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Introduction

As the global push for sustainable energy accelerates, the

Tin-oxide-based binder-free lightweight
nanostructured anode with high reversible
capacity and cyclability for lithium-ion batteries,
manifesting the interfacial effect

Adi Pratap Singh,f Banadeep Duttat and Sudeshna Chattopadhyay (D}

Advancements in lithium-ion batteries (LIBs) that deliver higher storage capacity, energy density, and power
density are essential to meet the growing power demands of modern technologies. The increasing use of
lightweight micro-devices in flexible and portable electronics—such as wearable health monitors,
implanted medical devices, smart cards, and loT sensors—further emphasizes the need for miniaturization
of energy storage. This report describes a high-performance, lightweight, binder-free tin-oxide
(SnO,)-based nanostructured thin-film anode on a copper (Cu) current collector for rechargeable LIBs,
with lithium foil as the counter electrode. Importantly, the fabrication process of this binder-free electrode
does not involve any binder, conductive agent or other additional inactive components (unlike the typical
electrode preparation method), which results in improved energy density by reducing the effective weight
of the LIB. Furthermore, it eliminates weak interaction and interface issues between binder and electrode
material, thus minimizing the possibility of self-aggregation of active materials, besides providing increased
accessibility of the electrolyte to the active material. The fabricated half-cell exhibits significantly high
reversible capacities of 1430 mAh g* and about 1200 mAh g2 after 100 and 500 cycles, respectively, at a
current density of 0.3 A g™ (0.2C), excellent cyclability, rate performance (~800 mAh g™ at 3 A gt at 110
cycles) and stability with a high Coulombic efficiency (98-99%), as tested in the 0.02 to 1.8 V window.
Activation of the electrode was achieved by a controlled post-deposition annealing process of optimized
SnO; film on Cu, providing a suitable nanostructured hierarchical morphology and conformation involving
an SnO,-Cu interface, which facilitates good electrical contact and enhanced electron/ion transport
kinetics, yielding high cyclability, rate performance and stability, preventing pulverization. Moreover, it
introduces an extra interfacial charge storage phenomenon via Cu/Li,O nanocomposites, resembling
capacitive characteristics. Stable capacity involving SnO, dealloying-alloying along with the interface
induced extra lithium storage capability, which contributed to accomplishing the observed high specific
capacity of the electrode. This study provides an insight into the design of an advanced lightweight
electrode for next-generation energy storage devices.

due to developments in distributed energy systems, smart
grids, and electric vehicles (EVs)."? Batteries, being a class
of energy storage, in general, play a crucial role in

demand for efficient, scalable, and reliable energy storage
systems (ESS) has surged. Driven by the rapid growth of
renewable energy sources, such as solar and wind, which
are inherently intermittent, energy storage has become a
critical component in ensuring a stable and resilient power
supply." Furthermore, the need for creative storage
solutions to satisfy a variety of applications has increased
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ensuring on-demand energy supply, with equal importance
to energy production. Modern requirements emphasize the
development of energy storage systems that are
lightweight, flexible, environmentally friendly, and cost-
effective with enhanced performance. Lithium-ion batteries
(LIBs) have the highest energy density per unit volume or
mass® and have been utilized to power a wide variety of
electronic  devices.>  Intercalation-based  lithium-ion
batteries operate by inserting and extracting Li" ions into
and from anode and cathode materials.” To obtain high
energy density and a longer cycling life, it is critical to
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improve the reversibility of Li* insertion and extraction.’
The production of lithium oxide (Li,O) is a significant
issue in oxide-based lithium-ion batteries. The formation
of Li,O results in high capacity, but Li" extraction from
Li,O is irreversible, as observed for oxide-based electrodes,
resulting in limited reversibility in rechargeable Li-ion
batteries.® When it comes to energy density, the working
voltage (V) and specific capacity (mAh g') of the
electrodes, along with an appropriate operating potential
window, are its primary determinants.” Moreover, in typical
electrode fabrication, a pasted electrode is created on the
current collector by combining active materials with a
conductive additive and binder.® The presence of binders
and other inactive components leads to weak interactions
and the interfacial problems between binder and electrode
materials. This often causes self-aggregation of active
materials, ultimately diminishing the overall battery
performance. The use of binder-free electrodes not only
minimizes these issues but also shows high electrolyte
wettability.” Furthermore, binder-free thin-film batteries
offer the advantage of direct growth of active materials on
the current collector, thereby reducing the overall weight
of the active electrode material and hence, increasing the
energy density of the active electrode,” offering distinct
advantages, including long cycle life, and the ability to
operate safely over a wide range of temperatures.’
Additionally, their compatibility with flexible substrates
and ease of integration into microdevices'' make them
ideal for next-generation applications. Sectors such as
healthcare, where thin-film battery-powered advanced
wearable biosensors and implantable medical devices, and
electronics, where they enable slimmer and smarter
gadgets, are driving demand for these cutting-edge
solutions.”” Despite these advantages, the fabrication of
binder-free electrodes faces several challenges. One key
aspect is ensuring the compatibility between the electrode
and current collector materials to achieve proper adhesion
(i.e., the adhesion energy between the materials should be
greater than the cohesion energy of the deposited
electrode material), thereby enabling the formation of a
stable, wetting thin-film electrode.'”® The adhesion between
two materials may depend on their relative surface energy;
alternatively, it may rely on their relative dielectric
polarizabilities."®> Thus, to grow an efficient binder-free
thin-film battery, where the active electrode material grows
directly on a current collector, it is crucial to ensure
excellent adhesion capability of the electrode material on
the current collector, and, hence, good electrical
conductivity at the electrode-current collector interface.
Mechanical interlocking of the deposited material induced
by substrate material/roughness also promotes adhering
ability."*" Furthermore, a particular deposition technique,
such as magnetron sputter deposition,'® plays a role in
this respect by yielding a favourable interface (even a
chemically rich one), and hence, better adhesion.'®"
Additionally, the drive for eco-friendly and sustainable
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green technology emphasizes the significance of binder-
free thin-film batteries, employing safer materials, for
superior recyclability, with reduced environmental impact.

