have fabricated flexible solid state 

device to meet the growing demands of wearable and miniaturized electronic devices. The 

assembled flexible solid state device shows a very little change in the capacitive behaviour 

under normal to bend conditions and exhibiting energy density of 2.16 Wh Kg-1 at 166.05 W 

Kg-1. The uniqueness of our work is the utilization of facile and economical method in 

development of silica as a charge storage material by using synergism of mesoporosity and 

oxygen deficiency. The above characteristics motivate to explore silica as an alternative to 

carbon and metal oxide in the development of flexible, light weight and environment friendly 

supercapacitor. To the best of our knowledge, no such work based on the Oxygen deficient 

and bimodal mesoporous silica as a charge storage material with such high electrochemical 

performance has been reported so far. 

 

2. Experimental section 

2.1. Synthesis of SiO2  

SiO2 was prepared by a surfactant assisted sol-gel method in a Stober’s solution. The 

molar ratio of the TEOS (tetra ethyl orthosilicate): CTAB (cetyl trimethyl ammonium 

bromide): NH3 (aq. ammonia): C2H5OH (ethyl alcohol): H2O reaction mixture was 1.0: 

0.38: 4.8: 39.1: 514.33. Initially, the mixture of TEOS, ethanol, CTAB and water was 

stirred for 3 h followed by the addition of ammonia. Afterwards, it was continuously 

stirred and heated to 70 ºC for 9 h. As obtained white product was centrifuged at 5000 

rpm for 10 min and washed several times with ethanol and water. This solid product is 

named as as-synthesized silica (AS). 
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2.2. Synthesis of Etched SiO2   

Firstly, AS (0.3 g) is dispersed in 150 ml water and then it was further ultrasonically 

dispersed with 0.29 g of PVP (polyvinylpyrollidone) in 15 ml of water. To this solution, 

0.6g etchant NaBH4 (sodium borohydride) was added under vigorous stirring at 56 °C 

for 5 hrs. After etching, product etched silica (ES) was washed using centrifugation and 

was further calcined in air at 550 °C for 5 h for effective removal of CTAB [51]. The 

resultant product is named as etched calcined silica (ECS). The overall procedure is 

schematically shown in Fig. 1. 

 

 

Fig. 1. Schematic showing the procedure involved in the synthesis of etched-calcined silica 

(ECS). 

2.3. Characterisation 

Structural framework of the powder sample was analysed using a BRUKER, TENSOR 

27 FTIR spectrometer. X-ray diffraction pattern was recorded (2 to 80º) using XRD 

BRUKER D8 advance with Cu kα 1.54 Å	.	Raman spectra was measured on RENISHAW 

INVIA REFLEX MICRO-RAMAN spectrometer. The surface composition was 

estimated by Thermo Gravimetric Analysis (LINSEIS for air and PERKIN-ELMER for 
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nitrogen) and X-ray photoelectron spectroscopy (XPS, AXIS ULTRA 165 with C 1s 

peak at 284.8 used as standard). The overall composition was evaluated by EDAX 

(Energy Dispersive Spectroscopy). The band gap was determined using Tauc plot via 

optical (UV-Vis, UV-2600 SHIMADZU) spectrophotometer. Conductivity measurement 

was carried out at Keithley 4200-SCS at room temperature. Surface area was examined 

by BET technique (Quantachrome ASiQwin). High resolution transmission electron 

microscopy (HRTEM, Phillips Technai T-300 microscope) and field-emission scanning 

electron microscope (FESEM, ZEISS GEMINI) were employed to study the 

morphological feature of the samples. Cyclic Voltammetry (CV) at different scan rates 

and Electrochemical Impedance spectroscopy (EIS) was carried out in the frequency 

range of 10 mHz-100 kHz by CHI 604D electrochemical analyzer. Galvanostatic 

Charge-Discharge (GCD) and cycling measurements were recorded using Potentiostat 

Galvanostat EIS Analyzer PARSTAT 4000. 

