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bstract

A new experimental technique was developed for detecting structure changes at electrode/electrolyte interface of lithium cell using X-ray
eflectometry and two-dimensional model electrodes with a restricted lattice-plane. The electrodes were constructed with an epitaxial film of
iCoO2 synthesized by pulsed laser deposition method. The orientation of the epitaxial film depends on the substrate plane; the 2D layer of
iCoO2 is parallel to the SrTiO3 (1 1 1) substrate ((0 0 3)LiCoO2

//(1 1 1)SrTiO3
), while the 2D layer is perpendicular to the SrTiO3 (1 1 0) substrate

(1 1 0)LiCoO2
//(1 1 0)SrTiO3

). The anisotropic properties were confirmed by electrochemical measurements. Ex situ X-ray reflectivity measurements

ndicated that the impurity layer existed on the as-grown LiCoO2 was dissolved and a new SEI layer with lower density was formed after soaking
nto the electrolyte. In situ X-ray reflectivity measurements indicated that the surface roughness of the intercalation (1 1 0) plane increased with
pplying voltages, while no significant changes in surface morphology were observed for the intercalation non-active (0 0 3) plane during the
ristine stage of the charge–discharge process.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the lithium-ion configuration composed of carbon
nodes and intercalation cathodes has been widely accepted for
ithium secondary batteries, significant efforts have been devoted
o attain high energy and power densities to produce an excel-
ent energy storage system [1]. In particular, recent progress in
ure electric vehicles (EV) and hybrid electric vehicles (HEV)

equires high power operation for the current battery systems.
ower characteristics of the battery systems are closely related

o the nature of electrode reaction, which is composed of sev-

∗ Corresponding author. Tel.: +81 459245401; fax: +81 459245401.
E-mail address: kanno@echem.titech.ac.jp (R. Kanno).
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ral reaction steps proceeded in series: lithium diffusion in the
lectrolyte, adsorption of solvated lithium on the cathode sur-
ace, de-solvation, surface diffusion, charge-transfer reaction,
ntercalation from the surface to the bulk, and the bulk diffu-
ion of lithium in the electrode material. Recent electrochemical
tudies have claimed that the de-solvation process was a rate-
etermining step of the whole electrode reaction [2,3].

It is well known that electrode surfaces are almost covered
ith a passive surface layer, which is generally called a solid

lectrolyte interface (SEI). The idea of the SEI layer was origi-
ally introduced on the alkali and alkaline earth metal in organic

lectrolytes [4], and it is believed that the layer plays a key
ole in the electrochemical performance, particularly the cal-
ndar life of lithium batteries. Many experimental techniques,
uch as XPS [5–8], infrared spectroscopy [9,10], NNR [11] and

mailto:kanno@echem.titech.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.03.034
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3:7 molar ratio with 1 M LiPF6 was injected into the spectroelec-
trochemical cell. The reflectivity was measured after applying
a fixed voltage. The cell voltage was fixed for 30–60 min in
the in situ XRR measurements. Fig. 1 shows the newly designed

Fig. 1. Schematic diagram of the in situ electrochemical cell for X-ray reflec-
tivity measurements. The window material is Mylar film, and the cell was
constructed from stainless steel. The counter electrode was lithium metal. The
94 M. Hirayama et al. / Journal of

llipsometry [12] have been employed to study the nature and
ormation mechanism of the SEI layer. However, the previous
tudies were based on polycrystalline materials, which contain
he effects of many parameters; for example, surface structure,
urface morphology, surface defect, grain boundary, and even a
eaction between the electrode and electrolyte. The system might
ot be suitable for clarifying electrode reaction mechanism.
he electrode reaction at the electrode/electrolyte interface of

ithium batteries is still ambiguous, and a comprehensive under-
tanding of the reaction is an important subject for promoting
lectrode reaction and for designing new electrode materials
uitable for high power operation. However, there are very few
xperimental techniques which allow direct observation of the
lectrode/electrolyte interface during the electrochemical reac-
ions.