Therefore, numerous efforts have been made to
investigate novel high-capacity electrode materials to replace
standard graphite electrodes, which have a de-lithiation
potential of approximately 0.3 V (vs. Li/Li")'"® and a low
theoretical specific capacity of 372 mAh g'. Several
materials have been studied as high-capacity anodes over
the last two decades, including alloying-type metals like Sn,
Al, Si, and Ge that can deliver capacities greater than 1000
mAh ¢ at potentials of ~0.5 V, and conversion-type
transition metal oxides (MOx) like Co;0,, Fe,O;, and CuO
that have capacities of ~800 mAh g ' when de-lithiated at
potentials over 2.0 V."> Among these, tin oxide (SnO,) has
garnered a lot of interest because of its high gravimetric
capacity at moderate operating potential.**  The
electrochemical lithiation of SnO, involves a conversion
process (SnO, + Li" — Sn + Li,0) with a potential plateau of
about 1.2 V and an alloying reaction (Sn + xLi" — Li,Sn) at
about 0.5 V.>' These reactions correspond to specific
capacities of 711 and 783 mAh g™, respectively.”> However,
the following problems mostly prevent SnO, from reaching
its full potential: (i) the occurrence of substantial volume
changes during the intercalation and de-intercalation of Li"
ions, causing issues of pulverization and detachment of
active electrode material from the current collector,
resulting in significant capacity degradation;*® (ii) the low
conductivity of SnO, at room temperature leads to a
reduced electron transfer rate and sluggish reaction
kinetics;>* and (iii) Sn coarsening is another critical factor
impacting capacity retention and contributing to the poor
electrochemical performance of Sn0,.*> This process
promotes the agglomeration and growth of Li,O particles or
clusters, reducing electrical conductivity and hindering
electron transfer to the inner Sn particles. As a result, the
reversibility of the alloying and dealloying reactions in Sn
particles deteriorates.>>®

To overcome these issues, different approaches involving
the implementation of varieties of nanostructured SnO,
systems®*>>?” along with the introduction of suitable
interfaces®® have been reported in the literature,>*>>>""2°

Nanostructured systems, in general, offer i) shorter Li
diffusion paths, leading to faster reaction kinetics; ii) better
accommodation of volume expansion; iii) a larger surface
area, providing more active sites for electrochemical
reactions; and iv) improved electronic pathways, thereby
overcoming the low conductivity issues,®® particularly in
metal oxides, and play a huge role in enhancing battery
performance.’”*' For SnO,, the low conversion reaction
reversibility and the pulverization problem are the primary
factors responsible for the degradation in the performance of
the battery. However, nanostructured SnO, has the potential
to partially overcome the reversibility issues of the conversion
reaction due to enhanced inter-diffusion kinetics at the Sn/
Li,O interface, resulting from the shorter transfer distances

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Li* and electrons.***** Conversely, nanoctystalline SnO,
helps in effectively reducing the volume stress induced, thus
overcoming the pulverization problem.***> Subsequently,
interface designing of SnO, nanostructured systems has also
received attention, as this engineered interface facilitates
smooth lithiation/de-lithiation processes with faster Li"
diffusion kinetics and hinders the Sn coarsening problem,
which results in an enhancement in lithium storage reaction
reversibility.”® In addition, the excellent inherent adhesion
capability of SnO, on a conventional current collector (such
as copper)”??® enhances its potential as a binder-free
electrode material.

In this article, we report the development of a high-
performance binder-free tin-oxide (SnO,)-based thin-film
electrode with a copper (Cu) current collector, introducing
structural advantages at the Cu-SnO, interface, through a
controlled post-deposition heat-treatment process. The thin
Cu sheet acts as a current collector and substrate for SnO,
sputter deposition. The SnO,-based electrode exhibits high
specific capacity with stable capacity retention, for half-cell
tests with a lithium (Li) sheet as counter electrode, in
applications for rechargeable thin-film Li-ion Dbatteries
(LIBs). We demonstrate that the post-deposition heat
treatment induces a designed hierarchical structure in an
electrode involving SnO, thin film on Cu. This process
creates a suitable interface, which significantly enhances the
effective conductivity of the system, and improves charge
transfer  properties. Additionally, it suppresses the
pulverization problem in the SnO, active materials and
activates extra interfacial charge storage capacity. As a
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result, the electrode exhibits an overall enhanced energy
density, improved rate performance, better stability and
longer cycle life, making it a high-performance candidate
for rechargeable micro-battery systems.

