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ABSTRACT

Micro-super capacitors are important on-chip micro-power sources for miniaturized electronic devices. Although
the performance of micro-super capacitors has been significantly advanced by fabricating nanostructure materials,
devel oping thin-film manufacture technol ogies and device architectures, their power densities remain far from those
of electrolytic capacitors. Here we demonstrate the importance of synergistic effects between Stanene and
molybdenum dioxide (MnO,) and their beneficial role as composites for Electrochemical Capacitors (ECs). Based
on the first principle calculations, we find two- dimensional tin films, Sanene are Quantum Spin Hall (QSH)
insulators that can be effectively tuned by chemical fictionalization and by external strain. First , introduction and
the properties synthesis strategies and the use of Staneneis briefly given followed by a review on the preparation of
Sanene/MnO, composite and finally the prospect and future challenges of it for energy storage are discussed.

Keywords. Quantum Spin hall, Micros Super Capacitor, Topaablnsulator, Stanene

INTRODUCTION

To satisfy the recent needs for renewable and isati@ power sources in modern electronic industgently
many efforts are being made in developing energyage devices which are light weight, flexible and
environmental friendly in nature, such as capasitand batteries. Super-capacitors, also called-o#ipacitors,
bridge the differences between conventional antlaigmable batteries. Theyare the state-of-thenangg storage
devices which have become one of the most promisarglidates for next-generation power devices lzecaf
their fast charging/discharging rate, high powensity, sustainable cycling life (millions of cyc)esand excellent
cycle stability.Super capacitors provide up to 00,0arads/1.2 volt, which is 10,000 times that tectolytic
capacitors, but it consumes half the power per timi¢. To contrast, while super-capacitors haveag@ndensities
which is approximately 10% of the rechargeableebsts but their power density is generally 10 t® itnes
greater. This leads to ultra-fast charge/dischargeles than batteries. In recent years super-cepacior
electrochemical capacitors have attracted conditieiaterest as energy storage devices. Super itayzaor ultra-
capacitors store charges only at the electrolyetedde interface of active materials through rapgdersible
adsorption/desorption of ions.

The kind of the energy storage is defined by thieyong equation,

E :Ecv2 (1)

2
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Based on the charge-storage mechanism as mentioneguationl, super capacitors can be classifitdl two
types- Electrical Double Layer Capacitor (EDLC) aRdeudo-capacitor. The EDLC is mainly dominated by
electrostatic charge diffusion and accumulatiothatinterface of the electrode/electrolyte. Thisgiple allows fast
charging and discharging for a better performaRseudo-capacitors is governed by Faradic/RedoxtRaaat the
surface of electrode materials to accumulate sigecdipacitance. Both Double layer capacitance aseligo
capacitance contribute to the total capacitanceevaf a super capacitor. However, the ratio oflibth can alter,
depending on the design of the electrodes and #iterials with which the electrolyte is composed Tofpically,
super capacitors deliver a power density whicmismler of magnitude larger (10,000 Wh ¥ ghan that of lithium

ion batteries, and an energy density that is twwesi of magnitude higher (10 Wh RKgthan that of electrolytic
capacitors.

As compared to the electrolytic capacitors they hawme capacitance values of 10,000 times; up t00D2F at
working voltages of 1.2 V. In terms of Specifiovger and energy, this gap covers several ordersaghitude.
While existing super capacitors have energy desssitiat are approximately 10% of a conventionaiebattheir
power density is about 10 to 100 times as greaits Takes charging and discharging of super capacitaich
faster than batteries. Additionally, they will beaany more charge and discharge cycles than ketteBased on
these storage mechanisms the electro-active miatesad to fabricate super-capacitors are cladsdie Carbon
based material, Conducting polymers, Metal-oxidasdes/hydroxides/sulphides. eg: Composite malteile
Graphene/Mg0,, Co;04/Graphene, Sulphur/Graphene, Graphene/Mi& Sn/GrapheneFigure la states the
electrochemical double-layer capacitance, whereggnis stored by forming an EDL of electrolyte ioas the
surface of conductive electrodes and Figure 1lb qseapacitance, where redox reactions occur closthe
electrode surface.

Fig la Fig 1b

Figurel depictsthe Schematic of chargestoragein EDLCs

I. Review of Micro Super-Capacitors

Currently, conventional lithography or inkjet /sere printing play an important role in fabricatio super
capacitors [1]. However these techniques normatlyolive complicated lithographic process, toxic chein
treatments and harsh fabrication conditions thesltiag in high production cost. The limitationtbiese techniques
motivates us to find out other simple, cheap amh liutput method to fabricate planar solid stafgesweapacitors
with high performance .Hence, we suggest a methadanufacture and design solid state micro-supeaaditor.
Micro-super capacitors represent one type of thelyneleveloped miniaturized electrochemical energyrage
devices.

