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Abstract

The present study elaborates facile approach tergenactive sites in cashew nut shaped
silica (SiQ). These active sites are attributed to the higicentration of oxygen vacancies
and bimodal mesoporosity in silica owing to etchamgl calcination treatment. In the etched
calcined silica (ECS), mesopores act as buffereacesy whereas, OVs provide high
carrier/donor density (8102*cm®). High density of carriers/donor reduces the dista
between active sites (2.5 nm) further enhancingralbe of electron transfer. Consequent to
the unique combination of OVs and bimodal mesoptyoSECS exhibits high
electrochemically accessible surface area (3170yM and excellent charge storage in
ECS||ECS cell (~337 F'gat 1 A g%). In addition, the symmetric cell (ECSI||ECS) dets/
maximum energy density of 46.86 Wh K@t power density of 537.59 W Kgwith
respectable capacitance retention (111 % afterODO¢Ycles). Remarkably, the solid state
flexible device unveiled energy density of 2.16 W at 166.05 W K even under the
bent state retaining 165 % of its capacitance Up3@00 cycles. This work essentially
highlights the synergism between mesoporosity atygjen vacancies on the charge storage
characteristics of silica.

Abbreviations. as-synthesized silica (AS), etched silica (ESQhed calcined silica (ECS),

oxygen vacancies (OVSs)
Keywords: Cashew nut shaped silica, Oxygen Vacancies, Bimogdsoporous,

Supercapacitor, Carrier/donor density
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Resear ch highlights
« High carrier/donor density ¢§81024cm®) in oxygen deficient cashew nut shape silica.
* Minimal distance (2.5 nm) between active sites &maies the current density.
* Bimodal mesoporosity and OVs endows cashew nuteskdiga with high specific
capacitance of 337 F'qat 1 A g™.

* Flexible solid state device exhibits good capaeitiehaviour even in deformed state.

1. Introduction

The alarming issues of environment [1,2] and clearergy demanchave triggered

researchers towards designing advanced green estergge devices. Supercapacitors (SCs),
a new class of energy storage devices, meet thartisiof advanced applications requiring
high power delivery [3]. SCs have been considere@@-friendly energy storage devices
with commendable features like high power dendigt charge—discharge characteristics,

peak operating voltage, long cycle life and religb[4—7].

In order to realize good performance, there shbelé balance between specific surface
area and conductivity of the material. Use of peffauge surface area materials is one of the
key approach for shortening the diffusion pathwdy etectrolytic ions. To enhance
charge/discharge rate, several conductive agemtsnaorporated into electrode material
[8,9]. However, effective volume density of the electrénvscmaterial decreases by addition

of conductive agents [10Thus, to boost the conductivity as well as porgsitgdification in



composition and structure of the electrode matersala wise strategy. Silicon, a
semiconducting material [11] has recently gathatsehtion in the area of energy storage due
to its high abundance in earth crust, easy avéiigbminimal environmental impact, high
thermal stability [12] and unique electronic anehcal properties. Porous silica (derivative
of silicon) offers desirable properties such ashhsyrface area, low toxicity [13high
differential capacitance (upto 180 pF ©njl14], hydrophilicity [15],and excellent chemical
stability [16] enduring harsh environments like higemperature and strong acids/bases.
Although silica has been explored in Li ion bagerj17—19], but the studies on utilization of
silicon [20-23]and porous silica [24—-28] as an electrode in s@pacitors are lacking. A
vast array of morphologies [29-32)d the presence of large number of hydrophilitaser
groups (e.g. OH) [33,34hake silica appealing as an energy storage matdniatarlier
studies, improvement in capacitance of carbon r@dets using Si@nanoparticle [35] as
fillers has also been reported by Leonerdl. Other reports in continuation endorse the role
of silica particles in polyaniline matrix in achiag better cycling stability [36]. Even though
there are numerous advantages associated wita, ikt low electronic conductivity [37] i.e.
its insulating nature (wide band gap) limits itpkgation as a capacitive electrode. Hence, it
is extremely desirable to improve the conductiatysilica electrode. To eliminate this issue,
we have introduced intrinsic defects into the gtreee of silica. Electrochemical and
electronic properties of metal oxides are strongfiuenced by the intrinsic defects [38,39].
Introduction of oxygen vacancies (OVs), one of itneinsic defects is considered as an n—
type dopant. These dopants improve the kineticchafge storage and conductivity of the
material by shifting Fermi level close to the codiiion band [40].Since, the formation
energy of oxygen vacancy is small, it can be easilyoduced as anion vacancy into the

metal oxide [41].



