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GRAPHICAL ABSTRACT

ABSTRACT

Group IV elements in the form of metal or metal oxides have been intensively investigated as high per-
formance negative electrodes for charge storage devices owing to its high theoretical capacity and rela-
tively lower cost. In addition, such elements especially Sn based derivatives are found to be better
alternatives for traditional topotactic insertion anodes like graphite and LisTisO». In the present work,
we report the scalable synthesis of marine inspired SnO, nanorods bundles by precipitation technique.
The preliminary electrochemical performance of SnO, (half-cell studies with Li) is examined as anode
at different electrolyte solutions and various loading of conductive additives. The fabrication of Li-ion
capacitor (LIC) has been made using pre-lithiated SnO, as anode with bio-waste (Jackfruit skin) derived
activated carbon as cathode under the optimized mass loadings. The LIC can deliver the maximum energy
density of ~187 Wh kg~ with an ~82% of initial energy retention after 10,000 charge-discharge cycles.
Furthermore, the pre-treated SnO, also investigated as negative electrode with homemade high voltage
spinel (Lig.995V0.005sNigsMn; 504) towards the construction of high-energy Li-ion battery (LIB). Similar to
the LIC, the mass loading of LIB has been adjusted based on the half-cell performance with Li. The LIB
can work in the potential of ~4.27 V with energy density of ~400 Wh kg~ (based on total mass loading
of both electrodes).

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing solicitude about global warming and depletion of
fossil fuels, the energy consumption from renewable clean sources
is one of the efficient alternate approaches rather than utilising
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conventional ones for sustainable earth. Reliable and sustainable
energy storage systems are desperately required to fulfil the neces-
sary energy demands. Currently in the electrical market, the avail-
able and extensively studied Li-ion batteries (LIB) are used and
remain popular by considering its advantages like shape versatility,
flexibility, high energy and long cycle life [1-4]. However, concerns
over the inherent limitations, poor power capability, cost and recy-
cling pollutions are certainly hindered their potential application
to large-scale electrical-energy storage, but R&D is still underway
to overcome those limitations [1]. Among the diverse systems
exploited, Li-ion capacitor (LIC) is considered as a strong contender
for hybrid electric vehicles (HEV), electric vehicle (EV) and grid
storage [5-11]. In addition, loxus and JSR micro Inc., were already
introduced the LIC devices in commercial market which reveals the
combined advantage of both ultra-capacitor and LIB chemistry.
Most of the current research activities are devoted for the develop-
ment of judicious design and synthesis of electro-active materials
(electrodes and electrolytes) which are vital prerequisites for the
progress of high energy system with high power capability. How-
ever, in such LIC, the energy density is highly limited
(<100 Wh kg™ 1), but, beyond 150 Whkg™! is required to drive
aforesaid applications [7,8,12]. This is mainly because of the lim-
ited Li-ion diffusion kinetics in insertion type electrodes like gra-
phite, hard carbon, LisTisO;, etc. Thus, improving the energy
density of LIC by altering supercapacitor component i.e. high sur-
face area carbonaceous material (activated carbon, AC) is highly
limited owing to its non-Faradaic charge storage process [13].
Therefore, the alteration in the battery type component is the only
way to increase the energy density for the desired level. Unfortu-
nately, metal oxide or phosphate based insertion type materials
are having either higher redox potential (>1V vs. Li) or lower
capacity (<400 mAh g~1) or both [3,7,14,15]. Thus, working poten-
tial is diluted which eventually suppresses the net energy density
of LIC. Even though, graphite or hard carbon based systems exhi-
bits working potential close to metallic Li, but the power density
is found inferior. Therefore, a paradigm shifts of traditional interca-
lation to alloying mechanism are desperately required the elec-
trode composed of high capacity (>600 mAhg™') with lower
working potential (<0.5V vs. Li) is warranted to realize the goal.