Result and discussion

In this work, a new class of binder-free tin-oxide (SnO,)-based
thin-film electrode with a copper (Cu) current collector was
investigated. Fig. 1(a) shows the Xray photoelectron
spectroscopy (XPS) studies of the sputter deposited (RF) thin film
(as detailed in the experimental section), signifying the
formation of SnO,, while Fig. 1(b) provides the tentative
thickness of the deposited film, which was found to be about 60
nm, from -cross-sectional field emission scanning electron
microscopy (FESEM) images. Fig. 1a(i-iii) shows the XPS spectra
of core Sn 3d and O 1s for the sputter deposited sample. Strong
signals of Sn 3ds, and Sn 3d;, were present at 486.5 eV
(Fig. 1a(i)) and 495 eV (Fig. 1a(ii)), respectively, whereas there
was a strong O 1s signal at 530.3 eV (Fig. 1a(iii)), convincingly
corresponding to the formation of Sn0,** No signals
corresponding to the underlying Cu current collector were
observed in the XPS spectra, indicating high coverage of pristine
SnO, thin film. Overall, the XPS and cross-sectional FESEM
results in Fig. 1 signify the deposition of a pristine SnO, thin
film of about 60 nm of thickness on the Cu current collector via
RF-sputtering. Further XPS study of the system after employing a
controlled post-deposition heat-treatment process, is discussed
later in the manuscript in the context of an electrochemical
performance study of the electrode of interest, towards the
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Fig. 1 Pristine SnO; thin film (RF-magnetron sputter deposited) on Cu current collector. (a) XPS spectra of Sn 3ds,, (i), Sn 3d3z/, (ii) and O 1s (jii),
signifying the deposited SnO; film. (b) Cross-sectional FESEM images at two different magnifications with respective scale bars; two magnified
images (i)-(ii), indicating thickness of the deposited SnO, thin film, along with the overall cross-sectional image of the RF sputter deposited SnO,

thin film on Cu current collector (jii).
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explanation of the mechanism, and incorporated accordingly in
SI, Fig. S1.

Electrochemical studies

Galvanostatic discharge-charge (GCD). The
electrochemical performance of the LIB, comprising an
SnO,-based binder-free thin-film electrode (of about 60
nm thickness) with a Cu current collector, and Li as
counter electrode or anode, has been explored. Controlled
heat treatment of magnetron sputter deposited SnO, thin
film on the Cu current collector forges the electrode of
interest here (called the A-SnO, electrode) for application
as a rechargeable Li-ion battery (LIB), as demonstrated in
Fig. 2. Fig. 2(a) shows the galvanostatic discharge-charge
(GCD) profiles of the battery, cycled between 0.02 V and
1.8 V, at a current density of 0.3 A g™* for different cycles.
The specific voltage window (0.02 V to 1.8 V) has been
selected to probe the specific capacity corresponding to
the SnO, system, involving an alloying/dealloying reaction
at about 0.5 V. Cycle performance and Coulombic
efficiency plots at the same current density of 0.3 A g*
are shown in Fig. 2(b). The system provides extremely
high capacity in the initial 15 cycles, of more than 2000
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mAh ¢!, with sharp capacity fading with increasing cycle
numbers, indicating irreversible reactions or the formation
of a solid-electrolyte interphase (SEI), which occurred in
this voltage window. It starts to become stable from 35
cycles onwards, ie., 1700 mAh g™' at 35 cycles, reaching
1430 mAh g ' at 110 cycles, and maintaining a reasonably
stable value thereafter. Specific capacity remains steady at
around 1200 mAh g from 250 cycles to 500 cycles, and
onwards. This result implies that the post-deposited heat-
treated SnO, thin film on the Cu current collector delivers
higher specific capacity in comparison to that of the
experimental results reported in the literature involving
various SnO,-based electrodes (which was found to have a
maximum value of about 800 mAh g').}?*?%2729
Secondly, the observed stable capacity, 1200 mAh g™ (at
higher cycle number, >250 cycles) is greater than the
theoretical capacity of the alloying/dealloying reaction
alone (i.e., 783 mAh g™"), signifying the activation of some
other reactions or influences based on the interfacial
effects in the SnO, nanostructured electrode system, which
will be discussed and explained in the following section,
in connection with the cyclic voltametric (CV) response of
the system. A high Coulombic efficiency (~98-99%) is
evident for this system (Fig. 2(b)). Furthermore, the
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Fig. 2 Electrochemical characterization of electrodes A-SnO, and B-SnO,. (a) Galvanostatic charge-discharge profiles of the A-SnO, electrode at
a current density of 0.3 A g™* for different cycles. (b) Cycle performances (from 10th to 520th cycle) of both electrodes along with the Coulombic
efficiency plot of A-SnO, electrode, at a current density of 0.3 A g'*. (c) Galvanostatic charge-discharge profiles of the B-SnO, electrode at a
current density of 0.3 A g™* for different cycles. (d) Capacity retention (from 10th to 520th cycle) of A-SnO, and B-SnO, electrodes.
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electrode exhibits remarkably high stability and long
cycle life (Fig. 2(a), (b), and (d)), compared to other
available/reported SnO,-based electrodes,***?*>?7?%%> and
hence reveals the remarkably high performance of the
system. The observed electrochemical performance of
A-SnO, is also superior to that of other available/
reported thin-film electrodes, including other tin-oxide-based
electrodes,®****?® when used in equivalent micro-battery
systems.>?*2>27:35737 Relevant comprehensive information is
shown in Table S1.