X-ray reflectivity method is one of the best experimental tech-
iques to detect the electrode surface during the electrochemical
eactions. However, the electrode surface should be flat with a
oughness of ∼1 nm, and it was only applied for ideal elec-
rode system, such as under potential deposition (UPD) process
13–15]. Our approach is to clarify the reactions at the interface
f the intercalation electrode of lithium batteries with develop-
ng new experimental setup for ideal two-dimensional electrodes
or practical battery systems.

In the present study, we tried to design an ideal elec-
rode suitable for investigating interfacial reactions at the
wo-dimensional electrode surface. The epitaxial thin-films of
athode material, LiCoO2, were successfully synthesized on sin-
le crystal substrates, SrTiO3. These films were characterized by
hin-film X-ray diffraction (XRD) method, and their properties
ere determined by electrochemical measurements. The surface

tructures of the electrodes were characterized by the combined
sed of ex situ and in situ reflectivity measurements. The rela-
ionship between the surface reaction and the electrochemical
roperty will be discussed.

. Experimental

LiCoO2 films were grown using a KrF excimer laser
ith a wavelength of 248 nm under O2 and a pulsed

aser deposition (PLD) apparatus, PLD 3000 (PVD products,
nc.). The substrate used was single crystals of Nb doped
rTiO3 (10 mm × 10 mm × 5 mm size). The conductivity of the
ubstrate was 5.28 × 10−3 � cm at room temperature. The ori-
ntations of the substrate crystals were (1 1 1), (1 1 0) and (1 0 0)
or SrTiO3. The targets for the PLD process were synthesized
y sintering starting materials at high temperatures. Li2CO3 and
o3O4 were used for the starting materials. The target had an
xcess lithium composition (Li/Co = 1.0–1.3) to compensate a
ithium loss during the PLD process. The lattice parameters of
he targets were a = 2.81468(3) and c = 14.049(2) Å, which are
onsistent with the JCPDS (#350782) values of a = 2.8166 and
= 14.052 Å. For the PLD experiments, we changed the oxygen

ressure, laser power, laser frequency, distance between target
nd substrate, substrate materials, and synthesis temperatures.
he thin-film X-ray diffraction (XRD) data were recorded by a

hin-film X-ray diffractometer, ATX-G (Rigaku) with Cu K�1

o
T
(
w
H
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adiation. The orientation of the films were characterized both
y the out-of-plane and in-plane technique. The incident angle
as set at 0.1◦ in all in-plane measurements.
The charge–discharge characteristics of the epitaxial films

eposited on the SrTiO3 substrate were examined with a lithium
ell using lithium metal as an anode. The cut-off voltages were
and 4.2 V, and the current of charge–discharge was set at 1 �A

approximately 0.5 C). The electrolyte used was EC (ethylene
arbonate)–DEC (di-ethyl carbonate) with a molar ratio of 3:7
s a solvent and a supporting electrolyte of 1 M LiPF6.

The surface structure change of the electrode was measured
y ex situ X-ray reflectivity measurements using a thin-film X-
ay diffractometer, ATX-G, after the film was soaked into the
lectrolyte or after the lithium cell was constructed. The surface
hange during the electrochemical reactions was observed by
eflectivity measurements with an X-ray/electrochemical cell in
he transmission geometry. The cell was mounted on the theta
tage of a �-type six-circle diffractometer (New Port) installed
n a bending-magnet beamline BL14B1 at SPring-8. The X-rays
ere monochromated by a Si (1 1 1) double crystal system and

ocused by two Rh-coated bent mirrors. The beam size of the
ncident X-ray was 0.1 mm (vertical) × 0.4–1.0 mm (horizon-
al), which was adjusted by a slit placed in front of the sample.
he angular acceptance of the receiving slit was 2 mrad for

he 2θ direction and 20 mrad for the χ-direction. A wavelength
f 0.399102 Å (31 keV) was selected for penetrating X-rays
hrough the organic solvent used in the in situ electrochemi-
al cell. The reaction was controlled by a potentiostatic method
ith a potentiostat/galvanostat (Hokuto Denko, HA-501). The

ell voltage increased at an interval of about 0.2 or 0.5 V from
he initial voltage to 4.0 V. Electrolyte solution of EC:DEC with
hmic contact between the substrate and the cell was obtained by Ga–In paste.
he overall size of the cell was 58 mm × 58 mm × 52 mm (A, epitaxial film

