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Electric arc synthesis enables the fabrication of materials in the form of metal
nanoparticles packed into a carbon matrix, which separates the nanoparticles,
preventing them from contacting each other, merging, coagulating, or con-
tacting possible reactive environments, thereby stabilizing the nanoparticles.
This paper presents the results of studies of the effect of tin on the structure of
a composite tin–carbon nanomaterial synthesized by the electric arc method.
The concentration of tin affects both the formed carbon structure, changing it
from amorphous to graphene-like, and the size of the formed tin nanoparticles.
In turn, these structural features affect the electrochemical properties of the
synthesized materials used as anodes in lithium-ion batteries. Increasing the
tin content increased the specific capacity, but increasing the size of the tin
nanoparticles and the rigidity of the carbon matrix decreased the anode
material’s stability.

INTRODUCTION

Electric arc synthesis involves the evaporation
and atomization of electrode material due to the
electric arc discharge energy. Subsequent processes
of condensation, coagulation, and crystallization
form the structure of the nanomaterials. Electric
arc synthesis was actively developed after Kratsch-
mer’s work on the synthesis of fullerenes1 during
electric arc discharge between graphite electrodes
in a helium environment. Adding various metals to
the sprayed electrodes allowed the synthesis of
composite metal–carbon nanomaterials.2,3 These
nanomaterials are metallic nanoparticles with car-
bides on or inside a carbon matrix. Using iron group
metals as an additive formed carbon nanotubes.4

The nanomaterial structure is influenced not only
by the type of additive in the electrode but also by
parameters such as the content of the additive in
the electrodes, the type and pressure of the buffer
gas, and the discharge electrical parameters. For
example, using a heavier buffer gas, such as Ar,

decreases the size of the nanoparticles and improves
the crystallinity of the carbon structure.5 Adding
methane to the buffer gas repairs defects in the
carbon structure and stimulates the growth of the
carbon nanoparticles.6 Increasing the pressure of
the buffer gas increases the size of the carbon
nanoparticles, but their crystallinity deteriorates.7

At the same time, increasing the arc discharge
current increases the electrode sputtering rate, and
the structures acquire more non-equilibrium
states.8 Using additives such as silicon9 and silicon
oxide8 in the sputtered electrodes forms graphene
structures. Earlier, graphene structures were
obtained by an electric arc using certain composi-
tions of working gases.10,11

As well as silicon, tin belongs to the IV group of
the chemical element table. However, there are only
a few studies related to using tin in electric arc
synthesis,12–14 and other plasma synthesis meth-
ods15–18 have shown that the synthesized nanoma-
terial is a composite of tin nanoparticles and carbon
material with amorphous and partially graphitized
structures. Structural formation processes include(Received September 21, 2020; accepted December 28, 2020;
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reducing the tin-containing molecules and decom-
posing carbon-containing gases, forming tin parti-
cles coated with a carbon layer.14

Nanostructured tin is often considered as an
anode material for lithium-ion batteries. Using pure
lithium anodes in modern Li-ion batteries has not
been pursued for safety reasons, since pure lithium
forms dendritic structures19–21 during the charge–
discharge processes, which may short circuit the
batteries, causing combustion and explosions. Nega-
tive electrodes in commercial Li-ion batteries are
currently based on graphite. During battery charg-
ing, lithium ions intercalate into graphite and form
LiC6 material.22,23 When enriched with lithium
ions, the volume of the anode increases by 10%,
which does not lead to significant degradation
processes. However, batteries with graphite elec-
trodes have a theoretical capacity of only
372 mAhg�1. Tin can theoretically accumulate
lithium ions to form a Li22Sn5 compound with a
theoretical capacity of 994 mAhg�1. However, the
volume of the lithium–tin compound during the
intercalation of lithium ions increases by almost
three times. During lithium intercalation into active
material, due to contact with electrolytes, a solid
electrolyte interphase (SEI) forms on the surface
that, on the one hand, protects the active material
from interacting with liquid electrolytes and con-
suming the active material, and, on the other hand,
causes resistance to lithium ion diffusion. Cyclic
volume expansion and contraction during the
charge–discharge process disrupts the SEI layer,
destroys tin anodes, cleaves from the copper contact,
and rapidly degrades tin-anode-based batteries.
This problem can be partially solved by nanoscaling
the tin structures.