2.4. Cell Fabrication  

3.0 mg of ECS (20 % acetylene black) was ultrasonically dispersed with 3 µL of Nafion 

binder in isopropyl alcohol. This mixture was deposited onto 1.0 cm2 area of the polished 

graphite sheet and was dried overnight at 80 ºC. Mass loading was found to be 0.7 mg 

cm-2. ECS||ECS cell was fabricated by sandwiching an ion conducting separator 

membrane between two electrodes. 
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3. Results and discussion 

 

Fig. 2. Structure and compositional analysis of silica: (a) Raman spectra of AS and ECS. (b) 

TGA analysis of ECS in air and nitrogen. (c) XPS spectra of Si 2p (ECS). (d) XPS 

spectra of O 1s (ECS). 

Fig. 2a shows the characteristic Raman peaks of silica [52–54].  Raman spectra of the ECS 

shows broadened peaks as compared to the AS. It is known that phonon confinement effect 

(if crystallite grain size < 10 nm) and change in oxygen stoichiometry are responsible for the 

peak broadening and red shift of Raman spectra [55]. Here, the possibility of phonon 

confinement is ruled out as the size of grain is larger than 10 nm (supported by TEM results 

(Fig. S1)). Therefore, the above observation is directing towards the existence of oxygen 

vacancies (OVs). In order to ensure the oxygen vacancies (OVs), TGA in Fig. 2b is analysed. 

ECS thermograms in air and Nitrogen ambient confirm the presence of oxygen vacancies. It 

is observed that there is a less weight loss in air as compared to nitrogen. Approximately 
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17.25 % oxygen vacancy is concluded from TGA analysis that warrants the change in 

composition from SiO2 to SiO1.65. Si 2p XPS spectra (Fig. 2c) of ECS with peak at about 

104.4 eV also suggest the change in composition of SiO2 [15].The O 1s (Fig. 2d) binding 

energies 532.93 eV, 534.04 eV and 537.56 represent O2-, OH- and chemisorbed water 

respectively [56]. The calculated surface composition of the ECS from XPS is SiO1.69 

changes from SiO2.19 of AS (Table. S1). Both TGA and XPS results are close to each other 

and hence confirming the compositional change in silica. Further amorphous nature and 

structural framework of silica is also confirmed by FTIR and XRD analysis (Fig. S2a and b). 

FESEM micrographs in (Fig. 3a, b and c) depict cashew nut shaped morphology of 

as-synthesized silica (AS), etched silica (ES) and etched-calcined silica (ECS) respectively. 

 

 

Fig. 3. FESEM micrographs of silica: (a) as-synthesized silica (AS). (b & d) etched silica 

(ES). (c & e) etched-calcined silica (ECS). 
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Fig. 3d, high resolution FESEM micrograph of ES illustrates the surface roughness on 

the cashew nut shaped structure after etching treatment. During etching process, reduction 

occurs and creates oxygen vacancies (OVs) that perturb the arrangement of Si-O units on the 

surface [57] leading to a defected surface. After calcination, some small pores are also 

generated (Fig. 3e) which results in an overall bimodal mesoporous structure with oxygen 

vacant sites at the surface of ECS. This defect induced surface with abundant oxygen 

vacancies (OVs) behaves as a quantum well in which the electron hopping take place [58]. 

TEM micrographs (Fig. 4a) of AS depicts that the SiO2 particles as seen in FESEM 

are ~ 2µm in length. The high resolution TEM micrograph of AS in Fig. 4b suggests that 

there is a negligible/inaccessible porosity. After etching with NaBH4, the TEM micrograph of 

ES (Fig. 4c) reveals rough surface owing to the regrowth of silica. Zhang et al. 2009 [43] 

proposed that two separate processes are involved in etching, one is dissolution of SiO2 

owing to high basicity of NaBH4 solution and other is regrowth of silica on increasing 

concentration of  BO�
ions (released on reaction of NaBH4 with water). Retention of surface 

morphology even after etching process is due to the PVP which serves as a support to 

preserve morphology. The role of PVP molecule is to block the outward dissolution of 

silicate [59]. 

