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a b s t r a c t

The interfacial layer formed between a lithium-ion conducting solid electrolyte, Li7La3Zr2O12 (LLZ), and
LiCoO2 during thin film deposition was characterized using a combination of microscopy and electro-
chemical measurement techniques. Cyclic voltammetry confirmed that lithium extraction occurs across
the interface on the first cycle, although the nonsymmetrical redox peaks indicate poor electrochemical
eywords:
i7La3Zr2O12

olid electrolyte
ithium secondary batteries

performance. Using analytical transmission electron microscopy, the reaction layer (∼50 nm) was ana-
lyzed. Energy dispersive X-ray spectroscopy revealed that the concentrations of some of the elements
(Co, La, and Zr) varied gradually across the layer. Nano-beam electron diffraction of this layer revealed
that the layer contained neither LiCoO2 nor LLZ, but some spots corresponded to the crystal structure
of La2CoO4. It was also demonstrated that reaction phases due to mutual diffusion are easily formed
between LLZ and LiCoO at the interface. The reaction layer formed during high temperature processing

reaso

lectrochemical performance
nterface reaction

2

is likely one of the major

. Introduction

Advanced rechargeable lithium batteries with high energy den-
ity are required as power sources for electric or hybrid vehicles.
olid-state batteries (SSBs) with non-flammable inorganic solid
lectrolytes are one candidate, and various kinds of solid elec-
rolytes consisting of oxide or sulphide compounds have been
eported [1–4].

Weppner et al. have recently discovered a series of garnet
tructured solid electrolytes with high lithium ionic conductiv-
ties [5–7]. One of these, lanthanum lithium zirconium oxide
Li7La3Zr2O12, LLZ), has received much attention as a next-
eneration solid electrolyte because of its high lithium ionic
onductivity (2 × 10−4 S cm−1) at room temperature and sufficient
tability against lithium metal [7]. Although several solid elec-

rolytes, such as lanthanum lithium titanate [1] and sulphide-based
lass ceramics [3,4], display higher lithium ionic conductivities,
uch solid electrolytes are unstable against lithium metal. This
tability limitation on the anode side restricts the choice of neg-
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ns for the poor lithium insertion/extraction at LLZ/LiCoO2 interfaces.
© 2010 Elsevier B.V. All rights reserved.

ative electrode materials to those of higher redox potential, which
decreases the possible battery operating voltage. There are other
solid electrolytes that have sufficient stability against lithium
metal, such as lithium phosphorus oxynitride (LiPON) [8], lithium
iodide [9], and lithium nitride [10], but they do not offer high
lithium ionic conductivities at room temperature. Their lower
lithium ionic conductivity inevitably increases the internal cell
resistance, which restricts their application in SSBs almost exclu-
sively to thin-film systems. Therefore, the discovery of LLZ with
the above two advantages offers new opportunities for developing
large-scale SSBs.

On the other hand, electrode/electrolyte interfacial resistance
needs to be reduced to minimize the internal resistance of the
battery. Even though the solid electrolyte itself may have suffi-
cient lithium-ion conductivity, the electrode/electrolyte interfacial
resistance can be very large, which would retard lithium inser-
tion/extraction across the interface, resulting in a decrease in
power density. This problem has been extensively examined in
battery systems containing a sulphide-based solid electrolyte with
ca. 10−3 S cm−1 lithium-ion conductivity at room temperature,

and a surface coating technique has been reported to be an
effective method for reducing the interfacial resistance [11,12].
Ohta et al. have proposed a “space charge model” to explain
the reduction of interfacial resistance upon surface coating [11],
but the formation of a mutual diffusion layer at the interface is

dx.doi.org/10.1016/j.jpowsour.2010.07.073
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:k_kim@jfcc.or.jp
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ig. 1. CVs of the LLZ/LiCoO2 half-cell measured between 3.0 and 4.2 V at room
emperature with a scanning rate of 0.1 mV s−1. The electrochemical cell used to

easure these CVs is illustrated schematically in the inset.
nother possible explanation [12]. Although the role of the sur-
ace coating in reducing interfacial resistance is still not clearly
nderstood, these results point to the importance of characterizing
he basic interfacial reactions at the electrodes/electrolyte inter-

ig. 2. (a) and (b) Optical micrographs showing the contrast change in LiCoO2/LLZ part
hin foil specimen by FIB micro-sampling; (d) cross-sectional TEM image and intensity p
ectangular region demarcated by broken green lines. The broken red lines indicate the b
ources 196 (2011) 764–767 765

face that form both during synthesis and during charge/discharge
cycles.

