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The lithium-ion capacitor (LIC) is a relatively new device that has emerged on the battlefield and can potentially
put down the LIBs. These hybrid devices have two different electrode mechanisms (Faradaic and non-Faradaic)
that bridge the gap between the LIBs and conventional supercapacitors. Herein, we introduce an appropriate
electrode material, tin sulphide, SnS, which could be used as an anode in LIBs and LICs by limiting only an alloy-
type reaction. This work explores the possibility of fabricating LIB and LIC with SnS nanoparticles as anode and
commercial LiNigp sMn; 504 and activated carbon (AC) as a cathode under balanced loading conditions. For the
case of LIC, prior to the fabrication, the Li/SnS cell is electrochemically pre-lithiated (Li,Sn + Li2S) and paired
with the cathode AC. The LIB and LIC displayed a maximum energy density of 387 and 172 Wh kg™, respec-
tively, with ultra-long cyclability and capacity retention. The adaptability of these devices to various climatic
conditions is validated by testing the full cell at different temperature conditions (-10 to 50 °C). Thus, from all
the studies, we discovered that the SnS could be a potential candidate that could replace the graphitic carbon
anode in both Li-ion batteries and capacitor configurations.

1. Introduction

Electrochemical energy storage devices have gained great interest
due to their high energy, efficient storage, scalability, and nearly zero
carbon footprint after production. Lithium-ion batteries (LIBs) [1,2] and
supercapacitors (SCs) [3-5] have mainly gained much attention because
of their application in portable electronics, automobiles, power stations,
etc. They have a leading position in the energy market because of their
enhanced energy density, power values, cyclability, long-term stability,
environmental friendliness, etc. The LIBs and SCs are devices with
different energy storage mechanisms and complementary electro-
chemical performance. The former has high energy and low power
density, whereas the latter has higher power and comparatively lower
energy density. Lithium-ion capacitors (LICs) are hybrid devices with
the properties of both LIBs and SCs and are built to fill the gap between
these two prominent devices. The battery-type negative electrode pro-
vides the energy density, and the capacitive-type positive electrode
improves the power characteristics of the LICs [6-9].

The negative electrode has a significant role in enhancing
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electrochemical performance, particularly the energy density of both
LIBs and LICs. Three major Faradaic energy storage mechanisms in
anode materials include intercalation, alloying and conversion. In the
earlier stages of LIB research, before the commercialization of LIB by
Sony in the 1990s, intercalation-type materials such as graphite and
Li4TisO12 were in great demand, and most of the researches were
pointed towards them mainly because of their stable cycling perfor-
mances [10-14]. However, the increase in energy demand and the ne-
cessity for high-capacity devices made people think about materials
beyond the intercalation type [15-17]. The prime reasons to explore
alternatives are the low theoretical capacity, sluggish Li-ion kinetics,
and limited energy density of intercalation-based materials. On the
other hand, the alloying/conversion-type anode has a high theoretical
capacity owing to the multi-electron reaction, higher energy density,
optimal operational potential and better safety characteristics. Notably,
alloying-type anodes have less polarization and irreversibility than
conversion-type electrodes, making them a better type of anode material
in batteries and hybrid capacitors.

There are different alloy-type anode materials, some of which are
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silicon-based, germanium-based, tin-based and lead-based derivatives.
The silicon and tin-based are the ones more explored because of their
low-cost and non-toxic nature [17-21]. These elements form an alloy
with Li*by the reaction: A + xLi* + xe” — LixA (A = Sn, Si, Ge, etc.)
results in multiple electron transfers and thereby has a higher theoretical
capacity. During the alloying process, each metal atom can take up to a
maximum of 4.4 mol of Li atoms to form the fully lithiated phase
(Lig 4A). However, the continuous alloying and de-alloying results in
huge volume variation, pulverization of electrodes, and continuous
breaking/reformation of solid electrolyte interface (SEI), leading to the
deterioration of the electrochemical performance. Compared with the
other elements in the group, the Sn has the least volume variation (260
% for Lig 4Sn, 420 % for Lis75Si, and 370 % for Lis 4Ge) with better
gravimetric and volumetric capacity (990 mAh g & 2020 mAh cm™).
In addition, the Sn has better conductivity than the other two and a
suitable lower redox potential, making it an ideal anode for batteries and
hybrid capacitors [22].

