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Abstract

It was found that the variation of a buffer gas pressure in the reactor chamber can control the structure of the
synthesized materials during electric arc sputtering of composite Sn—C electrodes. The gas dynamic model
calculated by the direct simulation Monte Carlo method shows that the buffer gas pressure affects the local
parameters of tin and carbon vapor condensation. As a result, Core-shell Sn-SnO, nanoparticles packed in
a carbon matrix with various structural properties have been synthesized. It has been found that an increase
in the buffer gas pressure leads both to an increase in the average size of the synthesized nanoparticles and
to the formation of a more disordered structure of carbon. In turn, the tin and carbon structure affects the
electrochemical characteristics of the synthesized Sn-C composite as anode materials for lithium-ion

batteries.
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1 Introduction

An electric arc discharge is one of types of plasma-chemical methods for nanomaterial synthesis. With the help of it, a
macroscopic amount of fullerenes was experimentally obtained for the first time [1]. Also, carbon nanotubes were
discovered for the first time in the synthesis products of the arc discharge [2]. This synthesis method was developed in
the direction of the synthesis of graphene [3], metal and composite nanoparticles [4,5]. The structure and morphology
of the synthesized materials are significantly influenced by external parameters of synthesis, such as the composition of
the sputtered electrodes [6] and the discharge current [7]. Special attention should be paid to the influence of the buffer

gas pressure on the structure of the resulting material.



The increase in the buffer gas pressure led to the order decreasing of the carbon structure formed during the electric arc
sputtering of graphite electrodes [8]. With the increase in the oxygen pressure in the reactor chamber from 16 to
91 mbar, the fullerene content increased in the formed soot [9]. The increase in argon pressure supports decreasing of
the defectiveness of carbon nanotubes produced in an arc discharge [10]. In number of works the effect of the gas
pressure on the morphology and structure of materials obtained in a vacuum arc discharge were studied [11,12].
Despite numerous works related to the study of electric arc synthesis under different conditions, the physical processes
affecting the structure of the formed material remain unclear. This paper presents the results of numerical simulation of
gas-dynamic processes in the reactor chamber, which explain the effects of pressure on the morphology of the

synthesized Sn—SnO,—-C nanomaterial.

In turn, tin nanomaterials have been found to be promising as anode material for the lithium-ion batteries [13].
Currently, commercial lithium-ion batteries use graphite as anode material. The use of graphite instead of metallic
lithium is due to safety measures, since dendritic structures are formed at the anode of metallic lithium during numerous
charge-discharge cycles, which can grow through the membrane and lead to a short circuit inside the battery, excessive
heating and explosion [14]. In the case of using graphite, lithium ions are incorporated into the crystal lattice, forming
the compound LiCy [15]. At the same time, dendritic structures are formed with a much less intensity. However,

! which is much less than the value

graphite anodes have a theoretical maximum specific capacity of only 372 mAhg™
for metallic lithium, which has a theoretical capacity of approximately 3600 mAhg~!. Materials made of elements from
Group IV of the periodic table are considered to be a promising alternative to graphite [16]. One of these materials is
tin, which has a theoretical specific capacity of 994 mAhg~! [17]. Tin oxide has a slightly lower capacity
(782 mAhg~!) [18]. However, when lithium ions are intercalated into the structure of tin, it increases its volume almost
threefold. Numerous volumetric oscillations in the processes of battery charging and discharging lead to the destruction
of the bulk tin structure [19], rapid material degradation, and electrode splitting off from the copper contact. The
nanostructuring of the tin material helps to avoid this phenomenon. Moreover, tin nanoparticles should be separated
from each other in order to prevent their coagulation. One of the solutions of the described problems can be the
production of a composite material consisting of carbon nanostructure on which Sn or SnO, nanostructures are

maintained [20-23].

This work presents the results of the study of methods for controlling the morphology of the synthesized Sn/SnO,/C

nanocomposite by means of varying the buffer gas pressure during electric arc synthesis.

