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The passivating ability of surface film derived from vinylene carbonate (VC) is addressed on tin (Sn) negative electrode after a
comparative study on the thickness, film growth pattern, chemical composition, and mechanical flexibility of the surface films gen-
erated from VC-free and VC-added electrolytes. The surface film derived from the former electrolyte is enriched by inorganic fluo-
rinated and carbonate species, and shows a poor passivating ability to cause a continued electrolyte decomposition, film growth
and eventual electrode failure. In contrast, organic carbon-oxygen species are dominant in the film derived from the VC-added
electrolyte. Even if this film is thinner than the other, it passivates the Sn electrode surface more effectively. As a result, the film
growth and electrode polarization are less significant. The superior passivating ability of organic-rich surface film has been
ascribed to a uniform coverage and higher mechanical flexibility.
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The Li-alloying materials (Si and Sn) have been developed as an
alternative to the present graphitic carbons for lithium-ion batteries
(LIBs).1–4 The practical use of these high-capacity negative electro-
des is, however, still limited due to their poor cycling behavior,
which may be caused by: (i) cracking/crumbling of the active mate-
rial (Si and Sn), (ii) electrical contact loss by a massive volume
change during alloying/de-alloying, and (iii) continuous electrolyte
decomposition and surface film formation, named solid electrolyte
interphase (SEI).5

The electrolyte decomposition and concomitant film deposition are
inevitable in the present LIBs since they operate far beyond the ther-
modynamic stability window of the common electrolytes. The suc-
cessful commercialization of LIBs has, however, been possible since
this surface film passivates the electrode surface, once it forms, to pre-
vent additional electrolyte decomposition. In order for surface film to
accomplish its own passivating role, the SEI layer should thus be com-
pact and perfectly cover the electrode surface to prevent additional
electrolyte decomposition. In addition, SEI layer should be thin to
allow a fast Liþ ion movement. The mechanical flexibility of surface
film seems to be another important requirement particularly for the Li-
alloying materials. Namely, inflexible surface film cannot effectively
passivate the electrode surface since it is easily broken or deformed by
the massive volume change evolved with the Li-alloying materials,
leading to an exposure of electrode surface to electrolyte solution.

The SEI formation mechanism on the Li-alloying materials is some-
what different to that on the carbonaceous negative electrodes. On
graphite surface, SEI layer forms within a few initial cycles, whereas
the film formation is continued on the Li-alloying materials since new
electrode surface is generated as a result of continued cracking/crum-
bling. The film growth patterns are much more complicated on the
Li-alloying materials. As a result, the SEI study on the Li-alloying mate-
rials is still limited, while those on graphite electrodes are numerous.6,7

The prime concern in this work is to assess the passivating abil-
ity of surface film derived from vinylene carbonate (VC), which is
one of the common SEI formers.8,9 To this end, a comparative study
is made on the surface films derived from the VC-added and VC-
free electrolyte, from which the passivating ability of VC-derived
surface film is addressed. In details, the passivating ability is
assessed by measuring the reduction current associated with the
electrolyte decomposition on an exposed Sn electrode surface. To
estimate the mechanical flexibility, a bending experiment is devised,
in which the Sn electrode is bent after surface film deposition. An
expectation here is that, if the surface film is not mechanically flexi-
bility, it is deformed by bending to generate new Sn surface, onto
which electrolyte decomposition is induced. To account for the dif-

ference in passivating ability and mechanical flexibility for two
surface films, the chemical compositions are analyzed by using
depth-profiling x-ray photoelectron spectroscopy (XPS) and Fourier-
transform infrared spectroscopy (FT-IR), whereas the film growth
pattern and thickness are estimated from the cross-sectional scanning
electron microscope (SEM) images of the cycled electrodes.

Experimental

The Sn film was electro-deposited on a piece of copper foil in a plat-
ing bath composed of 0.14 M tin (II) sulfate (SnSO4), 0.34 M potassium
sulfate (K2SO4), and 0.42 M sodium d-gluconate (C6H11O7Na). The
electro-deposition was performed at a current density of 5 mA cm–2 for
8 min at room temperature.

