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Raimund Koerver,† Thomas Leichtweiss,† Pascal Hartmann,§,∥ Wolfgang G. Zeier,*,†

and Jürgen Janek*,†,∥

†Physikalisch-Chemisches Institut, Justus-Liebig-Universitaẗ Giessen, Heinrich-Buff-Ring 17, 35392 Giessen, Germany
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ABSTRACT: All-solid-state lithium-ion batteries have the potential to become an important class of next-generation
electrochemical energy storage devices. However, for achieving competitive performance, a better understanding of the interfacial
processes at the electrodes is necessary for optimized electrode compositions to be developed. In this work, the interfacial
processes between the solid electrolyte (Li10GeP2S12) and the electrode materials (In/InLi and LixCoO2) are monitored using
impedance spectroscopy and galvanostatic cycling, showing a large resistance contribution and kinetic hindrance at the metal
anode. The effect of different fractions of the solid electrolyte in the composite cathodes on the rate performance is tested. The
results demonstrate the necessity of a carefully designed composite microstructure depending on the desired applications of an
all-solid-state battery. While a relatively low mass fraction of solid electrolyte is sufficient for high energy density, a higher fraction
of solid electrolyte is required for high power density.
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1. INTRODUCTION

Rechargeable Li-ion batteries with liquid electrolytes have
become the most important mobile energy storage devices for
consumer applications, and they will play a similar key role in
electric vehicles.1 The classic “rocking chair” lithium-ion battery
(LIB) includes layered lithium storage compounds, graphite,
and transition metal oxides, as anode and as cathode,
respectively. Li ions are exchanged between the two electrodes
during charging and discharging and transported by the purely
ion-conducting liquid electrolyte (LE). While this concept
obviously works very well and has been continuously improved
by a factor of 4 in energy density during the last 25 years, a limit
will be approached soon.2 In addition, some disadvantages are
inherently connected to the use of liquid electrolytes, which are

composed of organic carbonates as solvents and LiPF6 as a
conducting salt. The limited electrochemical stability of the
liquid electrolytes determines the maximum operating voltage
of lithium-ion batteries, and cathode instabilities lead to
capacity fading.3 The anode forms a solid electrolyte interphase
(SEI); gaseous compounds are formed by side reactions at both
electrodes.4,5 Potential threats in extreme cases can occur due
to the electrolyte flammability.3,6 In addition, liquid electrolytes
allow for the dissolution of active species such as Mn or Ni ions
at the cathode and their diffusion to the anode. This unwanted
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“chemical cross-talk” between the electrodes further impedes
the long-term cyclability of lithium-ion batteries in high-voltage
systems.7 For large-scale energy storage systems such as electric
vehicles, reliable and robust battery systems are necessary.
Next-generation solid-state batteries (SSB), without liquid
electrolytes, are now considered as a promising next-generation
technology beyond LIB.8 The substitution of the liquid
electrolyte for an inorganic solid electrolyte (SE) may not
only enhance the safety but also enlarge the operating voltages
within a battery, in turn leading to significantly larger energy
densities for the whole system altogether, if a lithium metal
electrode is used.2,9,10

The performance of a SSB strongly depends on the type of
SE, its compatibility to the active materials, the mechanical
softness and elasticity of the SE/active materials composite, as
well as the particle distribution throughout the cathode.11 In
particular, the elasticity of the SE is vital for a good cycling
behavior of the cell because the volume changes of the active
materials may lead to electrode cracking and loss of contact
between the particles.12 Sulfides and thiophosphates show
sufficiently high ionic conductivities to replace liquid electro-
lytes13−15 and, in addition, exhibit good mechanical properties
due to their low Young’s moduli.12,16 As the Young’s modulus
is a reflection of mechanical softness and elasticity of the sulfide
electrolyte, a softer electrolyte enables consolidation at room
temperature and more intimate particle contact. In comparison,
oxide SE are usually mechanically quite rigid and stiff17 but
offer good solid-state performance if porous networks are
used.18 The interfacial resistances for the Li+ transfer between
the active material and the solid electrolyte need to be low in
order to reduce the corresponding overpotential. In addition,
chemical stability of the solid electrolyte against the anode and
the cathode is paramount.19 While the thermodynamic
instability against lithium metal as an anode material has
recently been demonstrated for most solid electrolytes,19−24

less is known for the stability of solid electrolytes at the cathode
side.25,26 A large Li+ transfer resistance occurs when sulfide
solid electrolytes are in direct contact with cathode active
materials, possibly due to a resistive layer from the mutual
interdiffusion between the active material and the electrolyte
and the formation of blocking reaction products.26 A strategy to
suppress the highly resistive layer is to insert a buffer layer
between the sulfide SE and the oxide active material. Ideally,
amorphous and very thin buffer layers are used to keep the
interfacial resistance small.27−29

In addition to the modification of the interface by cathode
coating, the design of a three-dimensional composite cathode
with optimized transport paths for electrons and ions plays an
important role in optimizing the SSB performance. This is
similar to using a conventional electrode in which the
microstructure and porosity also play an important role for
the charge and discharge kinetics in liquid electrolytes.30 In
traditional lithium-ion batteries, the liquid electrolyte pene-
trates the porous electrodes and provides good contact as well
as good ionic percolation pathways. In an all-solid-state battery,
however, the solid electrolyte with its specific microstructure
and grain distribution may not be in contact with all of the
active material. In other words, for a full utilization of the active
material sufficient ionic percolation pathways are necessary for
shuttling ions between the electrodes, while a good electronic
percolation is necessary to transport the electrons to the
current collector.