Due to theShort lon Diffusion Length they offer power densities that are many timegdaim magnitude than those
of conventional batteries and super capacitorsiodarminiaturized electronic devices, such as miatieries or
energy —harvesting micro systems can be directlgufeectured and integrated from these on chip milmraices,
thereby providing excellent nano/micro-scale peawegr [7,8]. In the recent past through the fabrozabf nano
structured electro active materials (such as cerbtived carbon and carbon ions, amorphous nitkdloxide),
the development of thin-film manufacture technodsgi(such as electro chemical polymerization, im-suction,
co-precipitation, inject printing, and layer —by4ds assembly) and new device architectures, gfeatehave been
made to increase the energy and power densitiesiab-super capacitors. To this end, it is esskfidabricate
thin —film electrodes with a high electrical contluity, advanced interfacial reliability of the nmicomponents
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(electrode, separator electrolyte and substratth) ighly accessible electro chemically activatadace area, and
an elaborate device structure with short ion diffngpathways.

1. Selection of Electrode Material for Micro super Capacitors
3. a) Existing material Manganese Dioxide
In recent years, Manganese oxide has drawn a @mabi@ attention as its raw materials are abunidamture; it is
environmentally friendly, cost-effective, nontoxiéth good electrochemical reactivity, environmerdgampatibility
and high performance pseudo-capacitance. Afterint@ntion in 1865, the MnQas a electrode has been
continuously improved. However, with the increasitggnand to make higher capacity energy sourcethéouse in
portable electronic devices has promoted an intensgsearch effort in developing new electrodescitare
suitable for delivering high energy density .At @ading level of 0.4-0.5 mg cm-2 the maximum specifi
capacitance (SC) for MnO2 is 240 FlgBut, as per recent reports the theoretical spec#jmacitance of MnQs
1370 F/g based on its charge storage mechanisnoxRedctions between the Ill and IV oxidation swftén ions
involved in the pseudo capacitive (faradic) Reaxgioccurring on the surface and in the bulk ofdleetrode is the
major charge storage mechanism for manganese oxidigrated manganese oxide exhibits a low specific
capacitance of 100-200 Bgue to poor conductivity and lack of structurabitey .However, due to its poor electric
conductivity (10-5-10-6 S/cm) such high theoreticapacitance has not been achieved in experimengésidition,
when the loading of Mn@is in a high weight percentage in the electrode,MnQ is densely packed and then has
only very limited accessible surface area for pgréting electrochemical charge storage procesghwkemarkably
increases the contact resistance and in turn deesdhe specific capacitance.

Therefore, to maximize utilization of the pseudpaety of MnQ, keeping its thin film morphology while
providing reliable electrical connection becomes arf the essential criteria in designing high-perfance
electrodes for Mn@based electrochemical super-capacitors. Such vagiles can only be obtained practically at
very low loading levels for very thin layers of Mp®or such thin layers the utilization of materialhigh. So
efforts are being made to enhance the utility byfastiant-mediated electro-deposition. An importavdy to
increase the material utilization and there by specific capacitance is to decrease the particke. flanometer-
sized particles of several materials have attractediderable interest in recent years as the pariezles are more
favorable for technological applications than largiged particles. The large surface-to-volumeoratinano matters
results in an increase in the chemical and elelstnmical activity. In the regions of electrochemidctions, which
include solid-state diffusion process, nano paticdre advantageous as they provide shorter diffysith length as
compared to the corresponding larger particleb@fsame matter.

In addition, MnQ electrodes are found to be suffering from lackstofictural stability and flexibility resulting in
degraded long term electrochemical cycle life. Amportant consideration for overcoming the poor tetetc
conductivity, mechanical and chemical stabilitiaad flexibility of MnG;, electrodes is to fabricate the electrode
architecture via applying an ultra thin layer of ®non the surface of a material that is having higtiaxe area, is
more porous and electronically conducting structorshorten the solid state transport for ions diffdision path
lengths of electrons. Through this a good electeatdbal performance can be obtained without saaridithe mass-
loading of the Mn@phase.