Electrochemical performances of the Sn film negative electrodes
were examined using a coin-type cell (2032-type), which was fabri-
cated by inserting a polypropylene separator (20 lm) between the Sn
film electrode and lithium foil (Cyprus Co.). The used electrolyte was
1.0 M lithium hexafluorophosphate (LiPF6) dissolved in ethylene car-
bonate (EC) and dimethyl carbonate (DMC) (1:1, volume ratio), in
which 5 wt. % of VC was added. Galvanostatic charge/discharge cy-
cling was made at a current density of 400 mA g�1 in the voltage
range of 0.01–1.2 V (vs. Li/Liþ).

For a post mortem field-emission SEM (Model JSM-6700F,
JEOL), XPS and FT-IR analyses, the cells were dismantled in a glove
box and the electrodes were washed with dimethyl carbonate. A her-
metic vessel was used to transfer the samples from the glove box to
the instrument chamber. The XPS data were collected in an ultra-high
vacuum multipurpose surface analysis system (Sigma probe, Thermo,
UK) that operates at a base pressure of <10�10 mbar. The photoelec-
trons were excited by Al Ka (1486.6 eV) radiation at a constant
power of 150 W (15 kV and 10 mA); the x-ray spot size was 400 lm.
During data acquisition, a constant-analyzer-energy mode was used at
a pass energy of 30 eV and a step of 0.1 eV. The depth-profiling XPS
measurement was made by a continued Arþ ion sputter etching and
the chemical composition was estimated by using the atomic sensitiv-
ity factor.10,11 For the cross-sectional images, the electrode samples
were crosscut by using an Arþ ion beam polisher (SM-09010, JEOL)
at a constant power of 0.5 W (5 kV and 0.1 mA) under vacuum
(<2.0� 10–4 Pa). The infrared spectra were obtained using the atte-
nuated total reflection (ATR) mode (Nicolet 5700 FT-IR spectrome-
ter). The cycled electrodes were mounted on an internal reflection
crystal (Ge) facing the surface layer toward the crystal. For the bend-
ing experiment, a pouch-type cell was fabricated with the Sn film
electrode (3� 3 cm), polypropylene separator and lithium foil. In this
report, the lithiation (alloying) is expressed as discharging, whereas
the de-lithiation (de-alloying) charging on the basis of the standard
lithium-ion cell configuration.
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Results and Discussion

Figure 1 compares the lithiation and de-lithiation voltage profiles
obtained with the Li/Sn cells in the VC-free and VC-added electrolyte.

In the first cycle, the Sn negative electrode shows a comparable
charge-discharge behavior in two electrolytes with a lithiation capacity
of ca. 680 mA h g–1 and coulombic efficiency of >85%. From the
second cycle, however, the Sn electrode delivers a different cycle per-
formance in two electrolytes. A severe capacity fading is observed in
the VC-free electrolyte, whereas a much better cycle performance in
the VC-added electrolyte with a de-lithiation capacity amounting to
>85% of the initial value even after 50 cycles (Fig. 1c). The poor
cycle performance in the VC-free electrolyte seems to be deeply asso-
ciated with the electrode polarization that steadily increases with
cycling (Fig. 1a). Also noted in Fig. 1c is that the Sn film electrode
shows an irreversible capacity in every cycle, implying that the elec-
trolyte decomposition and Liþ trapping inside the “dead” Sn grains
are continued with cycling. The detailed discussion on this will be
advanced in the later section.

The surface and cross-sectional images of the pristine Sn film
electrode are displayed in Figs. 2a and 2b, respectively. The Sn
grains of 1–2 lm are deposited on the Cu foil (Fig. 2a) and the Sn
layer thickness is ca. 1 lm (Fig. 2b). The cross-sectional images of
the cycled electrodes are also presented in Figs. 2c–2h. The follow-
ing points should be noted. First, both the surface film and Sn layer

Figure 1. Galvanostatic discharge (lithiation, downward) and charge
(de-lithiation, upward) voltage profiles obtained with Li/Sn film cell in: (a);
VC-free electrolyte and (b); VC-added electrolyte. The cycle performance is
compared in (c). Current density¼ 400 mA g�1. Voltage cut-off¼ 0.01–1.2
V (vs. Li/Liþ).