This work explored the potentiality of SnS nanoparticles as an alloy-
type anode for the LIB and LIC. We adopted a single-step co-precipita-
tion method for synthesizing SnS nanoparticles in room temperature
conditions. In most previous reports, the researchers have utilized the
wide potential window of SnS (0.005 to 3 V vs. Li) to extract the
maximum capacity by compromising the redox potential by allowing
both alloying (limiting to max. of 4.4 mol of Li) and subsequent con-
version reactions (overall 6.4 mol of Li). This results in huge volume
variation and large polarization, leading to degradation of electro-
chemical performance and making it difficult to stabilize upon long-
term cycling. The larger polarization eventually dilutes the net energy
density, irrespective of whether it is batteries or hybrid capacitors.
Hence, it is observed that most works include controlled morphological
synthesis of SnS and incorporation of the dopants to achieve stabiliza-
tion over cycles, controlling the volume expansion [23-25]. For
example, Cheng and co-workers [26] incorporated an additional
sulphur-doped carbon layer over the SnS to control the volume variation
and to maintain the structural integrity. Similar work was reported by
Bing Zhao et al [27], where they caged the SnS with a graphene bubble
and used it as an anode for LIBs. On the contrary, our work adopted a
simple synthesis strategy with no such modification over the SnS
nanoparticle, but the redox potential is limited to only (max. of 4.4 mol
of Li) the alloying reaction region (charging up to 0.8 V vs. Li) and does
not allow further conversion of its native form (i.e. SnS). The SnS elec-
trode paired with lithium metal displayed better long-term cycling, rate
performance, and robust SEI, as evaluated from the in-situ EIS studies.
The electrochemically pre-treated/lithiated SnS is paired with the
respective cathodes (LiNig sMn; 504/activated carbon, AC) for the bat-
tery/capacitor assemblies, and both displayed excellent electrochemical
activity and feasibility in a wide range of conditions, which are dis-
cussed in detail in the manuscript.

[11]
~
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2. Experimental section

Synthesis of SnS nanoparticles: The SnS nanoparticles are synthesized
using an easy single-step procedure as given in Equation Es2 below. 0.1
M SnCly, is prepared by dissolving 4.74 g in 10 ml of conc. HCI followed
by an addition of 240 ml of distilled water. Meanwhile, 0.1 M NayS is
prepared in another beaker by dissolving 1.95 g in 250 ml of distilled
water. After the dissolution of both, the NayS solution is added dropwise
to the SnCly solution, resulting in the formation of a brown-coloured SnS
precipitate. The precipitate is collected and washed with distilled water
and ethanol multiple times to remove the NaCl impurity. The SnS is then
dried at 65 °C and stored for further analysis. The synthesis procedure is
step-by-step displayed in Scheme 1.

SnCl, + NayS —SnS + 2NaCl (2)

Material characterizations: Crystal structure and material phase
formed were analyzed from the X-ray diffraction studies using Rigaku
Smartlab automated multipurpose diffractometer (40 kV, 200 mA, A =
1.5406 10\) with Cu Ka radiation. The BET surface features, area, porosity,
etc., were analyzed using an automated gas sorption analyzer (Autosorb
IQ-XR-XR-XR, 3 stat., Viton). The surface elements of the sample were
analyzed, and the purity was confirmed from the X-ray photoelectron
spectroscopy (XPS, Multilab 2000, UK; monochromatic Al Ka radiation
hv = 1486.6 eV) studies. Field-emission scanning electron microscopy
(FE-SEM, Gemini 560, Germany) and high-resolution transmission
electron microscopy (HR-TEM, JEM-2000, EX-II, JEOL, Japan) exam-
ined the surface morphology and internal structure of the sample. The
material’s qualitative and quantitative elemental composition was ob-
tained from the energy-dispersive X-ray spectroscopy (EDS, Ametek).

Electrochemical Studies: SnS electrodes were fabricated using the
slurry coating method. The SnS active material, conductive carbon
(acetylene black), and binder (Tab-2) are mixed in an 8:1:1 ratio in the
N-methyl pyrrolidone (NMP) solvent and kept for overnight stirring. The
homogenous slurry obtained is coated over the copper foil current col-
lector using the doctor blade apparatus (MSK-AFA-III Automatic Thick
Film Coater, MTI Corporation). The coating is dried for at least four
hours at 65 °C in a hot air oven. After complete drying, the coating was
pressed using a calendar roll (Tester Sangyo, Japan) for densification
purposes, and 12 mm diameter electrodes were punched out for cell
fabrication. The cathode was fabricated using a different conventional
hand-made method. The activated carbon (YP 80F Kuraray, Japan;
Surface area: 2100 m? g}, Pore volume: 0.97 mL g 1), acetylene black
and tab-2 (with wt. % 8: 1: 1) were mixed in mortar & pestle using
ethanol as the solvent. This is made into a thin free-standing film and
pressed over the stainless-steel mesh (Goodfellow, UK) of 14 mm
diameter using the pellet maker and hydraulic press.