Inspired by the challenges inherent to a “solidified” battery,
we investigated the interfacial processes occurring in an all-
solid-state battery using state-of-charge- and state-of-discharge-
dependent impedance spectroscopy and analyzing the electro-
chemical cycling behavior. In addition to the interfacial
processes, we report on the influence of the mass fraction of
the solid electrolyte and the active material in these composite
cathodes on the cell performance. Comparing the rate
capability, long cycle stability, and interfacial resistances we
find that ionic percolation pathways are more important if a
high-power solid-state battery is desired, whereas for high-
energy batteries the electronic percolation appears to be the
more important factor. Depending on the type of application, a
specific composite design is important. To our best knowledge,
systematic studies on potential-dependent interfacial processes
and the influence in composite cathode controlling rate
performance have yet not been reported.

2. EXPERIMENTAL SECTION
Synthesis. The solid electrolyte Li10GeP2S12 (LGPS)14 was

synthesized on a solid-state route followed by an annealing step in
an ampule under vacuum. Li2S (Sigma-Aldrich, 99.99%), P2S5 (Sigma-
Aldrich, 99.99%), GeS (Sigma-Aldrich, 99.99%), and S (Sigma-Aldrich,
>99.5%) were used as precursors. In addition, a 5 mol % excess of
sulfur was added to the stoichiometric mixture in order to compensate
for the loss of sulfur during the annealing process. All precursors were
mixed in a planetary ball mill (Fritsch Pulverisette 7) for 24 h at a
rotation speed of 500 rpm using ZrO2 milling balls. An intermediate
cooling time (to prevent sample overheating and sulfur evaporation)
of 15 min was allowed between 5 min ball mill. Subsequently, the
mixed powders were filled into a quartz ampule (1 g per ampule) in an
argon glovebox, followed by evacuating and sealing the ampule.
Annealing of the powders in the evacuated ampule was conducted for
30 h at 500 °C after applying a heating rate of 27.7 K/h. The
crystallized LGPS electrolyte was stored in a glovebox (MBraun) with
O2 and H2O contents below 0.1 ppm. Laboratory X-ray diffraction was
employed to ensure phase purity of LGPS, as has been reported
elsewhere.20 The total conductivity of the synthesized solid electrolyte
using blocking gold electrodes was 5 mS/cm. The partial electronic
conductivity was determined to be 9 nS/cm in a previous study,20 i.e.,
the electronic transference number is about 1.8 × 10−6.

Surface Coating of LiCoO2. The commercially obtained LiCoO2
(Alfa Aesar, 97%) was surface coated with a LiNb0.5Ta0.5O3 (LNTO)
film using a sol−gel route. This composition has recently been
identified as promising using a high-throughput method,31 and the
synthesis has been developed in house. Stoichiometric amounts of
lithium acetate (LiCO2CH3, Sigma-Aldrich, 99.99%), niobium(V)
ethoxide (Nb(OCH2CH3)5, Sigma-Aldrich, 99.95%, trace metals
basis), and tantalum(V) butoxide (Ta(OCH2CH2CH2CH3)5, Sigma-
Aldrich, 99.99%, trace metals basis) were dissolved in absolute ethanol
(Sigma-Aldrich, >99.8%, GC) and form a homogeneous sol. Then 2 g
of powdered LiCoO2 was added to 1 mL of the prepared solution to
obtain a coating layer that corresponds to roughly 1.4 wt % of the
coated powder. After thoroughly mixing in an ultrasonic bath, the
ethanol was removed under vacuum. The remaining wet powders were
placed into an oven at 300 °C overnight, followed by a fast annealing
step at 450 °C for 1 min. Before fabrication of the SSBs, the coated
LiCoO2 powders were dried again in a vacuum (Büchi) oven at 120 °C
overnight and afterwards stored in an argon-filled glovebox. X-ray
diffraction data for the coated and uncoated LiCoO2 can be found in
the Supporting Information. In addition, the influence of the coating in
comparison to uncoated LiCoO2 on the electrochemical performance
can be found in the Supporting Information.