Figure 2. (Color online) FE-SEM images of the Sn film electrode before cy-
cling: (a); top view and (b) side view. The cross-sectional images of Sn film
electrodes cycled in the VC-free (left panel) and VC-added electrolyte (right
panel): (c)/(d); after 5 cycles, (e)/(f); after 10 cycles, and (g)/(h); after 20
cycles. The EDS mappings are presented in (g)/(h). The pink and green
points correspond to C and Sn element, respectively. The images in (c)–(h)
were obtained after a full de-lithiation.
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expands to the normal direction with cycling, implying that the elec-
trolyte decomposition and electrode swelling are continued with cy-
cling. Second, the growth of surface film is more prominent in the
VC-free electrolyte (left panel). Third, the population of Sn (green
points) is not confined within the initial Sn layer, rather extended to
the surface film layer as seen on the EDS mappings (Figs. 2g and 2h).
This illustrates that the Sn grains are cracked/crumbled with cycling
and some of them move from the initial Sn layer to the surface film
layer to be embedded into the surface film. A high population of
carbon (pink points) is also noticed in the Sn layer, reflecting that the
carbon-containing film forms not only in the surface film layer but
also within the Sn layer. From these, the following scenario is assumed
for the film formation. The Sn grains expand with alloying but do not
contract to the initial dimension upon de-alloying, leading to an elec-
trode layer expansion with cycling.6,12,13 During this volume change,
the Sn grains are cracked/crumbled due to mechanical stress, and
some of the fine Sn grains are detached from the Sn layer. Then, addi-
tional electrolyte decomposition and film deposition take place on the
fresh Sn surfaces that are exposed inside the cracks.1,8,9,13,14 The high
population of carbon in the Sn layer explains this feature. Film deposi-
tion is also possible on the detached Sn grains if they are electrically
connected to the Sn layer and Cu foil. Due to the continued film
growth, which is electrically insulating, the detached Sn grains are
even more electrically isolated from the Sn layer to be inactive
(“dead”) as the negative electrode. The irreversible capacity appearing
in every cycle (Fig. 1c) can thus be ascribed to the Liþ trapping inside
these dead Sn grains as well as the electrolyte decomposition on the
newly exposed Sn surface. The capacity fading shown in Fig. 1 can
also be accounted for by the continued film growth and dead Sn for-
mation. That is, the thicker surface film generated from the VC-free
electrolyte leads to the larger electrode polarization due to impeded
Liþ ion diffusion. Due to this polarization, the lithiation voltage
reaches the lower cut-off earlier during the galvanostatic cycling,
leading to a decrease in the lithiation and de-lithiation capacity. The
substantial capacity fading in the VC-free electrolyte can also be
explained by the generation of dead Sn. As seen in Figs. 2g and 2h,
the initial Sn layer becomes thinner in the VC-free electrolyte, sug-
gesting that a larger amount of Sn grains are detached, such that the
formation of dead Sn is more probable in this electrolyte.

As shown in Fig. 2, the film growth rate differs in two electro-
lytes. Given that film does not grows if surface film effectively pas-
sivates electrode surface, it is likely that the passivating ability is
better for the surface film generated from the VC-added electrolyte.
To ensure the difference in passivating ability, cyclic voltammo-
grams were obtained after the film formation in two electrolytes.
This experiment was inspired by the previous reports that the cata-
lytic reductive decomposition of electrolytes takes place near 1.5 V
(vs. Li/Liþ) on a fresh Sn surface.15–17 In order for this current to be
detected, the lithiated Sn (LixSn) should be converted to metallic
Sn, and furthermore the as-generated Sn is exposed to the electrolyte
solution since this reduction current evolves only on the Sn surface
exposed to electrolyte solution, not on either the Li-Sn alloy surface
or the Sn surface covered by passivation layer. Two features should
be noted in the cyclic voltammograms shown in Fig. 3. First, the ox-
idation current appears in both electrolytes during the potential
sweep from 1.2 to 2.0 V, which is associated with the de-alloying
reaction of the LixSn phases.15–17 The larger oxidation current with
the thicker surface films illustrates that a larger amount of LixSn
phases still remains at the last de-lithiation period of the film genera-
tion step due to slower Liþ diffusion through the thicker films. Sec-
ond, the reduction current appears at 1.5 V when the electrode
potential moves from 2.0 to 0.8 V in the VC-free electrolyte (Fig. 3a).
This illustrates that the metallic Sn is restored upon de-alloying up to
2.0 V, on which the reductive electrolyte decomposition takes place
due to poor passivating ability of the surface film. In contrast, the
reduction current is not detected with the VC-derived surface films,
even with the thinnest one deposited by five charge/discharge cycles
(Fig. 3b). Clearly, the VC-derived surface film is more passivating
even if it is thinner than that forms in the VC-free electrolyte.

