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All-solid-state chloride-ion batteries promise high theoretical
energy density and room-temperature operation. However,
conventional Sn anodes suffer from low material utilization
attributed to large particle size and volume expansion. Here, nano-
sized Sn particles in an N-doped carbon framework are used as an
anode, resulting in ~12% higher capacity compared to conventional
Sn, due to improved Sn utilization and suppression of volume
expansion.

Lithium-ion batteries (LIBs) have been the dominant energy
storage technology for several decades, known for their high
energy density and reliability.»2 However, with advances in
energy storage technology and increasing demand for higher
performance, LIBs are nearing their theoretical energy density
limits.34 This limitation is becoming a significant challenge in
applications that require greater energy storage capacity, such
as electric vehicles and large-scale grid energy storage.
Additionally, the use of liquid electrolytes in LIBs poses a
significant fire risk due to their low thermal stability.> To address
these challenges, efforts are ongoing to develop alternative
battery systems.®® Among these, all-solid-state batteries, with
solid electrolytes and components, offer notable advantages in
safety and energy density.?

Halogen-ion-based batteries have attracted attention due to
their high energy density.1°® Anion-based systems, including
those utilizing CI~, F~, and PF¢~, differ from metal cation-based
systems in that anions can form hybrid covalent-ionic bonds
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with the electrode materials.’¥"13 This interaction introduces
sites, enhancing
performance.’® Chloride ions, in particular, stand out due to
their high theoretical volumetric and gravimetric energy
densities.’> Moreover, chloride ions are abundant and
inexpensive, contributing to the potential for large-scale, cost-
effective energy storage solutions.

Recently, a solid electrolyte based on the perovskite-type
CsSnCl;, which exhibits high chloride ionic conductivity, has
been developed.'® This solid electrolyte, when paired with a
BiCl; cathode and a Sn anode, provides promising cycling
performance in ASS chloride-ion batteries. However, CsSnCls is
metastable and undergoes phase transitions at room
temperature, transforming into a stable phase with lower
conductivity.?® To improve its phase stability at room
temperature, elements with smaller ionic radii, such as Mn, In,
or Y can be introduced.'®1® These elements stabilize the
structure and prevent phase transitions, allowing for better
performance in all-solid-state batteries under ambient
conditions. We have recently discovered that CsSngg5Yo.05Cls 05
(CSYC) exhibits a high chloride ionic conductivity of 4.9 mS cm™®
at room temperature, and we have demonstrated excellent
charge-discharge performance by combining a Sn anode with a
BiCl; cathode.® Despite these benefits, a significant challenge
remains: the volume expansion of metal electrodes during
charge and discharge.?° This volume change leads to increased
interfacial resistance, reducing the battery’s efficiency and long-
term stability. The performance of solid-state batteries is
especially susceptible to these issues, as the solid-solid interface
between the electrode and electrolyte can degrade over time.2!

Many studies have focused on engineering electrode
materials at the nanoscale to address this issue.2223 By reducing
the size of metal particles used in the anode and embedding
them into a conductive matrix, such as nitrogen-doped (N-
doped) carbon, the effects of volume expansion can be
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Fig. 1 (a) Schematic of the experimental setup for plasma engineering; (b) OES
spectrum during the plasma engineering.

mitigated.?* The N-doped carbon not only provides structural
support to reduce mechanical stress but also enhances electron

transport, leading to improved overall performance.?® These
composite materials are expected to offer superior cycling
stability and higher capacity retention compared to
conventional metal anodes.

In this study, a composite of Sn nanoparticles dispersed in N-
doped carbon (Sn@NC) is synthesized using a one-step plasma
engineering. By combining nano-sized Sn with N-doped carbon,
this work aims to suppress the volume expansion that occurs
during SnCl, formation. The electrochemical performance of
the synthesized material is evaluated as an anode for all-solid-
state chloride-ion batteries at room temperature, and its
performance is compared to that of a conventional Sn anode.

As shown in Fig. 1(a), Sn@NC was synthesized via plasma
engineering. The synthesis route was composed of a N,N-
dimethylformamide (DMF) solution and two Sn electrodes
facing each other in a plasma reactor. When a pulse power was
applied between the electrodes, plasma was generated and the
precursor vaporized due to Joule heating. Radicals are formed
depending on the type of precursors and electrodes, and these
can be observed using optical emission spectroscopy (OES).2°
Fig. 1(b) shows the spectra from the plasma region during
synthesis. The main radical species, such as CN, CH, C,, and Hg,
show strong intensity peaks. These radicals are important
intermediates in the polymerization and carbonization of the
organic solution. In addition, clear Sn related peaks appeared at
around 580, 645, and 690 nm, indicating that Sn is involved in
the carbon polymerization caused by the CN, CH, and C,
radicals. Therefore, DMF serves as both a carbon source and
nitrogen dopant through its decomposition
intermediates, while the Sn electrode provides Sn nanoparticles
that integrate into the carbon matrix to form Sn@NC.

