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Abstract: Lithium-ion batteries offer the highest energy density of any currently available portable
energy storage technology. By using different anode materials, these batteries could have an even
greater energy density. One material, tin, has a theoretical lithium capacity (994 mAh/g) over three-
times higher than commercial carbon anode materials. Unfortunately, to achieve this high capacity,
bulk tin undergoes a large volume expansion, and the material pulverizes during cycling, giving
a rapid capacity fade. To mitigate this issue, tin must be scaled down to the nano-level to take
advantage of unique micromechanics at the nanoscale. Synthesis techniques for Sn nanoparticle
anodes are costly and overly complicated for commercial production. A novel one-step process for
producing carbon-coated Sn nanoparticles via spark plasma erosion (SPE) shows great promise as a
simple, inexpensive production method. The SPE method, characterization of the resulting particles,
and their high-capacity reversible electrochemical performance as anodes are described. With only a
10% addition of these novel SPE carbon-coated Sn particles, one anode composition demonstrated
a reversible capacity of ~460 mAh/g, achieving the theoretical capacity of that particular electrode
formulation. These SPE carbon-coated Sn nanoparticles are drop-in ready for present commercial
lithium-ion anode processing and would provide a ~10% increase in the total capacity of current
commercial lithium-ion cells.

Keywords: tin; carbon; nanoparticles; Li-ion battery anode; spark plasma erosion

1. Introduction

The widespread uses of portable electronics and massive efforts to extend the range
of electric vehicles have greatly motivated the search for higher energy density portable
power sources. Of the currently available energy storage technologies, lithium-ion batteries
offer one of the highest energy densities, both volumetrically and gravimetrically [1].
Sony produced the first commercial Li-ion cells in the early 1990s with a lithium cobalt
oxide cathode and a graphitic carbon anode [2]. While these cells have good safety and
cyclability, their capacity is inherently limited due to the anode and cathode materials
used. In particular, the anode has potential for increasing cell capacity since there are many
materials with a higher theoretical capacity than the 372 mAh/g capacity of carbon. Of
these alternatives, Sn has one of the highest known capacities at 990 mAh/g and high
electronic conductivity, which is important for high-rate cells and would reduce the amount
of carbon necessary for electrode conductivity [3].

Tin is not currently used as a Li-ion anode material because of its limited bulk cyclabil-
ity. When Sn alloys with Li, the crystal structure volume expands drastically (~300%), which
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can cause the material to disintegrate, leading to a rapid capacity fade during cycling [4].
Nanoscale Li reactive materials have been found to improve electrochemical performance
through the following: (1) shorter diffusion distances increasing charge/discharge rates,
(2) larger volume expansion allowed due to unique mechanical properties, and (3) struc-
tural changes from thermodynamic and kinetic properties [5]. Many investigations have
been conducted on nanoscale composite anodes of Sn, such as nano-wires, nano-films, and
nanoparticles, with resulting improvements in the capacity and cyclability of the materials.
Xu and co-workers obtained notably high capacities at high rates by dispersing 10 nm
Sn within a spherical carbon matrix [4]. Zhou et al. obtained 533.4 mAh/g at 100 mA /g
current density after 50 cycles by fabricating Sn-based composite chrysanthemum-like
microstructures of SnO, nanoparticles [6]. The capacity faded due to the expansion of
particles and collapse of the structure, producing a fresh interface to react and form further
solid electrolyte interphase (SEI) layers in addition to agglomeration of the particles that
were produced at higher temperatures [6].

Though these materials reached higher capacities with good cyclability, in general, the
methods to produce them are costly and complicated to scale up for the large-quantity pro-
duction required for practical commercial applications. The production of well-dispersed
Sn nanoparticles in a carbon matrix is challenging due to the low melting point of Sn and
the tendency for aggregation during carbonization [7,8]. Thus, a simple one-step synthe-
sis method with the potential for continuous production is highly desirable to produce
nano-structured and nano-sized carbon-coated Sn nanoparticles for use in commercial
lithium-ion batteries [9].

Micron-sized metallic powders [10,11], rapidly solidified metallic glass powders [12],
and even rare-earth containing magnet alloy powders [13] have been produced through
the process of spark plasma erosion (SPE). SPE is versatile and inexpensive, and the
type of equipment required is widely commercialized as electric discharge machining
(EDM), so it is extremely scalable and simple as a novel nanoparticle production method.
This represents a substantial leap forward as most other methods are extremely complex,
costly, or require multiple processing steps. In the plunge SPE process, two consumable,
electrically conductive electrodes are separated by a small gap, submersed in a dielectric
fluid, and connected to a pulsed external power source. When a sufficiently high electric
field results from the applied voltage, breakdown of the dielectric fluid occurs, producing a
spark discharge between the electrodes. Electrons emitted from the cathode and into the
gap are energized from the electric field and ionize the molecules of the dielectric fluid. The
resulting plasma channel (tens of microns in diameter, with temperatures >10,000 K and
pressures ~300 MPa) transfers energy to locally heat the electrode surfaces [14]. This highly
localized heating can eject vaporized and/or molten material from the electrode surfaces
that is rapidly quenched by the dielectric fluid, forming particles [14]. The SPE-produced
particles are generally bimodally distributed, likely due to these two modes (vapor or
liquid) of ejection from the electrode surface [14].

