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Solid-state batteries with inorganic solid electrolytes are expected to be an efficient 
solution to the issues of current lithium-ion batteries that are originated from their 
organic-solvent electrolytes. Although solid-state batteries had been suffering from low 
rate capability due to low ionic conductivities of solid electrolytes, some sulfide solid 
electrolytes exhibiting high ionic conductivity of the order of 10−2  S  cm−1 have been 
recently developed. Since the conductivity is comparable to or even higher than that of 
liquid electrolytes, when taking the transport number of unity into account, ion transport 
in solid electrolytes has ceased from rate determination; however, it has been replaced 
by that across interfaces. The sulfide electrolytes show high interfacial resistance to 
the high-voltage cathodes. Our previous studies have demonstrated that oxide solid 
electrolytes interposed at the interface reduce the resistance, and they also suggest that 
the high resistance is attributable to a lithium-depleted layer formed at the interface. This 
study employs the first-principles calculation in order to gain insight into the interface. 
The interface structure between an oxide cathode/sulfide electrolyte simulated by the 
first-principles molecular dynamics has disclosed the presence of lithium-depleted 
layer at the interface, and the electronic structure calculated on the basis of density 
functional theory strongly suggests that the charge current preferentially removes lithium 
ions from the sulfide electrolyte side of the interface to deplete the lithium ion there. 
These calculation results are consistent with the transport mechanism proposed from 
the experimental results.

Keywords: nanoionics, space-charge layer, electrode/electrolyte interface, solid-state battery, solid electrolyte, 
first-principles calculation

1. inTrODUcTiOn

Lithium-ion batteries predominate in today’s rechargeable battery systems because of their high 
energy densities. They have been used portable electronics devices including cellular phones and 
notebook PC’s and serving as a key component in this information society for more than 20 years. 
Moreover, they start to be installed in vehicles and smart grids for realizing a low-carbon society; 
however, some issues including safety originating from the thermal and electrochemical instability of 
their organic-solvent electrolytes have not gone out completely. Because inorganic solid electrolytes 
exhibit higher thermal and electrochemical stability, use of the solid electrolytes is expected to be 
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an efficient solution (Tarascon and Armand, 2001), even if the 
electrochemical stability is attributed to the kinetic stabilization 
as suggested in Zhu et  al. (2015). However, solid-state lithium 
batteries had been suffering from low power densities.

Essential materials to improve the power densities are, of 
course, solid electrolytes with high ionic conductivities. Since 
ions generally diffuse faster in liquids than in solids, the use of 
solid electrolytes lowers the power densities. However, high ionic 
conductivities that are comparable to that in liquid systems have 
been achieved among sulfide solid electrolytes. Sulfide ions are 
larger in size and higher in polarizability than oxide counterparts. 
The large ionic radius leaves wide opening for ionic conduction, 
and the higher polarizability weakens attraction between lithium 
and sulfide ions to make the lithium ions mobile (Zheng et al., 
2003). Therefore, high ionic conductivities have been often 
observed in sulfides, as reviewed in Minami et  al. (2006) and 
Takada (2013b), and the highest conductivities in sulfide elec-
trolyte systems have recently reached 10−2 S cm−1 (Kamaya et al., 
2011; Seino et al., 2014).

In addition, sulfide solid electrolytes exhibit high process-
ability. They are relatively soft materials (Sakuda et  al., 2013) 
and show low grain boundary resistance only by compression. 
Therefore, sintering process is not essential to connect the parti-
cles, whereas high temperature sintering is inevitable to connect 
ionic conduction between particles in oxide solid electrolytes, 
for instance. Besides the high ionic conductivity, this feature is 
beneficial for developing solid-state batteries, because high tem-
perature sintering promotes mutual diffusion that forms impurity 
phases at the interface. However, even such solid electrolytes had 
not improve the power density to be high enough for practical 
application by themselves.