In this line, sn-based derivatives like SnO, is found to appealing
in terms of high capacity (782 mAh g~! for Li»»Sns), lower working
potential (~0.25V vs. Li), naturally abundant, and eco-friendly
[16-18]. However, huge irreversible capacity loss (ICL), volume
expansion, pulverization and agglomeration of particles on cycling
are the important issues for such alloying type anodes, but it can be
effectively tackled by controlling the testing window, preparing
nanostructured morphology with voids, and making composites
with carbonaceous counterparts [19-22]. The Sn based nanostruc-
tures, particularly one dimensional structure are providing both
large specific surface area and reduced Li-ion diffusion path which
eventually translate better high current performances [23,24]. Fur-
ther, modification like surface coating or doping can suppress the
volume expansion, and/or maintain the stable microstructure for
restraining during pulverization [25,26]. With respect to the catho-
dic side, the AC derived from various bio-sources are increasing
interest as suitable cathode to be used as high energy LIC owing
its lower cost, inherent heteroatom doping, naturally existing var-
ious functional groups, electrochemical stability and efficient recy-
cling [27]. In this LIC, we have chosen, jackfruit skin derived AC as
cathode along with the pre-lithiated SnO, as negative electrode
[28]. Generally, just pre-lithiation is sufficient for graphite/hard
carbon, while employing alloy type negative electrode requires
few cycles (may be 2 or 3) with Li and it is necessary for the com-
plete elimination of ICL, besides the lithiation.

On the other hand, fabrication of high power and high energy
LIB is also under serious investigation to drive the HEV and EV

[3]. In this line, taking the advantages like high capacity, lower
working potential and high power capability of alloy type materi-
als, we attempted to explore the fabrication high performance LIB
using pre-treated SnO, as negative electrode. The LIB assembly
composed of homemade high voltage spinel (Lipgg5Vo0.005Nigs-
Mn; 504, LVNMO) as cathode (theoretical capacity ~ 147 mAh g ')
[29,30]. Though, the performance of sn-C composite based practi-
cal cells is reported with LiFePO,, LiNigsMn;s0,4 cathodes etc.
[31,32], but, still SnO, holds its originality and novelty in terms
of appreciable theoretical capacity, reaction mechanism and per-
formance towards the fabrication high power LIB. For instance, in
SnO,, there is no compulsory requirement for carbon coating/com-
posite compared to pure Sn metal, the formation of amorphous
Li,O matrix is sufficient to sustain the volume change observed
during first discharge [16,33-35]. This certainly provides the nec-
essary improvement in the volumetric capacity over sn-C
composites.

Accordingly, the SnO, anode was prepared via a simple precip-
itation route and calcined at different temperature conditions. Li-
storage profiles of SnO, were examined in half-cell assembly with
Li in presence of three different electrolyte solution and different
loadings of conductive additive. Similarly, the counter electrodes
like AC and LVNO were also tested with Li to adjust loading during
the fabrication of LIC and LIB assembly, respectively. Either the
negative electrode, SnO, was pre-treated or lithiated prior to the
fabrication of said assemblies. Apart from this, a symmetric super-
capacitor was also carried out using Jackfruit derived AC for the
comparison of energy and power densities of LIB and LIC. Appar-
ently, SnO, based LIC perfectly lies between the two-prominent
high power (supercapacitor) and high energy (LIB) storage devices.
Extensive structural, morphological and electrochemical studies
were performed in both material and device point of view, and dis-
cussed in detail.

2. Materials and methods
2.1. Preparation of SnO, nanorods bundle (SOB)

Marine algae inspired SnO, nanorods bundle were synthesised
via a slightly modified method developed by Han, et al, [36].
Firstly, 5.5 mmol oxalic acid and 0.5 mmol adipic acid were dis-
solved in 60 ml of mixed solution contains 5:1 vol ratio of ethanol
and PEG400. Then, 7 mmol SnCl,-2H,0 was added to the above
solution with continuous stirring, and few minutes later, 15 ml of
distilled water was added dropwise. The final mixture was trans-
ferred into a 500 ml Teflon lined autoclave and kept at 80 °C for
4 h. The resultant grey coloured precipitates were washed several
times with ethanol and then dried at 60 °C for 10 h under vacuum.
Finally, the products were calcined using box furnace at different
temperatures 500, 550 and 600 °C for 3 h in air and designated
as SOB-1, SOB-2 and SOB-3, respectively. Jack fruit peel derived
AC (JF-AC) and high voltage spinel (LVNMO) preparations were
described in our earlier reports [28-30].

2.2. Physical characterization

Crystalline phase of the resultant material was studied by pow-
der X-ray diffraction (XRD, Rint 1000, Rigaku, Japan) using CuKy
radiation. BET surface area measurements were carried out using
a Micromeritics ASAP 2010 surface area analyzer. Morphological
features of the samples were recorded by using a field emission
scanning electron microscope (FE-SEM, S4700, Hitachi, Japan)
and transmission electron microscopy (TEM, TecnaiF20, Philips,
Holland). X-ray photoelectron spectroscopy (XPS) was also
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performed using a Multilab 2000, (Thermo Scientific, UK) with
monochromator and Al ko radiation (hv = 1486.6 eV).