During charge–discharge cycles, micron-scale tin
particles are destroyed and split off from the copper
contact. The battery stability increases as the size of
tin nanoparticles decreases;24,25 however, a high
capacity remains only for a couple of tens of cycles,
after which nanosized particles aggregate.24

The transition to nanoscale structures not only
helps to mitigate the destruction of the material due
to volumetric oscillations but also reduces the path
of lithium ion diffusion into the volume of the active
material. Nevertheless, the nanostructures must be
adsorbed on the surface of the anode and not
allowed to aggregate. This has motivated an active
research effort to develop a matrix that can adsorb
and separate tin particles in the anode. However,
the surface of the active materials must be covered
with a protective layer, the role of which is played
by SEI, and, to prevent its destruction due to the
active material volumetric oscillations, the protec-
tive layer must show good elasticity. Carbon struc-
tures are often investigated as candidate materials
for such a matrix and, to date, many studies have
demonstrated that tin and carbon nanocomposites
have high capacities.26–31

In this study, we used the electric arc method to
synthesize tin nanoparticles in a carbon matrix.
This method has been previously used to prepare
composite Sn/C materials.14 It is based on electric
arc sputtering of Sn/graphite composite electrodes
in helium. As a result of the condensation and
coagulation processes of the electrode sputtering
products, a nanomaterial is formed of spherical tin
nanoparticles with an average size of 18 nm
packed in a carbon matrix. This study explores
the influence of a quantitative composition of
sprayed Sn/graphite electrodes on tin and carbon
structures in synthesized materials and their
electrochemical properties when used as anodes
of Li-ion batteries.

EXPERIMENT

Material Synthesis

The materials were obtained using an electric arc
reactor that is detailed in Ref. 14. The scheme of the
experimental setup is presented on Fig. 1. For the
present study, helium was used as the buffer gas
with a pressure of 12 Torr. An arc discharge was
ignited between a movable graphite cathode with
20 mm diameter (1) and a composite anode (2). The
sprayed anode was a graphite cylindrical rod with a
diameter and length of 8 and 80 mm, respectively. A
cylindrical hole (3) with a diameter and depth of 6
and 50 mm, respectively, was drilled along the rod
axis. This hole was densely filled with a powder
mixture of graphite (impurity content less than
1 ppm; Carbotec; Russia) and tin (impurities: Sb-
200 ppm max, As-1 ppm max, Cu-50 ppm max;
ACROS Organics, USA,). The electrical parameters
of the discharge were a direct current of 120 A and a
voltage of 25 V. This voltage supplied 4 mm of
interelectrode spacing. An arc discharge between
the electrodes led to the heating of the electrodes,
thermal electron emissions, and evaporation of the
anode components. A gas–plasma mixture formed
between the electrodes, which, upon emerging from
the interelectrode space, formed a flow in the form of
a non-isothermal turbulent fan-shaped jet. Some of
the vaporized components were deposited on the
cathode, forming a cathode deposit. The condensa-
tion and agglomeration processes in the fan-shaped
jet led to the formation of the structure of the
materials. The nanomaterial was deposited on the
water-cooled wall of the reactor (4).

The composition of the mixture of graphite and
metal tin powders filling the cavity in the anode was
varied, and was measured by an accurate laboratory
balance with an error of less than 5 mg. Experi-
ments were conducted with the carbon–tin mixture
with the tin contents of 14 wt.%, 39 wt.%, 60 wt.%,
80 wt.%, and 100 wt.%, and the synthesised mate-
rials were labeled T14, T39, T60, T80, and T100,
respectively.
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Structural Characterisation of the Materials

Transmission electron microscopy (TEM) studies
were conducted using a JEM-2200FS electron
microscope (JEOL, Japan) operated at 200 kV. The
TEM study samples were prepared on a perforated
carbon film mounted on a copper grid. A high-angle
annular dark-field mode was employed with energy
dispersive x-ray (EDX) spectroscopy for EDX
mapping.

The EDX of the materials was carried out using
an INCA energy attachment (Oxford Instruments
Analytical, UK) to a S-3400N scanning electron
microscope (Hitachi Science Systems, Japan) with
an analyzed square area of 2 9 2 mm2.