To prevent oxidation and to obtain better electrochemical performance, it appears
to be essential to coat the Sn nanoparticles with carbon, providing a forgiving matrix of
passive particle surfaces [7,9]. Thus, the SPE process was explored using a conventional
plunge EDM unit with Sn electrodes in a hydrocarbon dielectric (providing a carbon source
for decomposition) as a novel one-step synthesis method to produce carbon-coated Sn
nanoparticles on the order of ~20-200 nm [15].

2. Experimental Section
2.1. Spark Plasma Erosion (SPE)

Using kerosene (Sigma-Aldrich, St. Louis, MO, USA, reagent grade) as a dielectric
fluid, 16 mm pure (99.99%) drop cast Sn rods (produced in-house) were SPE processed in
a modified erosion chamber on a Sharp Industries, Inc. (Torrance, CA, USA) 300C series
EDM. Table 1 lists the experimental parameters used in the SPE synthesis of the Sn particles.
The particles were collected by centrifuging at 17,000 rpm for 20 min in a Beckman Coulter
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(Indianapolis, IN, USA) Avanti-JE centrifuge with stainless-steel tubes in a JA-17 rotor.
The solvent was exchanged from kerosene to hexane (Alfa-Aesar, Haverhill, MA, USA,
n-Hexane HPLC grade 95+%) by using a sonic bath and 5 centrifuge runs, decanting the
solvent and replacing with clean hexane after each run. The hexane-dispersed particles
were dried under vacuum to obtain the particles for electrochemical testing.

Table 1. SPE key processing parameters.

Spark Time On 2 ps Gap Voltage 1V

Spark Time Off 4 us Polarity Reverse
High-Voltage Current 0A Rotation Speed ~130 rpm
Low-Voltage Current 15A

2.2. Particle Characterization

A Tecnai G2 F20 transmission electron microscope (TEM) (FEI, Hillsboro, OR, USA)
operating at 200 keV was used to obtain brightfield images, diffraction patterns and EDS of
the SPE particles. X-ray photoelectron spectroscopy (XPS) of the particles was performed
on a Perkin Elmer (Shelton, CT, USA) PHI 5500 ESCA system with a Ag filament.

2.3. Electrode Casting

Water-based slurries of SPE particles were made in 10:70:5:15, 20:60:5:15 and 80:0:5:15
weight ratios of SPE particles to graphite (Timrex, Paris, France, SFG 6L), to carbon black
(Timrex, Super C65), to poly(acrylic acid) (PAA, Sigma-Aldrich, Mw ~450,000). Different
ratios were used since Beattie et al. found that lowering the active material concentration of
the electrodes, in this case Sn, achieved high capacity with good cyclability [16]. Addition-
ally, the Sn nanoparticles have high enough conductivity that the graphite addition was
eliminated in the 80:0:5:15 electrode. The SPE particles, carbons, and water were mixed
using an ultrasonic probe for 1 min, followed by stirring in the PAA at 800 rpm for 1 h.
The slurries were cast using a doctor blade set to ~250 um on cleaned Cu foil (25 pm
thick) and dried, and then 5/16-inch diameter disks were punched out of the castings for
the electrodes.

2.4. Half-Cell Electrochemical Test Fixture

To minimize water contamination, and also to prevent reaction of the Li metal and
the moisture-sensitive electrolyte, half-cells of the electrodes were constructed in an Ar
atmosphere glovebox (<10 ppm O, and H;O levels). A 2016 cover and can were used
with the corresponding polypropylene gasket and nickel foam as the spacer and spring.
Lithium metal (0.75 mm thick, Alfa Aesar, 99.9%) punched to 9/16-inch diameter was used
as the counter-electrode. The separator was 25 um thick Celgard (Charlotte, NC, USA) 2400
microporous polyethylene, punched to a 3/4-inch diameter circle. During assembly, 30 uL
of 1 M LiPFg in ethylene carbonate/diethylene carbonate (1:1 ratio) electrolyte was added
to the components to wet the separator and electrode.