2.3. Electrochemical characterization

Both positive and negative electrodes were formulated with
active materials (60-72%), ketzen black (KB, 14-24%) as conductive
additive, and teflonized acetylene black (14-16% of TAB-2) as bin-
der with ethanol. The slurry was pressed over a stainless-steel
mesh (16 mm diameter, 200 mm? area) and then dried at 160 °C
for 4 h in vacuum oven [27,29]. All the electrochemical measure-
ments performed in a standard CR 2032 coin-cell and the cells
are assembled in Argon-filled glove box. For LIC and LIB assembly,
the cathode mass (both JF-AC and LVNMO) loading were adjusted
with respect to the counter electrode, SOB (after pre-lithiation the
electrode mass calculation based on the alloying reaction). Both
electrodes separated by a porous polypropylene (Celgard 3401,
USA) film and filled with liquid electrolytes. Here, we used three
kind of electrolytes solutions i.e. E1 [1 M LiPFg in (1:1 v/v) ethylene
carbonate (EC)/di-methyl carbonate (DMC)], E2 [1.2 M LiPFs in
(2:2:6 v/v|v) EC/ethyl methyl carbonate (EMC)/DMC + LiBF, (0.2)
+PS (1.0)+TMSPi (0.5)+FEMP (0.3)+FEPA (0.1) and E3 [1 M LiPFg
in (1:2 v/v) EC/DMC] from Soulbrain Co. Ltd, South Korea. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) studies were performed using an electrochemical work sta-
tion (Bio-Logic (SP-150), France). Galvanostatic charge-discharge
studies were performed at different current densities using a con-
ventional battery tester (WBCS 3000, Won-A-Tech, Korea) under
ambient conditions.

3. Results and discussion
3.1. Physical studies

Structural characterization of as synthesised SOBs was analysed
by XRD technique and shown in Figs. 1 and S1a. Fig. S1a shows the
combined XRD patterns of SOBs treated at different calcination
temperature. The XRD pattern clearly revealed the presence of
mixed crystalline phases which are indexed according to tetrago-
nal (ICDD 00-041-1445) and orthorhombic (00-029-1484) struc-
tures. The tetragonal geometry appears to be dominant for all the
SOBs prepared. Fig. 1 shows the Rietveld refined XRD pattern of
SOB-2. The mixed phases are identified via the refinement and esti-
mated the composition of 87.17 and 12.83% for P4,/mnm and Pbcn
space groups, respectively. The orthorhombic (Pbcn) phase is a sec-
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Fig. 1. The Rietveld analysis of SnO, nanorods bundle (SOB-2).

ondary phase which usually forms at high pressure and tempera-
tures conditions. However, here, surprisingly, the low
temperature condition and synthesis procedure also triggers the
formation of such crystalline rutile phase. The lattice parameters
and unit cell volume of the two phases are given in Table-S1.
Besides the crystalline phase (single or mixed), SnO, structure will
be collapsed (not morphology) during the alloy formation (LixSn),
and prevented them to oxidize upon charge process by controlling
the testing potential, since the Sn° will be oxidized beyond ~1 V vs.
Li. Therefore, whatever may be the crystalline phase; it will be
destroyed during first discharge. As a result, crystalline phase not
played an important role towards the sustained Li-storage via
alloying mechanism which we clearly observed for SnO, earlier
[22,35,37,38].

Surface morphology and microstructure of SOBs were investi-
gated by FE-SEM and TEM with different magnifications. From
Figs. 2a and S2, FE-SEM images clearly showed a complete struc-
ture of the SnO, nanorods bundle. Initially, the SnO, nanorods
formed by a serially connected primary nanoparticles under con-
trolled atmospheric conditions and a bundle shape were assem-
bled by the self-orientation of such nanorods. The thermal
energy (from 4 h incubation) is eventually leads to the marine
algae-like bundle shaped morphology of SnO, [39]. When the sin-
tering temperature is increased from 500 to 600 °C, more rough-
ness of the surface and porous nature is clear. On careful
examination of the TEM analysis (Fig. 2b), the SOB consists of
numerous primary nanoparticles in the range of few nanometres
are assembled together. The average length and diameter of the
nanorods is found approximately 2-3.5 and 0.2-0.3 um, respec-
tively. Fig. 2c shows the HR-TEM image and the observed lattice
fringes are 0.34 and 0.18 nm, which is consistent with the reflec-
tions of (110) and (220) crystal planes. The selected area electron
diffraction pattern (SAED) pattern (Fig. 2d) reveals the presence of
polycrystalline nature of SnO,, and the corresponding reflections
are well-matched with the tetragonal phase (ICDD 00-041-1445).