10 mm × 10 mm); B, counter electrode (Li foil); C, Mylar film (percolation
indow); D, electrolyte; E, cell body (stainless); F, electrode folder; G, screw;
, X-ray).
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pectroelectrochemical cell for in situ thin-film X-ray reflectivity
easurements. The black closed part (A) is an epitaxial film with

he substrate. The cell was equipped with a Li counter electrode
B). It was sealed with a 6.0 �m thick Mylar film (Chemplex, D),
hich served as an X-ray window. The body of the cell (E) and

he holder of the sample (F) were made of stainless steel. All the
easurements were carried out in such a mode that the incom-

ng and outgoing angles with respect to the sample surface were
qual. The reflectivity data were recorded for the angle range
f 0–0.6◦. The models of surface structure were refined by the
arratt32 data analysis program [16] with the reflectivity cal-
ulated using Parratt’s method [17], using roughness, thickness
nd scattering length density (SLD) of each layer as parameters.
he density of the layer, d, was estimated by real part of the SLD
ith the following equation.

= M × SLD

r0NaZ
(1)

here M is the molecular weight, r0 the Bohr atomic radius, Na
he Avogadro’s number and Z is overall atomic weight.

. Results and discussion

.1. Synthesis and characterization of the epitaxial films

The synthesis conditions of the PLD method optimized were

s follows: target composition, a molar ratio of Li/Co = 1.30;
ubstrate temperature, 650 ◦C; laser frequency, 1 Hz; laser
ower, 200 mJ; O2 pressure, 3.3 Pa. The distance between the
ubstrate and the target was either 4.5 or 7.5 cm. The deposition

i
t
(
e

able 1
attice orientation, lattice parameters and lattice misfit of LiCoO2 thin-films deposite

SrTiO3 (cubic, a = 3.905Å)

(1 1 1)

iCoO2 a = 2.81468(3) Å, c = 14.0481(2) Å
Out-of-plane orientation 0 0 3
In-plane orientation LiCoO2 [1 1 0]//SrTiO3 [1 −1 0]
Lattice parameter a = 2.8149 Å, c = 14.2234 Å
Lattice misfit 1.94%

able 2
elationship between the out-of-plane lattice orientation and two-dimensional layere

Lattice orientation

0 0 3 1 1 0

tructure
Fig. 2. Structure of LiCoO2 with the layered rock-salt-type (�-NaFeO2).

ate of the film was about 0.3 nm min−1 and the film thickness
as around 5–20 nm depending on the duration of the deposi-

ion. The LiCoO2 have a layered rock-salt structure (�-NaFeO2
ype) with alternating layers of lithium and transition metals,
oth occupying the octahedral space of a cubic close packed
nion array (see Fig. 2). In the space group, R-3m, Li and the
ransition metal (Co) occupy the 3a and 3b sites, respectively.
he disorder at the 3a and 3b sites was estimated from the X-ray

ntensity ratio of the 0 0 3 and 0 0 6 reflections (I0 0 3/I0 0 6) for the
lms of (0 0 l) orientation (LiCoO2 (0 0 3)). Higher O2 pressure
nd lower substrate temperature reduced the cation mixing at
he 3a and 3b sites, and the film showed more than 90% order-

ng at these sites. The epitaxial growth was confirmed for all
he substrates used in the present study (SrTiO3 (1 1 1), SrTiO3
1 1 0) and SrTiO3 (1 0 0)). Table 1 summarizes the lattice ori-
ntations, lattice parameters and lattice misfit of the deposited

d on the SrTiO3 substrates

(1 1 0) (1 0 0)