The fabricated electrodes (anode and cathode) were dried at 75 °C
for at least four hours in a vacuum oven before the cell fabrication. All
the cells were fabricated inside the argon-filled glove box workstation
(MBraun, Germany) with Oy and H3O levels <0.1 ppm. The CR2016
type coin-cell was employed for the cell fabrication. In the half-cell

/ V
01mM
sSncl,
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01Mm
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Scheme 1. Flowchart of SnS nanoparticle synthesis.
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configuration, the electrode was paired with lithium metal (reference/
counter electrode) and separated using a glass microfiber separator
(Whatman, cat no 1825-047, UK). For the full cell fabrication (LIB), the
SnS half cell (Li/SnS) was fabricated initially and pre-treated electro-
chemically by discharging/charging for two cycles to eliminate the
initial irreversibility and appropriate uniform solid electrolyte interface
formation. In the case of LIC, the cells were pre-lithiated by three dis-
charges to enable the formation (Li,Sn + LisS), which was then
dismantled inside the glove box and paired with the mass-balanced AC
electrode to form the LIC full cell. Commercially available 1 M LiPFg in
EC: DMC (1:1) was the electrolyte (Tomiyama, Japan) used in all the cell
fabrication. The fabricated cells were subjected to electrochemical
testing using a BioLogic battery tester (BCS-805) and Solartron elec-
trochemical workstation (1470 E, UK).

3. Results and discussion
3.1. Material characterizations

The crystallinity and purity of the synthesized SnS nanoparticles
were examined from the X-ray diffraction studies (Fig. 1a). The XRD
peaks correspond to the orthorhombic crystal structure (¢ = f§ =y = 90°)
of SnS with space group Pnma and has lattice parameters a = 11.2, b =
3.9, and c = 4.3 A (DB card number: 01-075-2115). The crystallite size
is calculated from the Debye-Scherrer equation (Equation Egl), and the
obtained average crystalline size of SnS is 8.8 nm. The post-cycling
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structural changes were also evaluated, in which the Li/SnS cell was
dismantled in the charged state (Sn0 + LisS), and the XRD was recorded
(Figure S1). It is observed from the pattern that the XRD peaks match
with the standard Sn° and Li,S peaks, confirming the phase formation.
The texture of the SnS nanoparticles was analyzed using nitrogen
adsorption/desorption studies (Figure S2). The sample has a high sur-
face area of 119.6 m? g~! with a pore radius of 14.8 A and a pore volume
of 0.18 mL g}, significantly enhancing the electrochemical performance
by providing more active sites. The surface elemental composition and
the redox state of the SnS nanoparticles were examined using the XPS
survey, where we could observe peaks corresponding to Sn and S with no
impurity element peak. The deconvoluted Sn 3d spectra (Fig. 1b) display
peaks at binding energies 494.8 and 486.4 eV corresponding to the Sn
3ds,/2 and Sn 3ds,», inferring the Sn(Il) state. In addition, the binding
energy difference between the two peaks is around ~8.4 eV, which
corresponds to the binding energy of the Sn 3d electron. The deconvo-
luted S 2p spectra (Fig. 1c) consist of two peaks at binding energies
162.1 and 160.95 eV corresponding to S 2p; 2 and S 2p3 s, respectively,
indicating that the S element is in the reduced state (s> [28,29]. Hence,
it is confirmed from the XPS studies that the formed SnS phase is pure.

The morphological study and structural characterizations of the SnS
sample were performed using the FE-SEM, TEM and HR-TEM analysis.
The nano spherical morphology of SnS is evident from Fig. 2(a-c) but is
observed in an agglomerated state. Meanwhile, post-mortem studies of
the material show a different morphology with much more agglomera-
tion (Figure S3(a-c)) because of the continuous alloying-dealloying
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Fig. 1. Physical characterization of SnS nanoparticle: (a) XRD pattern, and (b-c) deconvoluted Sn 3d & S 2p XPS spectra.
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Fig. 2. Physical characterization of SnS: (a-c) FE-SEM images at different magnifications, (d & e) TEM images, (f & g) HR-TEM images, (h) SAED pattern, and (i & j)

EDS elemental mapping.

during cycling. Fig. 2(d-g) displays the TEM and HR-TEM images, with
the interplanar distance calculated from the image to be around 0.35
nm. The circular random dots in the SAED pattern in Fig. 2h also confirm
the polycrystalline nature of the synthesized SnS nanoparticle. Further
purity of the sample is validated from the EDS mapping (Fig. 2(i& j)),
where tin and sulphur elements are only observed. Nevertheless, the
post-cycling EDS mapping shows the presence of additional elements,
such as carbon, oxygen, phosphorous and fluorine, which are added
from the conductive carbon and electrolyte used in the cell fabrication
(Figure S3d).