Different from previous studies, here silica isth@sized in cashew nut shaped morphology.
This morphology provides more active edge sitegherparticipation in redox reactions. To
further obtain the porosity in ionic accessibleganetching is carried out. Generally, etching
deals at high temperature using corrosive and Hamaretchants (e.g. HF) [42)e have
adopted etching based on the spontaneous dissolatid regrowth of silica using NaBH
(etching agent) and PVP (surface protecting agé3f) The abovementioned process does
not require harsh conditions and can be performetthe absence of inert atmosphere, thus
turning out to be completely facile, green and ecoical. Interestingly oxygen vacancies
(OVs) with the aid of NaBkl were introduced on the surface accompanied lage s
mesopores. Mesoporous structure helps in providingrge accessible surface area for ion
transport/charge storage and also act as a bujfeaservoirs [44—-46Whereas oxygen
vacancies (OVs) build the localized states belogdbnduction band so that valence band
can easily overlap with the conduction band [4His in turn improves the conductivity of
silica with enhancement in the active sites folosetkactions. Further, calcination treatment
enriched the silica with small size mesopores. Thhe final product exhibits bimodal
mesoporosity with ample amount of oxygen vacamissiBimodal porosity is shown to have
significant role in improving the ion-transport kiics [48] as it increases the
electrochemically active surface area of the sitiganearly four times than the BET surface
area. In the present study, we have elucidatedyhergistic effect of bimodal porosity and
oxygen vacancy on the electrochemical performamatlioa electrodes. Oxygen deficiency
in silica results in a huge improvement in numbeércarrier/donor densities that in turn
increases the rate of electron transfer. The demuaif oxygen from the SiOstructure
generates enormous free electrons that directetdréimsition in behaviour from insulating to
semiconductive [49]This also lessen the potential barrier exist inMeen Fermi level of

silica electrode and redox potential of electrol{s@]. The oxygen deficient mesoporous



cashew nut shaped silica electrodes acquires maxiemergy density of 46.86 Wh Kat
power density of 537.59 W Kg The mesoporosity in the structure helps to ataicellent
cycling stability upto 10000 cycles by acting adféned spaces. For portable application, a
solid state and flexible device is much neededeHee have fabricated flexible solid state
device to meet the growing demands of wearablenamiaturized electronic devices. The
assembled flexible solid state device shows a \ithy change in the capacitive behaviour
under normal to bend conditions and exhibiting gpetensity of 2.16 Wh Kgat 166.05 W
Kg®. The uniqueness of our work is the utilization fatile and economical method in
development of silica as a charge storage mateyialsing synergism of mesoporosity and
oxygen deficiency. The above characteristics mtagita explore silica as an alternative to
carbon and metal oxide in the development of flexilight weight and environment friendly
supercapacitor. To the best of our knowledge, rah suwork based on the Oxygen deficient
and bimodal mesoporous silica as a charge storageriad with such high electrochemical

performance has been reported so far.

2. Experimental section

21. Synthesisof SO,

SiO, was prepared by a surfactant assisted sol-geladeath a Stober’s solution. The
molar ratio of the TEOS (tetra ethyl orthosilicat€TAB (cetyl trimethyl ammonium

bromide): NH (agq. ammonia): §4sOH (ethyl alcohol): HO reaction mixture was 1.0:
0.38: 4.8: 39.1: 514.33. Initially, the mixture BEOS, ethanol, CTAB and water was
stirred for 3 h followed by the addition of amman#fterwards, it was continuously
stirred and heated to 70 °C for 9 h. As obtainedembroduct was centrifuged at 5000
rpm for 10 min and washed several times with ethand water. This solid product is

named as as-synthesized silica (AS).