Cell Assembly. In conventional LIBs, cathodes are prepared by
coating the cathode slurry on an Al sheet with about 30% porosity.
Carbon is added to the slurry in order to enhance the electronic
conductivity of the cathode. In SSB based on sulfide solid electrolytes
and LiCoO2, sufficient electron-conducting paths were achieved by
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simply contacting LiCoO2 particles via cold pressing. Upon
deintercalation, LiCoO2 changes from semiconducting to metallic
character, which further improves the electronic conductivity.32 Thus,
in the present work, all composite cathodes were prepared without
carbon as additive. The SSBs were constructed in a homemade cell
casing, which is shown in the Supporting Information. When
assembling the cell, one side of the current collector was kept closed
while the other side was left open. An 80 mg amount of the solid
electrolyte powder was first added into the PEEK (polyether ether
ketone) cylinder and hand pressed into a pellet form. The inner wall of
the PEEK cylinder has a diameter of 10 mm. The composite cathode
was prepared by hand mixing LiCoO2 and LGPS in different mass
ratios (40:60, 50:50, 60:40, 70:30, and 80:20, corresponding to volume
ratios of 21:79, 29:71, 38:62, 49:51, and 62:38, respectively) in an
agate mortar for 15 min. A 10 mg amount of this mixed powder was
homogeneously distributed on one side of the preformed solid
electrolyte pellet, followed by uniaxial pressing with 3.5 t for 2 min.
After the first pressing step, a thin indium foil with an 8 mm diameter
(Alfa Aesar, 99.99%, 0.125 mm thickness) serving as the anode was
added to the other side of SE pellet and pressed with 1.5 t for 2 min.
Afterwards, constant pressure was applied to the cell using the screw
(Supporting Information Figure S3) of the aluminum framework with
10 N m torque, which was kept constant during the electrochemical
tests. In the case of long-term cycling, an additional thin Li foil was
attached to the indium foil with a weight ratio of 1:60 in order to
compensate for lithium loss over time.
Electrochemical Tests. Different electrochemical measurements

were conducted with the above-mentioned battery cells. Galvanostatic
cycling of the cells was carried out in the voltage range from 2.0 to 3.6
V vs In/InLi. Here, the In/InLi is used to represent the lithiated
indium anode. The In/InLi anode itself exhibits a constant potential of
about 0.6 V against Li/Li+, i.e., the potential range corresponds to
about 2.6−4.2 V33 against Li/Li+. The theoretical capacity of LiCoO2
was taken as 137 mAh/g, calculated based on Li0.5CoO2 in the fully
charged state.34 The C rate was calculated based on the weight of the
pure LiCoO2 in the composite cathode. Rate tests were performed in
order to probe how electronic and ionic paths influence the rate
performance and long cycle stability of the SSB. In the performed rate-
capability tests, the cells were charged with 0.05 C and discharged at
different C rates, from 0.1 to 10 C. For instance, 1 C corresponds to
1.045 mA/cm2 in the cell with 7.64 mg/cm2 LiCoO2 as active material.
In addition, cyclic voltammetry (CV) measurements were conducted
in the same voltage range as the galvanostatic cycling using a scan rate
of 0.02 mV/s. For all tests we used the VMP3 electrochemical
workstation by Bio-Logic Science Instruments SAS.
Electrochemical impedance spectroscopy (EIS) was carried out

using the SP300 electrochemical workstation by Bio-Logic Science
Instruments SAS after charging the cells to 3.6 V vs In/InLi at 0.1 C,
followed by a rest period of 30 min. An excitation voltage of 10 mV
was chosen for measurements in the frequency range from 7 MHz to
10 mHz with 10 points per decade.
Scanning Electron Microscopy. Cross-sectional and top-view

micrographs of disassembled cells were obtained on a Merlin high-
resolution scanning electron microscope (Carl Zeiss AG, Germany).
The cross section as obtained by carefully breaking the pellet into two
pieces inside the glovebox. Energy-dispersive X-ray spectroscopy
(EDS) of the composite cathode was carried out using an
INCAEnergy detection unit (Oxford instruments) with an acceleration
voltage of 10 kV.
Tomography Analysis. A conventional X-ray source was used for

full view in situ tomographic measurements of the battery interior. The
accelerating voltage was tuned to 80 kV, while the current at the
tungsten anode was adjusted to 125 μA. No filter was applied. There
were 1200 projections taken for a full tomography (full range over
360°). Each angular step was exposed three times for 1.6 s to increase
the signal-to-noise-ratio. The projections were taken using a
Hamamatsu flat panel detector with 2316 × 2316 pixel with a pixel
size of 50 μm (6.25 μm pixel size in the reconstructed three-
dimensional images). For this analysis a special PEEK housing without

an aluminum framework, but yet similar to the aforementioned cell
casing, was applied (see Supporting Information).

