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Lithium ion (Li-ion) batteries have replaced conventional
batteries in most portable electronic devices, and are promis-
ing power source candidates for electric vehicles. This is
mainly attributed to their high energy density and long cycle
life.[1,2] Many new electrode materials for Li-ion batteries
have been developed during the past decades to improve their
energy density, charge/discharge rates, and service life.[3]

Recently, more interest has focused on the surface states of
the electrode/solution interface in Li-ion batteries, where the
electrochemical reaction takes place to reduce the initial
irreversibility and the capacity fading during cycling in which
the electrolyte solutions play key roles.[4–6]

An ideal electrolyte solution for a Li-ion battery should
have a high dielectric constant, low viscosity, high stability,
and safety.[2, 6] To meet these requirements, intensive studies
have been devoted to the development of new types of
electrolytes, such as ionic liquids and polymer electrolytes;
however, carbonate esters are still the most widely used in
today�s commercial Li-ion batteries. Electrolyte solutions
typically consist of cyclic carbonates, such as ethylene
carbonate (EC) or propylene carbonates (PC), and linear
carbonates, such as diethyl carbonate (DEC) or dimethyl
carbonate (DMC), lithium salts, and various additives.[4]

Although detailed results have been accumulated, the role
of each component at the electrode surface (especially at the
cathode surface) is still unclear. This significantly depends on
our comprehensive understanding not only of the bulk
properties of the electrolyte solutions, but also of their

structures on the electrode surface of Li-ion batteries on
a molecular level. The latter remains a little-understood
regime owing to the lack of surface-selective and sensitive
in situ characterization techniques. For instance, XPS and
NMR are powerful techniques to investigate the products on
the electrode surfaces, but such analyses are possible only
under ex situ conditions.[7,8] Vibrational spectroscopy tech-
niques, such as IR and Raman spectroscopy, were employed
to probe the structures in situ on the electrode/electrolyte
interfaces of Li-ion batteries,[9–12] but these methods are
intrinsically not surface-specific and usually not sensitive
enough to study any formed monolayers.

Sum frequency generation (SFG) spectroscopy has been
shown to be a powerful method for probing the molecular
structures on various surfaces and interfaces owing to its high
interface selectivity and sensitivity.[13–17] Recently, we
reported an SFG study of the adlayer of PC solvent on the
surface of LiCoO2, which is the most widely used cathode
material for Li-ion batteries, and revealed its unique adsorp-
tion geometries on the electrode surface.[18] Dlott and co-
workers reported an SFG study of the adsorption of 1.0m EC
in tetrahydrofuran (THF) on gold and copper electrode
surfaces.[19] These studies confirmed that SFG spectroscopy is
a promising method to elucidate the solvent structures on the
electrode surface of Li-ion batteries on a molecular level. It is
expected that SFG measurements can be further employed to
study the adsorption of solvents in Li-ion batteries with more
practical electrolyte solutions. Herein, in situ SFG spectros-
copy was employed to investigate the molecular structures at
the LiCoO2 surface, contacting the electrolyte solutions of
various pure and mixed carbonate ester solvents. Our results
demonstrate that the structures and compositions of the
solvent adlayers on the LiCoO2 surface are totally different
from those of the bulk solutions and that EC is preferentially
adsorbed on the LiCoO2 surface.

Figure 1a shows the sps-polarized SFG spectrum at the
LiCoO2 surface contacting with EC/LiClO4 at the open circuit
voltage (OCV; middle panel, circles) in the IR frequency
region between 1700 and 1850 cm�1. The spectrum shows two
strong bipolar bands, whereas nothing was observed at the
LiCoO2/air interface (spectrum not shown), indicating that
the SFG signals are associated with the solvents. As SFG does
not occur in a homogenous bulk solution with inversion
symmetry, the present result suggests that the EC molecules
align on the LiCoO2 surface with a certain ordered structure.

To quantitatively analyze the SFG spectra, SFG peak
profiles (ISFG) were fitted with the following equation:
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where An and Gn are the amplitude and the damping constant,
respectively, of the vibrational mode n at a frequency wn with
a phase angle (fn) with respect to the nonresonant signal

c
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NR

� �
. According to previous studies, two vibration modes of

1800–1820 and 1760–1770 cm�1 are expected to be the
vibrations of the EC molecules.[11, 12,20–22] We were unable to
obtain a decent fitting for the SFG spectrum by these modes
assuming that all of the EC molecules take the same
adsorption geometry on the LiCoO2 surface; however, the
observed SFG spectrum is well fitted under the assumption
based on two adsorption geometries in reversed phase using
Equation (1) (solid trace, middle panel, Figure 1a). Similar
phenomena were also found for the adsorption of PC on the
LiCoO2 surface.[18] In this fitting, two pairs of vibration modes
with four resonant components for the adsorbed EC are
employed (bottom panel of Figure 1a). The vibrational pair at
the higher frequency (1815 and 1780 cm�1, blue and red) are
contributed by the C=O stretching mode (nC=O) of EC while
the other pair in the lower frequency region (1765 and
1750 cm�1, purple and green) are assigned to the Fermi
resonance (nFR) between the overtone between the ring
breathing mode and C=O stretching mode.[11,12, 20–23] Owing to
the changes in the chemical environment, the vibrational
modes in the same pair contributed by two adsorption
geometries emerge at different frequencies and in reversed
phases.

