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Abstract
Sn materials offer high theoretical capacities in lithium ion batteries, but they must have good
cycling stability and high rate-capability in order to be commercialized. Complex and costly
material treatments of Sn have been effective in reducing capacity fade, but conventionally
produced bare Sn is desired for reducing cost. One simple method is to form a high-quality solid
electrolyte interphase (SEI) on Sn particles with low resistance and high passivation.
Fluoroethylene carbonate (FEC) added to the electrolyte forms a protective and less-
resistant SEI on Sn particles during the in-situ electrochemical SEI formation cycle. FEC is a
good oxidizing agent that removes highly oxidized carbon compounds and makes a SEI thinner
during an oxidation process (delithiation) of SEI formation cycle. The high-quality SEI greatly
improves the rate-capability and capacity of nano-sized bare Sn electrodes without any
treatments: minimal capacity fade (0.014% cycle�1) at 320 mA h g�1 (1.3 C) for 150 cycles.
The mitigating effect of FEC on capacity fade is not seen with electrodes fabricated from micro-
scale (0.1�0.2 μm) Sn. The long lithium-ion diffusion path makes these micro-sized materials
susceptible to decrepitation during repeated volume changes.
& 2015 Elsevier Ltd. All rights reserved.
014.12.041
hts reserved.

747 0451.
u,

dx.doi.org/10.1016/j.nanoen.2014.12.041
dx.doi.org/10.1016/j.nanoen.2014.12.041
dx.doi.org/10.1016/j.nanoen.2014.12.041
dx.doi.org/10.1016/j.nanoen.2014.12.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2014.12.041&domain=pdf
mailto:keom@gatech.edu
mailto:kwangsup.eom@gmail.com
dx.doi.org/10.1016/j.nanoen.2014.12.041


315Improved stability of nano-Sn electrode with high-quality nano-SEI formation for lithium ion battery
Introduction

Li-ion batteries (LiBs) are the predominant energy storage
system for electrical vehicles (EVs) as well as various con-
sumer electronic devices. Their key attributes are long-term
performance stability, good rate capability, and thermal
stability in practical use [1–5]. However, one of the most
critical challenges of the present commercial Li-ion batteries
is insufficient capacity leading to a need for frequent char-
ging. Hence, the development of new electrode materials
with higher energy density is of significant interest [4].

Tin (Sn) is a promising material for the anode because Sn
is inexpensive, naturally abundant, and has a high theore-
tical energy density (7260 mA h cm�3) and specific energy
[6,7]. In contrast to the intercalation of lithium in graphite,
Sn forms an alloy with lithium. Alloying and de-alloying
occur reversibly according to the following equation:

xLi+xe�+Sny2LixSny (1)

For each Sn atom up to 4.4 Li ions are added (Li22Sn5 alloy),
corresponding to a specific capacity of 992 mA h g�1, which is
2.7 times higher than that of graphite (�372 mA h g�1).
Still, Sn and Sn based materials are difficult to commercialize
due to severe capacity fading during battery cycling [7].
Similar to lithium–silicon systems, this fade is associated with
the large volume expansion, up to 300%, when Sn is fully
alloyed with Li [6–8]. Repeated alloying and de-alloying make
Sn-based materials susceptible to pulverization, and concomi-
tantly, the continuous formation of SEI compounds during
cycling. This behavior leads to loss of cyclable lithium,
consumption of electrolyte, and compromised electrical con-
tact between particles, and hence, continuous capacity fading
[7].

There have been many attempts to mitigate this capacity
fade so that Sn can be used in a practical Li-ion battery; (i) Sn
alloys, such as Sn–Ni [9–11], Sn–Cu [12], Sn–Co [13], Sn–Sb
[14,15], (ii) Sn–carbon material composite, such as carbon
coated Sn [8,16–20], Sn–CNT [21], and Sn–graphene [22–26],
(iii) structural modification, such as nano-scaled Sn on nano-
material [27–29] and hollow- [30,31]/cube-shaped Sn [32],
and (iv) combinations of (i)–(iii) [8,27–32]. Among them,
several efforts were encouraging: high capacity, high rate-
capability, and low capacity fade. However, compared to
graphite, the fabrication processes of modified Sn and Sn
based alloy materials are complex and expensive, represent-
ing a barrier to commercialization. Specifically, the key obst-
acles are poor reproducibility, low production yields, low
rates of production, and safety hazards [16,20]. Hence, to
spur commercialization, electrode materials that use Sn
without complex treatments while still retaining high stabi-
lity and good rate-capability are needed.