Chemical composition and oxidation state of elements of SOB-2
was analysed by XPS and shown in Fig. 3. Fig. 3a shows the survey
spectrum of SOB-2 which composed of Sn, O and C elements, and
no other impurities. The high resolution Sn 3d spectrum is shown
in Fig. 3b, which can be fitted into two peaks in the region of
~486.59 and 495.06 eV and assigned to the binding energy of Sn
3dsj; and Sn 3ds), respectively [40,41]. This clearly suggests that
only the Sn*" species exist in SOB-2. Fig. 3¢ shows the O 1s spec-
trum is de-convoluted into three peaks ~530.48, 531.68 and
533.03 eV and it can be attributed to M-O, C—0 and H—O bonds,
respectively. In addition, the C 1s is also de-convoluted into three
more peaks centred at ~284.6, 286.35 and 288.64 eV which corre-
sponds to —C=C— (sp?), 0—C (sp®) and C=O, respectively. The
amount of carbon in SOB-2 was estimated by TGA analysis and rep-
resented in Fig. S1b. A gradual weight loss about ~1.4 wt.% was
observed between 25 and 700 °C and it is likely related to the
removal of water and carbon traces from SOB-2.

The N, gas adsorption/desorption isotherm and pore size distri-
bution of all SOBs is collected from the BET analysis at a given pres-
sure and depicted in Fig. S2. For all SOBs samples (P/P, ~ 0.8 to
0.99) exhibits a similar type IV isotherm indicating the presence
of mesoporous structure. The BET specific surface area, total pore
volume and average pore diameter of all SOBs are given in
Table S2. Apparently, the BET surface area of the SOBs are found
to be 15-18 m? g~ ! i.e. decreasing the temperatures results an
increasing the surface area.

3.2. Half-cell performance of SnO,

Prior to the fabrication LIC and LIB, Li-storage properties of the
SOBs must be assessed for the mass balance which is essential to
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Fig. 2. (a) FE-SEM images, (b & c) low and high magnification TEM image, and (d) SAED pattern of SOB-2.

realize the higher energy density values. Therefore, Li-storage
properties of as synthesised SOBs were evaluated in half-cell con-
figuration vs. Li within the restricted potential window of 5-
800 mV (Figs. 4 and S4). Figs. 4a and S4 represents the galvanos-
tatic cycling and charge/discharge profile of SOB-1, SOB-2 and
SOB-3 with 14 wt.% of KB in E2 electrolyte at current density of
0.1 Ag'. The 1st, 2nd and 70th cycle discharge capacity of SOB-
2 was found 2697, 695 and 628 mAh g~ !, respectively. The capacity
retention at 70th cycle for SOB-2 is ~90%, whereas 84 and 82% of
capacity is retained for SOB-1 and SOB-3 (capacity retention calcu-
lated from the 2nd cycle), respectively. There is no obvious differ-
ence between the capacity profiles is noted in initial cycles, but
SOB-2 rendered better cycleability than other two. This is mainly
due to the structural integrity with optimum crystallinity, surface
area and active sites for the electrochemical reaction compared to
other two conditions. Therefore, the influence of conductive addi-
tive (KB) on the electrochemical performance of SnO, has been
conducted only for SOB-2. The KB concentration has been
increased from 14 to 24 and 33 wt.% during the formulation of
the electrode and studied with the same E2 solution. Compared
to 14 and 33 wt.% loading, the 24 wt.% KB exhibits better electro-
chemical characteristics, for example, the discharge capacity of
628 mAh g~ is noted in the 70 cycles with ~2.5% higher capacity
than the 14 wt.% loaded SOB-2.