2.5. Galvanostatic Charge/Discharge Cycling

The half-cells were electrochemically cycled using an ARBIN (College Station, TX,
USA) BT-2000 system. Based upon their theoretical capacity (TC), the cells were cycled first
at a TC/20 rate within a potential difference range of 0.01-1.0 V for 2 cycles with a taper
charge to form the SEI layer and determine the actual capacity. The charge capacity from
the second cycle was taken as the actual capacity (AC), and the cells were cycled from 0.01
to 1.0 V for 200 cycles at an AC/10 rate. To calculate the coulombic efficiency (%CE), the
cycling data were analyzed according to Equation (1).

discharge capacity — charge capacity
discharge capacity

%CE = 100% — ( ) x 100% (1)
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3. Results and Discussion
3.1. Particle Characterization

TEM brightfield images and a selected area diffraction pattern (SADP) of the SPE
Sn particles are shown in Figure 1. Selected area diffraction of the general population
evidenced diffuse rings, which matched well with the body-centered tetragonal phase of
Sn (Table 2). The SPE Sn nanoparticles were bimodally distributed from ~20 nm to ~200 nm
with smaller amorphous nanoparticles with some lattice fringes and larger crystalline
particles based upon the TEM brightfield image contrast and the diffuse rings of the
diffraction pattern. The size distribution and morphology align well with what has been
previously reported [14,15,17]. XPS showed Cls, Ols and Sn3ds,, peaks in the measured
spectra, as included in Figure 2. The Ols peak intensity decreased with etching and the
Sn3ds,, peak shifted to lower binding energy. Thus, the SPE nanoparticles exhibited
absorbed surface oxygen, likely due to sample exposure to the atmosphere just prior to
insertion into the instrument, as well as an adhered, primarily aliphatic carbon surface
layer [17-19]. This carbon surface layer character was exhaustively investigated and
characterized in a previous publication focused on Sn-Si alloy SPE nanoparticles [17]. The
TEM and XPS results are in accordance with the results from [17].

Figure 1. SPE Sn nanoparticle TEM images of general distribution (a) and high-resolution image
(b) of smaller nanoparticles showing lattice fringes; (c) selected area diffraction pattern (SADP) of
general distribution.
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Table 2. SADP analysis of SPE Sn nanoparticles. Comparison of nearest-neighbor atom spacings
from diffraction pattern rings (Figure 1c) and matching body-centered tetragonal Sn d-spacings.

hil Sn SADP avg. (This Work)
d (A) d(A)

011 2.79 2.73

220 2.06 1.98

031 1.66 1.60

240 1.30 1.38

CPS

T T T T T

CPS

532 534 536 538 540 542
Binding Energy (eV)

CPS

1 1 1 1 1
484 486 488 490 492 494 496
Binding Energy (eV)

Figure 2. XPS spectra of SPE Sn nanoparticles: Cls peak, Ols peak and Sn3ds5,, peak. Solid is
pre-etching, long dashed is after Ar-ion etching ~5 min, and short dashed is after a further ~6 min
etching. Approximate etching rate is 10 nm/minute. All data are shown without shifting from

sample charging.
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3.2. Electrochemical Performance

The ratios of SPE nanoparticles in the composite electrodes had a significant impact
on the half-cell capacity. The 10:70:5:15 electrode had the highest capacity and greatest
stability, as shown in Figure 3. For the 10:70:5:15 electrode, the initial capacity of the SPE Sn
nanoparticles was greater than the theoretical (~450 mAh/g for the electrode), as shown in
Figure 4. The initial irreversible capacity of 359 mAh/g is likely due to the formation of the
SEI layer [7-9]. The cell then continued to cycle at ~460 mAh/g with a coulombic efficiency
of >99.5% for over 200 cycles. The potential difference versus capacity shows full lithiation
of the various phases of Sn [20], as labeled in Figure 5.

—T T

¢ 10:70:5:15
® 20:60:5:15
4 80:5:15

50 100 150 200
Cycle Number

Figure 3. Capacity of SPE Sn nanoparticles for electrodes of varying active material ratios.