A comparison study using an equivalent untreated SnO,
thin-film electrode on a Cu current collector was carried out,
as presented in Fig. 1(b-d). Growth parameters for RF-sputter
deposited SnO, were kept the same for both electrode
systems (as discussed in the experimental section).
Optimization of the growth parameters was carried out to
obtain a high-quality film to achieve better performance of
the electrode.

For convenience, from now on in this report, SnO, thin
film on Cu current collector systems before and after post-
deposition heat-treatment are referred as the untreated
SnO, electrode (“B-Sn0,”) and the electrode of interest (“A-
Sn0,”), respectively.

Both treated and untreated SnO, electrodes (A-SnO, and
B-Sn0,) exhibit an initial high capacity with a sharply falling
trend over the first few cycles, as shown in Fig. 2(b) and (d),
which can be attributed to the irreversible reactions or solid-
electrolyte interphase (SEI) formation, and can be ascribed to
the occurrence of an irreversible conversion reaction in SnO,
(SnO, + 4Li" + 4e” — Sn + 2Li,0), which corresponds to a
theoretical capacity of about 711 mAh g™*.>%2>38

The untreated SnO, (B-SnO,) electrode shows a low
specific capacity of about 700 mAh g™* at the 100th cycle,
which is 50% lower than that of the post-deposition heat-
treated SnO, electrode (A-SnO,) at the same cycle. However,
after exhibiting some sort of stability in the ~35-100 cycle
window, B-SnO, reveals a sharp fall in specific capacity with
increasing electrochemical cycle number, which leads to
~216 mAh g™ capacity at the 500th cycle, which was even
lower, and only 18% of the capacity of A-SnO, at the same
cycle, as displayed in Fig. 2(c). The observed capacity of
about 700 mAh g up to the 100th cycle for B-SnO, was
consistent with the reported experimental results for other
SnO,-based electrodes in the literature,*>’*® and can be
attributed to the contribution from the reversible
alloying/dealloying reaction (Sn + xLi" + xe”~ — Li,Sn) of
Sn0,.”>*>*%  Here, the ‘x> in the alloying/dealloying
reaction signifies the number of Li atoms contained in the
Li-Sn alloy, per metal (here Sn) atom. The ratio of the
number of Li atoms to the number of metal atoms must be
as high as possible to enhance the capacity of the working
electrode.*® Theoretically, for x = 4.4, maximum-Sn-lithiated-
phase Li,,Sns is obtained, which corresponds to a specific
capacity of 783 mAh g™

At 500 cycles, the capacity retention for B-SnO, is around
22% (and 29%) with respect to its initial 10th cycle (and 35th

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycle), as displayed in Fig. 2(d). Such a phenomenon can be
ascribed to the commonly observed pulverization issues
associated with SnO,-based electrodes,*® leading to a sharp
loss in capacity, compromising the stability of the electrode,
and thus the performance of the overall battery. The low
conductivity of SnO, is also one reason for the pulverization
problem. The observed electrochemical performance of B-
SnO, is consistent with reported literature involving SnO,-
film-based electrodes.>*?**° In this regard, it should be
noted that most published reports with general SnO,-based
electrodes in LIB, presented a specific capacity only up to
100-200 cycles.>>>3940

Such large capacity fading after ~100 cycles was mostly
overcome in the post-deposition treated SnO, electrode (A-
Sn0,), as shown in Fig. 2(a), (b), and (d). A higher capacity
retention of 56% (and 71%), with respect to its initial 10th
cycle (and 35th cycle), was evident for A-SnO,, as shown in
Fig. 2(d), implying better conductivity, a lower Sn-coarsening
effect in the system and a reduction in pulverization.

The rate performance of A-SnO, at current densities from
0.3 A g (0.2C) to 3 A g (2C) was studied, as shown in
Fig. 3. Even at the high current densities (high rates) of 0.9 A
g' (0.6C), 1.5 A g (1C) and 3 A g ' (2C), competitive
discharge capacities of A-SnO, of ~1340 mAh g™, ~1100
mAh g™ and ~800 mAh g™* at 50, 60 and 110 cycles were
maintained, respectively (blue open-circle plot, Fig. 3).
Moreover, reversible capacities of ~1150 mAh g™ and ~1350
mAh g™ could be recovered after 120 and 150 cycles upon
reducing the current to 0.9 A g~ (0.6C) and 0.3 A g (0.2C).
For reference, the A-SnO, specific capacity at a constant
current density, 0.3 A g~* (0.2C), is presented (red solid-circle
plot) along with that of the varying current density plot (blue
open-circles), in Fig. 3. The results manifest the remarkable
rate performance of the A-SnO, electrode, signifying
preserved specific capacity even after repeated cycles at
relatively high rates.