TEM findings (Fig. 4d) indicate occurrence of strong chemical etching that creates 

surface defects resulting in pores. Pores of ~12 nm are evidently seen at the surface of etched 

cashew nut structures. Etching not only introduces mesopores in the structure but also alter 

the surface stoichiometry of oxygen. Post etching calcination treatment decorated the 

morphology with smaller pores of dia. 6-7 nm, which are clearly visible in the TEM 

micrograph of ECS (Fig. 4e and f). Successive etching and calcination treatments resulted in 

bimodal porosity and oxygen vacancy in silica particles without affecting their size and 

shape. TEM micrographs suggest that the pores are interconnected and form channels to 
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provide swift passage to the ionic charges and electronic transfer [60]. TEM and FESEM 

results are further confirmed by BET measurement (Fig. S3a and b) which proves the 

existence of bimodal mesoporous structure with high BET surface area ~ 878 m2 g-1. 

                                                                          

Fig. 4. TEM micrographs of silica: (a & b) as-synthesized silica (AS). (c & d) etched silica 

(ES). (e & f) etched-calcined silica (ECS). 

The electrochemical performance of silica electrodes was studied using a three-

electrode cell in 1.0 M H2SO4 electrolyte, with Ag/AgCl as the reference and Pt as the 

counter electrodes, respectively. Fig. 5a shows the voltammograms of AS, ES and ECS 

measured at 5 mV s-1. Enclosed area in the voltammogram obtained from ECS working 

electrode is greater than ES and AS. The large area under the voltammetric loop i.e. high 

charge storage in ECS demonstrate the combined advantages of bimodal porosity and oxygen 

vacancies into the structure. These results display ECS as best performer among these 

electrodes (AS, ES and ECS) for charge storage. Nyquist plot in Fig. 5b, suggests that the 
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ECS electrode is more capacitive compared to other electrodes whereas, Bode angle of ECS 

(inset Fig. 5b) is slightly larger than ES. To further understand the reason of more capacitive 

nature of ECS electrode, Mott–Schottky plot (C-2 vs. V, where C= -1/2πfZ’’) was analysed at 

a frequency of 10 kHz. In Fig. 5c, ECS electrode shows the positive slope indicating the n–

type dopant. The slope of Mott–Schottky plot is used to estimate the carrier/donor densities 

using equation [61]. 

																																				�� =	� �
������ ��� �

���
�� �


�
																																															(1) 

Where, Nd is the carrier concentration or donor density, e0 charge of electron, � is the 

dielectric constant of SiO2 (3.9) [62], ��	is	permittivity	of	 vacuum, C is the capacitance and 

V is the applied potential. The carrier/donor density calculated from the above equation is 3.0 

×	10�� cm-3 for ECS suggest good electronic conductivity, since the electrical conductivity 

is directly depends on the carrier/donor density [63]. As the donor density increases, current 

density should also increase because the tunnelling probability of electron increases. 

Tunnelling probability depends on the distance between the active sites and this distance can 

be calculated from the expression: 

																																																															' = 	 �
()�/+

                                        (2) 

To calculate the distance between active site in the thin film of geometrical area 1cm2, 

the actual thickness of film 2000 Å is also considered. Therefore, for this the carrier density 

calculated is 6×1019 cm-3 and distance between the active sites is estimated to be 2.5 nm that 

is much less hence escalating the rate capability [58]. Rate of electron transfer also enhances 

as it is an exponentially decreasing function of tunnelling distance [58]. To discover the 

impact of OVs on the band gap of ECS, UV-vis spectra (Fig. 5d) is recorded. The direct band 

gap energy for ECS is reduced to 2.1 eV compared to the previously reported value [64] for 

SiO2 due to the generation of defect related energy levels as well as the bimodal mesoporous 
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structure. Hence, it can be inferred that oxygen vacancies not only improves the rate of 

electron transfer but also contribute to the conductivity of ECS electrode via reducing the 

band gap. 