Raman spectroscopy was conducted using a
LabRAM HR Evolution Raman spectrometer instru-
ment (Horiba Jobin Yvon, Germany) using laser
radiation with a wavelength of 512 nm.

X-ray diffractometry was carried out with a
Bruker D8 Advance instrument (Bruker, Germany)
using CuK-a radiation and Bragg–Brentano focus-
ing geometry. Phase analysis was conducted using
the ICDD PDF 2 database (Powder Diffraction File
PDF-2, International Centre for Diffraction Data,
USA, 2009).

Electrochemical Measurements

Battery tests were obtained using a slurry of 85%
active materials (Sn/C), 5% SuperP powder (carbon
black), and 10% polyvinylidene difluoride. The
slurry was dissolved in N-methyl pyrrolidone (0.8–
1 ml). The resulting suspension was mixed in a
Vortex V-1 plus instrument (Biosan, Latvia) for
30 min. The resulting suspension was spread onto a
copper foil using a GN-HCM-1025 film coater
(Gelon, China) and dried at 80�C under reduced
pressure for 16 h. The foil was cut into round
electrodes with a diameter of 1.5 cm using a GN-
CPM20 manual punching machine (Gelon). The
electrodes were placed in an Ar-filled glove box for
further assembly of an electrochemical Swagelok-
type half-cell (Hohsen, Japan). Approximately 1 mg
of active material was on the electrode surface. The
electrolyte was 1 M LiPF6 dissolved in a mixture
(volume 1:1) of ethylene carbonate and dimethyl

carbonate (LP30; BASF). Glass fiber filters (GF/A,
0.26 mm; Whatman) were used in the cells as a
separator. Charge–discharge experiments were con-
ducted between 0.1 and 2.5 V (versus Li|Li+) at a
constant current density of 100–1000 mAh g�1 (gal-
vanostatic mode) at room temperature. The coin
cells’ rate capabilities were measured with a New-
are battery cycler (Neware, China).

RESULTS AND DISCUSSION

Arc Discharge Synthesis

Electric arc synthesis is a common and flexible
plasma-chemical method of producing nanomateri-
als that has been used to obtain various carbon,1,4,10

metal,2,3 and composite structures.2,3,32,33 The
external parameters of the arc discharge strongly
influence the composition and structure of the
synthesized materials. To identify these effects, it
is useful to consider the processes that occur during
arc discharge.

As previously established,14 heating evaporates
both the tin-containing filling of the electrode cavity
and the graphite electrode itself. As a result, a
plasma-chemical system forms containing He, Sn,
C, C2, and C3 components. The total molar concen-
tration of the remaining components does not
exceed 10�3. The movement of the gas system
formed from the interelectrode gap is accompanied
by cooling, which leads to condensation, agglomer-
ation, and the formation of a nanomaterial struc-
ture. As noted in,34,35 carbon condensation begins
with the formation of nuclei from C3 molecules that
form carbon structures. These carbon structures
during further cooling of the gas mixture act as tin
condensation centers. Tin condensation begins on
the carbon particles in the system.14 In this case, an
increase in the tin content in the sprayed electrode
increases the concentration of tin vapor and
decreases the concentration of the carbon particles
acting as the condensation centers, forming larger-
sized tin particles.

Further nanomaterial formation includes the
processes of collision and coagulation of the parti-
cles. The carbon particle structure has many dan-
gling bonds,7 and continuous transformations occur
at relatively high temperatures. When the carbon
particles interact with each other, a highly disor-
dered structure forms. When interacting with the
liquid surface of a tin particle, the carbon particle
takes the shape of the surface and forms a
graphene-like structure.36 When sufficient carbon
material is available to form a continuous coating
around the tin particles, the coating separates the
tin particles and prevents their fusion and further
particle growth.

The subsequent material formation stages include
the agglomeration of carbon–tin particles in the gas
phase in the chamber volume of the electric arc
reactor, and the formed material deposits on the
reactor walls.