1 1 0 (twin crystal) 1 0 4 (twin crystal)
LiCoO2 [0 0 1]//SrTiO3 [1 1 1] LiCoO2 [1 −2 0]//SrTiO3 [0 1 1]
a = 2.8531 Å, c = 13.8108 Å a = 2.8126 Å, c = 15.2291 Å
2.09% 1.86%

d structure

1 0 4
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Table 3
Definition of lattice misfit for LiCoO2 deposited on the SrTiO3 substrates

Definition

Substrate SrTiO3

(1 1 1) f = df ( 1 1 0) − ds(2 −2 0)

ds(2 −2 0)
× 100

(1 1 0) f = df (0 0 6) − ds(1 −1 1)

ds(1 −1 1)
× 100

fi
o
o
d
t

F
S

F
s

SrTiO3 (1 0 0): The in-plane measurement along [0 1 1] of the
substrate indicated (1 −2 0) plane of LiCoO2. The rocking
curve of 1 −2 0 reflection showed a four-fold axis, which is
(1 0 0) f = df (1 −2 0) − ds(0 2 2)

ds(0 2 2)
× 100

lms on the SrTiO3 substrates. The lattice orientations depend
n the lattice-planes of the substrate. Table 2 summarizes lattice
rientation of the deposited films together with their schematic
rawing of the 2D structure. Table 3 indicates the definition of
he lattice misfit. The orientations are described as follows:

SrTiO3 substrate: Fig. 3 shows the XRD patterns of the out-of-
plane measurements for LiCoO2 films on the SrTiO3 substrate.
The peaks around 43◦ and 82◦ were attributed to the reflections
of the Fe substrate holder for the XRD measurement. These
films have the (0 0 3), (1 1 0) and (1 0 4) orientations on the
substrate (1 1 1), (1 1 0) and (1 0 0) planes, respectively. The in-
plane XRD was measured along [1 −1 0], [1 −1 1] and [0 1 1]
for (1 1 1), (1 1 0) and (1 0 0) planes of the substrates, respec-
tively. The in-plane orientations are summarized as follows:

SrTiO3 (1 1 1): The 1 1 0 reflection of LiCoO2 was observed
for the in-plane measurement along [1 −1 0] of the substrate.
The rocking curve of the reflection showed a six-fold sym-
metry, which is consistent with R-3m symmetry. Fig. 4 shows
the reciprocal lattice map around [1 −1 0] of the substrate

for LiCoO2 on the SrTiO3 (1 1 1). The 1 1 0 reflection of
the deposited film exists close to the 2 −2 0 of the SrTiO3
substrate, indicating epitaxial growth of LiCoO2.

ig. 3. Out-of-plane X-ray diffraction patterns for LiCoO2 deposited on the
rTiO3 (1 1 1) (a), SrTiO3 (1 1 0) (b) and SrTiO3 (1 0 0) (c) substrates.

F
t

ig. 4. Reciplocal lattice map of LiCoO2 (0 0 3) deposited on the SrTiO3 (1 1 1)
ubstrate (a). Angle ranges for the measurements are indicated in (b).

SrTiO3 (1 1 0): The in-plane measurement along [1–10] of the
substrate indicated 0 0 l reflections of LiCoO2. However, the
rocking curves of the 0 0 3 reflection showed four-fold sym-
metry, indicating twin crystal formation with each domain
separated by an angle of 70◦.
ig. 5. Charge–discharge curves for the cell using LiCoO2 epitaxial film with
he (1 1 0) (a) and (0 0 3) (b) orientations.
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indicative of twin crystals with each domain separated by an
angle of 90◦.

Previously, thin-films of LiCoO2 were synthesized by film
eposition techniques under vacuum, such as sputtering and
LD methods on the substrates, Pt, Si or SiO2 glass [18–21].
hile most of these films were polycrystalline state, these films

ad highly oriented character with (0 0 3) lattice-plane when
he film was thin, but changed to random orientations with
ncreasing film-thickness. The random orientation was reported
o provide better electrode properties of thin-film lithium bat-
eries. There is another example of the epitaxial film is LiCoO2
ith the (0 0 3) orientation synthesized on the MgO substrate
y the PLD method [22]. The film had only (0 0 3) orientation
nd no films with orientation of intercalation active plane were
btained. In the present study, the epitaxial films with different
attice orientations were successfully synthesized for the first
ime on the SrTiO3 substrates.