Herein, we report on the formation of a robust solid
electrolyte interphase (SEI) that protects against pulverization
and where the SEI is formed for the most part only during the
first electrochemical cycle. The process is referred to ‘in-situ
electrochemical SEI formation cycle’ in this paper. A high-
quality SEI is needed to maintain high performance, and it
should be uniform, adhere well to the negative electrode, and
have high ionic and electronic conductivities [33–35]. The SEI
is formed from the reduction and polymerization of the
electrolyte solvents. Additives to the electrolyte can improve
the quality and composition of SEI [36–39]. In particular,
fluoro-ethylene carbonate (FEC) has been shown to be effec-
tive in reducing irreversible capacity loss and lowering capa-
city fade for several carbon and silicon based anode materials
[36–38,40,41]. The effects of the FEC additive on SEI proper-
ties of bare Sn electrode and the formation and degrada-
tion mechanisms of the SEI on Sn anode are not yet fully
understood.

In this context, we synthesized nano- and micro-sized
bare Sn materials for use in a lithium ion battery and
investigated their electrochemical and morphological prop-
erties with and without FEC as an electrolyte additive.
Specifically, the formation and degradation mechanisms of
nano-/micro-scaled Sn electrodes with different qualities
SEI were scrutinized.
Results and discussion

In this study, two sizes of Sn material, nano- (5�10 nm) and
micro (0.1�0.2 μm)- scaled spherical particles, were synthe-
sized by chemical reduction methods. The electron micro-
scopy images of the synthesized Sn particles are shown in
Figure S1. To assess the electrochemical properties of the
synthesized Sn particles with and without FEC additives,
coin-cells were prepared and tested. Four variants were
studied (i) micro-sized Sn with FEC, (ii) nano-sized Sn with
FEC, (iii) nano-sized Sn without FEC, and (iv) micro-sized Sn
without FEC. The electrochemical performance of type (iv)
was too poor to compare directly to the other cells, and thus
it will not be discussed further.

Figure 1 shows the electrochemical performance of the
three cells. In the electrochemical SEI formation cycle
(Figure 1a), the theoretical Sn capacity during the first lithiation
was exceeded due to other reduction reactions associated with
the SEI formation. There were oxides of Sn that remained on
the surface from the synthesis process. These oxides react to
form SEI compounds, such as Li oxides, and thereby increase
the charge that must be passed during the first lithiation of the
tin. From the XRD patterns of Figure S2, it was confirmed that
Sn oxides completely disappeared after the first cycle. In
Figure 1a, it is notable that Sn electrodes with FEC have a
lithiation capacity 150 mA h g�1 (10.6%) less than the electrode
without FEC. This result was observed for both micro- and nano-
sized particles, suggesting that FEC impedes the excess SEI
formation leading to less exhaustion of Li ions during the first
reduction process. During subsequent delithiations, the nano-Sn
electrode with FEC has 19.9% and 14.0% higher capacity than
nano-Sn electrode without FEC and micro-Sn electrode with
FEC, respectively.

As shown in rate-capability and stability tests of Figure 1b,
the nano-Sn electrode with FEC exhibited the highest rate-
capability during electrochemical cycling between 0.01 V and
1.5 V. The micro-sized Sn electrode showed the lowest rate-
capability and very poor cyclability at any lithiation/delithia-
tion rate greater than 160 mA g�1. Material fracture was
suspected as the cause for the high capacity fade, presum-
ably due to the repeated non-uniform dilation and contrac-
tion during alloying and de-alloying. The characteristic time
for diffusion of lithium in the solid phase scales with the