Fig. 1. Schematic of the experimental setup.
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Structure of the Synthesised Materials

The synthesized materials collected from the
water-cooled screen were a loose low-density pow-
der. EDX analysis of the materials showed that the
composition contained carbon, tin, and oxygen. The
oxygen atom content in the materials varied from
5% to 12% (Fig. 2a), which can be explained by the
adsorption of oxygen from air and the formation of
oxygen-containing radical groups on the material
surface. By deconvoluting the oxygen signal from
the EDX spectra, the tin atom content in the
materials varied from 5% to 65%, and carbon atom
content varied from 95% to 35% (Fig. 2b).

A TEM study of the materials (Fig. 3) showed that
they consist of spherical tin particles and a carbon
structure. Tin nanoparticles are mainly coated with
a carbon layer. However, uncovered tin nanoparti-
cles are also observed in the T80 and T100 materi-
als. If a tin nanoparticle is not covered with a carbon
matrix, its surface may oxidize upon contact with
air during storage and transportation of the mate-
rial. Therefore, some nanoparticles may acquire a
core–shell structure with a tin core and a tin oxide
shell (Fig. 3g), which was also discovered in Ref. 13.
In this case, the tin oxide shell has an amorphous
structure. XRD analysis (Fig. 4a) showed that the
synthesized materials have crystal structures of
graphite-2H with a P63/mmc space group (PDF
card: 00-041-1487) and tin with a I41/amd space
group (PDF card: 04-004-7747). Moreover, the con-
tent of the material crystalline structure was cal-
culated by the reference intensity ratio method
which showed the tin content varying from 1 wt.%
to 85 wt.% and the graphite content varied from
99 wt.% to 15 wt.% (Fig. 4b). The size distributions
of the tin nanoparticles are well described by a log-
normal distribution, while, for the T14 and T100
materials, the distributions are bimodal (Fig. 3).
The average size of the tin nanoparticles increases
with the increasing tin concentration from 7.5 nm to
23.3 nm (Fig. 3f).

Carbon in the materials is present in the form of
amorphous globules and graphitized shells around
the tin nanoparticles. Empty cavities with graphi-
tized walls are also observed in the carbon
materials.

The Raman spectra of the synthesized materials
(Fig. 5a) contain peaks that provide information
about the carbon structure. The most intense D
peaks (� 1350 cm�1) are associated with the breath-
ing vibrations of the rings in the graphite structure
that exist only at the boundaries and structural
defects, while the G peak (� 1590 cm�1) is related to
the vibrations associated with the stretching of the
C–C bonds of the sp2-hybridized carbon atoms in
hexagonal rings and linear chains.37 Close to
� 1620 cm�1, a Gs peak may also exist that is
associated with an imperfection of the carbon
structure, but its position on the edge of the much
more intense G peak prevents its clear identifica-
tion. The 2D (� 2690 cm�1), D + Gs (� 2930 cm�1),
and 2Gs (� 3230 cm�1) peaks are the overtones of
the main peaks.38 The peak ID/IG and I2D/IG
intensity ratios allow us to characterize the imper-
fection degree of the carbon structure.39 These
coefficients are shown for different materials in
Fig. 5b, and indicate that an increase in the tin
concentration forms a carbon material with a more
graphenized structure. The ID/IG ratio value
changes by no more than 37% at varying tin
concentrations., The I2D/IG ratio value increases
by more than 3 times as the tin concentration
increases from T14 to T100. The I2D/IG reaches a
maximum value of 0.5 for T100, which corresponds
to multilayer graphene.40 The D band appears due
to the presence of defects and boundaries in the
graphite material. However, the process leading to
the appearance of the 2D band competes with the
processes leading to the appearance of the D band,
and its intensity increases as the graphene struc-
ture improves. Thus, an increase in the concentra-
tion of tin in the sputtered electrode forms a
material with carbon with stronger graphene fea-
tures, which can also be observed in the TEM
images of the T100 material (Fig. 3e).

Electrochemical Analysis of the Synthesised
Materials

Electrochemical properties of synthesised materi-
als were investigated in half cells (versus Li/Li+).
The carbon material (C12) obtained in our previous
research7 under the same arc discharge conditions

Fig. 2. (a) Atom contents of the synthesized materials; (b) atom proportions of tin and carbon in the materials.
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Fig. 3. TEM images of T14 (a), T39 (b), T60 (c), T80 (d), T100 (e) and dependences of the average size of tin nanoparticles for different
materials (f), and core–shell nanoparticle Sn@SnO2.