As reported in Takada et al. (2008), when a sulfide electrolyte 
is combined with graphite and LiCoO2, which are typical anode 
and cathode materials, respectively, to assemble a lithium-ion-
type solid-state battery, high resistance is found in its cathode. 
Because the resistance is the highest in the battery to be rate-
determining in the battery reaction, power density will not be 
improved without reducing the cathode resistance. Ohta et  al. 
(2006) integrates a novel interface structure between the sulfide 
electrolyte and LiCoO2 into the cathode in order to improve the 
power density to a practical level. In the interface structure, sur-
face of the LiCoO2 particles is coated with Li4Ti5O12, which act as 
an oxide solid electrolyte on the surface. This surface coating has 
reduced the cathode resistance by 1/20 and increased the power 
density to be as high as that of commercial lithium-ion batteries 
with liquid electrolytes. The interface is designed on the basis of 
“nanoionics” (Maier, 1995).

Ionic conductors often exhibit anomalous ionic conduction 
at their surface or interface. It is explained that the anomalous 
ionic conduction is induced by the changing concentration 
of mobile ions to form space-charge layers at the interface. 
Nanoionics has been often reported as enhanced ionic conduc-
tion at interfaces, as reviewed in Maier (2014). On the other 
hand, Takada (2013a) suggests that the space-charge layer 
appears as a lithium-depleted layer at the cathode interface in 
solid-state batteries with sulfide electrolytes. Noble potential 
of the cathode material depletes lithium ions of the sulfide 

electrolyte at the interface to the cathode material and makes the 
interface highly resistive. The surface coating, which interposes 
the oxide electrolyte between the high-voltage cathode and 
sulfide electrolyte materials, suppresses the lithium depletion to 
reduce the interfacial resistance.

Although the changes in the electrode properties upon the 
surface coating are well explainable by the interface model 
based on nanoionics, origin of the high interfacial resistance 
and its reduction are still under debate, because changes in the 
interfacial structure upon the coating, which are predicted by 
the interface model, have not been visualized yet. Since the 
space-charge layer lies between solids with only several nanom-
eters in thickness, it has never shown up even on advanced 
analyses. This study employs computational science using the 
first-principle calculations in order to get a clear picture of the 
interfacial phenomena. Results from density functional theory 
(DFT) calculation for the interfaces to Li1−xFePO4 cathode 
materials are combined with experimental results from the 
interfaces to Li1−xCoO2 and Li1−xMn2O4 in Ohta et al. (2007) and 
Takada et  al. (2012) to reveal the validity of the space-charge 
layer model.

2. MaTerials anD MeThODs

2.1. experiments
The materials presented in this paper have been already reported 
in Ohta et al. (2007) and Takada et al. (2012). Thin layer of LiNbO3 
was formed on the particle surface of LiCoO2 and LiMn2O4 from 
an ethanol solution of alkoxides of Li and Nb by a rolling fluidized 
coating method. The LiCoO2 and LiMn2O4 powders are com-
mercially available (D10 and M811, respectively; Toda Kogyo). 
Average particle size and Brunauer–Emmett–Teller (BET) 
surface area of the LiCoO2 powder are 11.2 μm and 0.26 m2 g−1, 
respectively, while those of the LiMn2O4 powder are 5 μm and 
0.40 m2 g−1, respectively. Alkoxides used to form LiNbO3 layer 
are lithium ethoxide and niobium pentaethoxide. The amount 
of LiNbO3 coated on the surface varies from 0 (uncoated) to 
94 mg m−2. The maximum amount corresponds to LiNbO3 layer 
of 20 nm in thickness, if the surface of active material particles is 
uniformly covered with the LiNbO3.