3. b) Proposed Topological Insulator-Sanene

Tin and Tin based compounds have been extensingbsiigated as high capacity electrode materiald.if@on
batteries, Capacitor, and various other energycesurSn has mass of 2.67 times that of graphitkeisretically
believed to provide 994mAHgHowever, Sn atoms tend to aggregate during repeateing, which induces rapid
loss of capacity of the electrode. Since grapheaeo-sheets[2] are flexible and naturally condectu it gives the
idea of considering counterparts of graphene ingr/A (1V) and group VA (V) elements of the periodable
through which recent progress in search of new Q@®dlators is being made. Among the group IV elasen
although lead (Pb) possesses the largest spin-anbfiling (SOC) strength but it is found out totbpologically
trivial due to its freestanding one BL thick filfiurning to Sn, which is the group IV element witte tsecond
largest SOC strength. As compared to Si or Ge iedépnt Sn exhibits a larger nontrivial band gaplasibeen the
subject of a number of previous studies. Tin commaisuSnX (X = H, I, Br, CI, F or OH) in one BL thidkyers are
predicted to be topological/QSH insulators, with ttydrogenated version called stanene.

The specialty of topological insulators is thatthgir very nature, they coerce electrons to movdeifined lanes
without any speed limit like an expressway as rigubrAs long as the electrons are on the free giatihe edges or
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surfaces, they will travel without resistance. Tiogcal insulators are new states of quantum matteresting for
both fundamental condense —matter physics and imaserence. Two-dimensional (2D) topological iregofs [2 ]
(TI) or quantum spin hall (QSH) insulators are elwterized by the presence of gapless edge stattectmd by the
constraints of time-reversal symmetry in an otheewnsulating bulk material, Whereas the surfaatestof three-
dimensional topological insulators are not protécagainst scattering at any angle other 180. Tire pparized
conducting channels at the edges of a 2D-TI are fiem backscattering, promising the robustnessoofiucting
edge states as well as low power consuming apglitatThe chemical symbol of tin is Sn, originatiingm the
Latin word “Stanum” for tin, therefore a monolayarSn film can be called “Stanene”, in analogy wgttapheme
and silicon. The new material has been christengehdit yet fabricated on a commercial scale. Stang kind of
‘topological insulator’, which means its interigran insulator but it conducts electrons alongutface. By making
the monolayer of tin that is only a single atontkhithe Stanene is essentially all surface, whildwa it to conduct
electricity with 100 percent efficiency at temperats up to 100 degree Celsius.

These unusual properties result from complex ictemas between the electrons and nuclei of heawynsatin

Stanene. Stanene has extraordinarily large bulls ¢af.3 eV), and by chemical fictionalization ang dxternal

strain its QSH states can be effectively tuned,theit use is benefitted from the abundant degféeedom in the
chemical functional group. In contrast to the plagaometry of graphene, a low-buckled configuratiérstanene
found to be more stable for stanene. For decoratadene structures (like stanane), they have destiB

configuration similar to graphane, with the cherhfoactional groups alternating on both sides & tlano-sheet in
their most stable configuration. The stability b&t2D tin films is further confirmed by phonon ad#tions which

project that there is no imaginary frequency.

All this make stanene intriguing for applicationorFexample, by controlling the chemical functiomation,

dissipation less conduction “wires” could be patest in an ultra-thin tin film of low power consurigst

electronics. To this day scientists are researchimd) trying to push the limits of various materigthanneling so
much electricity through it that the material'soflieal resistance causes the wires to heat upngiatly setting it on
fire. If stanene fulfills its expectations & prorasthen chips could get smaller and faster withomihing this risk
of overheating.Stanene could increase the speetbamd the power needs of future generations ofpaer chips.

Compared to stanene, in decorated stanene the $o+hlength slightly increases, the buckling af tim nano-
sheet decreases which causes the enhancement exutibrium lattice constant. Compared to staneleeorated
(or functionalized) stanene structures offer muchnarpossibilities which is clearly indicated in &ig2.
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Figure2 depictsthe structure of Stanene

I11. Electrode Fabrication with the proposed Stanene M aterial
As described above, one of the intractable issoiethé use of stanene as electrode for various psawces is that
the chemically derived stanene may suffer from agglration and re-stacking after the removal of elispd
solutions and drying due to the van der Waals auons thus consequently lowering the electro-cbaim
performance of stanene for micro-super capacitprT@ fully utilize the potential, cost-effectivesse nontoxic with
good electrochemical reactivity, environmental catitplity, high performance pseudo-capacitance Hd@l percent
efficiently conductive Tl stanene, we propose ttheai of fabricating Sn/MnfQelectrode to overcome the mutual
drawbacks and to form a next generation electroatenal which we expect to be an effective and fogzakmethod.
The aim is to maximize the practical use of the loioad advantages of both stanene and MnO2 as antterials
for improving the electrochemical energy storageac#ty and to lower or even solve the current etele problems
active materials.
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The active materials stanene and Mrjd] are pre-weighed before mixing them togethere Meight ratio of
stanene varies in relation to the conductivitylhef active materials.