Electrodes with a higher amount of SPE Sn nanoparticles (ratios 20:60:5:15 and 80:5:15)
had poorer stability and lower capacity, which is in agreement with Beattie et al. [16].
This is likely due to the poorer conductivity of the surface carbon layer, as it is comprised
of primarily hydrocarbon species that are insulative to electrons and ions [17]. A larger
concentration of particles means more of this less-conductive material limits the overall
conductivity and, thus, capacity. Additionally, nanoparticles of Sn suffer aggregation
issues during cycling, and a higher active material ratio will increase the proximity of Sn
nanoparticles for possible aggregation, as well as reducing the available space for volume
expansion [7,21].
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Figure 4. Capacity and coulombic efficiency of SPE (Sparked) Sn nanoparticles (10:70:5:15 electrode)
and a commercial graphite electrode (80:5:15). The commercial graphite was only tested for 100 cycles.
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Figure 5. Potential difference vs. capacity for the 1st, 2nd and 10th cycles of the SPE Sn nanoparticles.
Plateaus are labeled for the various LixSny phases.
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The outstanding cycling stability of the 10 wt.% SPE Sn electrode is shown by the
coulombic efficiency approaching 100% within 10 cycles. The exceptionally stable high-
capacity performance is attributed to two main features of the nanoparticles: the carbon
coating and the nanometric size. The carbon coating, though likely reducing the conductiv-
ity of the particles, provides a protective layer to prevent oxidation, prevent agglomeration,
maintain contact within the electrode, and minimize volume expansion [7,8]. Addition-
ally, the XPS results and the reversible capacity indicate the stronger chemical connection
between carbon and metallic Sn in these SPE Sn nanoparticles, which is usually weak
and results in capacity fade, especially in composite materials [7]. The majority of the Sn
particles are below the 200 nm critical size for Sn for fracture as predicted by Huggins and
Nix, even without taking into account unique nano-mechanics [22], so the anode structure
can be maintained through extensive charge/discharge cycling [8]. Therefore, these novel
carbon-coated Sn nanoparticles produced using spark plasma erosion are able to overcome
the last two obstacles of commercial Sn anodes: poor cycling stability and low coulombic
efficiency [8].

With only a 10 wt.% addition of these one-step SPE Sn particles, the current commercial
total cell capacity could increase from ~62 mAh/g to ~70 mAh/g. This is an incredible ~10%
increase in the overall capacity of the lithium-ion cell for such a small addition [23]. For the
current method of electrode processing and cell assembly, these novel SPE nanoparticles
are drop-in ready for lithium-ion battery manufacturing as this production method is
immediately scalable to the commercial level, solving another key issue of Sn anode
nanomaterials [9]. Additionally, it is expected that these carbon-coated Sn nanoparticles
will have a high-rate capability due to their high conductivity and nanoscale size, which is
one of the primary driving forces for investigating Sn as an anode material [7].

A significant benefit of this approach is the capacity improvement that is obtained
with only 10 wt.% of the higher-cost Sn nanoparticles (versus graphite) combined with a
commercially available graphite for the anode. This means a cell capacity increase without
a large increase in cost. Most of the higher-capacity nanostructured Sn anodes require
~80 wt.% or more of higher-cost active material within the anode, and most of these ma-
terials are complex to produce, which means they would have an even higher cost than
the novel SPE Sn nanoparticles in this work. Even recently developed ‘facile’ methods,
such as electrospray-carbonization to produce a Sn/SnO;/nitrogen-doped superstruc-
ture, require more costly precursors, such as SnO, nanoparticles and polyacrylonitrile
solution with multiple processing steps [24,25]. Another ‘simple’ strategy for controlled
synthesis of mesoporous carbon containing Sn/SnO and SnO; nanoparticles carbonized
disodium stannous citrate, which still requires a complicated chemical precursor [26].
Still, other methods such as co-precipitation to produce hierarchical Sn**-doped TiNb,O;
nanospheres [27] or hierarchical microporous Si/Sn composites from etching melt-spun
ribbons [28] are multistep procedures, utilize 60-70wt.% active material, and do not achieve
the reversible ~460 mAh/g shown here [8]. So, while some methods may have achieved
slightly higher capacities, such as ~640 mAh/g [24], ~670 mAh/g [26], ~600 mAh/g [29],
or 550-710 mAh/g [9], truly simplified production combined with lower cost and a higher
stable capacity has only truly been demonstrated by the novel SPE Sn nanoparticles in
this study [15]. With further optimization, such as additional particle size control [30,31],
carbon or oxide species optimization [32], and/or electrolyte/binder development [33],
these SPE carbon-coated Sn nanoparticles have outstanding potential as a future anode
material for next-generation Li-ion batteries.

4. Conclusions

Spark plasma erosion is a successful one-step method to produce carbon-coated Sn
particles in the nanometer range. As an automated electro-mechanical method, spark
plasma erosion shows great promise for the production of anode materials for lithium-ion
batteries. The as-produced novel carbon-coated Sn nanoparticles show excellent high
capacity (~460 mAh/g) and stable half-cell electrochemical performance with greater than
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99.5% coulombic efficiency for 200 cycles, with only a 10 wt.% addition to commercial
graphite. The SPE carbon-coated Sn nanoparticles are drop-in ready for present lithium-
ion anode processing and would provide a ~10% increase in the total capacity of current
commercial lithium-ion cells.
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