The sulfide solid electrolyte to make the interface to the cathode 
materials in this study is Li3.25Ge0.25P0.75S4 (Kanno and Murayama, 
2001). It is mixed with the LiCoO2 and the LiMn2O4 at weight 
ratios of 3:7 and 1:1, respectively, to form the interfaces in the 
composite electrodes. Solid-state cells for the electrochemical 
measurements are assembled from the mixtures (12.7 mg for the 
LiCoO2 and 15 mg for the LiMn2O4) as the working electrodes, 
In–Li alloy as the counter electrodes and Li3.25Ge0.25P0.75S4 as the 
separators. Because electrode potential of the In–Li electrode 
is 0.62  V vs. Li+/Li, cell voltage is presented by adding 0.62  V 
in this paper as if the electrode properties were investigated in 
electrochemical cells with lithium metal anodes. The LiCoO2 
cathodes are charged to 4.2  V vs. Li+/Li, that is, 3.58  V in the 
cell voltage at a constant current of 127.4  μA  cm−2, while the 
LiMn2O4 are charged to 4.3 V vs. Li+/Li at 20 μA cm−2, before 
the electrochemical impedance spectroscopy to evaluate the 
electrode impedance.
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2.2. computations
The cathode material used in the computations is LiFePO4. Li3PO4 
and Li3PS4 are selected as oxide and sulfide-based solid electro-
lytes, respectively, in order to compare cathode/oxide electrolyte 
and cathode/sulfide electrolyte interfaces. The LiFePO4/Li3PO4 
interface is constructed between LiFePO4 (010) and γ-Li3PO4 
(100) planes by the computation method reported in Sumita et al. 
(2015) and Sumita et al. (2016).

On the other hand, because lattice mismatch between LiFePO4 
and Li3PS4 is too large to form a coherent interface, Li3PS4 is amor-
phized on the LiFePO4 (010) plane by first principles molecular 
dynamics simulation (FP-MD) to form the interface as follows. 
The amorphous Li3PS4 is constructed from 16 Li3PS4 units stacked 
on (010) plane of a 1 × 3 × 2 supercell of LiFePO4. The interface 
is stabilized by FP-MF calculation with a constant-temperature, 
constant-pressure (NPT) ensemble at the temperature of 400 K, 
and the pressure of 1.0 atom with the valuable cell dimension per-
pendicular to the interface. The interface structure is equilibrated 
under the temperature control by canonical sampling through 
velocity rescaling thermostat (Bussi et al., 2007) for 40 ps.

In this study, cathode interfacial structures during the cell 
operation are also investigated. Fully charged LiFePO4, i.e., 
FePO4, is stacked onto Li3PO4 and Li3PS4, respectively, and the 
interface structures are relaxed by FP-MD simulations with an 
NPT ensemble at 400  K under 1.0  atom for ca. 200  ps. These 
interfaces are connected to lithium metal in order to calculate 
energies relative to its Fermi level.

Computational analyses for these interfaces are according 
with the procedures in Sumita et  al. (2015) and Sumita et  al. 
(2016). Total energies are calculated at the Γ point in the super 
cell approach within DFT implemented in CP2K at www.cp2k.
org. The Goedecker, Teter, and Hutter (GTH) pseudopotentials 
are selected for PBE functional (Perdew et  al., 1996) with the 
local spin density approximation in this study. Valence pseu-
dowave functions are expanded in Gaussian-type orbitals, and 
the density is represented in a plane wave auxiliary basis in the 
hybrid Gaussian (MOLOPT DZVP) and plane-wave (240 Ry for 
cutoff energy) basis set. The +U strategy is applied to include 
the electronic correlation within the d orbital of Fe, in which the 
effective U is set to 4.3 eV as in Wang et al. (2007).

