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e Morphological characterisation of
crystalline silicon synthesized by
induced plasma atomization.

e Electrochemical measurements of
high gravimetric capacity nano Si
(4900 mAh/g).

e In situ TEM of single particle volume
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configuration.
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50 to 200 nm. The Si nanopowder showed a high gravimetric capacity (4900 mAh/g) at first discharge
and around 12% irreversible loss of lithium. In addition, observations of a single silicon particle made by
in situ TEM permitted to compare the volume change during lithiation with other silicon anode
nanomaterials.
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1. Introduction batteries are demanded in electric vehicles, alternative electrode
materials are being sought. Silicon is an attractive alternative ma-

Carbonaceous materials are typically used in the negative terial due to its high theoretical gravimetric capacity density of
electrode for Li-ion batteries. Because higher energy Li-ion 4200 mAh/g when the Lig4Si phase is formed [1,2]. In spite of this
advantage, Si-based anodes show numerous problems that prevent

their use in commercial Li-ion batteries. A significant capacity fade
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performance degrades during the first few cycles due to the large
volume change during charge/discharge. It ultimately leads to
mechanical degradation and loss of electrical contacts [1,3,4].
However, when small particles [5,6] or thin-films [7,8] containing
silicon are used as the negative electrode, performance and cycle
life improves markedly. It is recognized that nanoscale materials
can be reversibly deformed far beyond the limit of large-grained
materials; this phenomenon is called superplasticity [9]. More-
over, recent in situ methods based on transmission electron mi-
croscopy have provided new insights into the expansion/
contraction during lithium insertion/extraction in silicon nano-
particles and nanowires [10—12].

Large-scale application of silicon as anode in Li-ion batteries will
require suitable synthetic methods. An attractive method for the
fabrication of silicon nanopowders, from micrometric silicon par-
ticles, is based on induced plasma atomization because of the high
temperature processing capability and high quenching rates that
can be achieved [13]. Nanoparticles produced by plasma have high
crystalline structure, spherical morphology, narrow particle size
distribution and high purity [14].

This study reports the synthesis of silicon nanopowders by
induced plasma method and both their physical and electro-
chemical characterization. In addition, the volume change during
lithiation of a single silicon particle in the presence of smaller
particles is investigated by in situ transmission electron micro-
scopy (TEM) to be compared with other silicon anode
nanomaterials.

2. Experimental
2.1. Powder synthesis

Spherical silicon nanopowder (Si NS) was synthesized by
induced plasma atomization using a 3 MHz, 60 kW RF plasma torch
(Tekna Plasma Systems). The powder was prepared from a micro-
metric 99.999 wt% pure (5N) silicon powder in a pure evaporation-
condensation manner. More specifically, the micrometric silicon
powder was heated and evaporated in the plasma torch. The
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resultant vapors were subsequently quenched very rapidly and
homogeneous nucleation led to the formation of a fine nanopowder
aerosol (Fig. 1).

To prevent any surface contamination (or passivation), handling
of the nanosilicon powder and its packaging in metal-plastic bags
were done in an argon-filled glove box.

2.2. Powder characterization

The silicon nanopowder morphology was observed using a
Hitachi S-4700 scanning electron microscope with a field emission
electron gun (FE-SEM) and a FEI Titan 80-300 scanning/trans-
mission electron microscope (S/TEM), which is fitted with a probe
forming lens aberration corrector and operated at 300 kV. Phase
composition and structure were analyzed by using a Rigaku Mini-
Flex 600 X-ray diffractometer (XRD) with a cobalt source. The
particle size was measured by laser scattering method with a
Horiba LA-950V2 and by BET gas adsorption method with a
Quantachrome Quadrasorb SI.

2.3. Electrode preparation and coin cell assembly

The silicon nanopowder was mixed with acetylene carbon black
(Denka Black) and sodium alginate (Aldrich) with a ratio of
50:25:25 using water as solvent to a viscosity of ~8500 cP for
coating. A high-energy mixer (SPEX Certiprep) was used to de-
agglomerate and mix the nanopowder. The slurry was coated on
a copper foil to achieve loadings of approximately 0.6 mg/cm?. The
electrode was pre-dried at 75 °C in a convection oven and then
carefully dried at 110 °C under mild vacuum for 12 h.