4. Electrochemical studies in half-cell assembly

As discussed in the experimental section, the electrochemical per-
formance of the SnS electrode was examined in a CR2016-type coin cell
setup using Li metal as reference/counter electrode and 1 M LiPFg in EC:
DMC (1:1) as the electrolyte. The ability of SnS to store lithium ions is
evaluated in half-cell assembly in galvanostatic and potentiostatic
modes. The half-cell was initially subjected to cyclic voltammetric
studies in the potential window 0.005 and 0.8 V vs. Li (Fig. 3a). Cyclic
voltammogram (CV) curves display sharp cathodic peaks at 1.2 and 0.13
V vs. Li and a minor broad peak at 1.05 V vs. Li. The peaks at 1.2 and 1.05
V vs. Li indicate the conversion reaction of Sn®* to Sn° (Equation 1) and
the electrolyte decomposition, respectively. These two are absent in the
following cycles as we limited only to alloying/dealloying reaction with
Li, indicated by the cathodic and anodic peaks at 0.13 and 0.5 V vs. Li,

respectively (Equation 2). In addition, the electrolyte decomposition is
limited to the first cycle because of the robust SEI layer formed in the
initial discharge, further validated from the in-situ-electrochemical
impedance spectroscopic (in-situ-EIS) studies. There is only a peak on the
anodic side of the cyclic voltammogram, as we have restricted to 0.8 V
vs. Li to avoid further conversion reactions (i.e., sn® to Sn?") affecting
the stability of the cell [26,30,31].

SnS + 2Li* +2e~ — Sn° + Li,S (conversion) (@)

Sn° + xLi* + xe”— Li,Sn (0 < x < 4.4) (alloying/dealloying) (2a)

The galvanostatic charge-discharge (GCD) is tested in the same po-
tential window with lithium metal as the reference/counter electrode
(Fig. 3b). The half-cell displayed an initial discharge capacity of 2038
mAh g! and a reversible discharge capacity of 633 mAh g™ from the
second cycle onwards. A huge decrease in capacity is observed from the
first to the second cycle, which is mainly because of the structural
decomposition of SnS and electrolyte decomposition in the initial
discharge, resulting in the SEI layer formation, which agrees well with
the CV studies. This is relatively common for the alloy anodes, especially
limiting to the alloying reaction alone. However, from the second cycle,
the higher coulombic efficiency is regained, and the cell displayed a
specific capacity of 348 mAh g~! with >95 % coulombic efficiency after
100 cycles of charge-discharge (Fig. 3c). The half-cell was also subjected
to rate performance studies at different current rates from 0.1 to 2 A g™},
as shown in Fig. 3(d& e). A better cycling performance was exhibited by
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Fig. 3. Electrochemical performance of Li/SnS half cell: (a) Cyclic voltammogram at a scan rate of 0.1 mV s, (b) galvanostatic charge-discharge at a current density
of 0.1 A g’l, (c) plot for capacity vs. cycle number, (d) GCD curves at different current rates, and (e) rate performance studies.

the half-cell at different current rates. We can observe a slight decrease
in the specific capacity with an increase in the current rate, which is a
commonly observed phenomenon irrespective of the nature of the
electrode and mechanisms. However, when the current rate is returned
to the lowest current rate, >94 % of the average discharge capacity is
retained, which explains the stability and reversibility of the SnS elec-
trode under the limited potential cycling.

The robustness of the SEI layer is important in determining the
electrochemical performance of the alloying/conversion type anodes
upon cycling. A strong and flexible SEI enhances the electrochemical
performance and improves the cyclic stability. We have performed an in-
situ-EIS study to analyze the SEI layer formation, strength and durability.
The study continuously recorded the EIS at different potentials for each

cycle, and the representative traces of the 15t 5th, 10th, 25th, and 50
cycles are displayed in Fig. 4. A higher charge-transfer resistance (Rcr)
value is observed in the first discharge and charge, accounting for the
SEI layer formation. However, from the 5% cycle to the 50 cycle, we
could observe an almost stable Rcr value at all potentials, which clearly
explains the robustness and stability of the SEI formed in the initial
cycle. Based on the in-situ-EIS study, we strongly believe that a well-
formed SEI layer on the SnS electrode surface has contributed signifi-
cantly to stabilizing the cell upon prolonged cycling.