A.Sanene Preparations

High quality tin oxide was synthesized from natu8alCh- 2H,O powders. In ethylene glycol after ultrasonifioati
for 1 h, it is followed by the addition of 0.1 mm®hCh- 2H,O powders. The mixture is vigorously stirred fdbed
time period, and then transferred to a Teflon liaetbclave of the required size, which is sealaetirmaintained in
an oven at 160 °C for 6 h. Afterwards, the blackcjpitates compound are collected, washed withwvater and
ethanol to eradicate the impurities. These impsitire isolated by vacuum filtration. The prodsdhien dried in a
vacuum oven at 60 °C, and further sintered at 3D@f% 4 h in argon to increase the crystallinitihheh the Sn®
dispersion was drop-cast onto a thin polyethylemeghthalate (PET) substrate as shown in FiguredaHowed to
dry for about 48 hour. The pre-dried Stanene oiddeémultaneously reduced and patterned in onestEess, into
a rectangle strip of the required length by Uniaktsaser Systems VLS2.30.

Figure 3 showsthe PET substrate

B.Electrochemical Deposition of MnO,

The electrochemical anodic deposition of Mri®to be carried out in (CH3COOMN.4H,0 electrolyte at a fixed
voltage(Ag/AgCl (KCI saturated)) using Pt-wire ag@unter electrode and Stanene/PET substrate asrkang
electrode. The mass of the deposited films is oliett by adjusting the total charge passed thrahghelectrode
during the deposition process. The estimated neesdiig of the deposited Mp@ilm can be 10, 50, and 100
pg.cnf. To improve the crystallinity of Sn in MnpQthe product was annealed at 200 °C for 15 h gomr
atmosphere.

IV. Material Characterization techniques
The following materials characterization techniqoas be implemented in the research paper to fgeht phases,
present the textural features, and determine thepositions of the as-prepared materials

A.X-ray Diffractometry

It is a non-destructive analytical characterizatinethod to determine the crystal phase and strictan X-ray
beam is generated by diffract meter which hitsgample as a function of polarization, incident &tsered angle,
and wavelength or energy. The Stanene/MnO2 sampéetcular atomic arrangement within unit cell ahi will
lead to particular relative intensities which aeearded as diffraction peaks. Therefore, from thguéar positions
of the X-ray diffraction results the unit cell siaed geometry may be resolved.

B.Raman Spectroscopy

It is a non-destructive spectroscopic techniquelus study rotational, vibrational and other loeegfuency modes
in a molecular system. The laser light in the Rarkticroscope focuses on the test sample and intersith its
vibrations or excitations at a molecular level, grting shifted laser photons, which are immedyjatetorded on a
Raman spectrum. The resolution of the Raman speatrde enhanced by accumulated scans with a lexgesed
time.
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C .Scanning Electron Microscopy

Using the excited electron beam and SEM imagesrglsaby scanning it in a raster scan pattern. Thms that
make up the sample produce signals during eachtedadeliver information about the sample's compasjtsurface
topography and electrical conductivity.

D. Tunneling Electron Microscopy

In a TEM the high end electron beam is transmittedugh an ultra-thin sample on a copper grid,ratteéng with

the sample as the electrons pass through to gerietages. TEMs are capable of imaging at a verly hegolution

to reveal information at nanometer scale, suchatiice planesg-spacing, etc., so they have better resolution than
SEM.

E.Atomic Force Microscopy

To overcome the drawback associated with Scanninfu&neling Microscopy, a very powerful high-resaat
scanning probe microscopy AFM was developed to wbidly deals with conducting and semiconducting@am
AFM uses electric potentials to detect surfaceuiest by conducting cantilevers, which are equippéd high-
resolution silicon tips to engage with the sampidace, moving along it in different modes and neitog signals as
electric-potentials.

Figure 4 Stepsinvolved in materials characterization techniques

V. Electrochemical Characterization Techniques
The electrical conductivity of the films of Stanesred Birnessite [5] can be calculated using thiefohg equation
2,
10’

S= " " (2
R *4.532%,

WhereSis the electrical conductivity (in S ¢M), Rsis the film resistancef) measured by a standard four-point
probe system with a Kiethley 2700 Multi-meter aggli$ the film thickness (in nm).

Calculations
The capacitance values will be calculated fromG@hedata according to the following equation3

Cooice = oy | V)V @

where Geviceis denoted as the capacitance of the new electraderial,v is the scan rate (in VY, V;and \ are
the integration potential limits of the voltammetrgurve and I(V) is the voltammetric discharge eantr (in
amperes).
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Specific capacitances would be calculated basetherarea or the volume of the device stack accgrtinthe
equation 4.