The explanation for such superior performance of A-SnO,
has been explored through a study of cyclic voltametric
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Fig. 3 Rate performance of A-SnO, at different current densities
(rates) from 0.3 A g*(0.2C) to 3A g™ (2C).
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response (CV), electrochemical impedance spectroscopy (EIS),
FESEM and UV-vis spectroscopy.

Cyclic voltametric response (CV)

A typical CV scan of an A-SnO, electrode (with LiPFs
electrolyte and metallic lithium as counter electrode, a
similar assembly to that in GCD measurement) in the voltage
window 0.05 to 1.8 V, focusing on the potential region of the
lithium alloying-dealloying reaction,”’ at a slow scan rate
of 0.05 mV s is shown in Fig. 4(a). While the CV scan
of B-SnO, with the same scan parameters is displayed in
Fig. 4(b) for the purpose of comparison with same x-y
scale. It can be seen that there are two pairs of redox peaks
which appeared in the CV scan of A-SnO,, corresponding to two
predominant Li-Sn alloying and dealloying reactions, forming
Liy,Sns (0.18 V, 0.47 V) and LiSn (0.56 V, 0.76 V) phases,*"**
depicted as (Egy, Eo1) (Ere, Eop) in Fig. 4(a). When these results
are compared with that of B-SnO,, it can clearly be seen that
the Li-Sn alloying reaction, Eg;, corresponding to Li,,Sns
(0.18 V), shifts rapidly towards a lower lithium-containing
phase with increasing scan number, and saturates at about
the Li,Sn; (0.4 V) phase,*** by 15 cycles, as depicted in
Fig. 4(b). While the second redox reaction (Egr,, Eop)
corresponds to alloying with the lowest lithium-containing
LiSn phase, exhibiting similar voltages to that of A-SnO,.
Furthermore, Fig. 4 clearly shows the considerable
enhancement in the area of the cyclic voltammogram of A-
SnO, in comparison to B-SnO,, implying the distinctively
higher charge accumulation capacity or higher specific

1882 | RSC Appl. Interfaces, 2025, 2,1877-1888

capacity®® for the A-SnO, electrode, which is consistent with
the GCD results, as discussed in the previous section. It is
evident that the enhancement in the specific capacity relies
predominantly on the emergence of significant capacitive
behaviour in the A-SnO, electrode. To investigate the origin
of such capacitive behaviour, the first cathodic scan
(Fig. 4(c and d)) was carefully examined. In the first cathodic
scan of B-SnO,, there are a weak broad reduction band and
an intense sharp band at 1.5 V and 1.1 V, respectively, which
are ascribed to the two-step irreversible conversion reaction
of Sn0O, (SnO, + 4Li" + 4e” — Sn + 2Li,0),>**® denoted as Eg4
and Egjz, respectively, in Fig. 4(d). However, in the first
cathodic scan of A-SnO, (Fig. 3(c)), apart from a weak signal
from Eg, at ~1.5V, a broad intense reduction band appeared
in the range of about 0.7-1.1 V. The broad intense band
includes Eg;, and predominantly represents the intense two-
step conversion reactions involving CuO to produce Cu and
Li,O (CuO + 2Li" + 2¢” < 2Cu,0 + Li,0; Cu,O + 2Li" + 2e”
— 2Cu + Li,0) at 1.06 V (Eg,) and 0.79 V (E,),
respectively,** which do not prevail in the reversed anodic
scan (as the corresponding oxidation reactions from Cu to
CuO take place above 2.4 V, which is beyond the set voltage
window, 0.05-1.8 V, focused on the lithium alloying-
dealloying reactions), and disappeared thereafter in the
higher cycle cathodic scans. The formation of CuO in the A-
SnO, system, and its reduction producing Li,O after first
discharge were also evident in the ex situ XPS results, as
shown in SI, Fig. S1. While, the Cu current collector enables
the formation of CuO, in consequence of the controlled post-
deposition heat treatment of A-SnO,. Essentially, such Cu/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Li,O nanocomposites (or Me/Li,O nanocomposites where Me
represents transition metals that do not alloy with Li) are
responsible for extra Li storage at low potential for
rechargeable Li batteries,*> and contributed interfacial charge
storage resembling the characteristic of a capacitor, as
established and reported in the literature.”>*® The
quantitative capacitive contribution?” was estimated, which
was found to be about 39%, as shown and described in SI,
Fig. S2. In this regard, the differences in voltage profiles
between samples A-SnO, and B-SnO, (Fig. 2(a) vs. 2(c)), as
observed from the GCD study, signifying an additional
capacitive contribution to the specific capacity of A-SnO,
(Fig. 2(a)), obscuring the prominent plateaus as observed in
B-SnO, (Fig. 2(c)) (e.g., plateaus at 0.56 V and 0.47 V in the
discharge and charge profiles, respectively) corresponding to
Li alloying-dealloying reactions, further supports the above
inference, revealing the extra Li storage through capacitive
characteristics.