3. RESULTS AND DISCUSSION
In this study, all tests were carried out with the model cell
system In/Li10GeP2S12/LiCoO2. LiCoO2 is chosen because it is
well understood as a cathode material in conventional batteries
and a potential candidate in SSB due to its favorable electronic
transport properties.11,35 The surface of LiCoO2 was coated
with LiNb0.5Ta0.5O3 as a protective layer for preventing side
reactions.27,31 Li10GeP2S12 was employed due to its high Li+

conductivity which is comparable to the conductivity of liquid
electrolytes.14 In order to avoid any possible side reactions
between SE and Li metal, indium metal is used as anode, which
presents a stable potential of about +0.6 V against Li/Li+.33,36

Microstructure of the Solid-State Batteries. Figure 1a
shows a scanning electron microscopy (SEM) micrograph of

the composite cathode (m(LiCoO2):m(LGPS) = 70:30)
corroborating good physical mixing of the active material and
the solid electrolyte powders. In addition, the composite
cathode appears quite dense, and good contact between the
composite cathode and the SE membrane is obtained, which
has been prepared by uniaxial cold pressing. As Young’s moduli
reflect softness and elasticity of the materials, the good
densification behavior can be attributed to the low Young’s
Modulus of the sulfide solid electrolyte of about 10.5 GPa.16

From the cross-sectional view the thickness of the composite
cathode can be estimated to be roughly 90 μm. As the image
was taken after disassembling the cell, the actual thickness of
the composite cathode during operation must be thinner than
90 μm, taking into account the constantly applied uniaxial
pressure on the current collectors during operation. The solid
electrolyte membrane itself appears quite dense, and no

Figure 1. (a) Scanning electron micrograph (SEM) in a cross-sectional
view of the all-solid-state composite cathode and Li10GeP2S12 solid
electrolyte. Thickness of the composite cathode is around 90 μm. (b)
SEM top view of the SSB composite cathode (m(LiCoO2):m(LGPS)
= 70:30). Some of the active material LiCoO2 is highlighted using red
broken lines. (c) Photo taken from the composite cathode side.
Homogeneous distribution of the composite cathode is achieved. (d)
Photo taken from the indium anode side. Indium foil completely
covers the SE pellet after cold pressing. (e) 3D reconstruction of the
X-ray tomography of a cold-pressed all-solid-state battery, showing the
thicknesses of the different layers within the cell.
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obvious pores are visible in the SEM micrograph. Minor cracks
can be observed that were most likely generated during
disassembly of the cell. The LiCoO2 particles at the side of the
current collector (red highlighted areas of Figure 1b) are not
fully covered by Li10GeP2S12, which ensures good electronic
contact with the current collector. LiCoO2 particles are
surrounded by Li10GeP2S12 and well distributed throughout
the electrode as seen in the EDX mapping in Figure 2. The

insets, Figure 1c and 1d, show photographs of the cathode and
anode sides, respectively. After pressing, the cathode side is
dark gray due to the mixing of LiCoO2 and Li10GeP2S12 and the
anode side is completely covered by the indium foil.
In order to understand the effects of the composite cathode

composition on the rate performance of all-solid-state batteries,
mixtures with different mass fractions of active material and SE
were prepared. The distribution of LiCoO2 and Li10GeP2S12 in
the composite cathode of different cells is shown in the
elemental energy-dispersive X-ray spectroscopic maps for Co
and S (see Figure 2). The elemental emission lines of Co and S
were chosen to represent the distribution of LiCoO2 and
Li10GeP2S12, respectively.
Figure 1e shows an in situ recorded X-ray tomographic image

of a cold-pressed pellet of the here-assembled all-solid-state
battery. While the layer thicknesses may differ slightly from cell
to cell, the amount of starting materials (10 mg of composite
cathode (m(LiCoO2):m(LGPS) = 70:30), 80 mg of LGPS as
membrane) and surface areas were kept constant. Employing
the tomography data, a thickness of the solid electrolyte

separator of ∼600 μm is observed. These values correspond
well with the thicknesses obtained via scanning electron
microscopy of a postmortem cell and the thicknesses calculated
based on impedance spectroscopy data (see the next section).

Electrochemical Performance of Solid-State Batteries.
As recently reported, a coating layer leads to positive effects on
the cell performance, especially to an increase in rate capability
and capacity retention.27,37 This has been mainly attributed to
the decrease of the interfacial resistance between the layered
cathode phases LixMO2 and the solid electrolytes,

26,27 as well as
to the possible prevention of interfacial reactions38 (which may
as well cause an additional increase in the interfacial
resistances). Recently, a highly conductive Li−Nb−Ta oxide
has been identified in a high-throughput approach and reported
as an effective coating material.31 Compared to LiNbO3, this
partially crystallized Li−Nb−Ta oxide shows an improvement
in ionic conductivity as well as in permittivity. On the basis of
these results, LiNb0.5Ta0.5O3 (LNTO) was implemented as an
amorphous interlayer in the present work. The impedance
response of the all-solid-state cells with LNTO-coated LiCoO2
was recorded after charging to 3.6 V vs the In/InLi electrode
(current density of 0.1 C). A comparison to the uncoated
LiCoO2 can be found in the Supporting Information. Two
semicircles located in the midfrequency region (from 1 kHz to
100 Hz) and low-frequency region (∼1 Hz) are observed. The
resistance of the solid electrolyte (RSE,bulk) is about 15 Ω for
both samples, corresponding well to the electrolyte thickness of
roughly 590 μm, based on the conductivity of the solid
electrolyte of 5 mS/cm. A purely resistive contribution,
representing the bulk resistance of the solid electrolyte
separator layer at the high-frequency region (>1 MHz) is
visible. In addition, a very small resistance (RHF ≈ 2 Ohms),
which we attribute to the grain boundary resistance of the cold-
pressed Li10GeP2S12 solid electrolyte, is observed around 518
kHz and a capacitance of 0.79 μF. The semicircle in the low-
frequency region (with RLF) is assigned to the interface
between the negative electrode indium layer and the solid
electrolyte, corresponding well with the results observed in
other reports.32,33 A capacitance value of 7.64 mF is obtained
after fitting this process. These data suggest that the oxide
coating effectively suppresses the formation of a highly resistive
interface and supports the Li+ transport across this interface
(see Supporting Information). While Nyquist plots obtained in
conventional liquid-electrolyte lithium-ion batteries with
LiCoO2 usually show semicircles that can be related to charge
transfer resistances and the electronic properties of the active
material, only one semicircle in the midfrequency range is
observed in SSB. This observance is due to the proximity of the
time constants related to the underlying transport processes.
Alternatively, it could be due to interphase formation
dominating the transfer of Li+. In both cases, a Warburg region
at very low frequency is observed. This Warburg-type
impedance can be attributed to the solid-state Li+ diffusion
inside LiCoO2 particles.