         

Fig. 5. (a) Cyclic voltammograms of AS, ES and ECS. (b) Nyquist plot of AS, ES and ECS 

(inset shows Bode plot). (c) Mott–Schottky plot of ECS. (d) UV-visible spectra ( the 

inset displays Tauc plot) of ECS. 

To evaluate the synergistic effect of bimodal porosity and oxygen vacancies over ECS 

electrode, electrochemical measurements were carried out. Fig. S4a shows the 

voltammogram of ECS electrode at different scan rates. The specific capacitance calculated 

at 5 mV s-1 in Fig. S4b (Supporting Information) show a high value of charge stored (705.0 F 

g-1). Furthermore, the ECS electrode demonstrates an excellent cyclic stability with more than 

112 % retention after 5000 cycles due to the high carrier concentration that improves the rate 

capability (Fig. S5). 
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To further understand the dependence of charge storage on scan rate, Trasatti plot is 

analysed [65,66]. According to Trasatti, the total charge stored (qt) is the sum of the 

contribution of charge provided by inner (qi) and outer surface (qo) of the electrode. Due to 

the faster kinetics, the amount of charge stored in the outer surface is diffusion limited and it 

is calculated by linear fit of q* vs ʋ-1/2 when the scan rate i.e. ʋ =∞ (Fig. 6a). Similarly, the 

total charge stored is evaluated by making linear fit in the curve of 1/q* vs ʋ1/2 at ʋ = 0 (Fig. 

6b) as here diffusion of ion is unlimited. The obtained charge at the outer surface (qo) is 59.47 

C g-1 and the total amount of charge stored (qt) is 227 C g-1. The value obtained for qo/qt 

(25.99) illustrate higher inner active surface contribution compared to outer active surface 

due to high ionic mobility and swift pathway for charge carriers in the wide mesopores.           

In order to identify the mechanism behind the charge stored in ECS electrode, kinetics 

of charge storage at different potential is studied. Commonly, the total amount of charge 

stored originates from intercalation/de-intercalation and capacitive mechanism [67]. This is 

characterised by studying the cyclic voltammogram at different scan rates using Power’s law 

[68]. 

                                                  ,	-./ = 012                                                            (3) 

  Here, a and b are the adjustable parameters and υ is the scan rate (V s-1). Value of b 

can be determined from the slope of log i vs log υ. There are two conditions i.e. for b = 0.5 

major contribution arises from intercalation/de-intercalation of ions However, for b = 1 

capacitive process dominates. Fig. 6c illustrates the plot of log i vs log υ at different potential 

and depicts the value of b closer to 0.5 at each potential (Fig. 6d). This elaborates charge 

storage mechanism in ECS is intercalation/de-intercalation (charge storage is diffusive). 

Large mesopores of 10 to 18 nm are suitable for the intercalation mechanism. They offer 

large surface area and in turn decrease the current density per unit surface area i.e. reducing 

the electrode polarization and improving charge transfer [69]. 
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The current contribution from capacitive and intercalation mechanism can be 

determined using the following equation [70]. 

                                              ,	-./ = 	3�-1/ 	4	3�	-1/�
�                                        (4) 

Plotting the i(V)/υ1/2 vs  υ1/2  determines k1 and k2 at each fixed potential. The value of 

k1(υ) and k2(υ)
1/2 corresponds to current contribution from capacitive and diffusion controlled 

intercalation mechanism respectively. At lower scan rates contribution from intercalation is 

maximum whereas on further increasing the scan rate intercalative contribution decreases 

leading to the enhancement in capacitive current (inset Fig. 6d).  