.2. Electrochemical properties of the epitaxial films

Fig. 5 shows the charge–discharge curves of the lithium
ells with the epitaxial film electrodes, LiCoO2 (1 1 0) and

0 0 3), deposited on the SrTiO3 (1 1 0) and (1 1 1) substrates,
espectively. The LiCoO2 (1 1 0) film showed good reversibility
etween 2.0 and 4.2 V, while the LiCoO2 (0 0 3) film showed
nly a limited charge–discharge capacity. The LiCoO2 (0 0 3)

(
c
a
h

ig. 6. Ex situ X-ray reflectivity spectra (a and b) and scattering length density pro
rocedures: the spectra of the film as-prepared (before), after soaked in the electrolyt
r Sources 168 (2007) 493–500 497

lm has infinite 2D [CoO6]∞ planes face to the electrolyte,
hile the 2D layer is perpendicular to the electrode/electrolyte

nterface for LiCoO2 (1 1 0), which allows lithium insertion and
xtraction from the structure by electrochemical reaction. The
harge–discharge behavior of the (1 1 0) and (0 0 3) orientations
f the LiCoO2 films is consistent with the structural character-
stics.

.3. Ex situ reflectivity measurements using the epitaxial
lm electrodes

Fig. 6 shows ex situ X-ray reflectivity spectra of the LiCoO2
1 1 0) (a) and (0 0 3) films (b) with different treatments: the spec-
ra of the as-prepared film (before), after soaked in the electrolyte
olution (after) and after setting in the LiCoO2/EC + DEC/Li cell
assemble). All reflectivity spectra are plotted as a function of
he scattering vector q = 4π sin θ/λ, where λ is the wavelength of
he X-ray and θ is the incident angle. The calculated reflectivity
urves and the scattering length density (SLD) profiles are also
ndicated in Fig. 6. Table 4 summarizes the parameters obtained
y fitting these data. Three-layers model composed of the SrTiO3
ubstrate, the LiCoO2 film and a surface layer provided the best
tting of the reflectivity curves for the as-prepared films, LiCoO2

1 1 0) and (0 0 3). This indicates that the as-grown electrode is
overed by an impurity phase with low density, which might be
lithium containing phase, such as lithium carbonate or lithium
ydroxide. The SLD profiles of the surface layer also indicate

files (c and d) of the LiCoO2 (1 1 0) and LiCoO2 (0 0 3) films with different
e solution (after) and after setting in the film/EC + DEC/Li cell (assemble).
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Table 4
Refined parameters for ex situ X-ray reflectivity of LiCoO2 (1 1 0) and LiCoO2 (0 0 3)

Surface film LiCoO2 SrTiO3

Density d
(g cm−3)

Thickness
l (nm)

Roughness
Rs (nm)

Density d
(g cm−3)

Thickness
l (nm)

Roughness
Rs (nm)

Density d
(g cm−3)

Roughness
Rs (nm)

(a) LiCoO2 (1 1 0)
Before 2.11 5.3 1.6 4.67 10.6 1.5 5.15 0.6
After 1.26 0.7 0.5 4.66 10.6 0.8 5.15 0.6
Assemble 1.25 0.8 0.2 4.66 10.6 0.4 5.15 0.6

(b) LiCoO2 (0 0 3)
7
7
7

t
t
c
d

l
g
i
s
r
o
f
l
E
n
i

a
(

3
fi

(
b
t
T
m

F
f

Before 1.94 4.2 2.6 4.8
After 1.94 0.8 0.7 4.8
Assemble 1.99 0.8 0.5 4.8

hat the film is rather thick and has rough surface. However, the
hickness and roughness of the surface layer decreased drasti-
ally after the LiCoO2 was soaked into the electrolyte. The film
issolved in the electrolyte.