Hence, the origin of such observed higher stable capacity
in the A-SnO, electrode relies on the formation of Cu/Li,O
nanocomposites, which plays the role of effectively
enhancing the specific capacity through an interfacial charge
storage mechanism via capacitive behaviour.*> Surface
morphology study and UV-vis results, as presented in the next
sections, consistently support this inference.
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Fig. 5 Electrochemical impedance spectroscopy (EIS) data of A-SnO,
(red open-circles) and B-SnO, (blue open-circles) electrodes before (a)
and after (b) cycling, along with the corresponding fitting lines (solid-
brown lines) using respective equivalent circuit models, as shown in
the respective insets.
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Overall, the results from CV are consistent with that of
GCD. The CV results indicate that the peak voltages remain
nearly constant, demonstrating electrochemical stability of
the cathode after 15 cycles, which strongly supports the GCD
results and the cycle performance data.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) spectra were
recorded for cells with A-SnO, and B-SnO, electrodes, both
after formation (Fig. 5(a)) and after cycling (Fig. 5(b)). The
spectra were fitted using the equivalent circuit model (as
shown in the insets),48 which includes R;, R., CPEg and
CPE,,. Here, R;, R, and CPEq correspond to the solution
resistance (from the electrolyte), the charge transfer
resistance and constant phase elements representing double-
layer capacitance, respectively.*®*® The constant phase
element, CPE,, represents the Li-ion diffusion-related
behaviour of the cell, which combines Li diffusion processes
occurring at the electrode.”®*® CPEgg; and Rgy (in Fig. 5(b))
represent the constant phase element related to non-ideal
capacitance of the SEI layer and resistance for Li-ion
diffusion in the SEI layer, respectively, which emerge during
cycling.*® Fig. 5 shows that the charge transfer resistance
(Re) of a cell with the A-SnO, electrode is less than that of B-
SnO,, where the difference became more prominent after a
few cycles of the cells, as evident in Fig. 5(a) and (b). As per
the general convention, charge transfer resistance (R.) was
estimated, by considering the EIS plot of the cycled electrode
(for a few cycles),"””> which corresponds to Fig. 5(b). After
cycling the batteries for a few cycles (5 cycles), the R, values
for A-SnO, and B-SnO, were found to be about ~34 Q and
~212 Q, respectively (Fig. 5(b)). The results (Fig. 5(b))
indicate about 84% reduction in charge transfer resistance in
the case of the A-SnO, system, the electrode of interest, in
comparison to B-SnO,, the untreated one. EIS data collected
prior to battery cycling show R, values of about 980 Q and
1093 Q, respectively, for A-SnO, and B-SnO, (Fig. 5(a)). These

Fig. 6 FESEM images of A-SnO, ((a) and (b)) and B-SnO, ((c) and
(d)) electrodes at two different magnifications along with respective
scale bars.
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findings indicate much less resistive interfaces formed by the
A-SnO, over B-SnO,, thereby contributing to the improved
electrochemical performance, which supports the observed
superior cycle performance from GCD profiles.

Morphology

Morphological information about the developed binder-free
thin-film SnO,-based electrodes was obtained by field
emission scanning electron microscopy (FESEM), as
displayed in Fig. 6.

Fig. 6(a and b) show FESEM images of the post-deposition
heat-treated, binder-free A-SnO, electrode at two different
magnifications. The images reveal a nanostructured flower with
a nano-petal-like morphology, covering the entire electrode,
which results in a large surface area and provides a suitable
channel for ion transport, thereby improving charge transfer
capability.”® Moreover, the abundance of nanocrystallites in the
electrode morphology helps to effectively reduce the induced
volume stress, minimizing the pulverization problem.*®
Fig. 6(c and d) display the FESEM images of the corresponding
untreated electrode, B-SnO,, with equivalent magnification, for
comparison purposes. It is evident that the A-SnO, electrode,
possessing regularly arranged nanostructured subunits with
numerous nano-voids and high specific area of void borders
that facilitate the lithiation/de-lithiation process, shorten the Li*
transfer distances and hinder Sn coarsening, resulting in an
enhancement in lithium storage, and reaction reversibility.
Furthermore, the larger electrochemical surface area (ECSA)** of
A-SnO, compared to B-SnO, was also verified quantitively
through EIS study, as described in SI, S2. Thus, this improved
morphology facilitating smooth ion transportation within the A-
SnO, electrode, also significantly contributed to the remarkable
rate performance of the system, as evident in Fig. 3.

The results signify that the constituents, structure,
conformation and advantageous morphology of A-SnO,
provide a pathway for high interfacial charge storage capacity
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Fig. 7 UV-vis spectroscopy in diffuse reflectance (DRS) mode for
A-SnO, (red line) and B-SnO, (blue line) electrodes. The zoomed
portion of the data shown in the inset, indicates the effective
band-edges of A-SnO, and B-SnO,.
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along with a higher amount of Li intercalation in the system,
which efficiently activated the overall system, showing an
improved electrochemical performance.