2 Materials and methods

The calculations of the model of gas-dynamic processes in the reactor chamber were carried out by the method of direct
simulation Monte-Carlo (DSMC) in an axisymmetric formulation [24]. The DSMC method is widely used to simulate
rarefied gas flows. Model particles are used for calculations, each of which represents an ensemble of molecules with
similar velocities and coordinates. Interaction of particles is a pairwise collision with a given interaction potential. In this
work, the model of molecules with variable soft spheres (VSS-model) was adopted [24]. In the calculation model, the
dimensions of the electrodes corresponded to the experimental ones: the diameter of the electrodes was 0.008 m, the
distance between the electrodes corresponded to 0.004 m. The area between and around the electrodes was filled with
helium at given pressure in the range from 1.3 to 80 mbar. The flow of atoms was set from the end of the anode based
on the experimental data on the mass flow rate of the anode. Full absorption of tin and carbon particles was assumed on
all surfaces. The solution was found by the method of establishment. The temperatures of the ends of the electrodes
were set from the experimental data. The temperature distribution over the electrode surface was assumed linear, taking

into account the water-cooled ends.

The experimental work of plasma-chemical synthesis was carried out using the electric arc reactor described in detail in
Ref. [23]. The sprayed electrodes consisted of the cylindrical graphite rod with the coaxial cavity, which was tightly
packed with the mixture of tin and graphite powders. In Ref. [23], the electric arc synthesis of composite Sn—-C
nanomaterials with different Sn content in the composition of sputtered electrodes has been carried out. The results of
electrochemical studies of the synthesized materials showed that the materials synthesized with a Sn content of 40—
60 wt% in the filling of electrodes have the best characteristics. In this work, the composition of the mixture
corresponding to 60 wt% Sn and 40 wt% C was selected. The electric arc was ignited between the electrodes with
current of 120A, the arc voltage was 25V. The pressure of helium used as a buffer gas varied from 1.3 to 266 mbar.

The electric arc discharge led to heating and evaporation of the anode material, producing a gas-plasma mixture of



carbon, tin and helium, which formed a certain flow in the reactor chamber and deposited on the surfaces of the reactor
chamber. Part of the anode evaporation products was deposited on the cathode surface, forming the cathode deposit.
The rest was deposited on the inner surfaces of the reactor. The material was collected from the water-cooled screen
located along the walls of the reactor and studied using transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) on a JEOL JEM-2010 instrument, energy dispersive X-ray spectroscopy
(EDX) on EDAX console of scanning electron microscope Hitachi S-3400 N, X-ray diffractometry (XRD) on
Brucker D8-Advance instrument, Raman spectroscopy on Horiba JobinYvon LabRAM HR Evolution Raman
spectrometer instrument. The X-ray photoelectron spectroscopy (XPS) experiments were performed at a SPECS
(Germany) spectrometer equipped with a hemispherical PHOIBOS-150-MCD-9 analyzer. Base pressure in analytic
chamber was better than 1 x 10~ Pa. The monochromatic Al K, radiation (hv = 1486.7 eV) at 200 W was used as the
primary excitation. The angle between normal line to the sample holder plane and analyzer axis (6) was 0. The size of
analyzed area is 3 mm in diameter. The spectrometer was calibrated using the Au4f,, (binding energy (BE) is84.0 eV)
and Cu2ps,, (932.7 eV) peaks from metallic gold and copper foils [25]. During the XPS data analysis the Fermi edge
as the energy reference was used. The binding energy values and the areas of XPS peaks were determined after Shirley
background subtraction and analysis of line shapes [26]. For Sn 3d spectrum fitting ratio between spin-split components
was fixed. Curves were fitted with Gaussian—-Lorentzian functions for each XPS region. Spectral analysis and data
processing were carried out with Peak 4.1 XPS [27]. The samples were fixed on the holder with the 3 M double sided
adhesive copper conducting tape. The size of tape covered with the sample was ~0.01 m X 0.01 m. Analysis position

was optimized at the center of the sample.

Electrochemical studies of the synthesized materials were carried out using a BST8-MAcycler (Gelon group, China).
For this, a slurry of 80% active materials (Sn—SnO,-C), 10% SuperP powder (carbon black), and 10% polyvinylidene
difluoride was prepared. The slurry was dissolved in N-methyl pyrrolidone (0.8 — 1 ml), which was spread over the
surface of the copper foil and dried for 16 h at 80 °C. Next, the foil was cut into round electrodes. The electrochemical
CR2032 Swagelok-type half-cell (Gelon group, China) was assembled in an argon glove box. The amount of the
active material on the electrode surface was about 1 mg. The used electrolyte was 1 M LiPF4 dissolved in a mixture
(vol. 1: 1) of ethylene carbonate and dimethyl carbonate (Gelon group, China). Charge - discharge experiments were
performed between 0.1 and 2.5 V versus Li|Li" at a constant current density 100-1000 mAhg~! (galvanostatic mode)

at room temperature.