In this work, we deposited thin films of LiCoO2 on well-
crystallized LLZ pellets, and investigated the interfaces by
transmission electron microscopy (TEM). Although there are many
kinds of electrode active materials and various combinations with
LLZ are possible, we selected LiCoO2 as the electrode material in
this work because it is a well-known and typical positive elec-
trode material. Also, it has been shown to work well in various SSB
systems [13,14].

2. Experimental

We prepared dense pellets of LLZ (10 mm in diameter, 1–2 mm
in thickness) following the procedure reported in Ref. [7]. The
pellets were characterized by X-ray diffraction (XRD) using a
diffractometer equipped with a CuK� source (Rigaku Ultima IV).
The data were collected over a 2� range of 10–70◦ at a scan rate of
1◦ min−1. Platinum thin films were deposited on both sides of the
pellets, and lithium-ion conductivities measured by AC impedance
spectroscopy.
Thin films of LiCoO2 (approximately 100 nm in thickness) were
deposited on one mirror-polished side of each LLZ pellet by pulsed
laser deposition at 937 K for l h. A lithium-rich sintered Li–Co–O
pellet (Li/Co = 1.40) was used as the target, and a fourth-harmonic
Nd:YAG laser (266 nm) was focused on the pellet so that the energy

icles (a) before and (b) after heat-treatment at 973 K; (c) process for preparing a
rofile of the LLZ/LiCoO2 thin film, where the intensity profile was measured in the
oundaries between the respective layers.
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a cross-sectional TEM image across which an EDS line profile was
measured from left to right in the region indicated by red solid
lines across the LLZ/LiCoO2 interface. The probe diameter for EDS
analysis was approximately 5 nm. The EDS line profile (Fig. 3(b))
66 K.H. Kim et al. / Journal of Po

uence reached 1.0 J cm−2 at the target surface. After deposition of
he LiCoO2 thin films, the entire surface of each LiCoO2 film was
oated with a platinum current collector film by radio frequency
agnetron sputtering.
Reactivity between LiCoO2 and LLZ was also investigated using

articles of each starting powder. The particles were well mixed in
1:1 volume ratio using an agate mortar and pestle, and fired at
73 K for 2 h in air. The particles before and after heat-treatment
ere observed by optical microscopy (Nikon, SM-2800).

Electrochemical properties of the Pt/LiCoO2/LLZ pellets were
easured by cyclic voltammetry using a three-electrode cell. A

chematic image of the electrochemical measurement cell is given
n the inset of Fig. 1. The platinum film side was connected to

stainless steel board. The working electrodes were thin films
f LiCoO2. The bare sides of the LLZ pellets were immersed in
mol dm−3 LiClO4 dissolved in propylene carbonate (PC) solution.
ithium metal immersed in the liquid electrolyte was used as both
eference and counter electrodes. Visual inspection did not reveal
ny leakage of liquid electrolyte through the LLZ pellet. The elec-
rode potential was swept between 3.5 and 4.3 V (vs. Li/Li+) at a
otential sweep rate of 0.1 mV s−1.

Analytical TEM measurement was carried out to characterize
he LLZ/LiCoO2 interface. A cross-sectional thin sample was pre-
ared with a focused ion beam (FIB) system (Hitachi, FB-2100 with
micro-sampling system) [15]. The thickness of the TEM specimen
as approximately 50 nm. Microstructure observation and inter-

ace analysis were performed using a 300 kV transmission electron
icroscope (JEOL, JEM-3000F) equipped with a field emission gun

nd energy dispersive X-ray spectroscopy (EDS) system (Thermo
oran).