C = Cdevioe / A’ Cstack = C

area device /V (4)

where Gea(in F cm?) and Guein F cmi®) refer to the area capacitance and volumetridstapacitance of device,
respectively.A is the total area (cfhand v is the volume (cthof the device. The area capacitances would be
calculated based on the entire projected surfaea aff the device, that includesthe interspacesdeivithe micro
electrodes and their area. The volumetric staclacitgnces is to be calculated by taking into actéb@ whole
volume of the device, including the volume of comip® electrodes, the interspaces between the
electrodes,electrolyte separators, current colte@ad gel electrolyte .

The electrochemical performance of the solid-stiaigce would be shown in the Graphical plot thauldde based
on the volumetric stack capacitance and measurddrithe same dynamic condition from the dischargges of
cyclic voltammetry. The energy density of the deweould be obtained from theformula given in equab,

1 (V)
E==(C.. * 5
2( sack 360 ®)

whereE is the energy density (in WH ¢f), Cyiacis the volumetric stack capacitance obtained fromadon 3 and
AVis the discharge voltage range (in volts).

The power density of the device shall be calculétech the formula given in equation 6
E
P= ~ (3600) 6)

P is the power density (in W ¢, E is the volumetric energy density ajdlis the discharge time (seconds).

RESULTSAND DISCUSSION

In a composite, stanene provides chemical funclityrend compatibility to allow easy processingMhO, in the
composite. The Mn®component mainly provides high capacity dependingts quantity, size and crystallinity.
The resultant composite is not merely the sum efittdividual components, but rather a new matevigth new
functionalities and properties. From the viewpaifistructure, on one hand, Mp@nchored or dispersed on stanene
not only suppress the agglomeration and re- stgaifrstanene but also increase the available sidiaea of the
stanene alone, leading to high electrochemicaViagti

(b}

Figure 5 Schematic of structural models of stanene/M nO2 composites: (a) Anchored model: nano-sized oxide particles are anchored on
the surface of stanene. (b) Layered model: a structure composed of alternating layers of MnO2 nanoparticles and stanene. Stanene and
MnO2 particles are mechanically mixed and stanene forms a conductive networ k among the MnO2 particles. Red: MnO2 particles; blue:
stanene sheets
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Stanene MnO2 nanocomposite

. Synergistic
_+ ——
) L effect

Figure 6 Schematic of the preparation of stanene/metal oxide compositeswith synergistic effects between stanene and metal oxides

On the other hand, stanene as a support of Mi&D induce the nucleation, growth and formatiorfired MnO,
nano-/ microstructures with uniform dispersion awhtrolled morphology on the surface of stanenén whigh
chemical functionality. The final MnOanchored stanene and the stanene-supported, RO form a perfect
integrated structure with a developed electron ootide network and shortened ion transport patlgnificant
synergistic effects often occur in stanene/Mm@mposites because of size effects and interfadiatactions (a)
nano-sized Mn@anchoring on stanene; (b)stanene/MnO2 layered osit&s composed of aligned layers of MnO

The functions and synergistic effects of stanereMnO; in stanene/Mn@composites can be briefly summarized
(1) stanene as a 2D support for uniformly anchormgdispersingMn@ with well-defined sizes, shapes and
crystallinity; (2)MnG suppressing the re-stacking of stanene; (3) stalaeting as a 2D conductive template or
building a 3D conductive porous network for impmyithe poor electrical properties and charge tearnzsithways
of pure oxides; (4) stanene suppressing the volanage and agglomeration of Md5) oxygen-containing
groups on stanene ensures good bonding, interfatéehctions and electrical contacts between s@aed MnQ.

The hypothesis made is entirely proposed on the bhsomplimenting features of Mp@nd mesmerizing features
of stanene which is a better conductor as comperedl group IV elements including graphene beeaaf its
stable sp3 configuration, 100% electrical conduigtigand non- triviality which makes it a topologicinsulator.
Thus we expect the proposed model to provide airmést better power and energy density as comparehbeto
existing super capacitor and 3 times better as epetbto existing micro super capacitor model simitathe
success of Sn- MnOrechargeable batteries. The composed materiatpecéed to have a good cycling stability
with 90-98% of specific capacity as compared to 7@Peexisting MSC electrode. The details regardihg t
structure, topographic features, physical and cbainpiroperties of the composite material will bélshed after its
fabrication and its material characterization aledteochemical characterization.
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