By keeping the same loading i.e. 24 wt.% KB, the SOB-2 elec-
trodes were subjected for further studies with various electrolyte
solutions (E1, E2 and E3) and corresponding cycle behaviours are
shown in Fig. 4c. Clearly, the SOB-2 tested with E2 electrolyte
delivers a capacity of 628 mAhg ' after 70 cycles with stable

cycling profile at a current density of 0.1 Ag~!. In contrast, the
irregular capacity profile with ~17 and 12.6% lower capacity was
observed while testing in E1 and E3 based solutions, respectively.
Figs. 4d and S5a, shows a typical galvanostatic charge/discharge
profile of SOB-2 with 24 and 14 wt.% KB electrodes in E2 elec-
trolyte, respectively. The higher Li-storage with improved coulom-
bic efficiency could largely attributed to the SnO, nanorods
composed bundle and the choice of using the high voltage E2 elec-
trolyte with restricted potential range [35]. Nevertheless, the 1D
nanorods can able to provide the direct pathway for charge trans-
port with shortened Li-ion diffusion pathways [42,43].

To elucidate the Li-storage mechanism in SOB-2, the CV studies
were conducted between 5 and 800 mV vs. Li at a scan rate of
0.1 mV s~' and depicted in Fig. S5b. The first cathodic sweep con-
sists of two broad peaks centred at ~0.78 and 0.18 V vs. Li with lar-
ger current (area underneath the curve) response. This process is
associated with the reduction/decomposition of the electrolyte
and subsequent solid electrolyte interface formation. At the same
time, structural destruction of the SnO, is also takes place along
with alloy formation (Li,Sn) with Li at 0.2 V vs. Li and amorphous
Li,O matrix as well. This reaction can be described schematically
as SnO,+8.4 Li*+8.4e — LigsSn+2Li,0. The whole activity
eventually leads to the consumption of large number of Li-ions
in irreversible manner. Thus, huge irreversible capacity loss is
noted which is clear from the galvanostatic cycling irrespective
of the synthetic protocols. However, in the subsequent cycles, CV
curve clearly shows only a pair of peaks positioned at ~0.14 and
0.55V vs. Li during cathodic and anodic sweep, which corresponds
to the reversible alloying and de-alloying reaction (Ligg4-
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density of 0.1 Ag™ .
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Sn — Sn° + 4.4 Li*+ 4.4 e”) [44]. The observed peaks position in the
10th cycle is very close to the 2nd cycle, reflecting a good repro-
ducibility and stable performance of SOB in Li,O matrix. The
Nyquist plots of SOB-2 with 24 wt.% of KB electrodes in E2 elec-
trolyte before and after 10 cycles are as shown in Fig. S5c. The
spectrum consists of a depressed semicircle in the medium-to-
high frequency region and an inclined vertical tail in the low fre-
quency range. The fresh and cycled cell exhibits both solution
(Rs) and charge transfer resistance (Rcr) of 6.22 (9.04) and 33.71
(20.91) Q, respectively. From this, we inferred that cycled electrode
exhibit smaller semicircle i.e. lower Rcy than fresh cell, suggesting a
better ionic and electronic conductivities at the interface and grain
boundaries of SnO, nanoparticles. This is mainly because of the
stabilized SEI layer formation over the electro-active material sur-
face after few initial cycles.

3.3. Li-ion capacitor (LIC)

Electrochemical energy storage devices exhibiting higher
energy density with lower power capability is not sufficient to
drive high end applications like EV and HEV, but can able to power
miniature devices. Poor rate capability is one of the prime issues
for both LIC and LIB which composed of graphite as negative elec-
trode. Thus, introduction of high capacity, conversion or alloying
type materials are anticipated to provide the required enhance-
ment in power capability without compromising the energy den-
sity. In this line, we tried to exploit the possibility of using such
high capacity alloy type SnO, as battery type negative component
in LIC configuration. On the other hand, biomass derived, JF-AC is
utilized as supercapacitor component which was prepared accord-
ing to our previous report [28]. Though, the synthesis procedure
and supercapacitor studies were reported, but the studies are lim-
ited to aqueous medium only. Prior to this LIC assembly, the mass
loading of positive (q.) and negative (q-) electrodes should be bal-
anced from the charges of each electrode to realize the higher
energy density. Accordingly, the single electrode performance of
JF-AC has been assessed with metallic Li between 2 and 4.5V at
current density 0.1 Ag™' in E2 electrolyte (Fig. S6). Apparently,
JE-AC delivered good cycling performance and high reversibility
(~98 mAh g ). The linear variation of charge-discharge curves
clearly represents the double layer formation across the electrode/-
electrolyte interface with specific capacitance of ~141 F g~!. Based
on the single electrode (half-cell) performance of both electrodes,
the mass loading between anode and cathode has been adjusted
to 1:7 ratios (2.5:17.5 mg). Prior to the assembly, SnO, anode has
been pre-lithiated by conducting half-cell assembly with Li. In typ-
ical process, two complete galvanostatic cycle has been conducted
at 0.1 Ag™ !, and carefully dismantled in discharged state (5 mV vs.
Li) to pair with JF-AC.