CR2032 coin cells (Hohsen) were assembled in a He-filled glove
box using a Celgard 3501 separator and 200 um lithium foil anode
(FMC Lithium). The electrolyte was composed of 1 M LiPFg in a
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC)
(7:3 by volume) with the addition of 2 V% of vinylene carbonate
(VC) (Ube). The cells were galvanostatically charged and discharged
at 25 °C using a VMP3 cycler (Bio-Logic) with a C/24 rate for for-
mation cycles and a C/6 rate for life cycles over the voltage range of
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Fig. 1. Schematic of nanopowder synthesis using induction plasma torch.
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0.005—1.0 V vs. Li/Li*.

2.4. In situ TEM observation of lithiation of the nanoparticle

The structural evolution of the nanoparticle upon lithiation was
observed by in situ TEM in an open-cell configuration as illustrated
in Fig. 2 [12]. The silicon nanoparticles were loaded on a platinum
electrode, which was fixed on one side of a Nanofactory holder.
Lithium metal was used as the lithium source, which was loaded on
a tungsten tip. Surface lithium oxide served as the solid electrolyte.
The tungsten tip was fixed to a piezosystem on the other side of the
Nanofactory holder. Titan 80—300 with a probe corrector and
operated at 300 kV was used for imaging. The insertion of lithium
(or extraction) in the particle was controlled by the applied bias
voltage using a potentiostat.

3. Results and discussion
3.1. Powder morphology characterization

Fig. 3a shows a SEM micrograph of the morphology and typical
size of silicon nanoparticles with primary spherical particles and
their typical diameter ranging from 50 to 200 nm. The average
particle size (dsg), determined by measuring specific surface (BET),
is 85 nm (30 m?/g). Fig. 3b is a TEM micrograph of the crystalline
lattice in the silicon (c-Si) nanoparticles with a contamination-free
atomic surface. Fig. 3c presents the XRD diffractogram of the
nanopowder, with clear identification of c-Si with the diamond
cubic lattice (a = 5.43 A) and no significant amount of impurity
phase. Fig. 3d shows the particle size distribution and confirms that
the c-Si primary particles produced by plasma process have a typical
particle size between 50 and 200 nm with a few larger agglomerates.

3.2. Electrochemical characterization

Fig. 4a shows the two first cycles (formation cycles) of the coin
cell with a C/24 rate of charge. The first discharge (insertion of
lithium) has a high gravimetric capacity (4900 mAh/g), however,
around 12% of lithium is irreversibly lost after the first charge. Since
silicon nanopowder is a high surface area material, surface side-
reactions with the electrolyte are playing an important part of

Si NS
i\uzo

Fig. 2. Schematic drawing showing the setup of the open-cell configuration.

\'

initial capacity loss; this explains the “extra” lithium beyond Lig 4Si
(i.e. 4200 mAh/g).

The first discharge curve (first lithium insertion) shows a typi-
cally flat shape, which corresponds to the amorphization of the
crystalline silicon. Once electrode formation is complete, the
voltage during deinsertion has an average value of 0.4 V versus Li/
Li*, which is 0.2 V higher than graphite; this has a negative impact
on cell energy density when silicon is used as anode. We can also
notice that, probably because of significant volume change during
Li* insertion/deinsertion, the hysteresis loop is rather large for
silicon. This phenomenon is often related to mechanical work
(mechanical strain energy) during particle deformation [15].

Fig. 4b shows the cycling change of the coin cell at C/6 rate
which is used to measure the cycle life. We clearly see that the
silicon electrode loses 20% of its initial capacity after approximately
20 cycles. Limiting the depth of discharge (DoD) is one possible
method to improve calendar life of the silicon anode.