2.2.  Yynthesisof Etched SO,
Firstly, AS (0.3 g) is dispersed in 150 ml watedahen it was further ultrasonically
dispersed with 0.29 g of PVP (polyvinylpyrollidorie)15 ml of water. To this solution,
0.6g etchant NaBH(sodium borohydride) was added under vigorousirsgirat 56°C
for 5 hrs. After etching, product etched silica E#&s washed using centrifugation and
was further calcined in air at 55C for 5 h for effective removal of CTAB [51The
resultant product is named as etched calcinedas(i©CS). The overall procedure is

schematically shown in Fig. 1.
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Fig. 1. Schematic showing the procedure involved in trsesis of etched-calcined silica
(ECS).
2.3. Characterisation
Structural framework of the powder sample was a®lyusing a BRUKER, TENSOR
27 FTIR spectrometer. X-ray diffraction pattern wasorded (2 to 80°) using XRD
BRUKER D8 advance with Cu,K.54 A. Raman spectra was measured on RENISHAW
INVIA  REFLEX MICRO-RAMAN spectrometer. The surfaceomposition was

estimated by Thermo Gravimetric Analysis (LINSEt8 &ir and PERKIN-ELMER for

6



24.

nitrogen) and X-ray photoelectron spectroscopy (XRXIS ULTRA 165 with C 1s
peak at 284.8 used as standard). The overall catiggpsvas evaluated by EDAX
(Energy Dispersive Spectroscopy). The band gap dessrmined using Tauc plot via
optical (UV-Vis, UV-2600 SHIMADZU) spectrophotometéConductivity measurement
was carried out at Keithley 4200-SCS at room teadpee. Surface area was examined
by BET technique (Quantachrome ASIiQwin). High rasoh transmission electron
microscopy (HRTEM, Phillips Technai T-300 microsep@and field-emission scanning
electron microscope (FESEM, ZEISS GEMINI) were emgpd to study the
morphological feature of the samples. Cyclic Voltaetry (CV) at different scan rates
and Electrochemical Impedance spectroscopy (EIS earied out in the frequency
range of 10 mHz-100 kHz by CHI 604D electrochemiealalyzer. Galvanostatic
Charge-Discharge (GCD) and cycling measurement® weorded using Potentiostat
Galvanostat EIS Analyzer PARSTAT 4000.

Cell Fabrication

3.0 mg of ECS (20 % acetylene black) was ultrasdlyiclispersed with 3 pL of Nafion
binder in isopropyl alcohol. This mixture was depesonto 1.0 crharea of the polished
graphite sheet and was dried overnight at 80 °GsM@ading was found to be 0.7 mg
cm? ECSJ||ECS cell was fabricated by sandwiching am déonducting separator

membrane between two electrodes.



3. Resultsand discussion
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Fig. 2. Structure and compositional analysis of sili@:Raman spectra of AS and ECS. (b)
TGA analysis of ECS in air and nitrogen. (c) XP&a&m of Si 2p (ECS). (d) XPS
spectra of O 1s (ECS).

Fig. 2a shows the characteristic Raman peaks ioa4b2-54]. Raman spectra of the ECS

shows broadened peaks as compared to the ASkriisn that phonon confinement effect

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

peak broadening and red shift of Raman spectra. [B&}e, the possibility of phonon

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

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

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

ECS thermograms in air and Nitrogen ambient confimmpresence of oxygen vacancies. It

is observed that there is a less weight loss imsicompared to nitrogen. Approximately



17.25 % oxygen vacancy is concluded from TGA analysat warrants the change in
composition from Si@to SiO es Si 2p XPS spectra (Fig. 2c) of ECS with peak iuh
104.4 eV also suggest the change in compositio8i©f [15].The O 1s (Fig. 2d) binding
energies 532.93 eV, 534.04 eV and 537.56 repre®@ntOH and chemisorbed water
respectively [56].The calculated surface composition of the ECS frERS is SiQ o
changes from Si@gof AS (Table. S1). Both TGA and XPS results areselto each other
and hence confirming the compositional change licasi Further amorphous nature and
structural framework of silica is also confirmed ByIR and XRD analysis (Fig. S2a and b).
FESEM micrographs in (Fig. 3a, b and c) depict eashut shaped morphology of