3. resUlTs

3.1. changes in the electrode Properties 
upon the linbO3 coating in the 
experiments
The surface coating reduces the cathode impedance, as demon-
strated in Figure 1. Each Nyquist plot consists of an arc followed 
by a tail in the low frequency region. The impedance at the high 
frequency limit agrees with the resistance of the solid electrolyte 
layer calculated from the cross section and the thickness of the 
electrolyte layer and the ionic conductivity of the solid electrolyte. 
It is, in general, very difficult to derive intrinsic interfacial resist-
ance from impedance data of composite electrodes; however, it is 
clear that the surface coating decreases the interfacial resistance. 
The impedance including the interfacial resistance, which draws 
an arc in the Nyquist plot, is decreased from 670 to 10 Ω  cm2 

for the Li1−xCoO2 cathode and from 8000 to 150 Ω cm2 for the 
Li1−xMn2O4 cathode, that is, by almost two orders of magnitude.

The surface coating has another effect on the electrode proper-
ties. Lithium ions are deintercalated from LiCoO2 and LiMn2O4 in 
potential plateaus at 4 V vs. Li+/Li. However, they exhibit additional 
potential slopes prior to the 4 V plateaus in the sulfide solid elec-
trolyte during the charging, as shown in the top panels of Figure 2. 
The surface coating changes the length of the slopes. Before surface 
coating, both of the LiCoO2 and LiMn2O4 show potential slopes 
with almost the same length of 0.2  μAh  cm−2. The increasing 
amount of LiNbO3 gradually shortens the potential slopes, and the 
slopes finally disappear at the LiNbO3 amount of 94 mg m−2.

The capacities in the potential slopes are very small. For exam-
ple, the capacity of 0.2 μAh cm−2 based on the BET surface area 
corresponds only to 0.5 mAh g−1 for the LiCoO2 and 0.8 mAh g−1 
for the LiMn2O4. However, the slopes are not artifact. They appear 
both in LiCoO2 and LiMn2O4 with almost the same capacity 
based on the BET surface areas of the materials and fade to the 
same degree with increasing amounts of LiNbO3.

3.2. electronic and interface structures 
Obtained from the computations
Figure 3 plots density of states (DOS) in LiFePO4, Li3PO4, and 
Li3PS4 against energy relative to Fermi level of lithium metal. They 
are semiconductors with band gap energies of 3.7, 5.9, and 2.4 eV, 
respectively. The valence band maximum (VBM) of the LiFePO4, 
which mainly consists of Fe 3d orbital, is located at −3.5 V, indicat-
ing that charge reaction of LiFePO4 extracts electrons from the 3d 
orbitals at 3.5 V to give the electromotive force in a Li/Li1−xFeO4 
cell. The VBM’s in Li3PO4, and Li3PS4, where contribution of O 2p 
and S 3p orbitals is predominant, are located at −4.0 and −2.0 V, 
respectively.

Figures  4B and 5B show the crystallographic structures of 
the interfaces during the cell operation, which are computed 
by relaxing FePO4/Li3PO4 and FePO4/Li3PS4 stacks displayed in 
Figures 4A and 5A, respectively, by the FP-MD. It shows a clear 
difference between the interfaces. The structure relaxation leads 
to little change in the FePO4/Li3PO4 interface, while it transfers a 
significant amount of lithium ions residing in the interface region 
of Li3PS4 to the FePO4. As a result, FePO4 has become Li1−xFePO4. 
At the same time, the interface region of the Li3PS4 becomes low 
in the lithium-ion concentration, while that in the bulk region is 
not changed significantly, as can be seen in Figure 5B.