 

 

Fig. 6. (a & b) Trasatti plot of ECS. (c) Plot of log (i) vs log (υ) at different potentials. (d) 

dependence of slope ‘b’ as a function of different potentials ( the inset shows variation 

of Icap/Iint with different scan rate at 0.6 V). 
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Intercept of high frequency Nyquist plot (Fig. S6a) on the real axis depicts the 

magnitude of solution resistance (Rs) of 2.9 Ω (inset Fig. S6a) [71]. The smaller value of Rs is 

due to the good contact between electrode and electrolyte owed to the high surface area. In 

the Bode plot, observed phase angle for ECS ~ -59º (Fig. S6b) at 0.01 Hz suggest effective 

ion diffusion in mesopores at mid frequency region. This deviation from ideal capacitive 

behaviour is attributed to broad pore size distribution in mesoporous range. At the same 

frequency, penetration of ac signal varies for different pore dimensions. This leads to 

frequency dispersion in which low frequency impedance behaviour is shifted from the 

theoretical vertical line [72,73]. 

Specific capacitance increases considerably with a decrease in the frequency at the 

low-frequency region (inset Fig. S6b). From this capacitance value, electrochemically active 

surface area i.e. the accessible surface area of the electrode is estimated to be 3170 m2 g-1 

which is much higher than the BET surface area. This large difference is ascribed to the 

reason that the BET measurement does not include interlayer surface area. Specifically, the 

availability of this high electrochemical surface area with less effective distance for 

electrolytic ion and electron transport is favourable for intercalation of electrolytic ions.  

A shorter Warburg region (17.78 Hz-3.61 Hz) (Figure S6a Supporting Information) 

corresponds to high ionic diffusion in ECS [74].  Ionic diffusion can be evaluated from the 

plot of real part of impedance and reciprocal root square of lower angle frequency shows a 

straight line (Figure S6c Supporting Information).  

High value of diffusion coefficient (1.05 × 10-9 cm2 s-1) validates less inhibition in 

movement of ions across the wider pores that are estimated by the BJH adsorption value of 

average pore diameter of 7.4 nm. The credit for high ionic mobility goes to internal voids and 

reduced tunnelling distance between the active sites.  
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GCD measurements (Fig. 7a) of ECS||ECS cell are performed at increasing current 

densities. The GCD characteristics demonstrate isosceles triangular shape indicating nearly 

identical charge and discharge. The slight deviation from isosceles triangular character is due 

to the contribution from surface redox reaction of hydroxyl group [21]. The specific 

capacitance is evaluated from GCD measurements and found to be 337.0, 218.0, 142.0, 98.0, 

70.0 and 52.0 F g-1 at current density of 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 A g-1 respectively. High 

capacitance with low ESR of 0.05 Ω (inset Fig. 7a) indicates towards the less consumption of 

energy during charging/discharging [75]. 

  

Fig. 7. (a) Galvanostatic charge/discharge measurement of ECS||ECS (inset shows plot of IR 

drop vs. current density). (b) Ragone plot of ECS||ECS with literature reported values. 

(c) Cyclic stability of ECS||ECS at 100 mV s-1. 
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Etchant NaBH4 reduces few of silica to silicon thus boost the conductivity without 

removing SiO2 core [76]. This lowers the density of silica and thus increases specific 

capacitance of unit mass. The gravimetric capacitance of ECS is relatively high compared to 

previously reported values for porous silica and silicon [22–26]. 

Fig. 7b, illustrates the performance of the ECS||ECS cell. It is inferred that ECS 

possess a high energy density of 46.86 Wh Kg-1 at 537.59 W Kg-1 at a current density of 1 A 

g-1. Fig. 7c, shows 111 % of capacitance retention upto 10000 cycles. This implies, ECS is an 

excellent material for supercapacitor device. The reason behind this appreciable cycle 

stability may be mesoporous structure with hydrophilic surface functionality as it allows the 

wettability of the electrode/electrolyte interface and also the large number of carriers that 

enhances the rate of transfer of electron. Considering the specific capacitance and energy 

density, the performance of present work is compared with the other silica based electrodes 

and electrolyte membrane in Table 1.       

Table 1. 