For the LiCoO2 (0 0 3) electrode, the thickness of the surface
ayer with a density of 1.9–2.0 decreased from 4.2 nm for the as-
rown sample to ∼0.8 nm by soaking into the electrolyte. The
mpurity phase deposited on the surface was dissolved without
ignificant changes in the electrode structures near the surface
egion of the LiCoO2 (0 0 3) plane. On the other hand, the density
f the surface layer deposited on the LiCoO2 (1 1 0) decreased
rom 2.11 to 1.25 g cm−3 after soaking in the electrolyte. The

atter value is close to the density of the electrolyte (1.23 g cm−3)
C/DEC (3:7) with LiPF6, which indicates a formation of a
ew SEI phase originated from the electrolyte composition. The
mpurity layer was dissolved and the new SEI layer was formed

s
s
e
r

ig. 7. In situ X-ray reflectivity spectra of the epitaxial films of LiCoO2 (1 1 0) (a) a
unction of applied potential.
16.7 0.5 5.15 1.1
16.7 0.5 5.15 1.1
16.7 0.5 5.15 1.1

fter soaking in the electrolyte at the intercalation active plane
1 1 0).

.4. In situ reflectivity measurements using the epitaxial
lm electrodes

Fig. 7 shows in situ X-ray reflectivity spectra of LiCoO2
1 1 0) and LiCoO2 (0 0 3) film as a function of cell potential
etween 2.0 and 4.0 V. No significant changes in the shape of
hese spectra were detected in the potential range examined.
hese reflectivity data were then analyzed with a two-layer
odel where the film was composed of an epitaxial film and a
ubstrate. The potential dependence of the electrode roughness is
hown in the same figure. Table 5 summarizes the refined param-
ters. Although no significant changes were observed in the
oughness of the LiCoO2 (0 0 3) electrode (∼0.5 nm) between

nd LiCoO2 (0 0 3) (b). The roughness of the electrode surface is indicated as a
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Table 5
Refined parameters for in situ X-ray reflectivity of LiCoO2 (1 1 0) and LiCoO2 (0 0 3)

voltage V (V) LiCoO2 SrTiO3

Density d (g cm−3) Thickness l (nm) Roughness Rs (nm) Density d (g cm−3) Roughness Rs (nm)

(a) LiCoO2 (1 1 0)
3.0 5.08 4.9 0.4 5.15 0.5
3.2 5.08 4.9 0.6 5.15 0.5
3.4 5.08 4.9 0.7 5.15 0.5
3.6 5.08 4.9 0.6 5.15 0.5
3.8 5.08 4.9 0.7 5.15 0.5
4.0 5.08 4.9 0.6 5.15 0.5
3.0 5.08 4.9 0.7 5.15 0.5

(b) LiCoO2 (0 0 3)
2.0 5.08 9.0 0.5 5.15 0.5
2.5 5.08 9.0 0.5 5.15 0.5
3.0 5.08 9.0 0.5 5.15 0.5

0.
0.
0.

3
i
3
i
2
i
t
s
t
o
t
(
t
f
o
r
f
m

a

F
(
X

(

3.5 5.08 9.0
4.0 5.08 9.0
1.7 5.08 9.0

.0 and 4.0 V, the LiCoO2 (1 1 0) film showed a slight increase
n the roughness from 0.4 to 0.7 nm with applying voltage from
.0 to 3.2 V and became constant between 3.2 and 4.0 V. The
ntercalation active plane of LiCoO2 (1 1 0) composed of the
D edge has slightly larger surface roughness than the non-
ntercalation plane LiCoO2 (0 0 3). The intercalation reaction
hrough the (1 1 0) surface may affect the LiCoO2 electrode
tructure. On the other hand, no SEI phase was observed on
he LiCoO2 (1 1 0) during the first charge cycling, as the density
f the SEI layer detected by the ex situ measurements is close to
hat of the electrolyte. Fig. 8 shows the AFM images of LiCoO2
1 1 0) and (0 0 3) films before and after the in situ X-ray reflec-
ivity measurements. No changes in morphology were observed
or the LiCoO2 films after the electrochemical test. As the AFM
bserves the surface of the electrode including SEI layer, these
esults are consistent with the small roughness of the SEI layer

or both (0 0 3) and (1 1 0) planes observed by the reflectivity
easurements.
The results obtained by ex situ and in situ X-ray reflectivity

nd AFM measurements are summarized as follows.