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

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

(ES). (c & e) etched-calcined silica (ECS).
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Fig. 3d, high resolution FESEM micrograph of E8strates the surface roughness on
the cashew nut shaped structure after etchingntesdt During etching process, reduction
occurs and creates oxygen vacancies (OVs) thatrpettie arrangement of Si-O units on the
surface [57] leading to a defected surface. Aftaicination, some small pores are also
generated (Fig. 3e) which results in an overallddal mesoporous structure with oxygen
vacant sites at the surface of ECS. This defectided surface with abundant oxygen
vacancies (OVs) behaves as a quantum well in wihielelectron hopping take place [58].

TEM micrographs (Fig. 4a) of AS depicts that th®©Sparticles as seen in FESEM
are ~ 2am in length. The high resolution TEM micrographAf in Fig. 4b suggests that
there is a negligible/inaccessible porosity. Aashing with NaBH, the TEM micrograph of
ES (Fig. 4c) reveals rough surface owing to theawth of silica. Zhanget al. 2009 [43]
proposed that two separate processes are involvextching, one is dissolution of SIO
owing to high basicity of NaBiHsolution and other is regrowth of silica on incieg
concentration ofBO;ions (released on reaction of NaBWith water). Retention of surface
morphology even after etching process is due toRW® which serves as a support to
preserve morphology. The role of PVP molecule isbkack the outward dissolution of
silicate [59].

TEM findings (Fig. 4d) indicate occurrence of sgochemical etching that creates
surface defects resulting in pores. Pores of ~1arerevidently seen at the surface of etched
cashew nut structures. Etching not only introdutesopores in the structure but also alter
the surface stoichiometry of oxygen. Post etchimdcication treatment decorated the
morphology with smaller pores of dia. 6-7 nm, whiake clearly visible in the TEM
micrograph of ECS (Fig. 4e and f). Successive atrhnd calcination treatments resulted in
bimodal porosity and oxygen vacancy in silica pées without affecting their size and

shape. TEM micrographs suggest that the poresnéeeconnected and form channels to
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provide swift passage to the ionic charges andtreleic transfer [60]TEM and FESEM
results are further confirmed by BET measuremenq. (§3a and b) which proves the

existence of bimodal mesoporous structure with BB surface area ~ 878°my™.

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

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

The electrochemical performance of silica electsodéas studied using a three-
electrode cell in 1.0 M 80, electrolyte, with Ag/AgCl as the reference andaBtthe
counter electrodes, respectively. Fig. 5a showsvtiitammograms of AS, ES and ECS
measured at 5 mVs Enclosed area in the voltammogram obtained fra®8 Bvorking
electrode is greater than ES and AS. The large amear the voltammetric loop i.e. high
charge storage in ECS demonstrate the combinedtadyes of bimodal porosity and oxygen
vacancies into the structure. These results disp@p as best performer among these

electrodes (AS, ES and ECS) for charge storageuistyglot in Fig. 5b, suggests that the
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ECS electrode is more capacitive compared to alemtrodes whereas, Bode angle of ECS
(inset Fig. 5b) is slightly larger than ES. To het understand the reason of more capacitive
nature of ECS electrode, Mott—Schottky plot(&. V, where C= -14#Z7") was analysed at

a frequency of 10 kHz. In Fig. 5c, ECS electrodevehthe positive slope indicating the n—

type dopant. The slope of Mott—Schottky plot isduge estimate the carrier/donor densities

using equation [61].

v ([ @

(12200

Where,Nq is the carrier concentration or donor densggycharge of electrorg is the
dielectric constant of SKX3.9) [62], ¢, is permittivity of vacuum,C is the capacitance and
V is the applied potential. The carrier/donor dgnsélculated from the above equation is 3.0
x 102* cm®for ECS suggest good electronic conductivity, sitiee electrical conductivity
is directly depends on the carrier/donor densiB)].[&s the donor density increases, current
density should also increase because the tunnepimdpability of electron increases.
Tunnelling probability depends on the distance leetwthe active sites and this distance can

be calculated from the expression:

73 (2)