3 Results and discussion

The electric arc discharge led to heating and evaporation of the anode material. Some of the evaporation products were
deposited on the cathode surface. The other part escaped from the interelectrode gap, mixed with the buffer gas and
formed a fan-shaped jet. In more detail, the gas-dynamic processes were modelled by the DSMC method. Earlier in
Ref. [28], we have compared the gas temperature distribution in the reactor volume calculated by the DSMC method
with the experimentally measured one. The calculated mass flow of the material deposited on the cathode has been also
compared with the experimentally measured rate of increase in the mass of the cathode. The calculated and
experimental results have shown good agreement. It has been concluded that the DSMC approach is a good tool for

describing the processes occurring in the chamber of the electric arc reactor.

Fig. 1 shows the distribution patterns of the gas temperature and the concentration of carbon and tin atoms emitted from

the anode surface during the electric arc discharge for helium pressure of 16 mbar.
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The distribution of gas temperature (a) and the distribution of the concentration of carbon and tin atoms (b) in the reactor chamber.

The equilibrium composition of the formed gas-plasma mixture was calculated taking into account the condition of
quasi-neutrality, the law of conservation of mass and the condition of the minimum of Gibbs energy, using the NASA
CEA software (Fig. 2a). When calculating the composition of the gas-plasma mixture, the following conditions were
accepted: the initial composition of the reagents is 60 wt% Sn, 40% wt% C; pressure varies from 1.3 to 80 mbar:
temperature varies from 1000 to 5000 K; the calculation includes ionized species as possible products; trace value was

setas 1-107%; the calculated composition was presented in molar content.

@ Images are optimised for fast web viewing. Click on the image to view the original version.

alt-text: Fig. 2

109 ¢ solid c P =16 mbar n,un*m-3
0.025 ; 1,680E+20
1,470E+20
0,020
= 1,260E+420
‘§ 0,015 1,0508+20
; E BAG0E+D
¥ 0,010 6,300E+19
4,200E+10
0,005
2,100E+18
0.0+ ” ‘ s 0,000 0,000
1000 2000 3000 4000 5000 0 005 e Q07 Qo8 008
Temperature, K x.m
(a) (b)

The distribution of individual components of the gas-plasma mixture depending on the temperature (a) and the pattern of the
distribution of liquid tin atoms in the reactor chamber (b).

The evaporation rate of the anode material makes it possible to estimate the temperature of the working surface of the
anode using the Langmuir evaporation-condensation model [29]. The temperature is about 3000 K. At this temperature,
the graphite component of the anode is dispersed mainly in the form of C5 clusters and in a small amount in the form of
C monatomic particles and C, diatomic particles. Tin at the given temperature exists only in the form of monoatomic
vapor. Earlier in Ref. [30], the analysis has been carried out of materials formed at different distances from the arc
discharge axis during sputtering of Sn—C electrodes. As the result of the study, the kinetic model of the formation of the
structure of the composite Sn—C nanomaterial has been proposed. The outflow of the gas-plasma mixture from the
interelectrode gap and its mixing with the buffer gas in the reactor chamber leads to cooling. At the first stage, at
relatively high temperatures, atoms, dimers, and trimmers of carbon condense, passing through the fullerene scenario,
which includes the formation of linear chains, closed cycles, hemispheres and nuclei of fullerenes, as well as nuclei of a
graphite structure. At lower temperatures, tin atoms begin to condense on the carbon structures present, forming tiny
liquid droplets on the carbon surface. Collisions of carbon-tin particles with each other lead to the fusion of liquid tin,

while carbon remains on the surface of the large tin droplet. The growth of the tin droplet size continues until carbon



completely covers the surface of the tin nanoparticle. Further collisions of the formed structures lead to aggregation into

chains of particles, which are deposited on the inner surfaces of the reactor chamber.