ig. 8. AFM images of the LiCoO2 films deposited with a laser power of 100 mJ:
1 1 0) (a) and (0 0 3) (b) orientations. AFM images of LiCoO2 after the in situ
-ray reflectivity measurements. (1 1 0) (c) and (0 0 3) (d) orientations.

o
S
t
o
t
r
s
a
e
F
c
i
m
F
a
u

5 5.15 0.5
5 5.15 0.5
4 5.15 0.5

(i) An additional surface layer was observed for the as-grown
LiCoO2 film. The film was estimated from its density to
be lithium containing materials, such as lithium carbon-
ate, and dissolved after the LiCoO2 was soaked into the
electrolyte. The new SEI phase was observed only on the
intercalation active plane, LiCoO2 (1 1 0) after soaking into
the electrolyte, while the LiCoO2 (0 0 3) surface remained
unchanged.

(ii) In situ X-ray reflectivity indicated that the surface rough-
ness for the intercalation plane of LiCoO2 (1 1 0) increased
with applying cell voltages. The LiCoO2 (1 1 0) showed
slightly larger surface roughness than the LiCoO2 (0 0 3)
during the electrochemical reaction. The intercalation reac-
tion caused a surface structure change of LiCoO2.

iii) The AFM observation showed no significant changes in
the surface morphology for LiCoO2 (1 1 0) and LiCoO2
(0 0 3) after the electrochemical reaction, as the AFM tech-
nique observes the surface of the SEI layer on the electrode
surface.

Recent ex situ spectroscopic studies on polycrystalline cath-
de materials, LiCo0.2Ni0.8O2 and LiMn2O4, indicated that a
EI phase was formed after charge–discharge cycling, and that

he phase was composed of multi-layers with inorganic and
rganic components [5–12]. The measurements using polycrys-
alline materials could not assign the anisotropy of interfacial
eactions. On the other hand, our results obtained by the ex
itu X-ray reflectivity indicated that the SEI phase was formed
t the very beginning of the reaction by soaking into the
lectrolyte only on the intercalation plane, LiCoO2 (1 1 0).
urthermore, the electrode surface was affected by the inter-
alation reaction; the surface roughness of the (1 1 0) plane
ncreased. These results suggest that the surface atomic arrange-
ents were significantly disturbed by the intercalation reactions.
urther studies on surface X-ray diffraction to clarify the
tomic arrangements near the electrode surface are currently
nderway.
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In the present study, the experimental technique using X-ray
eflectivity and epitaxial thin-film electrodes was applied for
ithium-ion battery at the first time. We could successfully detect
he changes at the first step of the interfacial reaction between the
lectrode and the electrolyte and clarify an anisotropic reactivity
ue to the orientations of the electrode.

. Summary

We developed the experimental technique using epitaxial
hin-film electrodes and X-ray reflectometry for detecting struc-
ure changes at electrode/electrolyte interface in lithium-ion
atteries. The lattice orientations of LiCoO2 with the lay-
red roc-ksalt structure are characterized by thin-film XRD.
he LiCoO2 films have a 2D transition metal layer parallel
nd perpendicular to the substrates depending on the substrate
rientation. The thickness of these films was 5–17 nm. The
lectrochemical properties of these films showed anisotropic
roperties depending on the film orientations. The electrochem-
cal characterization of these films revealed that the LiCoO2
0 0 3) showed only a limited capacity, while the LiCoO2 (1 1 0)
howed reversible electrode reaction, which is consistent with
structure consideration that the active intercalation sites situ-

te on the edge planes of the 2D layered structure. The X-ray
eflectivity study at the electrode/electrolyte interface indicated
he orientation dependence of the morphology changes. Our new

ethods of surface reflectivity using an epitaxial film electrode
re promising technique to elucidate the interfacial reactions at
he electrode/electrolyte interface for lithium batteries.
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