To calculate the distance between active siteerthin film of geometrical area 1ém
the actual thickness of film 2000 A is also conside Therefore, for this the carrier density
calculated is &10"° cmi® and distance between the active sites is estinmatbd 2.5 nm that
is much less hence escalating the rate capali@}; Rate of electron transfer also enhances
as it is an exponentially decreasing function ainelling distance [58]To discover the
impact of OVs on the band gap of ECS, UV-vis se(fEg. 5d) is recorded. The direct band
gap energy for ECS is reduced to 2.1 eV compardbet@reviously reported value [6idy

SiO, due to the generation of defect related energyldea® well as the bimodal mesoporous
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structure. Hence, it can be inferred that oxygeocamaies not only improves the rate of

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

band gap.
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Fig. 5. (a) Cyclic voltammograms of AS, ES and ECS. (b) Nggplot of AS, ES and ECS
(inset shows Bode plot). (c) Mott—Schottky plotE€S. (d) UV-visible spectra ( the
inset displays Tauc plot) of ECS.

To evaluate the synergistic effect of bimodal piyosnd oxygen vacancies over ECS
electrode, electrochemical measurements were daroet. Fig. S4a shows the
voltammogram of ECS electrode at different scaastathe specific capacitance calculated
at 5 mV & in Fig. S4b (Supporting Information) show a highiue of charge stored (705.0 F
gl). Furthermore, the ECS electrode demonstrategagilent cyclic stability with more than
112 % retention after 5000 cycles due to the hayhier concentration that improves the rate

capability (Fig. S5).
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To further understand the dependence of chargagaarn scan rate, Trasatti plot is
analysed [65,66]According to Trasatti, the total charge stored (g the sum of the
contribution of charge provided by inner)(gnd outer surface {gof the electrode. Due to
the faster kinetics, the amount of charge storath@énouter surface is diffusion limited and it
is calculated by linear fit of ovs v™>?when the scan rate i.e.=x (Fig. 6a). Similarly, the
total charge stored is evaluated by making linéan fthe curve of 1/qvs v'? atv = 0 (Fig.
6b) as here diffusion of ion is unlimited. The ob&l charge at the outer surface) (g 59.47
C g* and the total amount of charge storeg {§ 227 C @. The value obtained forofg
(25.99) illustrate higher inner active surface cimition compared to outer active surface
due to high ionic mobility and swift pathway forasige carriers in the wide mesopores.

In order to identify the mechanism behind the chatgred in ECS electrode, kinetics
of charge storage at different potential is studi@dmmonly, the total amount of charge
stored originates from intercalation/de-intercalatand capacitive mechanism [67]. This is
characterised by studying the cyclic voltammogrardifferent scan rates using Power’s law
[68].

i (V) = av? (3)

Here,a andb are the adjustable parameters arid the scan rate (V3. Value ofb
can be determined from the slope of logs logv. There are two conditions i.e. for= 0.5
major contribution arises from intercalation/deeitilation of ions However, fdo = 1
capacitive process dominates. Fig. 6c illustratesplot of logi vs logo at different potential
and depicts the value d&f closer to 0.5 at each potential (Fig. 6d). Thebelates charge
storage mechanism in ECS is intercalation/de-iataton (charge storage is diffusive).
Large mesopores of 10 to 18 nm are suitable forintercalation mechanism. They offer
large surface area and in turn decrease the cuttestsity per unit surface area i.e. reducing

the electrode polarization and improving chargedfer [69].
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The current contribution from capacitive and in&ation mechanism can be

determined using the following equation [70].

(V) = ka () + ks (9)2 (a)

Plotting thei (V)/v¥? vs v*? determines; andk; at each fixed potential. The value of

ki(v) andk(v)*? corresponds to current contribution from capaeitwd diffusion controlled

intercalation mechanism respectively. At lower scaies contribution from intercalation is

maximum whereas on further increasing the scan iraecalative contribution decreases

leading to the enhancement in capacitive curresefiFig. 6d).
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Intercept of high frequency Nyquist plot (Fig. S6a&) the real axis depicts the
magnitude of solution resistanff®,) of 2.9Q (inset Fig. S6a) [71]. The smaller valueRafis
due to the good contact between electrode andreliget owed to the high surface area. In
the Bode plot, observed phase angle for ECS ~({5§° S6b) at 0.01 Hz suggest effective
ion diffusion in mesopores at mid frequency regidhis deviation from ideal capacitive
behaviour is attributed to broad pore size distrdyuin mesoporous range. At the same
frequency, penetration odc signal varies for different pore dimensions. Thémads to
frequency dispersion in which low frequency impedarbehaviour is shifted from the
theoretical vertical line [72,73].