The cathodes utilized in the LIB and LIC assemblies are
LiNip sMn; 504 and AC, respectively. The LiNigsMn; 504 half-cells are
fabricated by pairing it with Li metal and are tested in the potential
window of 3.5 to 5 V vs. Li (Figure S4 (a & c)). The cell displayed an
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initial discharge capacity of 131 mAh g™! and retained a capacity of 121
mAh g! after 200 cycles. The AC half-cells, on the other hand, are tested
from 1.5 to 4.5 V vs. Li, with the cell exhibiting an initial discharge
capacity of 144 mAh g~! and capacity retention of 127 mAh g! after 350
cycles (Figure S5 (b & d)). In the case of the LiNip sMnj 504 cathode, the
energy is stored via a Faradaic reaction, whereas for the AC cathode, a
simple non-Faradaic adsorption/desorption of cations/anions happens
during charge/discharge process which is clearly evident from the shape
and nature of the curves [32,33].

Electrochimica Acta 542 (2025) 147385

5. Electrochemical full-cell studies

The full-cells are fabricated by pairing the pre-treated/lithiated
anode with the mass-balanced cathode. In our study, we tested the
SnS’s performance in both LIB and LIC. For both full-cell fabrication and
electrochemical pre-treated/lithiated, the Li/SnS half-cell is initially
fabricated and electrochemically pre-treated by cycling for a few cycles
to mitigate the irreversible capacity loss and subsequently paired with
LiNig.sMnj 504 cathode. For the case of LIC, the cell at the pre-lithiated
state, i.e., discharged state (Li,Sn + LisS), de-crimped and paired with
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the mass-balanced cathode to obtain the full cell. Mass balancing is an
essential step in full-cell fabrication and is performed by the equation
given in the supplementary section (Equation Eg2). The mass-balanced
cathode, LiNipsMn; 504 or AC, is paired with a pre-treated/lithiated
SnS electrode to fabricate the LIB or LIC, respectively.

LNMO//SnS Full-cell: The LIB is subjected to various electro-
chemical studies in the potential window 3.3 to 4.8 V. Fig. 5a displays
the CV traces of the LIB at a scan rate of 0.1 mV s\, with the cathodic
peaks at 4.6, and 4.1 V and anodic peak at 4.79, and 4.5 V, indicating the
simultaneous redox reactions of both LNMO and SnS. In addition, the CV

Electrochimica Acta 542 (2025) 147385

was also performed at different scan rates from 0.1 to 1 mV s, as shown
in Fig. 5b The LIB was also subjected to GCD studies in the same po-
tential window at a current rate of 0.1 A g’1 (Fig. 5(c& d)). The cell
exhibited an initial specific capacity of 87 mAh g™ and stable cycling
performance for >200 cycles. The full-cell has a specific capacity of 78
mAh g™ with a high coulombic efficiency of >99 % after 200 cycles. The
cell was also subjected to rate performance studies at different current
rates from 0.1 to 1.5 A g™ (Fig. 5e). As expected, the specific capacity
decreased with an increase in the current rate due to the inability to
provide sufficient time for the complete reaction. Still, it is interesting to
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note the high reversibility of the cell as the LIB retained >98 % of the
average specific capacity when the current rate was again reduced to the
lower rate (Fig. 5f). Fig. 5g, the Ragone plot, gives us the LIB’s energy
and power density values. The LIB with 1.68 mg (1.48 mg cm™2) and
6.84 mg (4.4 mg cm2) anodic and cathodic mass delivered a maximum
energy density of ~272 Wh kg™ and a power density of ~8.1 kW kg™ at
room temperature. The LIB displayed even higher energy and power
density values when tested at different temperature conditions (-10, O,
10, 25 and 50 °C).

A maximum energy density of ~387 Wh kg™! and power density of
~12.2 kW kg™! was obtained at 50 °C. The increased activity of the
electrolyte at higher temperatures enhanced the diffusion of Li* ions,
thereby elevating the energy and power of the LIB. At other temperature
conditions, reasonable energy and power density values were attained.
The long-term cycling analysis was also performed for over 2000 cycles
at various temperatures (Fig. 5h). Except for 50 °C, the capacity reten-
tion after 2000 cycles was either close to or above 80 %. In the case of
higher temperatures, the increased electrolytic activity catalyzed the
side reactions and reduced the cycling life.