40,41

Galvanostatic charge−discharge curves (Figure 3b) and
cyclic voltammetry (CV) measurements (Supporting Informa-
tion Figure S5) are used to show the well-running behavior of
the SSB. The initial charge capacity of 136 mAh/g can be
obtained with only a small overpotential for both charge and
discharge curves. The first cycle efficiency amounts to 91.1%. At
the end of the charge curve of the cell, a small increase of the
potential occurs, corresponding to the typical phase transition
from hexagonal to monoclinic at 3.46 V vs In/InLi (4.08 V vs

Figure 2. EDX mapping of composite cathodes of cells A−D
representing different cathode compositions. Co is shown in orange
and S in blue. In cell A, most of the LiCoO2 particles are separated by
the solid electrolyte. From cell B to D, more overlap between LiCoO2
particles can be observed, which creates more electronic-conducting
paths but also extends the average Li+ diffusion length (see Figure 8).
In cell D, the contact area between LiCoO2 and Li10GeP2S12 is limited,
which restricts Li+ conductivity. Cells B and C show a much more
balanced and homogeneous distribution of LiCoO2 and Li10GeP2S12,
which is the basis for good electrochemical performance.
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Li+/Li) and from monoclinic back to hexagonal at 3.58 V versus
In/InLi (4.2 V vs Li+/Li).34 This is further visible in the cyclic
voltammograms shown in Supporting Information Figure S5.
Besides the two small peaks at high voltage, two main peaks at
3.36 and 3.25 V are recorded that correspond well to the first-
order transition of LiCoO2 during deintercalation and
intercalation.34 The discharge curve of the all-solid-state cell
shows a lower voltage compared to the liquid cell,42 due to the
relatively lower ionic conductivity of LGPS compared to the
liquid electrolyte and a therefore resulting in some additional
overpotential. However, the electrochemical performance is
comparable to that of liquid electrolyte cells, showing satisfying
performance of the all-solid-state cell when a coated LiCoO2 is
used.
Interfacial Processes in the Solid-State Batteries. For

the purpose of monitoring interfacial resistance contributions,
the changes in the impedance spectra, depending on the state-
of-charge (SOC) and state-of-discharge (SOD), are conducted.
The obtained impedance responses are shown in Figure 4a and
4b, and the corresponding resistance contributions, obtained
via fitting the impedance data, are shown in Figure 5. Two
semicircles are observed in all spectra taken at different
potentials during the charge process. Starting with a “fresh” cell,

only a virtually linear response starting from about 20 Ω is
observed (Supporting Information Figure S10). Two semi-
circles appear once the voltage approaches 3.3 V (vs In/InLi)
during the initial charge. A drop of the initial resistance from 20
to 17 ohm is observed after charging to 3.3 V, which closely
relates to the consolidation of solid electrolyte. The pressure
change of the model SSB during cycling has been in situ
observed, and the results are shown in another paper from our
group.43 In the charging process, the low-frequency semi-
circlecorresponding to the In/SE interfaceremains almost
unchanged once it is formed. Interestingly, the midfrequency
semicircle, and with it the interfacial resistance, related to the
cathode/SE interface, increases slowly with increasing potential.
This is quite different compared to the EIS spectra of LiCoO2
in liquid electrolyte cells.41 In liquid electrolyte cells, the high-
frequency semicircle representing the SEI layer on LiCoO2
remains stable with changing charge potential once it is formed.

Figure 3. (a) Nyquist plots for SSBs after the initial charge with
LNTO-coated LiCoO2. Equivalent circuit R(RQ) (RQ) (RQ)Q is
used for the fitting (Q is a constant phase element, CPE, which
represents an imperfect capacitor). Spectra were recorded in the
frequency range from 7 MHz to 10 mHz. The subscripts HF, MF, and
LF represent high-frequency, midfrequency, and low-frequency,
respectively. Tail at low frequency could be attributed to a Warburg
region, which is characterized by a ∼45° angle to the real axis. Warburg
region can be assigned to the solid-state diffusion of Li+ inside LiCoO2
particles. Detailed fitting parameters are listed in the Supporting
Information. (b) Charge−discharge curves of SSB with LNTO-coated
LiCoO2 (red curves). Charge−discharge curves of LiCoO2 in liquid
electrolyte as comparison is also shown in gray. All-solid-state cells are
cycled at 0.1 C (115 μA/cm2).