UV-vis study

The electronic properties, specifically the effective band edge
or band gap, of the A-SnO, system was examined in
comparison to B-SnO, via UV-vis spectroscopy in diffuse
reflectance mode (DRS), as displayed in Fig. 7. The plot of
(F(R)hv)* versus photon energy hv is shown in Fig. 7, where
F(R) is the Kubelka-Munk function,® as represented in eqn
(1), and R is the diffuse reflectance. The extrapolated line at
(F(R)hv)> = 0 gives a tentative value for the band gap in eV.>
F(R) is proportional to the absorption coefficient, and can be
expressed as®’

F(R) = (1)

The distinctive reduced effective absorption band-edge of the
A-SnO, system (~3.25 eV and ~1.5 eV) compared to
untreated B-SnO, (~4 eV) is evident in Fig. 7. The optical
band-edge of B-SnO, is consistent with nanostructured SnO,
systems.”® However, the UV-vis plot of the A-SnO, electrode
with a lower band-edge at 3.25 eV and below, indicates the
incorporation of CuO nanostructures® into the SnO, system.
The findings emphasize the interface-induced effect in the A-
SnO, system, as a result of controlled growth and designed
post-deposition treatment of the thin-film SnO, on the Cu
current collector. Consistent results were obtained from
attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR), as demonstrated in SI, Fig. S3.

The results signify the controlled heat-treatment-induced
interfacial phenomena at the SnO,/Cu interface associated
with the formation and dispersion/incorporation of CuO
nanostructures into the SnO, nanocrystallite system. These
results align with the inference obtained from the CV study;
see Fig. 4 in the earlier section.

Hence, the overall studies signify that the observed
superior performance of the post-deposition heat-treated
SnO, electrode (A-SnO,) in LIB relies on the formation of
well-defined SnO, nanocrystallites along with the improved
hierarchical surface morphology (see the FESEM images in
Fig. 6) coupled with the interfacial phenomena. Such a novel
architecture for the electrode results in significant
enhancement in the effective conductivity of the system,
improved charge transfer properties, prevention of
pulverization, hindrance to Sn agglomeration, and,
importantly, contributes to an extra interfacial Li storage
capacity to the system with the aid of Cu/Li,O nanocomposite
formation (as detailed in the earlier section).

Experimental
Preparation of binder-free SnO,-based electrodes

To prepare binder-free electrodes involving SnO, thin-film on
Cu, the RF-magnetron sputtering deposition technique was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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used to deposit SnO, on Cu sheets. The thin Cu sheet (9 pm
thick, MTI Corporation) acts as a current collector and
substrate for SnO, sputter deposition. The SnO, target
(two-inch diameter, 99.99% purity, Testbourne Ltd. UK)
was used for sputtering purposes, under Ar gas (purity
99.999%) with a constant flow of 40 sccm, and sputtering
power of 50 W. The distance between the target surface and
the Cu foil was 14.1 cm. Base pressure and working pressure
were maintained at ~2.5 x 107 bar and ~1.9 x 10~ bar,
respectively. The substrate holder was rotating at 30 rpm,
and no heating was applied to the substrate holder during
the deposition process. The thickness of SnO, was controlled
by deposition time. The electrode mass was measured using
an electronic balance (Sartorius SECURA225D-10IN weighing
balance with an accuracy of 0.01 mg) before and after SnO,
loading on the Cu current collector to calculate the mass of
deposited SnO,. In this method, the total mass of the
deposited SnO, electrode material on a piece of Cu foil or
current collector (of size 7.8 cm x 2.8 cm) was measured first,
and was found to be 0.9 mg. The active electrode mass was
then estimated to be 0.07 mg, based on the size or area of
the circular electrode of diameter 15 mm, as used in the
CR2032 coin cell. The estimated mass of the deposited SnO,
binder-free electrode was also cross-verified through
estimation of the SnO, film thickness via the cross-sectional
FESEM image, as displayed in Fig. 1(b). The thickness of the
deposited SnO, film was estimated from cross-sectional
FESEM (Fig. 1(b)) as about 60 nm, considering the mass
density of SnO, to be 6.9 gm cm™ and the electrode mass
appears to be 0.07 mg (for a 15 mm diameter electrode),
which signifies consistency in the measurements and thus in
the results.

After deposition, the SnO,/Cu electrode was heat-treated
in a muffle furnace at a temperature of 400 °C for a short
time (about 10 minutes) in an air atmosphere at ambient
pressure. Before and after post-deposition heat-treated SnO,
thin film (of about 60 nm thickness, with an active mass
loading of 0.07 mg or with a mass density of 0.04 mg cm™)
on Cu current collector systems were referred to as untreated
SnO, electrode “B-Sn0O,” and electrode of interest “A-SnO,”,
respectively. Photographs of A-SnO,, B-SnO, and the bare Cu
current collector are shown in SI, Fig. S4.