Specific capacitance increases considerably witlea@ease in the frequency at the
low-frequency region (inset Fig. S6b). From thipagitance value, electrochemically active
surface area i.e. the accessible surface areaeoéldttrode is estimated to be 3179 gii
which is much higher than the BET surface areas Taige difference is ascribed to the
reason that the BET measurement does not includdayer surface area. Specifically, the
availability of this high electrochemical surfaceea with less effective distance for
electrolytic ion and electron transport is favodedior intercalation of electrolytic ions.

A shorter Warburg region (17.78 Hz-3.61 Hz) (Fig&®@a Supporting Information)
corresponds to high ionic diffusion in ECS [74pnic diffusion can be evaluated from the
plot of real part of impedance and reciprocal reqiare of lower angle frequency shows a
straight line (Figure S6¢ Supporting Information).

High value of diffusion coefficient (1.08 10° cnt s?) validates less inhibition in
movement of ions across the wider pores that arma®d by the BJH adsorption value of
average pore diameter of 7.4 nm. The credit foh legic mobility goes to internal voids and

reduced tunnelling distance between the active.site
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GCD measurements (Fig. 7a) of ECSJ|ECS cell afompeed at increasing current
densities. The GCD characteristics demonstrateétes triangular shape indicating nearly
identical charge and discharge. The slight deuiafiiom isosceles triangular character is due
to the contribution from surface redox reaction hofdroxyl group [21].The specific
capacitance is evaluated from GCD measurement$oand to be 337.0, 218.0, 142.0, 98.0,
70.0 and 52.0 Fyat current density of 1.0, 2.0, 3.0, 4.0, 5.0 &dA g* respectively. High
capacitance with low ESR of 0.@5(inset Fig. 7a) indicates towards the less consiomof

energy during charging/discharging [75].
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Fig. 7. (a) Galvanostatic charge/discharge measuremenC8{|ECS (inset shows plot of IR
drop vs. current density). (l§agone plot of ECSI||ECS with literature reporteldies

(c) Cyclic stability of ECS||ECS at 100 mV.s
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Etchant NaBH reduces few of silica to silicon thus boost the drartivity without
removing SiQ core [76]. This lowers the density of silica andighincreases specific
capacitance of unit mass. The gravimetric capao#tai ECS is relatively high compared to
previously reported values for porous silica atid@n [22—26].

Fig. 7D, illustrates the performance of the ECSHEsell. It is inferred that ECS
possess a high energy density of 46.86 WH &g537.59 W Kg at a current density of 1 A
g*. Fig. 7c, shows 111 % of capacitance retention @000 cycles. This implies, ECS is an
excellent material for supercapacitor device. Thason behind this appreciable cycle
stability may be mesoporous structure with hydrbplsurface functionality as it allows the
wettability of the electrode/electrolyte interfaaad also the large number of carriers that
enhances the rate of transfer of electron. Conisiglehe specific capacitance and energy
density, the performance of present work is congpavith the other silica based electrodes

and electrolyte membrane in Table 1.

Tablel.
Electrode Electrolyte Specific Energy Reference
Capacitance (F g?) | density

Graphene coated 1-ethyl-3- - 4.8-4.9 Wh Kg 23
Porous silicon methylimidazolium 1 at 1000 W

tetrafluoroborate Kg*

(EMIBF.)
SiO, aerogel 1 M ENBF,/PC 625F( 13.5 Wh Kg-1 24

at 1200 W Kg-
1

Reduced 1 M H,SO, 318F ¢ 17 Wh Kg" at 27
graphene oxide- 100 W Kg*
silica in
polyaniline
10% silica doped 1 M H,SO; 368 F ¢ 37.4 Wh Kg' 36
nanopolyaniline at 430 W K¢
Stainless steel | silicotungstic 23 uF cmi® - 77
foll acid(SiWA)-