Figure 4. Stacked Nyquist plots of SSB with LNTO-coated LiCoO2 as
active material during (a) the charge and (b) the discharge process.
Galvanostatic charge was carried out at 0.1 C, and EIS was carried out
after 1 h charge and 30 min rest. Given potential values denote the
potential after the galvanostatic process. In parentheses the OCV after
30 min rest and at which the impedance measurements were carried
out is given. R(RQ) (RQ) (RQ)Q equivalent circuit is employed for
the fitting. While in the charge process the interfacial resistance
between the solid electrolyte and the coating appears to increase, the
major impedance increase in the discharge can be related to the
interface between the electrolyte and the indium anode. As depicted in
Figure 3, a Warburg impedance at very low frequency forms with the
increase of SOC, indicating the solid-state Li+ diffusion in LiCoO2.
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The midfrequency semicircle corresponding to electrical
properties of LiCoO2 decreases with the increase in charge
potential, owing to the change in properties of LiCoO2 from
semiconductor to metal during Li deintercalation.41,44 In the
case of the SSB, the increase of the interfacial resistance
between the cathode material and the solid electrolyte with
charging potential can be attributed to the following factor.
The amorphous coating represents a thin layer (<10 nm, 1

wt %), and certain local regions of the coating on the surface of
LiCoO2 may break apart as a result of the anisotropic volume
expansion of LiCoO2 (i.e., ∼2% volume expansion in the c
direction up to Li0.5CoO2 during delithiation).34 Any cracks
formed on the coating layer would interrupt the continuous Li+

percolation paths, leading to local contact loss and contributing
to the increase in interfacial resistance. In addition, the
increased cell potential may lead to severe decomposition of
Li10GeP2S12 because the electrochemical window of LGPS is
quite narrow (1.7−2.14 V vs Li/Li+).22,45,46 The oxidation of
the sulfide-based electrolyte has been corroborated using X-ray
photoemission, as shown in Supporting Information Figure
S13. Consequentially, the interfacial resistance would increase
with the accumulation of side products during the charge
process, due to the poor Li+ conductivity of these side
products.19,22 Noticeably, the interfacial resistance increases at
the end of the charging process by a factor of about 2. One of
the reasons is the relatively large volume expansion during the
transition between the hexagonal and the monoclinic phase. If
the cracking of the electrodes indeed occurs, one could expect
deterioration of the long-term cycle stability of the all-solid-
state battery. In addition to poorly conducting side phases,
these decomposition products will have different mechanical
properties as the sulfide-based solid electrolyte and may
therefore not be elastic enough to compensate for the volume
expansion brought by the delithiation of LiCoO2. When side
products accumulate and expand at the interface with the
increasing state-of-charge, local contact loss between coated
LiCoO2 and SE may occur, possibly resulting in the increase of
interfacial resistance with increasing SOC.
In addition to the changing interfacial resistance, in the very

low frequency region a noticeable Warburg impedance forms
with increasing SOC. A very similar effect has been reported by
Levi et al. for LE-LIB.41 Such Warburg impedance may be
assigned to the chemical diffusion of Li in the LiCoO2 particles.

The Warburg impedance is larger at high SOC and appears not
to contribute at lower SOC. As the chemical diffusion
coefficient of Li in LCO increases with SOC,34 this is somehow
counterintuitive. A detailed and more thorough evaluation of
the underlying diffusion processes requires measurements at
lower frequencies, which will be part of future experiments
Upon discharge, the interfacial resistance between the

cathode and the solid electrolyte remains constant until roughly
50% of the discharge capacity is reached, followed by a minor
increase, which might simply be a fitting artifact that is brought
about by the large increase of the semicircle in the low-
frequency region. More obvious, the interfacial resistance
between In/SE increases once the discharge begins and reaches
almost 800 Ω in the end of the discharge. Such a drastic
increase of the resistance indicates that the In/SE interface
kinetics strongly depends on the amount of Li in the two-phase
In and InLi alloy.39 The In/SE interfacial resistance increases
when the Li to In molar ratio becomes smaller. The large In/SE
interfacial resistance at the end of discharge indicates an
increased transfer barrier at the interface and results in an
irreversible capacity loss. This is one of the reasons for the
relative low first cycle efficiency of the SSB and ultimately
shows the kinetic problems when using metal electrodes in
SSBs.2 In both charge and discharge processes, the resistance of
the solid electrolyte shows no significant change corroborating
the stability of the bulk solid electrolyte material itself.
For a more reliable interpretation of the different impedance

contributions, the potential-dependent capacities were eval-
uated and are shown in Figure 6. The very small semicircle

shown at high frequencies (as shown in Figure 3) is described
by a capacity of about 0.3 μF, which corresponds well with the
grain boundary capacity of ceramic solid electrolytes.47 A
slightly higher capacity of 6−9 μF is observed for the cathode/
SE interface. The highest capacitance in the mF range is
attributed to the In/SE interface, which indicates there are
narrow contacting “necks” leading to rapid voltage drop
between the SE and indium. A decrease in capacity is observed
at the initial charging state for all three processes, indicating the
cell is becoming geometrically consolidated when the charge
begins. This phenomenon has been observed by in situ