The morphology and microstructure of the synthesized
Sn@NC material were observed using scanning electron
microscope (Fig. S1) and transmission electron microscope
(TEM) images. Through the TEM image (Fig. 2(a) and S2), it is
shown that spherical Sn@NC particles are uniformly
distributed, with an overall size of 3-5 nm. The high-resolution
TEM image (Fig. 2(b)) shows that the particles have lattice
spacing corresponding to the (200) planes of metallic Sn.
Additionally, the energy dispersive X-spectrometry (EDS)
mapping result (Fig. 2(c)) confirms that Sn particles are
distributed within the carbon matrix. The elemental
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Fig. 2 (a) TEM images; (b) HR-TEM images; (c) EDS mapping; and (d) XRD pattern of
Sn@NC

composition from TEM-EDS analysis reveals Sn, C, N, and O at
43.5, 37.0, 5.3, and 14.2 wt.%, respectively. While TEM images
indicate that Sn nanoparticles are generally well-distributed
within the N-doped carbon framework, partial agglomeration is
observed, likely due to the high-temperature and electric field
conditions of the plasma synthesis process, which can cause
localized clustering during rapid vaporization and condensation.
To further confirm the Sn content in Sn@NC, inductively
coupled plasma optical emission spectrometry (ICP-OES) was
conducted, showing a Sn weight percentage of 46.4 wt.%.
Additionally, thermogravimetric analysis was used to calculate
the Sn content, which was found to be approximately 46.2 wt.%
(Fig. S3). These values are all in close agreement, indicating that
nano-sized Sn particles are successfully integrated with the N-
doped carbon matrix through plasma engineering. Fig. 2(d)
shows the X-ray diffraction (XRD) pattern of Sn@NC. A distinct
Sn peak is observed, indicating the successful incorporation of
Sn into the synthesized material. However, due to the strong Sn
metal peak, observing the peak of carbon was challenging.
Raman spectra of Sn@NC, given in Fig. S4, exhibit the
characteristic peaks for disordered (D band) and graphitic
carbon (G band). The Ip/lg ratio for Sn@NC is 1.04, suggesting
the presence of a significant fraction of the amorphous
structure in the carbon framework.

The pore structure and surface area of the Sn@NC were
examined using N, adsorption-desorption isotherms, as shown
in Fig. 3(a). The isotherm exhibited a type-IV hysteresis,
suggesting the presence of abundant mesopores within the
material.?’” According to the pore size distribution confirmed by
the Barrette-Joynere-Halenda method (Fig. 3(b)), most of the
pores are distributed in the range of 2 to 10 nm. The surface
area of SNn@NC was measured to be 76.35 m? g7, the total pore
volume was 0.0856 cm? g™, and the average pore size was 4.485
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Fig. 3 (a) N, adsorption—desorption isotherm; and (b) BJH pore-size distribution of
Sn@NC.

nm. This large surface area and pore structure of the carbon
shell act as a buffer, reducing volume expansion when Sn
complexes with chloride ions.

To evaluate the electrochemical performance of Sn@NC as
an anode for all-solid-state chloride-ion batteries operated at
room temperature, a battery cell (Sn@NC / CSYC / BiCl3) was
assembled, and the schematic is shown in Fig. 4(a). BiCls-based
material was used as the cathode, while the synthesized Sn@NC
material was used as the anode. CSYC was employed as a solid
electrolyte. Fig. 4(b) compares the charge/discharge profiles of
the first two cycles for cells assembled with the Sn@NC anode
and an equivalent amount of the conventional Sn anode. The
profiles suggest the following redox reactions at each electrode.
At the BiCl; cathode, Bi3* is reversibly reduced and oxidized
(BiCl3 + 3e™ « Bi + 3Cl7), while at the Sn-based anode, Sn
undergoes reversible oxidation and reduction (Sn + 2CI~ <> SnCl,
+2e7). These redox reactions, driven by the migration of Cl- ions
between the electrodes, maintain charge balance during
cycling.1618 The capacity of the cell was presented based on the
cathode. The Sn@NC anode exhibited a discharge capacity of
188.5 mAh g7'in the first cycle, followed by a charge capacity of
135.8 mAh g7, resulting in an efficiency of about 72 %. In the
second cycle, the discharge and charge capacities of Sn@NC
were 140.1 mAh g™ and 128.9 mAh g™, respectively, with an
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Fig. 4 (a) Schematic diagram of the all-solid-state Cl-ion battery; (b) charge—
discharge profiles; and (c) cycling performance of the Sn@NC/CSYC/BiCl3 and
conventional Sn/CSYC/BICls cells.
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Scheme 1 Schematic of key differences between Sn@NC and conventional Sn