Figs. 5a and S7a shows the CV studies of LIC recorded at differ-
ent scan rates (1, 2, 5, 10 and 20 mV s™') between 1.7 and 4.2 V.
The CV curves of LIC clearly depicts the combined charge storage
mechanism i.e. both (de-)alloying and double layer behaviour.
Appearance of distorted CV profiles signifies the involvement of
two different charge storage mechanism in LIC, for example,
adsorption of PFg in cathode and de-alloying (Li,Sn — Sn° + x Li*
+x e”) reaction on counter electrode. Alloying (Sn®+x Li* +x
e~ — Li,Sn) and PFg desorption is noted during discharge process.
When the sweep rates increased, the shapes of CV curves are
broadened and the shifting of peak position towards lower poten-
tial is noted. This deviation is expected, due to the increase in elec-
trode polarization upon high current testing. Galvanostatic studies
for LIC is performed at different current rates between 1.7 and
4.2V and illustrated in Fig. 5b and S8b. The applied current densi-
ties are based on the total mass loading of both electrodes. Irre-
spective of current rates, charge/discharge curves showed a two
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Fig. 5. (a) Cyclic voltammetry traces of pre-lithiated SnO, and JF-AC based LIC at
different scan rates in E2 electrolyte, and (b) Typical galvanostatic charge-discharge
curves of LIC at various current rates.

voltage stages in the range of 4.2 to 3.7 and 3.7 to 1.7 V, which is
consistent with CV traces. Fig. 5b and S7b shows the increase of
applied currents from 0.05 to 1.25A g~!, the internal resistance
of the electrode has been raised and/or confirmed from the IR
drops in the discharge curves. From the charge-discharge curves,
the energy and power densities of LIC were calculated based on
the following equations,

i(A) x AV

-1
W(W kg™") 1)

Power density =

Power density x At

1
3600 (Wh kg™ ) (2)

Energy density =
where, I is applied current (A), t is discharge time (s), m is total
weight of active materials in both electrodes, AV is average working
potential. Pre-lithiated SnO,/JF-AC based LIC is callable of delivering
the maximum energy density of 187 Wh kg™! at low currents, even
at high power density 3.7 kW kg™, the energy density will remain
at 90 Wh kg~. The observed values are high and significant com-
pared to the insertion type electrode explored for LIC point of view
[7,10]. Detailed discussions are given in the forthcoming section.
Like high energy and power capability, durability is equally
important for the electrochemical energy storage devices. Hence,
galvanostatic charge/discharge measurements were conducted at
current density of 0.5A g~ to evaluate the cycle durability, and
columbic efficiency and given Fig. 6a. The LIC displayed an excel-
lent cycling profile and rendered ~80% of its original value after
10,000 cycles with columbic efficiency over 99%. This is one of
the excellent cycleability reported for LIC irrespective of the bat-
tery type electrodes employed and its storage mechanism [7,10].
The Nyquist plots are also recorded for LIC before and after
10,000 cycles to correlate the obtained results and presented in
Fig. 6b. It shows a semicircle in the high-frequency region and an
inclined straight line in the low-frequency region. The R¢r value
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Fig. 6. (a) Cycling profiles of pre-lithiated SnO, and JF-AC based LIC at current
density of 0.5 A g ! in E2 electrolyte, and (b) Nyquist plot of LIC recorded before and
after 10,000 cycles with corresponding equivalent circuit.

of LIC cell after cycling has been decreased from 14.58 to 11.75 Q
which is consistent with the half-cell performance of SnO,. Though
the supercapacitor component, JF-AC is involved in the electro-
chemical reaction, but purely in physi-sorption process. Hence,
much variation in impedance properties are originated from the
alloy type SnO, only. As mentioned earlier, the stabilized SEI for-
mation over alloy type anode, certainly promotes the reduction
in Rer values which eventually facilitates the charge transfer pro-
cess upon cycling.