Figure 5. Summary of EIS results of SSB with LNTO-coated LiCoO2
as active material. Potential dependence of the resistance of SE (RHF)
(including bulk and grain boundary contributions) of the interface
between the cathode and the SE (RMF) and of interface between In
and SE (RLF): (left) During charge and (right) discharge process.

Figure 6. Summary of capacitance data of SSB with LNTO-coated
LiCoO2 as active material at different state-of-charge (left) and state-
of-discharge (right). Due to the depressed semicircles shown in EIS,
constant phase elements (CPEs) were applied for the equivalent
circuit and used for the fitting to the measured impedance data. Real
capacities were derived from the CPEs (see the derivative processes
and error analysis in the Supporting Information).
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monitoring of the pressure change of the SSB and is reported in
another work from our group.43 The consolidation of the SSB
is attributed to the volume expansion of both the cathode and
the anode materials. The increase in capacitance at the In/SE
interface at the end of discharge could be due to the
simultaneous increase in the interfacial resistance at a low Li
to In mole ratio and the large volume shrinkage when cubic
InLi1−x to tetragonal Li transforms during discharge.43

In summary, the resistance of the In/SE interface is a
function of the Li concentration in the Li−In alloy and leads to
kinetic hindrance at low Li contents. The large resistance of the
In/SE interface at the end of discharge is mainly responsible for
the relative low first-cycle efficiency in SSB.
Cathode Composition-Dependent Rate Performance.

The properties of the composite cathode are considered to be
decisive for the overall cell performance. Mizuno et al. reported
that the morphology of conductive additives is closely related to
the high rate performance of SSBs.48 Since carbon may evoke
more side reactions between LiCoO2 and the solid electro-
lyte,49 we used no conductive additives in the composite
cathode in the present work. LiCoO2 itself provides sufficient
electronic conductivity in the composite cathode. The mass
ratio of LiCoO2 and Li10GeP2S12 is altered from smaller to
larger values, and its influence on the rate performance and
long-term cycle stability are elucidated here. For this analysis,
only LNTO-coated LiCoO2 was used. Figure 7 shows the
discharge curves of cells labeled A−D, which only differ in the
mass ratio of LiCoO2 and SE in the LiCoO2/Li10GeP2S12
composite cathodes, from 50 to 80 wt % (29−62 vol %) (see
Figure 2).
The discharge rates were varied from 0.1 to 10 C (e.g., in cell

B, corresponding to current densities of 0.1045−10.45 mA/
cm2). The C rates and capacities are calculated based on the
mass of LiCoO2 in the cells. Using a low C rate (up to 2 C),
higher discharge capacities are obtained when the mass fraction
of LiCoO2 is high. In the case of m(LiCoO2):m(SE) = 40:60,
the discharge capacity is only around 25 mAh/g at 0.1 C, as

shown in Supporting Information Figure S9. These data in
Figure 7 agree well with the fact that effective electronic
conductive paths between particles need to be created by the
overlap of LiCoO2 particles. A well-performing SSB, without
any additional additive, is obtained once the loading of LiCoO2
is larger than 50 wt % in the composite cathode. Below this
value, the LiCoO2 particles are not well connected and only a
limited fraction of active material can be utilized. The
distribution of LiCoO2 and Li10GeP2S12 in the composite
cathode of the different cells can be seen in the elemental
energy-dispersive X-ray spectroscopic maps of Co and S, as
shown in Figure 2.
A higher loading of the active material LiCoO2 (above 70 wt

%) gives reasonable discharge capacities at a low current density
due to the increased contact probability between active
particles. In other words, the fraction of LiCoO2 particles is
high enough to create an electronically conducting percolation
network. In consequence, the active material can be fully
accessed and used in the electrochemical processes. Therefore,
at cycling below 2 C, a small fraction of solid electrolyte (e.g.,
20 wt %) appears to be sufficient to ensure Li+ transport and
good battery performance.
However, when the current is increased to 5 C, the discharge

capacity of the cell with the largest mass ratio of LiCoO2 to SE
decreases to 33 mAh/g, which is much smaller than the others.
Additionally, Figure 7b shows that from 2 C on cells C and D
exhibit a lower discharge potential as cells A and B. This
suggests that a larger overpotential is generated at high currents
if there is less solid electrolyte material in the composite
cathodes. At 10 C, cells C and D (m(LiCoO2):m(LGPS) =
70:30 and 80:20, respectively) attain almost no capacity, while a
capacity of around 20 mAh/g can be obtained for cells A and B,
in which more solid electrolyte material is incorporated. This
indicates that when the cells discharge at high current densities,
a sufficient electrolyte fraction must be provided in order to
create enough ionic paths around LiCoO2 particles and hence
ensure fast Li+ transport, necessary for these high C rates.