As shown in the inset of Figure 1a, because of the stronger
interaction with LiCoO2, the strength of the C=O bond of the
adsorbed EC pointing to the electrode is expected to be
weaker than that pointing away from LiCoO2, result in a red-

shift from 1815 to 1780 cm�1 and in
reversed phases. Similarly, the peaks
at 1765 and 1750 cm�1 can be assigned
to the nFR mode of the adsorbed EC
pointing its C=O group away and
toward the electrode surface, respec-
tively. As described in Equation (1),
these modes optically interfere with
c
ð2Þ
NR as well as themselves, generating

constructive (upward) and destruc-
tive (downward) peaks depending on
the adsorption geometry of the mol-
ecules. The top panel in Figure 1a
depicts the SFG spectrum after
removing the nonresonant back-
grounds by fitting, in which the bipo-
lar-like peaks disappear, because the
components only interfere with each
other and not with c

ð2Þ
NR. Based on the

fitting results for the sps- and ssp-
polarized SFG spectra for EC on the
LiCoO2 surface, the tilt angles of the
C=O group of the two adsorption
geometries for EC were estimated to
be approximately 12� 28 (1815 cm�1)
and 171� 28 (1780 cm�1) from the
surface normal, respectively, in

a molecular density ratio of 1.3 (see the Supporting Informa-
tion), indicating that the carbonyl groups of the slightly more
adsorbed EC molecules point toward the LiCoO2 surface. On
the other hand, as the overtone mode gains intensity at the
expense of the fundamental vibration,[23] the nFR modes were
not used in the present calculation.

Figure 1b shows the SFG results for a binary mixed
solvent of EC and DMC (middle panel, circles). The SFG
spectrum of the mixed solvent looks similar to that of pure EC
(Figure 1a) except for some weak contributions in the lower-
frequency region. Along with the peaks from the adsorbed
EC as mentioned above, an additional weak vibration pair
around 1730 and 1745 cm�1 is observed from fitting (Fig-
ure 1b, bottom panels). These peaks can be similarly attrib-
uted to the C=O stretching mode from DMC adsorbed on the
electrode surface with different adsorption geometries.[10]

Based on the fitting results for the binary mixture (solid
trace, middle panel, Figure 1b), the molecular density of the
adsorbed EC on the LiCoO2 surface is almost 20 times higher
than DMC, which is far from that in the bulk solution (see
Table 1), indicating an intense enrichment of EC on the

Table 1: Molar percentages of EC in the bulk solution and on the LiCoO2

surface in the mixed electrolyte solutions of the carbonate esters.

Composition, bulk
[volume ratio]

EC in the bulk[a]

[mol%]
EC on the surface[b]

[mol%]

EC + DMC (1:1) 56 95
EC + DEC (1:1) 65 92
EC + DMC+ DEC (1:1:1) 43 93

[a] Calculated from the liquid density. [b] Estimated from the present SFG
measurements with error of �1%.

Figure 1. The sps-polarized SFG spectra of LiCoO2 in contact with a) EC and b) EC + DMC (1:1 in
volume) at the open-circuit voltage (OCV) in the IR region between 1700 and 1850 cm�1. Top
panels: SFG spectra where c

ð2Þ
NR are removed by fitting. Middle panels: SFG spectra (circle) and

their fitting results (solid traces). Bottom panels: deconvoluted bands for the SFG spectra. The
upward and downward peaks represent modes with reversed phases as the molecular model
shown in inset. All of the spectra (except for the middle panels) are offset for clarity.
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LiCoO2 surface. The top panel in Figure 1 b shows the SFG
spectrum of the EC + DMC mixed solution after removing
c
ð2Þ
NR by fitting, being very similar to that of EC.

The in situ SFG measurements were also carried out on
LiCoO2 contacting with other carbonate ester electrolyte
solutions. Figure 2 summaries the sps-polarized (a) and ssp-
polarized SFG spectra (b) for the pure solvents of EC, DMC,
DEC, and the binary mixtures of EC + DEC, EC + DMC, as
well as the ternary mixture of EC + DMC + DEC after
removing c

ð2Þ
NR by fitting. Table 1 summarizes the analysis

results based on SFG observations of the interface in various
electrolyte solutions, and the molar ratios of EC in the bulk.

It is important to note that the spectral features of the
mixed solvents of EC + DMC, EC + DEC, and EC + DMC +

DEC solutions are dominated by EC in both the sps- and ssp-
polarized SFG spectra. This indicates that the contribution to
the SFG spectra from each component in the mixed solvents
is significantly asymmetric, and is largely deviated from that
in the bulk. For instance, the EC + DMC + DEC ternary
mixed solution shows that the molar ratio of EC in the adlayer
on the LiCoO2 surface is 93%, which is much higher than that
in the bulk solution (43 %, Table 1). Similar results can also be
found in the binary mixtures. These results strongly indicate
the preferential adsorption of EC molecules on the LiCoO2

surfaces compared to the linear carbonates, such as DEC and
DMC.