3.4. Li-ion battery (LIB)

One of the prominent, extensively studied high voltage (4.7 V
vs. Li) and high rate cathode is spinel LiNig sMn; 504 which exhibits
higher redox potential, than the conventional carbonate based
electrolyte solution [45]. Moreover, it also suffers Mn dissolution
and poor elevated temperature issues. In this line, we made an
attempt to improve the said properties by V doping in Li sites,
which eventually translates better electrochemical profiles at both
ambient and elevated temperature conditions and minimizes the
Mn dissolution as well [29]. Though LVNMO cathode is capable
of delivering the maximum energy density of ~696 Wh kg~!, but
finding the suitable anode to realize above energy density is a
hot topic of research today [46-48]. Amongst, alloy type sn-C
and Si, insertion type TiO,-B and Li4TisO,, anodes are worth men-
tioning. Nevertheless, the usage of insertion type anodes with
LiNigsMn; 504 are studied extensively, but the energy density is
drastically diluted due to the higher redox potential of the Ti*"/3*
couple [3,48]. Therefore, utilization of alloying type anodes with
LiNigsMn; 504 cathodes is highly promising. Unfortunately, both
metallic Sn and Si requires a strong carbon environment to over-
come the volume variation and consequently to display a better

electrochemical stability [17,49]. By considering the advantages
of Sn, we attempted to utilize the SnO, as negative electrode,
which eventually forms an amorphous Li,O phase during first dis-
charge. We certainly feel that the presence of Li,O matrix and
restricted potential is sufficient to provide good electrochemical
activity which is clearly evident from LIC performance and in our
previous work as well [35]. Like LIC, the mass loading between
anode to cathode (Fig. S8) was adjusted based on the electrochem-
ical performance with respect to the metallic Li and fixed in the
ratio of 1:5 is (anode is 2.5: cathode is 12.5 mg). Prior to the fabri-
cation, the SnO, is pre-treated with Li to eliminate the ICL by con-
ducting the two-complete charge-discharge cycles and coupled
with LVNMO in the presence of E2 electrolyte and given in Fig. 7.
Fig. 7a shows the CV curves of LVNMO/pre-treated SnO, based
LIB cell recorded between 3.7 and 4.7 V at scan rate of 0.1 mVs~'.
The CV traces displayed a pair of peaks located at 4.58 and 4.15V
corresponds to the alloying and de-alloying process. Simultane-
ously, the Ni>*/#* redox couple is also occurred on the cathodic side
and it is reversed during discharge process. However, there is no
remarkable change in the area underneath the curve upon cycling
indicates the excellent stability of both cathode and anode. In con-
trast to LIC, the increase in Rct values are observed for LIB after 10
cycles, for example from the Nyquist plots 14.9 and 18.3 Q are reg-
istered before and after 10 cycles (Fig. 7b). Since, both SnO, and
LVNMO obey the Faradaic reaction. Upon pre-treatment of SnO,
electrodes, the SEI layer is formed, and it has been eventually
paired with freshly made LVNMO cathode. According to the half-
cell performance (cell chemistry), SEI layer will also form in the
cathodic side as well irrespective of the capacity is decreased or
increased. Thus, increase in Rer values are noted for LVNMO)/pre-
treated SnO, based LIB cell. In the case of LIC, SnO, only involved
the Faradaic reaction, whereas JF-AC contributes the non-
Faradaic charge storage ie. physi-sorption. In addition, NiZ*/4*
redox couple occurs beyond the thermodynamic stability window
of the solution, which eventually leads to the decomposition of
electrolyte and subsequent formation of SEI layer over cathodic
particles. Thus, the increase in Rer trend was noted. Fig. 7c shows
the charge-discharge curves of LIB measured between 3.7 and
4.7V at current density of 0.1 mAg~! (based on the cathode
weight). The LVNMO/pre-treated SnO, based LIB cell delivered
the discharge capacity of 86, 94 and 94 mAh g~! for 2nd, 20th
and 40th cycle, respectively. As expected, very high Coloumbic effi-
ciency is noted upon cycle, for example first cycle it reaches ~82%,
and substantially improved to >98% in the following cycles. The
less efficiency in the first cycle is mainly due to the re-filling of
the fresh electrolyte solution and higher redox potential of
Ni2*/#* couple cannot be ruled out. Apparently, the monotonous
charge-discharge curves are noted and consistent with the broad
oxidation and reduction peaks observed during CV analysis. For
easier comparison, the capacity values are also calculated based
on the total mass (anode + cathode), cathode, and anode. The
cycling performance and columbic efficiency of LIB is displayed
in Fig. 7d. It is worth noting that the capacity trend showed a grad-
ual increase in capacity profile for initial cycles and thereafter
starts declining which is like those of half-cell performance of
LVNMO. As expected, a gradual decrease in cycling profiles is noted
owing to the higher redox potential of Ni>/**couple than the
decomposition potential of the electrolyte.