Figure 1 Electrochemical performance of micro-/nano-sized
Sn electrodes with/without FEC electrolyte additive. (a) In-situ
electrochemical SEI formation cycle (first lithiation and
delithiation process at extremely slow rate of 20 mA g�1);
(b) delithiation capacity as a function of cycle number for
estimation of rate-capability (at various current densities) and
capacity fade (at 320 mA h g�1 (1.3 C)); (c) coulombic effi-
ciency during cycling.
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square of the particle size (τ�ℓ2). For the micron-sized
particles the characteristic time is about 400 times larger
than for the nano-particles. When the diffusion time is large
compared to the discharge time, uneven lithiation and delit-
hiation states (different phases with different mechanical
strengths) inside one particle results. These variations in
composition lead to stress, which can lead to crack propaga-
tion and pulverization. Indeed, fractures and crack propaga-
tion were observed in the SEM images (Figure S3) of cycled
micro-Sn electrodes, which exhibited poor electrochemical
performance.

Nano-sized Sn without FEC showed continuous capacity fade
at a current density between 40 and 320 mA g�1, whereas the
nano-Sn electrode with FEC showed a decrease in capacity
during initial 10 cycles at 40 and 80 mA g�1due to initial
stabilization, but no decay after 10 cycles even at higher
current densities of 160 (11 to 24 cycle) and 320 mA g�1 (after
25th cycle) to a test end (for postmortem analysis).

When comparing the 40 mA g�1 capacity of 45th cycle to
100th cycle, it was found that the electrode without FEC
decreased by 22.7% (0.41% cycle�1), whereas with FEC the
capacity fade was minimal (0.014% cycle�1). It indicated
that in terms of actual capacity loss, the electrode with FEC
has less degradation than that without FEC. From the
columbic efficiency of Figure 1c, it is evident that FEC
stabilizes the lithiation and delithiation behavior of the
nano-Sn electrode. To the best of our knowledge, this
amount of improvement of bare Sn electrode without any
material treatments even without carbon coating has not
been reported. The Sn electrode had no decay of capacity
at 320 mA h g�1 (1.3 C) to 150 cycle, especially in 150 cycle,
260% higher capacity than Sn electrode with general SEI
without FEC. Hence, it is necessary to elucidate the
mechanism on the effect of FEC on the nano-Sn electrode.

In this work, the SEI formation cycle was methodically
investigated electrochemically using differential capacity
(dC/dV). In addition, the composition and morphology of
the surface were examined with XPS and HR-TEM, as shown in
Figure 2. The dissimilar behavior between the nano-Sn
electrodes with and without FEC is illustrated clearly by
the differential-capacity curves. During the first lithiation
process, the Sn electrode without FEC showed many rela-
tively large peaks (more negative) between 0.45 VLi/Li+ and
0.01 VLi/Li+. In contrast, with FEC the lithiation peaks were
smaller (less negative). During delithiation, the first peak,
representing the start of lithium removal, was observed to be
at about 0.41 V without FEC compared to a potential of
0.11 V with FEC. In particular, the initiation of delithiation at
a lower potential suggests more facile movement of Li ions
from LixSny alloy to electrolyte, which is directly related with
lower irreversible capacity loss (ICL), presented in Figure 2a.
To elucidate the SEI formation and stabilization mechanism
of Sn electrode with FEC, XPS and HR-TEM analyses were
conducted on the pristine electrode as well as on those with
varied states of lithiation: fully lithiated (0.01 VLi/Li+),
partial lithiation (at 0.45 VLi/Li+), and fully delithiated (at
1.5 VLi/Li+). Figure 2b shows the XPS peaks between binding
energy of 292.0 and 282.0 eV for the carbon 1s orbital.
The pristine nano-Sn electrode has only a peak at 284.5 eV
corresponding to C–C single bonding of carbon black.
However, when lithiated to 0.45 V, this peak disappears.
Several new peaks are observed at higher binding energies of
285.0, 286.5, and 291.0 eV. These peaks correspond to C–O,
O–CQO, and –R–CH2OCO2Li/–Li2CO3 compounds, respec-
tively. After the full lithiation, many peaks were detected
between 285.5 and 291.0 eV corresponding to CQO, O–
CQO, CH2OCO2Li, and Li2CO3 (CQO: 286–287 eV, O–CQO:
289.0 eV, –R–CH2OCO2Li: 288–289 eV, –Li2CO3: 290 eV,
–R–CH2OCO2Li: 290–291 eV [33,37,42]). The peaks with higher
binding energies (288–291 eV), which correspond to highly
oxidized carbon compounds, decreased dramatically during
the subsequent delithiation. Only two peaks of 285.0 (C–O)
and 286.5 eV (CQO) in low-binding energy region were
detected. In contrast, the XPS spectra for the nano-Sn
electrode without FEC still showed a large peak at a high
binding energy of 288–291.0 eV (corresponding to highly
oxidized carbon compounds), similar to that of fully lithiated
state. Accordingly, it was found that FEC is a good oxidizing
agent to remove highly oxidized SEI compounds, and it would
promote the formation of a thinner SEI with lower resistance
for Li ion diffusion and electron transfer.