To the best of our knowledge, this is the first direct
evidence showing that the EC molecules are preferentially
adsorbed on the LiCoO2 surface from the electrolyte sol-
utions of the mixed carbonate esters. This feature should be
related to the extremely high dielectric constant of EC (89.8)
in comparison with that of the linear carbonates of DEC (2.8)
and DMC (3.1).[4] Thus, EC molecules are more easily
polarized by an external field and the negatively charged
C=O group of EC can strongly interact with the positively
charged Li-ions. In fact, it has been confirmed by electrospray

ionization mass spectrosco-
py,[24, 25] Raman[26] and NMR
spectroscopy,[27] and theoretical
calculations[28] that the Li-ions
are preferentially solvated by
the cyclic carbonates (such as
EC) in the mixed electrolyte
solutions than the linear carbo-
nates (such as DMC and DEC).
Considering that the effective
concentration of Li-ions at the
LiCoO2 surface (> 20 mol L�1)
is much higher than that in the
electrolyte solution bulk, it is
reasonable to assume that the
binding strength between the
LiCoO2 surface and EC is much
stronger than the nonpolar
linear carbonates of DMC and
DEC. The present observation
agrees with the molecular
dynamics (MD) calculation
result for the EC + DMC solu-

tion on a graphite surface in which Vatamanu et al.[29]

demonstrated that polar EC can replace DMC in the
interfacial electrolyte layer when Li-ions are intercalated
into graphite. Furthermore, the simulations based on the
Monte Carlo method suggest that the EC dimer is thermo-
dynamically stable owing to dipole–dipole interactions, which
may stabilize the EC adlayer structure on the LiCoO2

surface.[30]

On the other hand, IR reflection absorption spectroscopy
observations of the solution on LiCoO2 interface did not find
such a preferential adsorption of EC.[11] This should be
attributed to the low surface selectivity of the IR spectros-
copy, especially for the adsorption of solvent, which is
abundant in the bulk. In contrast to such a linear absorption
spectroscopy, SFG collects information only from few layers
of adsorbed molecules at the surface/interface. Therefore, it is
worth noting that this is a significant advantage for SFG
spectroscopy, which can quantitatively provide the structural
information of the species only on the electrode surface.

In summary, we have successfully evaluated the adsorp-
tion structures of nonaqueous carbonate ester solvents
including EC, DEC, DMC, and their binary and ternary
mixtures, on the LiCoO2 cathode surface on a molecular level
by SFG vibrational spectroscopy and provided quantitative
information about the adsorption and orientation of solvent
molecules at the electrode/electrolyte interface in Li-ion
batteries. Our study revealed that the preferential adsorption
of the cyclic carbonate of EC molecules on the LiCoO2

surface compared to the linear carbonates of DEC and
DMC, with a largely different molecular proportion from that
in the mixed solution bulk. These linear carbonates in the
mixed electrolyte solutions play important roles in the bulk
properties of the electrolyte solutions, such as the viscosity
and melting point.

It should be noted that the present experiments were
carried out on the LiCoO2 cathode and electrolyte solution

Figure 2. a) sps- and b) ssp-Polarized SFG spectra of the LiCoO2 in contact with EC, EC + DEC, EC + DMC,
EC + DMC+ DEC, DEC, and DMC in the IR region between 1700 and 1850 cm�1. The nonresonant
backgrounds were removed by fitting. The spectra were rescaled and offset for clarity.
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interface at the OCV, just before the charging and discharging
process starts. The present information will be useful to
understand the initial stage for the solid electrolyte interphase
(SEI) formation on the cathode surface. According to
previous studies,[9, 11–12,31] the surface states change signifi-
cantly with the charging–discharging process, and the SFG
measurements on LiCoO2 cathode surface under potential
control are in progress in our group. The fundamental
understanding of the preferential adsorption of solvent
under the potential control are expected to contribute both
elucidation of the reaction mechanisms on the electrode
surface of Li-ion batteries and development of novel solvents
and additive materials for the purpose of improving the
battery performance.

Experimental Section
A LiCoO2 thin film (ca. 50 nm thick) was deposited on the flat surface
of a calcium fluoride (CaF2) prism by a pulsed laser deposition (PLD)
method.[32] A broadband SFG system with a tunable femtosecond
infrared pulse and a picosecond visible pulse was used for the in situ
SFG measurements.[14, 33–35] Polarization combinations are sps (that is,
s-SFG/p-visible/s-IR) and ssp. SFG measurements were carried out at
the LiCoO2 surface in contact with different nonaqueous carbonate
ester solutions containing LiClO4 under the internal reflection mode.
All the mixed solvents were prepared by mixing an equal volume of
each component (Table 1). A temperature-controlled cell was
designed for the in situ SFG observations. See the Supporting
Information for details.
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