4. DiscUssiOn

4.1. Formation of lithium-Depleted layer 
at cathode/sulfide solid electrolyte 
interface
Origin of the high interface resistance at oxide cathodes/sulfide 
electrolytes can be found in Figure 5B. The FP-MD, which leads 
the interface to the equilibrium, transfers lithium ions from 
Li3PS4 to FePO4 and depletes lithium ions on the Li3PS4 side of the 
interface. This result reveals that the space-charge layer appears as 
a lithium-depleted layer at the Li1−xFePO4/Li3PS4 interface, which 
should make the interface highly resistive owing to the absence 
of charge-carrying lithium ions.
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FigUre 1 | nyquist plots obtained from the solid-state electrochemical cells with configuration of in–lix/li1−xcoO2 (a) and in–lix/li1−xMn2O4 (B). 
Horizontal and vertical axes indicate real and imaginary parts of the complex impedance based on the projection areas of the cathodes, respectively. The amounts 
of the LiNbO3 coating on the active materials are indicated on the basis of the BET surface areas of the active materials in the figures. Impedance date reported in 
Ohta et al. (2007) and Takada et al. (2012) are replotted in this figure, copyright © 2007 and 2012, with permission from Elsevier.
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This computational results demonstrate that the ion concen-
tration on the electrode surface will be a critical factor governing 
the interfacial resistance. It is needless to mention that the ion 
concentration is related to the electrode potential through a 
Nernst equation.

 
E E RT

zF
a
a

= +0 ln Ox

Red

 (1)

In the Nernst equation, electrode potential, E is connected 
to activities of oxidant and reductant, aOx and aRed, respectively, 
with the standard electrode potential, E0; the gas constant, R; the 
absolute temperature, T; the number of transferred electrons, 
z; and the Faraday constant, F. Because activities are related to 
ion concentration through activity coefficient, the concentra-
tions of oxidant and reductant determine the E and vice versa. 
In solid electrolytes, only lithium ions are mobile to change the 
concentration; therefore, presence and absence of lithium should 
be regarded as the reductant and oxidant, respectively. That is, 
lithium-ion concentration at the interface is governed by the 
electrode potential, and noble potential of the oxide cathodes 
will decrease it.

E0 in sulfide will be much lower than that in oxides, because 
lithium ions are much more loosely bonded to the lattice 
framework in sulfides. Therefore, aOx/aRed, which corresponds to 
concentration of lithium vacancies, should become very large in 
order to make the E reach the redox potential of the cathode and 
start the charge reaction. In other word, the oxidation current in 
the beginning of charging is spent to remove lithium ions from 
the sulfide solid electrolyte side of the cathode/sulfide electrolyte 
interface to increase the aOx/aRed in equation (1) before E reaches 
the redox potential. After the E becomes equal to the redox 
potential of the cathode, lithium deintercalation from the cathode 
material begins.

This classical picture may be rough but seems reasonable. The 
preferential removal of lithium ions from the sulfide electrolyte 
side can be seen as potential slopes appearing for the uncoated 
materials in Figure 2, which are distinguishable from the following 
potential plateaus originated from lithium deintercalation from 
the cathode materials. Moreover, because E determines the lith-
ium-ion concentrations on the electrode surface in equation (1), 
the potential slopes should have the same capacity between the 
LiCoO2 and LiMn2O4 due to the same electrode potential of 4 V, 
which is also evidenced by the top panels in Figure 2.
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FigUre 4 | interface structure between FePO4 and li3PO4 before (a) 
and after (B) the FP-MD. The crystal structures are drawn by a computer 
program, VESTA (Momma and Izumi, 2011).

FigUre 3 | Density of states calculated for liFePO4, li3PO4, and 
li3Ps4. Zero in energy is set to the Fermi level of Li metal.