Fig. 4. XRD spectra (a) and crystalline mass composition (b) of the materials.

Fig. 5. Raman spectra (a) and ID/IG and I2D/IG ratios (b) for different synthesised materials.
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used in this work was also studied. Figure 6 shows
the differential capacity (dQ/dV)41 plots for 1st, 2nd,
3rd, and 155th cycles. The first cycle corresponds to
the discharge of the electrochemical cell. For mate-
rial C12, the plot shows anodic peaks in the 750-
and 1270-mV regions, which correspond to irre-
versible reactions on the anode material and the
formation of a SEI layer. These peaks do not appear
in further cycles. In materials containing tin, the
plots of the first cycle also have anodic peaks in the
400-mV and 630-mV regions corresponding to the
interaction processes of nanosized tin with
lithium;42 these peaks are also observed in the next
cycles. In the second and third cycles, cathodic
peaks are clearly seen in the 470-mV, 600-mV, 740-
mV, and 780-mV regions. These peaks correspond to
the formation of tin–lithium compounds.43,44 More-
over, these peaks are absent in the pure carbon
material C12, and, as the amount of tin in the
materials increases, their intensity increases. The
anodic peak intensity in the 350-mV, 400-mV, and
640-mV regions also increases as the amount of tin
increases. In the plots for cycle 155, only faint signs
of a tin cathodic peak in the 620-mV region and
anodic peaks in the 450-mV and 600-mV regions
remain. Cathodic peaks in the 90-mV, 130-mV, and
180-mV regions and anodic peaks in the 100-mV
and 190-mV regions practically coincide with the
peaks of the carbon material C12, indicating that
they correspond to the interaction–deintercalation
processes of lithium within the carbon structure.
There is also some divergence in the plots of

different materials on the 155th cycle. Thus, for
T100, the discharge and charge curves practically
coincide, indicating the material’s low capacity. As
the amount of tin decreases, the carbon peak
intensity slightly increases, with the exception of
T39, which has maximum peak intensities that
exceed even the peaks of the C12. This indicates
that the carbon structure in materials synthesized
with a lower tin content is more stable in lithium
intercalation–deintercalation processes.

Figure 7a shows the specific capacities of the
different anode materials at various current den-
sities, while Fig. 7b shows the results of the
averaging of the specific capacitance of the mate-
rials at various current densities. For this plot, the
results obtained in the first cycles were excluded
because the formation of the SEI layer had a
strong effect on the material behavior during the
first several cycles. The presence of tin increases
the specific capacity compared to a pure carbon
material. The increase in the tin concentration
increases the specific capacity during the first
cycles at a current density of 100 mAg�1, and
reaches a maximum value of 461 mAhg�1 (charge)
and 483 mAhg�1 (discharge) in the T60 material,
which is almost 100 mAhg�1 more than the theo-
retical maximum capacity for graphite materials
(372 mAhg�1). The specific capacity value
decreases in the T80 material and declines sharply
to 159 mAhg�1 (charge) and 162 mAhg�1 (dis-
charge) in the T100 material. The dQ/dV plots
(Fig. 6) indicate that this happens due to the rapid

Fig. 6. dQ/dV plots for 1st (a), 2nd (b), 3rd (c), and 155th (d) cycles for different materials.
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decrease in these material-specific capacities which
occur due to their rapid degradation. The increase
in the charge–discharge current decreases the
specific capacitance, while, in the T60 and T80
materials with larger tin nanoparticles and a more
structured carbon matrix, the decrease in the
capacity occurs faster than in the T14 and T39
materials with smaller tin nanoparticles and more
defective carbon structures. The dQ/dV plots
(Fig. 6) also show that the carbon peaks are more
stable in materials synthesized with a lower tin
content and have a more defective carbon struc-
ture. Thus, the maximum current density of
1000 mAg�1 and the maximum capacity of
298 mAhg�1 (charge) and 301 mAhg�1 (discharge)
are already obtained for the T39 material. How-
ever, when the current density of 100 mAg�1 is
used again in the last cycles, the capacitances of
the T39 and T60 materials are almost the same at
353 mAhg�1 and 355 mAhg�1 (charge), and
348 mAhg�1 and 350 mAhg�1 (discharge), respec-
tively. Thus, the depth of the lithium ion diffusion
into the volume of the carbon–tin material depends
on the current density. The difference between the
specific capacitance values at a current density of
100 mAg�1 in the first and last cycles increases as
the material tin concentration increases, with the
exception of T100, for which the initial specific
capacity has a low value of 159 mAhg�1 (charge)
and 162 mAhg�1 (discharge) and rapidly decreases
to a very low 19 mAhg�1 (charge) and 20 mAhg�1

(discharge). These results indicate that the mate-
rial stability decreases as the tin content increases.