AC//SnS Full-cell: A fabrication method similar to LIB is adopted in
LIC, but instead of pre-treated SnS, the electrochemically pre-lithiated
form is used as a negative electrode (Li,Sn + LisS). First, a CV analysis
is performed for the full-cell from 1.3 to 4.3 V at different scan rates,
given in Figure S5. This quasi-rectangular-shaped CV represents the
hybrid nature of the two different electrodes and mechanisms involved
in the charge storage process of LIC. The GCD was performed for the LIC
at different current rates (0.1 to 3 A g™!) for various temperature con-
ditions to evaluate the LIC’s performance at various atmospheric con-
ditions. The Ecepj vs. time graph from —10 to 50 °C is given in Fig. 6 (a-e).
The LIC’s energy and power density values are calculated based on the
total mass loading of the anode (1.6 mg, 1.4 mg cm2) and cathode (5.23
mg, 3.4 mg cm2), respectively, are calculated from the Ragone plot in
Fig. 6f. The full cell displayed a maximum energy and power density of
~172 Wh kg™ and 8.9 kW kg™! at room temperature. The LIC has
satisfactory energy and power at other temperatures but slightly less
than at room temperature. This work was also compared with the pre-
viously reported works where carbonaceous and alloy-type anodes were
used in LIC assembly. From the Ragone plot given in Figure S6, we get a
clear picture of the excellent electrochemical performance of the present
work. The table in Table Tsl also compares this work’s energy/power
values with the previously reported ones. The long-term cycling analysis
of the AC//(Li,Sn + Li»S) LIC was analyzed at room temperature for over
30,000 cycles (Fig. 6g). We could observe nearly 80 % of the capacity
being retained even after cycling for 20,000 cycles, which opens the
door toward its practical application. In addition to the room tempera-
ture, the long-term cycling analysis was performed at different tem-
peratures, from lowest —10 to highest 50 °C (Fig. 6h). It is noteworthy
that after 2000 cycles, over 80 % of the capacity is retained at all tem-
peratures except for —10 °C. The freezing of electrolytes at lower tem-
peratures resulted in the degradation in cycling performance at -10 °C.

From the analysis of electrochemical studies performed for both the
LIB and LIC, we could conclude that the SnS is one of the best anode
materials with the potential to replace the prevailing graphitic anode in
the market. LIB & LIC exhibited exceptionally higher energy and power
density values at different temperatures, making them suitable candi-
dates for different climatic applications. We strongly believe that
limiting the potential window of the alloy anode, especially SnS, is one
of the crucial factors in enabling stable cycling performance. Also,
balanced mass loading, suitable potential window and appropriate
electrochemical pre-treatment/pre-lithiation are worth mentioning for
the exceptional performance of both cells. Furthermore, the optimiza-
tion of SnS material in terms of synthesis and electrochemical studies is
in progress to enhance the Li-ion storage performance of the material
and to analyze the possibility of upscaling for industrial application and
commercialization.
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6. Conclusion

In our work, we have synthesized SnS nanoparticles using the single-
step co-precipitation method and explored its possibility as an alloy-type
anode for the Lithium-ion battery/capacitor, limiting its potential win-
dow. The SnS half-cells displayed excellent long-term cycling and rate
performance when paired with metallic lithium. The nanosize and its
morphology contributed to the stable SEI layer formation and enhanced
the electrochemical performance. The interfacial properties and
robustness/steadiness of the SEI were evaluated in the in-situ-EIS
studies, concluding that strong SEI is one of the primary reasons for the
improved cycling performance. The LIB displayed an exceptional
maximum energy density of 387 Wh kg™! with long-term cycling for
>200 cycles with high-capacity retention. On the other hand, the LIC
exhibited a maximum energy density and power density of 172 Wh kg™!
and 8.9 kW kg™\, respectively, with ultra-long cycling performance for
>30,000 cycles. The functioning of LIB and LIC at different climatic
conditions was evaluated by testing the full cells in different tempera-
ture conditions from the lowest of -10 °C to the maximum of 50 °C. The
battery and hybrid capacitor displayed excellent rate and long-term
performance for over 2000 cycles at all temperatures. Overall, the SnS
is one of the best alloying-type anodes for both LIB & LIC, and further
research is in progress to enhance its performance for scaling up as a
commercial anode.
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