FigUre 2 | The beginning parts of the charge curves of the cathodes. 
The curves for the In–Lix/Li1−xCoO2 and In–Lix/Li1−xMn2O4 are shown in red and 
green, respectively. The horizontal axes indicate the charge capacities 
normalized by the BET surface areas of the active materials, and the vertical 
axes indicate the cathode potential calculated by adding 0.62 V, which is the 
electrode potential vs. Li+/Li of the In–Lix counter electrodes, to the cell voltage. 
The amounts of the LiNbO3 coated on the active materials are indicated on the 
basis of the BET surface areas of the active materials in the figures. The 
potential slopes described in the text are shaded in yellow. Charge curves 
reported in Ohta et al. (2007) and Takada et al. (2012) are replotted in this 
figure, copyright © 2007 and 2012, with permission from Elsevier.
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In addition, equation (1) suggests that change in the electrode 
potential changes lithium-ion concentration exponentially; that 
is, increasing E results in the drastic decrease of lithium ions. A 
buffer layer in the first report on the reduced interfacial resist-
ance (Ohta et  al., 2006) is Li4Ti5O12. Although it decreases the 
interfacial resistance at Li1−xCoO2/Li3.25Ge0.25P0.75S4 by 1/20, its 
ionic conductivity is only 10−13–10−10  S  cm−1 (Wilkening et  al., 
2007; Fehr et  al., 2010), while ionic conductivity of the sulfide 
electrolyte, Li3.25Ge0.25P0.75S4, is as high as 2.2 × 10−3 S cm–1 (Kanno 
and Murayama, 2001). A reasonable explanation for the reduced 
resistance inferred from the Nernst equation is that the high bulk 
conductivity of Li3.25Ge0.25P0.75S4 becomes so low at the interface due 
to the exponential decrease in the carrier concentration that even 
the Li4Ti5O12 with low ionic conductivity reduces the resistance.

The DFT calculation results shown in Figure 3 gives a clear 
explanation for the preferential removal of lithium ions from the 
Li3PS4 side upon charging. Charge reaction in LiFePO4 is lithium 
deintercalation accompanied by the extraction of electrons in 3d 
orbitals of LiFePO4 located around −3.5 V. On the other hand, 

VBM of the Li3PS4 is located at −2.0  eV, which is higher than 
the 3d orbital of LiFePO4. Therefore, electrons will be extracted 
not from the LiFePO4 but from the Li3PS4 at the beginning of the 
charge reaction, and simultaneously lithium ions will be extracted 
from the Li3PS4 to keep charge neutrality.

4.2. reduction of interfacial resistance by 
surface coating
High interfacial resistance at oxide cathodes/sulfide electrolytes 
is considered to come from lithium-depleted layer formed at the 
interface, as discussed above. Therefore, reduction of the interfa-
cial resistance by interposing oxide electrolytes observed in the 
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FigUre 5 | interface structure between FePO4 and li3Ps4 before (a) 
and after (B) the FP-MD. The crystal structures are drawn by a computer 
program, VESTA (Momma and Izumi, 2011).
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experiment should be attributed to the suppression of lithium 
depletion; that is, lithium-depleted layer is not formed at oxide 
cathode/oxide solid electrolyte interfaces.

In fact, the FP-MD to relax the interfacial structure does not 
change distribution of lithium ions around the FePO4/Li3PO4 
interface, as demonstrated in Figure  4. The Li3PO4 keeps its 
original structure at the interface to the FePO4, and lithium 
depletion is not recognized there. Moreover, the DOS’s calculated 
for LiFePO4 and Li3PO4 indicate that lithium ions are not prefer-
entially removed from the solid electrolyte. VBM of the Li3PO4 
is located above 3d orbital of LiFePO4 as shown in Figure 3, and 
thus charging current should be electrons removed from LiFePO4 
even at the beginning. That is, lithium deintercalation from the 
LiFePO4 takes place at the interface to Li3PO4 from the beginning 
of charging.

Because lithium ions are not preferentially removed from the 
oxide electrolyte side of the interface, cathode/oxide electrolyte 
interfaces do not provide a potential slope to the charging curves. 
In fact, Figure 2 indicates fading of the potential slopes for the 
LiCoO2 and LiMn2O4 observed in the Li3.25Ge0.25P0.75S4 interfaces 
upon the LiNbO3 coating. The increasing amount of LiNbO3 
coated on the cathode materials gradually shortens the potential 
slope, which is attributable to the increasing coverage by the 
coating layer. It decreases the interface area, where the cathode 
materials are directly contacted to the sulfide solid electrolyte, 
to eliminate the potential slope. Simultaneously, it increases the 
cathode/oxide electrolyte interface area, where lithium-depleted 
layer is not formed, to decrease the interfacial resistance.