To gain an insight into the factors affecting the passivating abil-
ity, the chemical composition and thickness of two surface films are
analyzed by using XPS. The C 1s, O 1s and F 1s photoelectron
spectra are represented in Fig. 4. The C 1s spectra were fitted with
four peaks according to the reported binding energies; ROCO2Li
(CO3-like) at 290 eV, O¼C-O at 288 eV, C-O at 286.5 eV, and CH2

at 285 eV.12,18–21 All these photoelectrons must be emitted from the
surface films since the Sn film electrode does not contain any carbon
species such as polymeric binder and conductive carbon. As seen
in the C 1s spectra, the population of carbon-oxygen species is
higher in the film derived from the VC-added electrolyte. The
enriched population of carbon-oxygen species in this film is further
confirmed from the O 1s spectra. In Fig. 4b, the O 1s spectra are
fitted with three broad peaks centered at 534.4 eV (poly vinylene
carbonate), 533.5 eV (oxygen bound to carbon with a single bond in
organic carbonates) and 532 eV (Li2CO3 and oxygen atoms doubly
bound to carbon atoms in organic carbonates).10,18,22 The high pop-
ulation of carbon-oxygen species in the VC-derived film is con-
trasted by the enriched deposition of inorganic fluorinated species
(mainly LiF) that must be derived from the salt (LiPF6) in the
VC-free electrolyte (Fig. 4c). The stronger F 1s peaks are observed
in this surface film, which corresponds to LiF (685.2 eV) and LixPFy

(687–688 eV).10,18,21,23,24

Figure 3. Cyclic voltammograms obtained after the film deposition with the
predetermined number of cycling. After the surface film deposition, the elec-
trode potential was moved from 1.2 to 2.0 V (vs. Li/Liþ) to convert the lithi-
ated Sn (LixSn) to metallic Sn and then from 2.0 to 0.8 V to detect the
catalytic reduction current.
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The two surface films differ in chemical composition not only at
the topmost region (Fig. 4) but also in the deeper region as shown in
the depth-profiling XPS data (Fig. 5), in which the atomic concen-
tration of four elements is plotted as a function of etching time. The
higher population of fluorinated species is noted even in the deeper
region of the film derived from the VC-free electrolyte (Fig. 5a),
whereas the carbon-oxygen species are dominant over the fluori-
nated ones in the VC-derived film (Fig. 5b). The carbon-oxygen

species must come from either the carbonate solvent (EC and DMC
in this work) or VC. Of the two, however, VC seems to be the more
probable source since this unsaturated carbonate is more vulnerable
to reductive decomposition than the saturated counterparts.25–29

Another important observation in Fig. 5 is that the VC-derived sur-
face film is thinner than the other as evidenced by the earlier expo-
sure of Sn surface in the depth-profiling experiment. Namely, the
atomic percent of Sn is less than 20% even if the film in Fig. 5a is
sputter etched for 300 s, but this value reaches 60% after the same
period of etching on the VC-derived film. The earlier exposure of
Sn in the latter illustrates the presence of a thinner surface film to be
removed on the Sn electrode surface.

Figure 6 displays the FT-IR spectra obtained with two surface
films, in which a deposition of lithium carbonate (Li2CO3) and lith-
ium alkyl carbonate (ROCO2Li) is observed. The peaks indexed by
D [1493 and 1436 cm–1 (mC-O,as), 1096 cm–1 (mC-O,s), and 869 cm–1

(dCO3)] can be assigned to the infrared absorptions by Li2CO3,
whereas the peaks indicated by ; (1647 cm–1 (mC¼O,as) and 1317
cm–1 (mC¼O,s)) to those for lithium alkyl carbonate (ROCO2Li).30–32

The other vibrational absorptions for lithium alkyl carbonate at
1400 cm–1 (dCH3, CH2) and 1074 cm–1 (mC-O) cannot be located since
they overlap with those for Li2CO3. Two major differences can be
noticed in the IR spectra. First, the film derived from the VC-added
electrolyte contains the decomposition products of VC, of which the
absorption peaks are indicated by : in Fig. 6. The peak at 1815 cm–1

Figure 4. XPS spectra obtained with the surface films derived from the VC-
free and VC-added electrolyte. The measurement was made after the first
lithiation. Note that the spectra were obtained before the depth-profiling
measurement, such that the photoelectrons are emitted from the topmost sur-
face layer.