To observe directly SEI on individual Sn particles during
the first formation cycle, high magnification bright-field
images using HR-TEM were obtained at the same potentials
used for the XPS study as shown in Figure 2c. The relatively



Figure 2 Formation mechanism of high-quality SEI on nano-Sn material with FEC during in-situ electrochemical SEI formation cycle
(a) differential capacity curve versus voltage (VLi/Li+) of nano-Sn electrode with/without FEC additive during 1st formation cycle;
(b) XPS C1s peaks during 1st formation cycle; (c) high-magnification HR-TEM images (10 nm scale bar) of nano-Sn particles before,
during lithiation (at 0.45 V and 0.01 V), and after delithiation (1st cycled states).
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lower magnification images showing the distributions and
average sizes of particles are in Figure S4. The diameters of
pristine nano-Sn particles vary from 5.8 to 10.1 nm (avg:
6.9 nm). These Sn particles have a lattice parameters of
0.28–0.20 nm for the (101) and (211) planes respectively.
When lithiated to 0.45 V, the size in the long direction of
one specific particle increased to 13.5 nm (avg: 9.1 nm).
The lattice parameter was measured to be 0.31 nm, corre-
sponding to (310) and (131) planes of Li7Sn2. The average
size of particles increased by 32%, and it was confirmed that
an outer layer appeared along the surface of LiSn alloy
particles with a thickness of 1.3�2.4 nm. When fully
lithiated (0.01 V), one specific particle expanded by a large
amount to 19.8 nm (avg: 14.5 nm). On the basis of the
lattice parameter (0.375 nm) corresponding to (511) plane
of Li22Sn5, this particle was considered to be fully lithiated
to Li4.4Sn. The thickness of SEI increased to 5.5�7.3 nm,
and the layer appears much clearer than the one observed
at 0.45 V. The improved contrast is because the SEI is
composed of various kinds of organic, inorganic, and
carbonate groups that are highly oxidized as confirmed in
XPS of Figure 2b. After the subsequent delithiation, how-
ever, the average sizes of particles decreased to 9.7 nm, but
still 19.6% larger than those of the pristine particles. It
might be because all Sn particles were not fully delithiated
and voids and defects were produced during the first cycle.
Then, the SEI became thinner to 2.7�3.3 nm, but thicker
than that of 0.45 V, which has fully covered the entire
surface to impede direct attack of electrolyte to bare Sn.
The interpretation of the electrochemical impedance
spectra (Figure S5) is consistent with the above XPS and HR-
TEM results. On the Nyquist plot, the first feature observed at
high frequencies is attributed to the SEI layer and represents
the SEI resistance, RSEI. After the first lithiation, the SEI
resistances of both cells are similar as 26.3 and 32.1 Ω cm2

with and without FEC, respectively. Following the subsequent
delithiation, however, the difference was clear; the SEI
resistance of the Sn electrode with FEC decreased by 48.4%,
compared to a reduction of 15.2% without FEC. This differ-
ence suggests that during the 1st delithiation the SEI for nano-
Sn is stabilized with FEC [43]. Based on the above results
(Figures 2 and S5), it is notable that FEC promotes the thin
but low-resistance SEI on nano-Sn particles. The improved SEI
is hypothesized to be attributed to the removal (on subse-
quent delithiation) of highly oxidized carbon compounds
formed during the 1st lithiation. The formation of this high-
quality SEI can increase the rate-capability and cycle stability
of bare Sn electrode without additional material treatments
such as carbon coating and structural modification.