H3POy-

PVA/SIO,
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0.2

SiO2@C/TiO2 1M KOH 1018 F'Jg - 78
MWCNT Si0,, PVDF and 717F @ 32.2 Wh Kg" 79
imidazolium ionic at 900 W K¢
liquid
Oxygen 1 M H,SOy 337 Fg-1 46.86 WhKYy | (This
deficient,bimodal at 537.59 W work)
Mesoporous Kg?
silica
(a) o8 (b) |
@50mvs” - norma
~ 600{ 4 bend .
£ 0.4 ’
(3] . bend ’E‘ ) ..
E 0.04 BN 5400' S
e A deform E ¢ o _ . Wy
;&; ! N ee .0. % ,.::'.
§-o 4 —normal 2001 2T P -.;sn
o — bend L V‘/ '
_0 8 0 . . . Z"(ghm)6
00 02 04 06 08 1.0 0 200 400 600 800
Potential (V) (d) Z' (ohm)
(€) 1.0 200
@0.3Ag" — normal 3 -m-ECS /./_\.
0.8 ——bend £ 150 /./'
— g | / 165 % retention
> = -
— 0.6- 2 —"
8 © 1004~
£ 0.4 3
Q
° § 50
o =
1]
Q
©
o

0 v L A L) A\ L}
0 500 1000 1500 2000 2500 3000
Cycle number

0.0

0 20 40 60 80 100
Time (sec)

Fig. 8. Electrochemical performance of flexible solid st&CS||[ECS device: (a) Cyclic
voltammograms. (bINyquist plot. (c) Galvanostatic charge/dischargarabteristics.
(d) Cycling stability at 100 mV's

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

device using active area of 1ceilcm with PVA/H,SO, [80] (gel electrolyte) and flexible

graphite (substrate). Fig. 8a shows the compamgddV voltammogram under normal and

bend conditions, revealing no change in the shdpeuore that confirms the structural
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integrity of the device. Further, Nyquist plot (F8pb) shows slight influence of mechanical
deformation on the device with a minimal increaésaution resistance. However, in both
normal and bent conditions straight line nearlyaflar to imaginary axis depicts good
capacitive behaviour of the device. GCD charadiesisn Fig. 8c demonstrate the similar
charge discharge behaviour in both conditions. dih de clearly seen that mechanical
distortion has no major effect on capacitive perfance of the device and shows an energy
density of 2.16 Wh K at power density of 0.16 KW Kgcomparable to other solid state
devices [81-83]. Cycle life is another parameteret@luate the performance of device.
Interestingly, solid state flexible device showgaatance retention of 165% after 3000
cycles (Fig. 8d) indicating excellent stability @évice. The high mechanical and electrical
strength is attributed to the interconnected mesmmo structure and abundant oxygen

vacancies.
4. Conclusions

In summary, the etched-calcined silica (ECS) emudcith abundant oxygen vacant sites
and mesopores is employed as a charge storageahd&s?S along with oxygen vacant
sites acquires large electrochemically active serfarea (3170 Mg?) to ensure the
maximum utilization. These oxygen vacant sites wdiktinguishable interconnected
pores provide less inhibition in diffusion of eledytic ions by enlarging the
electrode/electrolyte interfacial area. Oxygen waezs (OVS) in silica ameliorate the rate
of electron transfer and decrease the band gamdrgasing the carrier concentration
(3% 102* cm®) and reducing the distance between active sités 1fth). The oxygen
deficient ECS cell shows a high performance of B3g* at 1 A g' that is mainly
attributed to bimodal mesoporosity and the highceottration of carriers. In addition,
more than 110% capacitance is retained up to 1@90i@s that are mainly attributed to

the mesoporous structure. Furthermore, solid gtiermance of flexible device of silica
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elucidated it as an excellent material for portednte flexible electronic device. Hence,
this work proposes a wise strategy to make silieged materials capacitive by
introducing OVs and simultaneously inculcating bdabmesopores in the structure. This
study might lead to further progress in researcsilmia as a charge storage material.
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