Figure 5. The variation of chemical composition as a function of film depth.
The results were obtained by fitting the depth-profiling XPS data. The mea-
surement was made after the first lithiation.
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can be assigned to the stretching vibration of C¼O bonds in poly
(vinylene carbonate) and that at 1624 cm–1 to the stretching of C¼C
bonds.28 As the double-bond containing products to be derived from
VC, lithium vinylene carbonate (C¼COCO2Li) and lithium vinylene

alkoxide (C¼COLi) have been proposed.25,28 Second, the popula-
tion of organic carbon-oxygen species is larger in the film derived
from the VC-added electrolyte. That is, a comparison of two spectra
reveals that the absorption peaks belonging to the organic C-O spe-
cies (for instance, ROCO2Li and VC-derived ones) are larger in the
film derived from the VC-added electrolyte at the expense of those
for the inorganic species (Li2CO3).

By combining the XPS, FT-IR spectra and the film growth pat-
tern shown in Fig. 2, the factors affecting the passivating ability of
surface films may be delineated. An assumption can be made from
the experimental observations that organic-rich surface films have a
stronger passivating ability than inorganic-rich ones, probably due
to a more uniform coverage and higher degree of compactness. An
ensuring feature is that the surface film deposited from VC in the
first cycle is organic-rich (Fig. 5). Even if this film is thinner, the
film growth is less significant from the second cycle (Fig. 2). In con-
trast, the inorganic-rich film is less passivating to allow a continued
film growth (Fig. 2). In order for any thin surface films to have a
strong passivating ability, they must be uniformly covered with a
high degree of compactness. To draw a conclusion that organic-rich
films have a superior passivating ability to inorganic-rich ones, how-
ever, additional experimental data should be collected. Also the rea-
sons why organic species are more passivating should be studied.

Figure 7 presents the schematic illustration for the bending experi-
ment and the current evolution observed after the electrode bending.
The reduction current relevant to the electrolyte decomposition on
LixSn is larger when the electrode is bent by a larger angle in both
electrolytes. This must be due to a higher degree of film deformation
to lead an enlarged exposure of LixSn surface to the electrolyte. The
reduction current is, however, smaller for the film generated from VC,
suggesting that the VC-derived surface film is mechanically more flex-
ible. This favorable mechanical property seems to be inherited by the
high population of organic species rather than inorganic ones in the
VC-derived film. Furthermore, the higher passivating ability of this
film seems to be partly originated by the higher flexibility. With this
flexible film, the exposure of electrode surface to electrolyte solution
seems less likely since the film is not easily broken or deformed upon
a massive volume change of the Sn component.

Conclusions

The physicochemical properties of surface films derived from
the VC-free and VC-added electrolyte were examined, from which
the role of VC as a surface-film former has been addressed. The fol-
lowing points are summarized.

1. The surface films steadily grow with cycling in both VC-free
and VC-added electrolyte. However, a thicker film is deposited from
the VC-free electrolyte. The Sn electrode shows a poorer cycle per-
formance in this electrolyte with a larger electrode polarization, which
is caused by a slower Liþ diffusion through the thicker surface layer.
The VC-derived surface film is, however, thinner and cycle perform-
ance is better in this electrolyte with a less significant polarization.

2. The Sn grains are crumbled with cycling and some of fine Sn
grains move to the surface film layer. The generation of this “dead”
Sn seems to be an important degradation mechanism prevailing in
this Li-alloying negative electrode.

3. In the first lithiation, organic-rich surface film is deposited in
the VC-added electrolyte. Even if this film is thin, it effectively pas-
sivates the Sn surface to suppress additional electrolyte decomposi-
tion. In the VC-free electrolyte, however, a surface film enriched by
inorganic fluorinated and carbonates species is generated. This film
shows a poorer passivating ability probably due to non-uniform cov-
erage and poor mechanical flexibility.
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