Figure 3 compares postmortem analyses of cycled nano-Sn
electrode with and without FEC additive using XPS and HR-
TEM. The intensities of peaks near 290.0�291.5 eV and
286.5 eV, which correspond to organic/carbonate compounds
and CQO bonding [33,37,42], respectively, increased sig-
nificantly without FEC. On the other hand, with FEC the peaks
at high binding energies increased slightly, and the other
peaks at low binding energies remained constant compared to
Figure 2b based on C–O peak of 285.0 eV [33,37,42].



Figure 3 Postmortem XPS and HR-TEM analyses of nano-sized Sn electrodes with/without electrolyte additive of FEC. (a) C1s XPS of
pristine and cycled Sn electrode; (b) HR-TEM images (low/high magnification) of cycled Sn electrode without FEC; (c) with FEC
additive.

Figure 4 Schematic of the formation and degradation
mechanisms of micro-/nano-scaled Sn particles with high/low-
quality SEI, showing the two dimensional cross-sectional images
of 1st lithiated, 1st delithiated, and cycled micro-/nano-Sn
particles with/without FEC electrolyte additive. This schematic
is based on HR-TEM/SEM images and XPS data of Figures 2b
and c, 3, and S4 and S6. Micro-Sn particle has long lithium ion
diffusion path and easy mechanical fraction by continuous crack
propagation from repeated expansion/contraction although
thin and protective SEI is formed by FEC electrolyte additive.
Nano-Sn particles with FEC additive form high-quality SEI on
surface, and have low degradation during cycling due to short Li
diffusion path, low SEI resistance, and tight protection from
electrolyte attack. In contrast, nano-sized Sn particles with low
quality SEI (without FEC) are unprotected from mechanical
fractures and chemical attack, and then have loss of particle
and film resistance increases continuously during cycling.
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Lower-magnification HR-TEM images clearly show differ-
ences in the cycled Sn electrodes with and without FEC
additive. Even with lower magnification, the Sn electrode
without FEC has a few agglomerated large particles (dark
spots) and a larger amount of bright matrix mostly from
accumulated SEI compounds. The Sn electrode with FEC
exhibited well-distributed Sn nano-particles and a smaller
amount of bright matrix even after cycling. In the high
magnification images, which show individual Sn particles,
the nano-Sn electrode without FEC has thick and uneven SEI
of 10.7�18.7 nm, whereas with FEC the Sn particle has a
uniform SEI of about 3.9 nm even after cycling. The above
results plainly elucidate the reasons why nano-Sn particles
with FEC have good stability and high rate-capability during
long-term cycling. In Figure S6, the medium-magnification
HR-TEM images reveal the distribution and average sizes of
the Sn particles from cycled nano-Sn electrodes with/without
FEC. The Sn particles with FEC were well-distributed rela-
tively compared to those without FEC; the sizes are about half
and the particles less agglomerated due to stable protection
by a more uniform SEI. The EIS data, shown in Figure S5,
support the above postmortem results. After cycling, the SEI
resistance of nano-Sn electrode increased 3.4 times, while
that with FEC increased by 1.5 times, indicating that FEC is
effective in mitigating an increase in SEI resistance during
long-term cycles by forming stable SEI initially.

On the basis of the results in Figures 1–3and S1–S6, the SEI
formation and degradation mechanims of Sn electrode,
which are affected by particle size and FEC additive, can
be clearly proposed. Figure 4 shows schematic of the two
dimensional cross-sectional images of 1st lithiated, 1st
delithiated, and cycled micro-/nano-Sn particles with/with-
out electrolyte additive to form thin and protective SEI.
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During the first lithiation, micro-Sn particles expand by a
large amount, SEI is produced along the surface of particles,
and cracks are produced due to increased tensile stress.
When delithiated, long diffusion path of micro-particle and
formed SEI outside of the particle allow some Li ions
(especially, inside LiSn alloy far from outside) to be confined
inside the particle at a specific rate, and the cracks are
propagated due to highly induced compressive stress. The
repeated lithiation and delithiation processes make contin-
uous crack propagation leading to pulverization of particles.
SEI compounds are formed repeatedly on newly exposed
surface created by pulverization, resulting in loss of cyclable
lithium and electrolyte. Consequently, micro-particles degra-
daded easily due to long diffusion distance and low mechan-
ical toughness regardless of FEC addition to form protective
SEI; that is, FEC cannot impede decrepitation.