The silicon powder shows impressive results for silicon syn-
thesized by induced plasma, which produced nanometric particle
size, spherical shape and no surface contamination. However, the
cycle life of the cell is still poor according to the best performance
reported in the literature [16]. It was suggested that cycle life of
lithium cells with c-Si anode materials is mainly limited by large
structural volume change followed by particle pulverization and
the loss of particles contact during insertion/deinsertion cycles [17].
It was also reported that strain can be accommodated without
fracture below a critical particle size of 150 nm [18]. One of our
goals is to further investigate the silicon powder using the in situ
TEM as a practical tool to understand the changes at the nano-
particle level.

3.3. In situ TEM lithiation

Fig. 5a shows a TEM micrograph of a typical 200 nm pristine
spherical silicon particle synthesized by induced plasma. The same
particle is contacted by Li/Li0O in Fig. 5b. A bias potential
of —2 ~ —5 V was used to start lithiation of the silicon particle. At
this point, a rapid reaction from the interior of the particle was
observed, forming a core—shell structure. The crystalline core (dark
gray contrast) was gradually transformed to amorphous LixSi alloy
(light gray). The thickness of the amorphous phase was not uniform
around the particle and resulted in a anisotropic lithiation [19].
Crack formation was not observed, however, we were not able to
fully lithiate the larger particles (200 nm) in our experiment. Since
the particles were clustered together and that no conductive binder
was used, the conductivity might have been too low to achieve full
lithiation (Video1). But, some smaller particles (~50 nm in Fig. 5¢)
did fully react with lithium without fracturing. In a recent study,
McDowell et al. also observed that the c-Si particles undergo
anisotropic lithiation and volume expansion leading to a faceted Si
core with the lithiated phase very nearly fully lithiated [10].

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jpowsour.2014.12.060.

4. Conclusion

In this work, we characterized the morphological and electro-
chemical properties of Si nanopowder produced by the induced
plasma atomization process. The primary particles were crystalline
with spherical shape and typical diameter between 50 and 200 nm.
The c-Si nanopowder shows a high gravimetric capacity
(4900 mAh/g) at first discharge and around 12% irreversible loss of
lithium. The potential against lithium during deinsertion was 0.4 V;
this has a negative impact on cell energy density. The cycle life was
also short as after 20 cycles, the cell was at 80% of the initial
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Fig. 3. (a) SEM micrograph, (b) TEM micrograph, (c) XRD diffractogram and (d) particle size distribution of the silicon nanopowder.
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Fig. 4. (a) Formation cycles of the Si/Li coin cell, (b) cycle life of the Si/Li coin cell.

capacity. To improve the cycle life of this anode, it may be necessary
to operate at lower depth of discharge (DoD).

In situ TEM provided better insight on the degradation mecha-
nism of the silicon nanoparticles. The open-cell configuration
permitted observations of the volume change of silicon during
lithiation. We observed anisotropic lithiation of the c-Si particle.
Crack formation was not observed, maybe because the large par-
ticles (~200 nm) were not fully lithiated. However, we clearly saw
that smaller c-Si particles (10—20 nm) did not crack.

This cell design was inherently different from a real cell, where a
liquid electrolyte forms conformal contact with the electrode

materials and a conductive matrix is used. The open-cell configu-
ration does not allow other mechanisms of degradation such as
lithiation-induced welding of particle clusters or solid electrode
interphase (SEI) to be observed [20]. There is a need to develop a
closed-cell assembly to observe the electrochemical behavior of
electroactive materials in a more realistic battery environment.
With induced plasma, it is difficult to produce particles smaller
than about 85 nm with solid silicon as a precursor. The use of a
gaseous precursor such as silane (SiH4) may be feasible and lead to
the production of amorphous silicon (a-Si) [21] with improved
properties. Another interesting alternative process is to produce
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Fig. 5. (a) Before contact, (b) rapid lithiation at contact and (c) end of lithiation.

10—20 nm silicon particles by ball milling [22]. However, these
large scale production methods require further R&D.
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