. Results and discussion

The XRD pattern of the prepared LLZ pellets matched well the
tandard pattern of the garnet phase Li5La3Nb2O12 [16], and diffrac-
ion peaks assigned to the pyrochlore phase, La2Zr2O7, which is
enerally formed by the loss of lithium during the preparation pro-
ess, were not observed at all. Lithium-ion conductivities of the
esultant pellets reached approximately 2 × 10−4 S cm−1 at room
emperature, and the activation energy for lithium-ion conduction
as estimated to be 31–34 kJ mol−1. These properties are in good

greement with previous reported values [7].
Fig. 1 shows the cyclic voltammogram (CV) of a Pt/LiCoO2/LLZ

ellet measured at 0.1 mV s−1 between 3.0 and 4.2 V. The broad
xidation peak at 4.0 V is ascribed to the two-phase reaction of
he LiCoO2 thin film electrode. However, a corresponding reduc-
ion peak was not clearly discernible. When the film electrodes
ere deposited on a platinum-coated quartz substrate under the

ame deposition conditions, the CV measured in 1 mol dm−3 LiClO4
issolved in PC contained reversible two-phase reaction peaks in
ddition to the order–disorder phase transition reaction peaks of
iCoO2 at 4.1 and 4.2 V, in good agreement with previous results
17]. Therefore, in the CV the broad and asymmetrical two-phase
eaction peak, in addition to the indistinct order–disorder phase
ransition peak, suggests that the LLZ/LiCoO2 interface is detrimen-
al to good battery performance. Furthermore, degradation of the
V was observed even after the second cycle.

The chemical reactivity between LiCoO2 and LLZ was investi-
ated using the starting powder materials. Fig. 2(a) and (b) shows
ptical micrographs of a mixture of both powders before and after
ring at 973 K for 2 h in air. Particles of LiCoO2 were black both

efore and after firing. In contrast, LLZ particles before firing were
ray, with the color changing to green after firing. This distinct color
hange indicates that a reaction between LiCoO2 and Li7La3Zr2O12
ccurs at the same temperature at which the thin-film synthesis
as carried out.
ources 196 (2011) 764–767

Analytical TEM was used to investigate the LLZ/LiCoO2 interface
in the thin-film sample. The specimen for the TEM measurements
was prepared by FIB micro-sampling, as illustrated in Fig. 2(c).
First, a rectangular piece of about 20 �m × 5 �m was lifted out
of a Pt/LiCoO2/LLZ pellet using a tungsten manipulator in the FIB
system. The specimen was then fixed on a TEM grid by tungsten
deposition. Finally, it was thinned by FIB to a thickness of approxi-
mately 50 nm. A cross-sectional TEM image of the LLZ/LiCoO2 thin
film interface is shown in Fig. 2(d). Each layer (the Pt current col-
lector, LiCoO2 thin film, and LLZ) has a different contrast. In the
TEM image, an anomalous contrast across a layer approximately
50 nm thick (indicated by a yellow arrow in Fig. 2(d)) can be seen
in the vicinity of the LLZ/LiCoO2 interface, almost parallel to each
phase. The intensity profile measured along A–B in Fig. 2(d) clearly
shows that an anomalous contrast layer exists in the vicinity of the
LLZ/LiCoO2 interface.

In general, the change in intensity across each layer is related
to the sample’s transmissivity, which is a function of the atomic
weight of the component atoms in the thin film. A flat profile was
observed in both the LiCoO2 and LLZ regions, indicating that each
material has an essentially homogeneous composition. However,
the intensity gradually decreased in the anomalous contrast region,
indicating a heterogeneous distribution of atoms in this region.

To evaluate the anomalous contrast layer quantitatively, we per-
formed EDS analysis across the LLZ/LiCoO2 interface. Fig. 3(a) shows
Fig. 3. (a) Cross-sectional TEM image of an LLZ/LiCoO2 thin film interface and (b) the
EDS line profile obtained from the region indicated by the red arrow in the direction
A–B. The broken red lines indicate the reaction layer at the LLZ/LiCoO2 interface.
Points i, ii and iii indicate locations used for NBD analysis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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ig. 4. NBD patterns observed in the (a) LiCoO2 thin film, (b) reaction layer, and (c
For interpretation of the references to color in this figure legend, the reader is refe

evealed that the concentration of Co, La, and Zr varies gradually
cross this intermediate layer (the region demarcated by red dotted
ines in Fig. 3(a)). Because elements from both LiCoO2 and LLZ are
ound in this region, this intermediate layer is most likely formed
s a reaction phase by mutual diffusion of elements between LLZ
nd LiCoO2 during deposition of the thin film electrodes at 973 K.
his conclusion is supported by surface reaction layer observed by
ptical microscopy of powder particles after heating.