Intercalation of lithium ions into the tin structure
expands the particle volume. The carbon structure
surrounding the tin particles is also forced to
expand. The materials with a lower tin content
consist of smaller tin nanoparticles and a more
defective carbon structure. Defects make the carbon
matrix more elastic and the Sn/C material more
stable during volume expansion and contraction
cycles, which are also confirmed by the results of the

dQ/dV analysis. However, the materials with a high
tin content consist of larger tin nanoparticles and a
more rigid graphenized carbon structure which is
more prone to destruction during the nanoparticle
cyclical expansion–contraction. Moreover, the ini-
tially synthesised T80 and T100 materials already
contained some tin particles uncovered by the
carbon structure. Due to the destruction of the
carbon shell surrounding the tin particles, the bare
surface of the tin reacts with the electrolytes,
degrading the material and correspondingly
decreasing the battery specific capacity. However,
the T14, T39, and T60 materials show a specific
capacity higher than those of commercial anode
materials which are graphite materials, ranging
from 330 to 430 mAhcm�3 or from 170 to
20 mAhg�1.45

After 160 cycles, two batteries with T39 material
were disassembled in a charged (Fig. 8a) and dis-
charged (Fig. 8b) state. TEM analysis of the anode
materials was conducted. Due to the low density of
the Sn-Li compound in the charged state, the
material did not have sufficient contrast for the
unambiguous identification of the particles against
the carbon matrix background in the bright-field
mode of the microscope. However, dark-field anal-
ysis and EDX mapping showed that tin is dis-
tributed over the carbon globule surface. Analysis of
the material in the discharged state shows the
presence of tin nanoparticles on the carbon, with an
average particle size of 2.7 nm. The average size of
the tin nanoparticles in the T39 material is 7.9 nm.
The decrease in the average size is associated with
the destruction of large tin nanoparticles during
cycling.

CONCLUSION

Arc sputtering of composite tin–graphite elec-
trodes forms a nanomaterial with a structure con-
sisting of spherical tin nanoparticles encapsulated
in a carbon matrix.

Fig. 7. (a) Specific capacity of Li-ion batteries with synthesized anode materials at various current densities; (b) average values of the specific
capacitance at varying cycling currents in the different materials.
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Increasing the tin concentration in the composi-
tion of the sprayed electrode changes the internal
arc discharge parameters, which affects the param-
eters of the condensation process and the parame-
ters of the formation of the tin–carbon nanomaterial
structure. This leads to changes in several struc-
tural features of the materials. First, increasing the
tin concentration in the sputtering electrodes
increases the tin content in the synthesized struc-
tures. Second, the sizes of the formed tin nanopar-
ticles increase. Third, the carbon structure
surrounding the tin nanoparticles has a greater
structural order, approaching that of multilayer
graphene.

When synthesized materials are used as anode
materials in lithium-ion batteries, the material-
specific capacity and stability are influenced by
several factors such as the tin content in the
materials, the size of the tin nanoparticles, and
the structure of the carbon matrix surrounding the
tin nanoparticles. Increasing the tin content in the
materials increases the battery-specific capacity,
accompanied by an increase in the size of the tin
nanoparticles and the structure of the carbon
matrix which negatively affects the material stabil-
ity during the cycling processes. The combination of
these factors leads to an optimal performance
obtained for materials consisting of 35–40 wt.% tin
nanoparticles with an average size of 7–9 nm
covered by a carbon matrix. These materials show
a maximum capacity after prolonged cycling. More-
over, due to the change in the depth of the lithium
ion diffusion in the tin–carbon structure, increasing
the cycling current shifts the optimal material
structure toward tin nanoparticles with smaller
sizes.
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