Assembling of coin cell and electrochemical measurements

The electrochemical performances of the A-SnO, and B-
SnO, working electrodes were investigated with CR2032 coin
cells assembled in an argon-filled glovebox (MBRAUN
UNIlab Plus, Germany) in half-cell configuration with an Li
chip (diameter 15 mm) as the counter electrode. A tri-layer
polypropylene-polyethylene-polypropylene (PP/PE/PP)
membrane (Celgard 2325) was used as a separator (diameter
20 mm). An electrolyte solution of 1 M LiPF, salt (Sigma
Aldrich) was prepared with a mixture of dimethyl carbonate
(DMC) and ethylene carbonate (EC) in a 1:1 volume ratio.
Cyclic performance and galvanostatic charge/discharge (GCD)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycling tests were conducted using a battery testing system
(NEWARE BTS4000), and electrochemical workstations (CH
instruments, CHI423B and CHI605E) at a current density of
0.3 A g, over a voltage range of 0.02 V to 1.8 V, at room
temperature. The specific charge and discharge capacities of
the electrodes were determined by dividing the total electrode
capacity by the electrode mass (mass of the SnO,). Cyclic
voltammetry (CV) was conducted using electrochemical
workstations (CHI605E) within a voltage range of 0.05 V to
1.8 V at a scan speed of 0.05 mV s '. Electrochemical
impedance spectroscopy (EIS) measurements were conducted
using an electrochemical workstation (CHI423B), applying a
sine wave with an amplitude of 5.0 mV over frequencies from
10° Hz to 0.05 Hz.

Characterization techniques

Morphological studies were conducted using a field emission
scanning electron microscope (FE-SEM Supra 55, Carl Zeiss,
Germany). Cross-sectional FESEM images were taken using
an FEI Nova Nano SEM 450 field emission scanning electron
microscope. Optical characterization was carried out using
the diffused reflectance spectroscopy (DRS) mode of a UV-
visible spectrophotometer (Shimadzu UV-2600i) equipped
with an integrating sphere, in the wavelength range 200 nm
to 1400 nm. The structural analysis of A-SnO, and B-SnO,
samples was conducted using the X-ray diffraction (XRD)
technique using a Rigaku SmartLab, Japan with a Cu Ka
X-ray source (40 kv, 1.2 kW). The XRD data were recorded at
a scan rate of 0.1° min™" at a 20 range of 20-60° with a step
size of 0.01°. Vibrational studies were conducted using ATR
FTIR spectroscopy (L1600300 Spectrum TWO FTIR
spectrometer, Perkin Elmer), at a wavenumber range 900
em™ to 400 em™. X-ray photoelectron spectroscopy (XPS) was
recorded using a SPECS Surface Nano Analysis GmbH,
Germany, in the binding energy range of 1300 eV to 0 eV,
using an Al Ko (1486.1 eV) X-ray source (13 kV, 100 W). XPS
study of the pristine SnO, electrode (B-SnO,) (as shown in
Fig. 1(a)) was conducted using the AIPES beamline (BL-02) of
Indus-1 synchrotron source, RRCAT, Indore, India, with an
Omicron energy analyzer (EA-125, Germany). All core-level
spectra were calibrated using the C 1s (284.6 eV) peak.

Conclusions

We demonstrate the interface-induced significant stability,
cycle life, and overall high capacity of the tin-oxide (SnO,)-
based thin-film electrode with a Cu current collector in a
rechargeable Li-ion battery (LIB). Post-deposition, controlled
heat treatment of optimized SnO, thin film on a Cu current
collector allows the augmented growth of structured
interfaces and overall hierarchical nanostructured
morphology, which provides adequate electrical connectivity
in the electrode system, making the system Dbetter
conducting and more resilient towards electrochemical
cycling, suppressing pulverization issues, and exhibiting
high stability and long cycle life. Moreover, the beneficial
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structured interface not only provides good electrical
connectivity but also allows the growth of Cu/Li,O
nanocomposites from the initial battery cycling process,
which contributes to extra Li storage and enhances capacity
effectively through an interfacial charge storage mechanism
via capacitive characteristics. Essentially, the electrode yields
a superior specific capacity, additionally deploying
interfacial charge storage.

Quantitatively, the prototype of rechargeable LIB
developed in this work consists of a lightweight, binder-
free, cost-effective, environmentally friendly SnO,-based
electrode on a Cu current collector (A-SnO,), with Li as
the counter electrode. This configuration delivers high
reversible capacity, stability and remarkable cycle life
(1430 mAh g™ and about 1200 mAh g™ after 100 and
500 cycles, respectively, at a current density of 0.3 A g*
(0.2C)). This electrode also exhibits excellent rate-
performance (800 mAh g™ at 3 A g* (2C) at 110 cycles),
with high Coulombic efficiency (98-99%). In comparison,
a conventional SnO, thin-film anode shows much lower
reversible capacities of about 700 mAh g™ and 216 mAh g™*,
at the 100th cycle and 500th cycles, respectively, under the
same current density of 0.3 A g (as demonstrated here for
B-Sn0,, and other reported results in the literature based on
SnO, thin-film electrodes).

This electrode demonstrated a higher level of performance
than thin-film anodes used in equivalent micro-battery
systems reported in the literature (Table S1). These findings
highlight the potential of SnO,-based electrodes with
interfacial engineering to satisfy the requirements for cost-
effective, lightweight microelectronic energy storage devices,
while also guiding the design of advanced materials for next-
generation energy storage systems.
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