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Abstract

The cycle capacity of lithium-ion batteries has been
improved by the low temperature annealing of a anode
film using the Si:Sn composite nanoparticles produced
by plasma spraying physical vapor deposition (PS-PVD).

1. Introduction

Si is a promising candidate for the negative electrode of
the next generation high density lithium secondary batteries
(LiB). This material is however inherently subject to huge
volume change associated with de/lithiation reaction which
causes eventually the fracture and thus the significant capac-
ity drop in short cycles [1]. Extensive works on this issue for
decades have revealed that the composite structure especial-
ly at the nanometer length scale can help in suppressing the
fracture and thereby improving the capacity after long cycles
[2-7]. From the production point of view, however, these
structuring methods are not necessarily best fit for produc-
tion at large quantity compatible to the industry [8]. In this
aspect, plasma spray physical vapor deposition (PS-PVD),
with which nanoparticles are produced at high throughputs
using low-cost powder feedstock, can be recognized as an
affordable approach [9]. Additional advantage of PS-PVD is
that the composite structure can also be designed through
co-condensation during PS-PVD of multi-component feed-
stock. In fact, Si nanoparticles produced by PS-PVD from
metallurgical grade powders have exhibited a clear im-
provement in the cycle capacity. With Si-Cu powder mix-
ture feedstock, furthermore, the composite Si nanoparticles
on which Cu nanoparticles are directly attached are pro-
duced and they have demonstrated even further increased
and stable capacity after longer cycles [10,11].

In the meantime, the network structure of the active ma-
terial within the anode seems to be effective in maintaining
high capacity [12], and attaining such composite structures
by the slurry-based battery assembly approach are to be
highly demanded for affordable production. With this as
target, we have designed to use the characteristic PS-PVD
composite nanoparticle as building block in the 3D Si net-
work within the anode. That is, Sn is selected as the second-
ary element that is distributed uniformly within the anode
and is expected to become ligament to connect Si nanoparti-
cles during low temperature annealing in the standard anode
assembly. With these as motivations, in this work, the
PS-PVD Si:Sn composite nanoparticles are characterized
especially as the potential building block in the anode net-
work to improve the battery performance.

2. Experimental

Si:Sn nanoparticles have been produced by PS-PVD us-
ing the hybrid plasma spray system in which DC plasma jet
is superimposed on the RF plasma flow. Advantage of this
system is that the powder feedstock can be injected directly
into the highest temperature zone without being trapped by
the eddy so that powders are effectively heated for evapora-
tion and subsequently cooled for condensation, which is a
big difference from the conventional ICP and is a huge ben-
efit for nanoparticle formation. Raw Si and Sn powders are
first mixed in pot mill and are injected from the top of the
plasma jet for complete evaporation. The high temperature
Si+Sn vapor mixture is then immediately quenched in a wa-
ter-cooled vessel placed underneath of the plasm jet, and
nanoparticles so produced are collected from the wall of the
vessel. The detailed can be found elsewhere [10].

The PS-PVD nanoparticles are sieved by a 45 pm mesh
and crushed by mortar and pestle under ambient. These par-
ticles are mixed with conducting carbon and polyimide
binder to form slurry, which is applied onto Cu foil with 70
um thick. After being dried and roll-pressed (Normal dry),
the electrode is loaded into tube furnace at around 230°C
and annealed under Ar flow for a certain duration. These
electrodes are assembled in a 2016 half-cells using Li metal
as the counter electrode and 1M LiPF4 in EC:DEC (1:1vol)
as electrolyte. The cells are cycled at a constant current of
0.1 mA (0.02C) for 1-3 cycles and 0.5 mA (0.1C) for the
following cycles with cut-off potentials of 0-1.5 V.

3. Results and discussion

From the X-ray diffraction patterns of the PS-PVD Si:Sn
nanoparticles, the strong peaks associated with the crystal-
line Si are observed as the major phase. Compared to Si,
quite small peaks from Sn(200) and Sn(211) are also ob-
served, suggesting that the crystalline metallic Sn is present
in the particles. No peaks indexed to SnOy is detected.

HR-TEM observation of these particles confirms that the
Si particle size is ranging from 40 to 60 nm, which is in
good agreement with the size estimated by the Rietveld
analysis of the XRD pattern of 49.9 nm on average. Fur-
thermore, from the HR-TEM observation with EDS ele-
mental analysis, Sn nanoparticles with approximately 10 nm
in size is confirmed at the surface of Si nanoparticle. EDS
analysis also confirmed the presence of Sn at the edge of the
Si particles with a few nm thickness. Since a certain amount
of oxygen is also detected at the surface of Si nanoparticle,
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SnOy is expected to form to coat the Si nanoparticle along
with the heterogeneously attached Sn nanoparticle.

In fact, from x-ray photoelectron spectroscopy (XPS) of
the as processed powders, the spectra for Sn 3ds, is clearly
seen to shift to the higher energy region. The peak separa-
tion quantitative analysis indicates 94% of Sn* and 6% of
Sno, confirming the formation of SnO, coating. However,
once these particles are included in anode and exposed first
for normal drying, the top surface of the anode film is
slightly reduced to form 4.4% of Sn*", i.e. SnO, and 26.5%
of Sn’. With further annealing in Ar flow at 230°C, the sur-
face of the anode again is found composed of 91.8% of
SnO, and 8.2% of Sno, that is, the surface of anode is cov-
ered primarily by SnO,. In contrast, however, XPS analysis
after deep Ar etching shows that the peaks of Sn 3ds, is not
changed significantly with the normal drying or with an-
nealing, allowing the Sn*" phase of 13-17% as shown in
Fig.1. That is, metallic Sn still resides in the interior of the
anode.

The capacities of the cell using these PS-PVD powders
are compared in Fig. 2. Addition of Sn to Si seems to be
effective in increasing the capacity. This is plausibly by the
increased electric conductivity due to the presence of metal-
lic Sn that is reported by Zhong et al. [13]. More interest-
ingly, it is clearly seen that the half cell with Si + 1 at% Sn
anode after 230°C for 5min has maintained much greater
capacity than the one without Sn or without annealing. Since
the melting point of Sn is 230°C, Sn is supposed to deform
and connect as ligament between Si particles upon heating
to 230°C. As SnO is decomposed to molten Sn and Sn;0, at
270°C, it would also partly work as ligament, considering
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Fig. 1 XPS spectra for Si:Sn anode after annealing.
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Fig. 2 Comparison of the cycle capacity between the cells using
Si:Sn-NP as anode annealed for different conditions.

the Gibbs-Thomson effect. In addition, as SnO, is apparent-
ly observed at the surface of the anode, the presence of small
SnO, particulate coating itself [14] and/or formation of sta-
ble SEI such as Li,O after lithiation of SnO, especially at
the region of high Li concentration, as is observed for car-
bon coating on the anode surface [15], would be the possible
reasons for this improvement. Further analysis such as EIS
is however necessary to confirm the characteristics role of
the Sn addition.

4. Conclusion

We have found that the addition of Sn to Si nanoparticle
formation by PS-PVD and the subsequent low temperature
annealing during anode synthesis is effective in improving
the capacity retention characteristics significantly. Although
further detailed analysis is necessary, the preliminary analy-
sis has shown that the co-condensed Sn and its monoxides
are expected to act as ligament to form active-material net-
work. Also, the SnO, coating especially at the surface of
anode would be beneficial to maintain high capacity.
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