Rate capability studies of LIB is also performed between 3.7 and
4.7V at different current rates (based on the total weight of elec-
trodes) and depicted in Fig. 8. It is obvious to note that the increase
in current density tends to decrease in capacity profile with
increase in polarization. For instance, the discharge capacity of
94 mAh g ! is noted at a current density of 16 mAg~', and then
decreased to 85, 71, 55, 27 and 8 mAh g~! at current densities of
32, 81, 161, 323 and 645 mA g™}, respectively. The high working
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Fig. 8. (a) Typical charge-discharge curves of pre-treated SnO, and Lipg95Vo.005-
NigsMn; 504 based LIB recorded at various current densities (based on total mass is
15 mg), and (b) plot of discharge capacity vs. Cycle number for pre-treated SnO, and
Lio.o5Vo.05NipsMn; 504 based LIB between 3.7 and 4.7 V.

voltage (4.27 V) and specific capacity values are reflecting with an
energy density as high as 399.5 Wh kg .

Ragone plots of LIC and LIB are compared and shown in Fig. 9.
Further, the performance of JF-AC based symmetric supercapacitor
(SC) is also studied with same E2 electrolyte and compared
(Fig. S9). The energy density can approach 187, 399.5 and
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Fig. 9. Ragone plot shows the comparison of energy and power densities of
supercapacitor (JF-AC/JF-AC), Li-ion capacitor (Pre-lithiated SnO5/JF-AC), and Li-ion
battery (Pre-treated SnO;/Lig.995V0.005Nio.sMn1.504) with E2 solution.

51.5Whkg™! for LIC, LIB and SC, respectively. Certainly, the
observed energy density is one of the best values reported for LIC
assembly irrespective of the battery type components used, to date
[5,7,10]. Even at high power (3.7 kW kg™!), the energy density
remains at ~90 Wh kg ! for LIC which is quite remarkable. The sig-
nificantly improved electrochemical performance of energy device,
especially LIC is mainly attributed to the mesoporous structure of
SnO, nanorods bundle with a variety of favourable properties are
ascribed here. Firstly, we controlled the alloying/de-alloying reac-
tion of SnO, with restricted potential by preventing them to oxi-
dize into native oxides like SnO and SnO,. Secondly, the
mesoporous rod like structure allows complete access of the active
materials by the electrolyte charge carriers and acting as buffer
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matrix to sustain the volume variation. In addition, the presence of
amorphous Li,O matrix is also extends its support during volume
variations. Also, the high surface area carbons derived from bio-
waste can also accumulate more number of charge carriers on
the surface, which cannot be ruled out. Finally, the electrolyte solu-
tion composed of different additive and compositions is also one of
the reasons to improve the performance and cycling stability of the
practical energy devices irrespective of the configurations like LIC,
LIB and SC.

4. Conclusion

We have designed the marine algae inspired SnO, nanorods
bundle as an effective anode for practical high energy electrochem-
ical storage devices. Influence of synthesis temperature, conductive
additive and electrolyte on the performance of alloying/de-alloying
reaction of SnO, was examined as negative-electrode. Presence of
porous structure and discharge product (Li;O) can able to accom-
modate the volume variation during alloying/de-alloying reaction.
The optimized SOB-2 anode was coupled with jack fruit derived
activated carbon and LVNMO cathodes towards the fabrication of
LIC and LIB, respectively. Pre-lithiated SnO, coupled with JF-AC
delivered an excellent long term cycling stability with retention
of 80% initial values after 10,000 cycles. Even at high power
(3.7 kW kg™1), very high energy density is retained (90 Wh kg™1)
for LIC. Also, pre-treated SnO, with LVNMO in LIB assembly pre-
sents a high-energy density of 400 Whkg~'. This study clearly
brings forth the information that alloy type negative electrode
could be efficiently used to fabricate the high energy electrochem-
ical storage devices with high power capability as well. Further,
this also provides the exploration of high energy and high power
LIC and LIB assemblies by using various kinds alloy type materials
and intermetallic compounds.
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