Using the patterns of the temperature distribution and the concentration of tin and carbon atoms in the reactor chamber,
pictures of the concentration distribution of the individual components in the reactor chamber were constructed. Fig. 2b

shows the distribution of liquid tin atoms in the reactor chamber.

Sections were selected perpendicularly and parallel to the arc discharge axis, along which the distributions of the atom
concentration of condensed carbon and liquid tin were plotted for different helium pressures (Fig. 3a). As can be seen,
carbon begins to condense already in the interelectrode gap itself and is predominantly located in the region no farther
than 0.005 m from the discharge axis. Tin condensation begins at a distance of 0.005-0.008 m from the discharge,
depending on the pressure of the buffer gas. As can be seen from the calculations, the increase in the helium pressure in
the reactor chamber leads to the increase in the concentration of tin atoms. Previously it has been found that the increase
in the concentration of tin leads to the increase in the size of synthesized nanoparticles [23]. Accordingly, the increase
in the buffer gas pressure leads to the formation of larger nanoparticles. It is also worth noting that the increase in
pressure snuggle the hot region closer to the discharge, which leads to the decrease in the tin condensation region and

the corresponding increase in the concentration of tin atoms.
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Selected sections (a) and distributions of condensed carbon atoms over the section parallel (b) and perpendicular (c) to the arc
discharge axis and distribution of liquid tin atoms over the section parallel (d) and perpendicular (e) to the arc discharge axis.

On the other hand, the equilibrium composition calculated using the minimum Gibbs energy condition is the goal that
the system tends to under given local conditions. It has been found that the conditions stimulating the process of carbon
condensation are realized at distances of 0-0.005 m from the axis of the arc discharge. As shown by the DSMC
method calculations, for all pressures of the buffer gas at these distances, the temperatures of helium and carbon
particles are equal, which indicates the dissipation of the thermal energy of particles on helium molecules. The most
interesting are the processes of tin condensation, which begin to occur at a distance of 0.005-0.008 m from the axis of
the arc discharge, depending on the pressure of the buffer gas. At high pressures, the particles in the system experience
a sufficient number of collisions to achieve a state of equilibrium. At low pressures, condensation processes are
extended over an extended area in the reactor chamber. The sparseness of tin condensation processes is an additional

factor that reduces the size of the formed tin nanoparticles.

Structural studies of synthesized materials have shown that the electric arc sputtering results in synthesis of dense
nanoparticles packed in a carbon matrix (Fig. 4). Most of the particles have the core-shell structure with the metal tin

core and the amorphous tin oxide shell (Fig. 5a). Measurements of the sizes of nanoparticles in the carbon matrix shows



its log-normal distributions (Fig. 4), and the average size of nanoparticles increases with increasing pressure of the

buffer gas in the reactor chamber (Fig. 5b), which qualitatively confirms the conclusions of the computational model.
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TEM images and histograms of nanoparticle size distributions for materials synthesized at buffer gas pressure 1.3 mbar (a), 4 mbar (b),
8 mbar (c), 16 mbar (d), 33 mbar (e), 66 mbar (f), 133 mbar (g) and 266 mbar (h).
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HRTEM image of Sn-SnO5-C nanoparticle in material synthesized at buffer gas pressure 33 mbar (a) and the dependence of the

average size of nanoparticles on the pressure of the buffer gas (b).

Analysis of the composition of the materials synthesized at different pressures demonstrates appearance of tin, carbon,
and oxygen. Also, on the EDX spectra (Fig. 6a) there are small peaks of nitrogen, which is associated with air
adsorption. The tin content varies from 34 to 55 wt%, carbon content varies from 35 to 56 wt% (Fig. 6b) and the

oxygen content varies between 8 and 11 wt%.
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EDX - spectrum of material synthesized at 33 mbar (a) and elemental composition of materials synthesized at different pressures (b).

Oxygen atoms in the material are bonded with tin and carbon, which is confirmed by the results of XPS analysis (Fig. 7
b) [25,31,32]. However, the carbon atoms of the material predominantly are represented by unoxidized carbon atoms
with sp?-, sp?-hybridization (Fig. 7¢) [25,33-36]. According to analysis of the peak areas for oxide and metallic tin
components portion of Sn® is 13% within the depth of XPS analysis (Fig. 7d) [25,37-39]. It is explained by the large
contribution of the oxide shell and the small contribution of the surface layer of the metallic core of the nanoparticles (

Fig. 4b).
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XPS spectrum of material synthesized at buffer gas pressure 33 mbar (a), peaks of tin (b), oxygen (c) and carbon (d).