To investigate the reaction phases, nano-beam electron diffrac-
ion (NBD) was performed using an electron beam probe diameter
f approximately 1–2 nm. Fig. 4(a)–(c) shows the NBD patterns
easured at points marked by yellow circles “i”, “ii” and “iii”,

espectively, in Fig. 3(a). The NBD patterns measured in the LiCoO2
hin film (Fig. 4(a)) and LLZ (Fig. 4(c)) are in good agreement with
he crystal structures determined by XRD. On the other hand, the
BD pattern obtained from the anomalous contrast layer (Fig. 4(b))

ncludes diffraction spots that cannot be assigned to either LiCoO2
r LLZ; instead they correspond to La2CoO4. Although no other reac-
ion phase was clearly discernible, the concentration gradients of
o, La and Zr shown in Fig. 3 suggest the formation of such reaction
hases. When the LiCoO2 thin film was removed from LLZ by polish-

ng, the LLZ surface was green in appearance, which was identical
o that observed after heating of particles (Fig. 2(a) and (b)). Since
LZ in contact with both thin films and powders of LiCoO2 at 973 K
howed the same color change, it can be concluded that the chem-
cal reaction between LiCoO2 and LLZ occurs during the thin film
eposition process; it is a fundamental chemical reaction to form a
ore thermodynamically stable phase.
In the case of the lanthanum lithium titanate (LLT)/LiCoO2 het-

rointerface, it has been reported that micro-crack formation at the
nterface during electrochemical measurement might be the cause
f the asymmetrical CV [18]. However, for that system, no reac-
ion phase was observed at the interface, unlike for LLZ/LiCoO2.
ormation of a reaction phase by mutual diffusion is generally rec-
gnized as improving the adhesion between the two components,
o less micro-cracking can be expected at LLZ/LiCoO2 interfaces,
nd thus less of a contribution from micro-cracking to the interfa-
ial resistance. However, the CV in Fig. 1 is much worse than that
f a typical LLT/LiCoO2 system, especially for the lithium insertion
rocess. The similarity between the oxidation peak in Fig. 1 and
hat measured for a system made from MgO modified LiCoO2 [17]
uggests that the reaction phase also forms upon charge/discharge
ycling. We thus speculate that the reaction phase in the LLZ/LiCoO2
ystem increases in size or otherwise undergoes further changes
uring electrochemical measurements. This complex phenomenon
s the subject of ongoing investigations which will be reported in a
orthcoming paper.

The above results show that reactive layer formation during pro-
essing severely limits the performance capability of SSBs that use
LZ solid electrolytes. As with the sulphide-based solid electrolyte

[
[

[

for regions indicated by broken yellow circles i, ii and iii, respectively, in Fig. 3(a).
the web version of the article.)

system [12], surface coating or interfacial modification to avoid
such a reaction phase may be an effective method to improve the
electrochemical properties of such SSBs.

4. Conclusions

We prepared thin films of LiCoO2 on Li7La3Zr2O12 (LLZ) pellets
and characterized the interface between them by both elec-
trochemical measurement and analytical transmission electron
microscopy. Lithium insertion/extraction at the interface was con-
firmed by CV, but the electrochemical performance was poor.
Transmission electron microscopy revealed that an intermediate
reaction layer with a thickness of approximately 50 nm forms in the
vicinity of the LLZ/LiCoO2 interface during synthesis. From the EDS
line profile and nano-beam diffraction taken in the vicinity of the
interface, the reaction layer was found to consist of La2CoO4. The
poor lithium insertion/extraction behavior can be ascribed to the
formation of this relatively thick reaction phase at the LLZ/LiCoO2
interface. Suppressing the formation of such a reaction phase will
be necessary and effective for developing advanced all-solid-state
rechargeable lithium batteries with LLZ as the solid electrolyte.
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