average voltage of ~0.3 V. In contrast, the conventional Sn
anode showed a discharge capacity of 153 mAh g and a charge
capacity of 108 mAh g™ in the first cycle. In the second cycle,
the discharge and charge capacities were 118 mAh g™' and 107
mAh g7, respectively. Such capacities are more than 15 % lower
compared to Sn@NC from the perspective of the anode. These
results indicate that the nano-sized Sn particles in Sn@NC
contribute to the improved capacity of the anode. However, the
slightly lower capacity retention of Sn@NC in the early cycles
may be due to larger volume changes associated with its higher
utilization rate of BiCls.

Fig. 4(c) shows the cycling performance of Sn@NC and
conventional Sn anode. Over 15 cycles, the discharge capacity
of the SN@NC anode decreases to about 95.6 mAh g™. This
capacity reduction is due to the increase in interfacial resistance
between the electrolyte and the anode, as well as between the
electrolyte and the cathode, caused by the volume expansion of
Sn and BiCls. In contrast, the conventional Sn anode exhibited a
discharge capacity of approximately 110 mAh g™ by the 5t cycle,
which is 12 % lower than the 5t discharge capacity of Sn@NC
(125 mAh g™). This improvement in the Shn@NC anode can be
attributed to the enhanced capacity from the nano-sized Sn
particles and the carbon shell, which mitigates the volume
expansion during charge and discharge. While the Sn@NC
anode achieves a higher initial utilization of the BiCl; cathode
compared to the conventional Sn anode (74.1% vs. 60.4%), this
may lead to greater volume changes and interfacial degradation.
Future studies should focus on optimizing electrode
composition and interface stability. It is also noted that the
performance of the battery using the conventional Sn anode
this time is lower than in our previous report.® However, this is
because the amount of Sn has been reduced to match the
amount of Sn@NC, compared to the previous report.

The key point in these results is that, despite the same
amount of Sn being used in the anode for both cases, there is a
noticeable difference in capacity and cycling performance. The
differences in capacity and cycling performance between
Sn@NC and conventional Sn are summarized in Scheme 1.
Regarding capacity, the conventional Sn powder used in this
experiment has a size of ~75 um. Therefore, during battery
discharge, when Sn is converted to SnClz2, the conventional Sn

J. Name., 2013, 00, 1-3 | 3
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anode cannot utilize all of its Sn source, and only the exposed
surface is actively used. In contrast, Sn@NC, with its nano-sized
Sn distribution, allows for a higher proportion of the Sn source
to participate in the redox reactions, significantly enhancing
capacity. This highlights the nanoscale Sn distribution as the
dominant factor contributing to the increased capacity. In terms
of cycling performance, metals commonly experience
significant volume changes during the formation of metal
chlorides through conversion reactions, and this is also the case
for Sn.102%8 As this phenomenon repeats, the interfacial
resistance between the electrode material and the solid
electrolyte increases, resulting in performance degradation.
However, in Sn@NC, the carbon framework encapsulates the Sn
nanoparticles, reducing the volume expansion of Sn and
mitigating the performance loss during cycling.

In summary, a Sn-Carbon nanocomposite was successfully
synthesized via the plasma engineering. The presence and
uniform distribution of nano-sized Sn and C were confirmed
through TEM images and XRD analysis. The synthesized material
was evaluated as an anode for a chloride-ion all-solid-state
battery at room temperature. When Sn@NC was applied as the
anode, its full cell performance exhibited a discharge capacity
of approximately 90.5 mAh g after 15 cycles, with an average
voltage of ~0.3 V. Meanwhile, the capacity of Sn@NC anode was
approximately 12 % higher than that of a conventional Sn anode
at the 5™ cycle, likely due to better Sn utilization from the nano-
sized particles and the carbon framework suppressing volume
expansion during charge and discharge. These findings highlight
the potential of Sn@NC as an anode for all-solid-state chloride-
ion batteries. Although the operating voltage of the current
system is relatively low, advancements in solid electrolyte
technology or the introduction of high-energy electrode
materials could greatly improve its energy density and
applicability in future systems.

This work was supported by a 2-Year Research Grant from
Pusan National University and the “Crossover Alliance to Create
the Future with People, Intelligence, and Materials” from MEXT,
Japan.
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