Electrode Electrolyte Specific 
Capacitance (F g-1) 

Energy 
density 

Reference 

Graphene coated 
Porous silicon 

1-ethyl-3-
methylimidazolium 
tetrafluoroborate 
(EMIBF4) 

- 4.8-4.9 Wh Kg-
1 at 1000 W 
Kg-1 

23 

SiO2 aerogel 1 M Et4NBF4/PC 62.5 F g-1 13.5 Wh Kg-1 
at 1200 W Kg-
1 

24 

Reduced 
graphene oxide-
silica in 
polyaniline 

1 M H2SO4 318 F g-1 17 Wh Kg-1 at 
100 W Kg-1 

27 

10% silica doped 
nanopolyaniline 

1 M H2SO4 368 F g-1 37.4 Wh Kg-1 
at 430 W Kg-1 
 
 
 

36 

Stainless steel 
foil 

silicotungstic 
acid(SiWA)- 
H3PO4- 
PVA/SiO2 

23 µF cm-2 - 77 
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SiO2@C/TiO2 1 M KOH 1018 F g-1 - 78 
MWCNT SiO2, PVDF and 

imidazolium ionic 
liquid 

71.7 F g-1 32.2 Wh Kg-1 
at 900 W Kg-1 

79 

Oxygen 
deficient,bimodal 
mesoporous 
silica  

1 M H2SO4 337 F g-1 46.86 Wh Kg-1 

at  537.59 W 
Kg-1 

(This 
work) 

 

 

Fig. 8. Electrochemical performance of flexible solid state ECS||ECS device: (a) Cyclic 

voltammograms. (b) Nyquist plot. (c) Galvanostatic charge/discharge characteristics. 

(d) Cycling stability at 100 mV s-1. 

 To broaden the utility of ECS||ECS device, we have fabricated flexible solid state symmetric 

device using active area of 1cm × 1cm with PVA/H2SO4 [80] (gel electrolyte) and flexible 

graphite (substrate). Fig. 8a shows the comparison of CV voltammogram under normal and 

bend conditions, revealing no change in the shape of curve that confirms the structural 
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integrity of the device. Further, Nyquist plot (Fig. 8b) shows slight influence of mechanical 

deformation on the device with a minimal increase of solution resistance. However, in both 

normal and bent conditions straight line nearly parallel to imaginary axis depicts good 

capacitive behaviour of the device. GCD characteristics in Fig. 8c demonstrate the similar 

charge discharge behaviour in both conditions. It can be clearly seen that mechanical 

distortion has no major effect on capacitive performance of the device and shows an energy 

density of 2.16 Wh Kg-1 at power density of 0.16 KW Kg-1 comparable to other solid state 

devices [81–83]. Cycle life is another parameter to evaluate the performance of device. 

Interestingly, solid state flexible device shows capacitance retention of 165% after 3000 

cycles (Fig. 8d) indicating excellent stability of device. The high mechanical and electrical 

strength is attributed to the interconnected mesoporous structure and abundant oxygen 

vacancies. 

4. Conclusions 

In summary, the etched-calcined silica (ECS) enriched with abundant oxygen vacant sites 

and mesopores is employed as a charge storage material. ECS along with oxygen vacant 

sites acquires large electrochemically active surface area (3170 m2 g-1) to ensure the 

maximum utilization. These oxygen vacant sites with distinguishable interconnected 

pores provide less inhibition in diffusion of electrolytic ions by enlarging the 

electrode/electrolyte interfacial area. Oxygen vacancies (OVs) in silica ameliorate the rate 

of electron transfer and decrease the band gap by increasing the carrier concentration 

(3× 10��	cm-3) and reducing the distance between active sites (2.5 nm). The oxygen 

deficient ECS cell shows a high performance of 337 F g-1 at 1 A g-1 that is mainly 

attributed to bimodal mesoporosity and the high concentration of carriers. In addition, 

more than 110% capacitance is retained up to 10000 cycles that are mainly attributed to 

the mesoporous structure. Furthermore, solid state performance of flexible device of silica 
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elucidated it as an excellent material for portable and flexible electronic device. Hence, 

this work proposes a wise strategy to make silica based materials capacitive by 

introducing OVs and simultaneously inculcating bimodal mesopores in the structure. This 

study might lead to further progress in research of silica as a charge storage material. 
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