In contrast, because nano-sized Sn particles less than
10 nm in diameter have short-diffusion paths for lithium
ions, they have high intrinsic rate-capability and lower
mechanical stress from deforming. Upon initial lithiation,
nano-Sn particles expand and SEI is produced along the
surface of particle and between particles. Then, the proper-
ties of formed SEI determine the cycle life of nano-Sn
particles. Nano-Sn particles with FEC form a high-quality
SEI. Thus these cells retain high stability and rate capability
due to low SEI resistance, and the better protection of active
materials from continuous attack of electrolyte by forming a
thin and chemically stable SEI.

However, the nano-Sn particles that form thicker and less
conductive SEIs during first SEI formation cycle, have relatively
poor rate capability, and then irregular state of lithiation
(different lithium–tin alloy phases) inside one particle. Due to
different mechanical strengths of different phases, cracks
would be easily propagated and then cause particle to be
fractured. The repetition of this behavior leads to continuous
capacity loss along with decay of rate-capability.
Conclusions

Nano- and micro-scaled bare Sn materials for lithium ion
battery were synthesized by chemical methods, and their
electrochemical and morphological properties with and with-
out FEC additive for lithium ion battery were investigated.
Specifically, the formation and degradation mechanisms of
bare nano-/micro-scaled Sn electrodes with protective SEI by
FEC additive were scrutinized. From the high magnification
images of HR-TEM and XPS analyses during in-situ electro-
chemical SEI formation cycle, it was found that FEC played a
role of a good oxidizing agent to promote to removal of SEI
with highly oxidized carbon compounds (with high binding
energy) during an oxidation process (delithiation); high-quality
SEI with thin and low resistance improved greatly the rate-
capability and capacity of bare of nano-sized bare Sn electro-
des, which was synthesized by a conventional method without
special material treatment and even no carbon-coating. The
Sn electrode had no decay of capacity at 320 mA h g�1 (1.3 C)
to 150 cycle and more, especially in 150 cycle, 260% higher
capacity than Sn electrode with general SEI without FEC. On
the other hand, the micro-scale (0.1�0.2 μm) Sn electrode
did not benefit from the FEC addition due to long lithium ion
diffusion path and the susceptibility to fracture during the
repeated volume changes.

For future feasibility tests of commercialization of this
bare Sn electrode with a robust SEI, full-cells employing
various types of commercial electrodes, such as layered
lithium nickel cobalt manganese oxide (NCM) and spinel
lithium manganese oxide (LMO) and olivine lithium iron
phosphate (LFP), will be designed and tested, and the
amount of FEC will be optimized.
Experimental methods

Synthesis of micro-/nano-sized Sn particles

Both-types of spherical Sn particles, with nano- (5�10 nm) and
micro (0.1 �0.2 μm)-in diameter, were prepared via a chemical
reduction method by a modified literature method [22,44].
Specifically, tin (IV) chloride (SnCl4, Aldrich) and trisodium
citrate dehydrate (HOC(COONa)(CH2COONa)2 � 2H2O, Aldrich)
were used as Sn source and capping agent, respectively. The
reactants were fully dissolved in ethylene glycol (EG, C2H6O2,
Aldrich) by agitating with a stirring bar at 1000 rpm, followed
by the addition of the reducing agent, sodium borohydride
(NaBH4, Aldrich). The molar ratio between SnCl4 and NaBH4 was
1:50 and 1:10 for nano- and micro-sized Sn particles, respec-
tively. After 5 min of reaction, the synthesis reactions were
done. Afterward, the products were washed using methanol
(CH3OH, 99.8% purity, Aldrich) and deaerated deionized water,
and then collected by centrifugation at 10,000 rpm for 10 min.
After 5 times of the washing and filtering process, the collected
wet Sn powder was dried at 120 1C under vacuum (below
10�3 Torr) for 24 h. The produced Sn particle had 495.0 wt%
purity (3�4 wt% byproduct composed of C and N) by EDS
analysis except for oxygen contents. The two types of solvent
make the size difference of spherical Sn particles in this
process. The Sn particles produced in EG were 0.1�0.2 mm in
diameter, whereas those in DMF were in 5�10 nm. The surface
morphologies and compositions of synthesized Sn particles are
in Figure S1.
Preparation of Sn electrodes and cell assembly