The above discussions have revealed that the high interfacial 
resistance and the effects of surface coating on the electrode 
properties are explainable by the space-charge model. On the other 
hand, Sakuda et al. (2010) has proposed another mechanism for 
the interfacial resistance and its reduction. It reports that transi-
tion metals and anions, as well as lithium ions, diffuse across a 
Li1−xCoO2/Li2S–P2S5 to form an impurity phase. The impurity phase 

is concluded to be the reason for the high interfacial resistance, and 
the surface coating suppresses the mutual diffusion and reduces 
the interfacial resistance. On the other hand, such mutual diffusion 
is not observed in the present computations. Figure 5B exhibits 
that the structure relaxation changes the lithium-ion distribution 
around the interface without changing the flamework structure. 
However, it is premature to deny the mutual diffusion, because the 
relaxation time in the FP-MD simulations is only 200 ps.

It should be noted that Li1−xFePO4 is used as the cathode mate-
rial in the computations instead of Li1−xCoO2 in the experiments 
in this study. LiFePO4 forms a coherent interface to Li3PO4, as 
reported in Sumita et al. (2015). In addition, the surface spin-state 
of LiCoO2 is complicated, although the manifold spin-states may 
not affect the band alignment at the interface significantly (Sumita 
and Ohno, 2016). That is, Li1−xFePO4 is better than Li1−xCoO2 to 
eliminate ambiguities in the computation models, and thus is used 
in this study. Although computations using Li1−xCoO2 is prefer-
able to provide an accurate picture on the interfacial phenomena 
observed in the experiments, coincidences in the electrode prop-
erties between the LiCoO2 and LiMn2O4 in the Li3.25Ge0.25P0.75S4 
and the effects of the surface coating to the interfaces, which are 
displayed in Figures 1 and 2, and the above discussions strongly 
suggest that electrode potential of cathode materials dominates 
the lithium-ion concentration at the interface and the interfacial 
resistance. Of course, electrode potential of Li1−xFePO4 is 3.5 V 
and lower than 4.0 V for Li1−xCoO2 to a certain extent; however, 
both of them are far enough from the VBM of Li3PS4 not to 
give significant differences. Therefore, the picture given from 
the Li1−xFePO4 will be valid also for the interface to Li1−xCoO2. 
Computations on Li1−xCoO2 are in progress, and the results will 
appear in near future.

However, some differences may be found between the inter-
faces to Li1−xFePO4 and Li1−xCoO2. These cathode materials are 
quite different in the electronic conduction: Li1−xCoO2 exhibits 
metallic conduction, while Li1−xFePO4 is poor in electronic 
conduction and moreover insulating at x = 0. When they come 
into contact with a sulfide electrolyte, part of lithium ions in 
the electrolyte move into the cathode materials, as displayed 
in Figure  5B. By the way, Li1−xFePO4 is a two-phase system. 
Roughly speaking, Li1−xFePO4 is a mixture of FePO4 and LiFePO4. 
Therefore, the movement of lithium ions from the electrolyte into 
the material may form a LiFePO4 layer at the electrode surface. 
Consequently, Li1−xFePO4 particles become to have a core–shell 
structure in sulfide electrolytes, where the core is a mixture of 
FePO4 and LiFePO4, while the shell mainly consists of LiFePO4. 
Because the LiFePO4 is electronically insulating, the lithium 
depletion may be suppressed at the surface of Li1−xFePO4, and 
thus the Li1−xFePO4 may work relatively well even without surface 
coating in sulfide electrolytes. That is, Li1−xFePO4 may have a self-
origanized core–shell structure for high power, which is similar 
to that proposed in Xu et al. (2011), where the coating layer is 
formed only by compositional change in the cathode material.
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