Materials synthesized at 1.3, 8, 33 and 133 mbar were studied using Raman spectroscopy, which shows that carbon is
presented in a highly disordered state, as evidenced by the intense D-peak in the spectra (Fig. 8a). The intensity ratio of
the D-peak to G peak (Ip/I;) takes a value of about 1, which indicates a highly disordered and amorphous structure of
carbon [40]. Nevertheless, it can be noted that the increase in the buffer gas pressure from 8 to 133 mbar leads to the

increase in the I/l ratio (Fig. 8b), which is related to the formation of a more defective and disordered carbon

structure.
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XRD spectra (Fig. 9a) shows that the crystal structure of the materials consists of carbon in the graphite form of
Po6 3 /mmc space group and crystalline tin of /4 ; /amd space group. The increase in the buffer gas pressure from 1.3 to
133 mbar leads to the increase in the crystal structure of tin from 24 to 53 wt% and the decrease in the crystal structure
of carbon from 76 to 47 wt% (Fig. 9b). No clear peaks of tin oxide were detected on XRD spectra, which confirm the

amorphous state of tin oxide in the shell of nanoparticles.
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XRD patterns (a) and crystal composition (b) for materials synthesized at different pressures of the buffer gas.

Materials synthesized at 1.3, 8, 33, 133 mbar have been investigated as anode materials for lithium-ion batteries. After
160 charge-discharge cycles, the highest capacity at 100 mAhg~! was shown by the material synthesized at pressure of
133 mbar, which has a capacity of 220 mAhg ™' (Fig. 10). This fact can be associated with the large size of Sn-SnO 5
particles, in which the thin surface layer of SnO, occupies the smaller part, and the Sn core occupies the largest part of
the particle. Since Sn has a higher specific capacity (994 mAhg~') [17] than SnO, (782 mAhg~") [18], an increase in

the Sn content leads to an increase in the specific capacity of the entire material.
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On the other hand, large particles have a large diffusion path for lithium ions inside their structure, which negatively
affects the specific capacity for high charge-discharge current densities of 500 and 1000 mAg~'. Accordingly,
materials synthesized at lower pressures have smaller particles, which show the higher specific capacity at high charge-

discharge current densities of lithium-ion batteries.

4 Conclusion

Numerical modelling of gas-dynamic processes occurring during electric arc sputtering of Sn—-C composite electrodes
shows that an increase in the buffer gas pressure leads to an increase of resulting nanoparticle sizes. Structural studies of
materials synthesized at different pressures of the buffer gas have qualitatively confirmed the growth of nanoparticle
size with increasing pressure of the buffer gas. In this case, the synthesized material is core-shell Sn—-SnO, particles
packed in carbon matrix. The formation of the amorphous oxide layer on the metallic tin particles occurs upon contact
of the material with air environment. Increasing the pressure of the buffer gas also leads to the formation of the more
defective and disordered carbon structure, while the content of crystalline tin increases. The increase in the metal tin
content in the synthesized materials with the buffer gas pressure growth is associated with the increase in the size of the
tin metal core of the core-shell particles and the decrease in the volume fraction of the SnO, shell. This effect leads to
the increase in the specific capacity of materials tested as anode materials for lithium-ion batteries. However, the
increase in the size of nanoparticles leads to the decrease in the specific capacity at high charge-discharge currents of

battery tests.
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Highlights

1O 2 —St—Cnanocompostte-was-constructed-ustng-
the Piree-Stmulation-Monte-Carto-method. The gas-dynamic model of the electric-arc synthesis of the SnO;-Sn-C

nanocomposite was constructed using the DSMC method

synthestzed-tinnanopartietes:Numerical and experimental results show that the gas pressure increase leads to the resulted

particle size increase

* Fhestructural-characteristies-ofthe S'ym'hes’.ZCd S“e%
as-the-anode-matertal-of Hithtum=ton-battertes-The structural characteristics of the synthesized SnO-Sn-C nanomaterials

affect the electrochemical properties