To make the slurry of adhesive and conductive Sn anode
material, the nano-/micro-sized active Sn material of 80 wt%
was combined with polyvinylidenefluoride (PVdF) binder
(–(C2H2F2)n–, Mv: 450,000 g mol�1, Sigma Aldrich) of 10 wt%,
carbon black conductive agent (Super C65, TIMCAL,) of 10 wt
%, and NMP solvent (N-Methyl-2-pyrrolidone, Sigma Aldrich) of
15 ml/g. After mixing the slurry by sonication and stirring with
magnetic bar in a jar, the slurry was coated on a 10 μm Cu foil
using a doctor blade. The slurry coated on Cu foil was dried for
1 h at a room temperature and then in a vacuum oven of
120 1C overnight. Using the completed Sn electrode as the
working electrode, coin-type half-cells (2032) were
assembled. The electrolyte used in the half-cells was EC:
DEC=1:1 (wt%) with 1 M LiPF6 with/without FEC additive (the
content should be optimized for the best electrochemical
performance [40]). A microporous trilayer membrane (Celgard
2325) was used as a separator, and the electrolyte of 75 ml was
applied for one coin cell.
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Electrochemical tests

To characterize the electrochemical properties of the fabri-
cated Sn electrodes, capacity–voltage (C–V) tests and Elec-
trochemical Impedance Spectroscopy (EIS) test were
performed. All cycling tests were conducted at room tem-
perature (�20 1C) using an Arbin battery cycler. The half-
cells were charged to 1.5 V and discharged to 0.01 V (1 h rest
time between charge and discharge) at various rates from
20 mA g�1 for in-situ SEI formation cycle (first cycle) to
340 mA g�1 (�1.3 C) for capacity fade test cycling. EIS tests
of the Sn electrodes were conducted at both a nearly full
lithiated of 0.1�0.15 V (OCV) and the fully delithiated state
of 1.05�1.10 V (OCV) using a potentiostat (Autolab). The
frequency was scanned from 1 MHz�0.01 Hz using a 5 mV
amplitude perturbation. The values for resistances of indivi-
dual components were determined with a fitting program
(Gamry Echem Analyst).

Material characterization

For material characterization during and after electrochemical
test, the cells were opened in an Ar-filled glove box and washed
gently for 2 min in extra pure dimethyl carbonate (DMC,
C3H6O3, Aldrich) to remove Li salts fully, and the samples were
stored in containers filled with Ar before analysis to prevent any
contact with air. To observe the surface morphology, phases,
and atomic compositions of nano-sized (5�10 nm) Sn particles,
High Resolution (HR)-Transmission Electron Microscope (TEM)
equipped with Energy Dispersive X-ray spectroscopy (EDS) (FEI
Tecnai F30, 300 kV) was used. Using the HR-TEM, bright-field
images, EDS line scanning (in STEM mode), and diffraction
patterns were obtained. To examine the chemical composition
of SEI, X-ray photoelectron spectroscopy (Kratos XPS) analysis
was performed. In addition, X-ray diffraction (XRD, X’Pert PRO
Alpha-1) and HR-scanning electron microscopy (HR-SEM, Hitachi
SU8000) and SEM/EDS (Zeiss Leo 1530) and Focused Ion Beam
(FIB)-SEM (FEI Nova nanolab 200) were used to observe phases,
crystallinity, compositions, and cross-sectional morphology of
materials (Supporting Information).
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