Figure 7. Discharge curves of SSBs with different mass ratios ranging from 50 to 80 wt % of LiCoO2 in the composite cathodes corresponding to
cells A−D were shown. All LiCoO2 used in the cells were coated with LNTO. Discharge capacities dependent on C rate are shown in a from right to
left; C-rate increases from 0.1 to 10 C. (b) Comparison of discharge curves of cells A−D at different C rates. Overpotential and maximum capacities
change with discharging C rate and strongly depend on the ratio between the active material and the solid electrolyte.
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Impedance spectra of the respective compositions and cells can
be found in the Supporting Information, with the smallest
interfacial resistance obtained at 70 wt % (cell C). This agrees
well with the rate capability test, in which the cell shows a
relatively high discharge capacity of up to 5 C. The smaller
interfacial resistance indicates a balanced ionic and electronic
conductive path when using this ratio.
In addition to the necessary electrolyte fraction, the poor

high rate capability of a cell with 80 wt % LiCoO2 may be
related to a longer (apparent) Li+ diffusion length in the active
cathode material itself. In order to test this hypothesis, Figure
8a shows the specific discharge capacity plotted against the
current density. Such an analysis has been used when analyzing
the Li+ diffusion length for nanocrystalline materials.50 The
dependence of the capacity Q on the current density j results as

= − ⎜ ⎟⎛
⎝

⎞
⎠
⎛
⎝⎜

⎞
⎠⎟Q Q

d
D

j
1
31c

2

Li (1)

with the average diffusion length d of Li ions and the Li
diffusion coefficient DLi. It should be noted that this expression
only applies strictly under the condition that Q > 0.5 Q1c. Q1c
refers to the capacity at 1 C. Employing eq 1, the average Li+

diffusion length d is proportional to the slope of the Q−j plot
under the assumption that all samples have the same diffusion
coefficient of Li in LiCoO2, with DLi = 1.5 × 10−10 cm2/s.51 In
this work, the average Li+ diffusion length in the composite
cathode of cells with different loading of the active material can
be approximated based on the fitting of the Q−j plot in the
range of Q > 0.5Q1c. The results are shown in Figure 8b. As
expected, the average Li+ diffusion length increases from cell A
to cell D, corresponding to the fraction of active LiCoO2
material. This suggests that the average Li+ diffusion length in
the composite cathode increases with an increasing fraction of
LiCoO2 particles present. In the case of cell D, the large
fraction of LiCoO2 particles leads to long percolating pathways
while having less contact area with the SE. The average Li+

diffusion length will be longer in this case than when smaller
fractions are used. In other words, longer pathways of diffusion
result in the poor high rate capability.
Comparing these results, the importance of proper micro-

structural design of the composite cathode in all-solid-state
batteries becomes evident. The rate capability of a SSB strongly
depends on the balance of the electronic and the ionic paths
within the composite cathode. On one hand, too much solid
electrolyte content prevents sufficient electronic pathways in

the active material. On the other hand, too much active material
in the composite cathode limits the ionic transport and
additionally increases the average Li+ diffusion length within the
network of active storage particles. At low current densities, i.e.,
slow charge/discharge rates, the electronic pathways appear to
be more important and a small fraction of electrolyte is
sufficient for complete access of the LiCoO2 particles. At high
current densities, more electrolyte is necessary as the cathode
particles are only superficially lithiated. Long percolation
pathways lower the active surface as well as increase the
diffusion path length; both are detrimental to the electro-
chemical performance. Of course, the results are related to
many underlying factors, such as the particle size, mechanical
properties of both active material and SE, and/or the
incorporation of additives. For example, using nanosized active
material may shorten the lithium pathways inside particles and
facilitate the rate capability. However, the enhanced surface area
may, on the other hand, trigger much more severe
decomposition reactions of SE.
In other words, depending on the application of either a high

power or a high energy density all-solid-state battery different
electrode compositions need to be employed. Further, even
more detailed design rules may result from proper microkinetic
models of SSB cathodes48,52

Cycle Stability. The cycle stabilities of cells A−D were
investigated at 0.1 C in the range of 2.0−3.6 V vs In/InLi at
room temperature. The results are given in Figure 9. Cell C
exhibits the best capacity retention with 70 wt % of LiCoO2 in
the cathode, maintaining around 80% of the initial capacity after
100 cycles. Cell B with 60 wt % of LiCoO2 in the cathode also
shows comparable performance. The Coulombic efficiency in
both cases is above 99.6%, as shown in Figure 9, suggesting
minor irreversible reactions in the charge and discharge
processes. A higher loading with active material is favorable
for obtaining high capacities. It is noteworthy that cell D with
the highest LiCoO2 fraction in the composite shows the highest
capacity at initial cycles followed by a fast capacity fading. This
capacity fade is attributed to the fact that due to the high
LiCoO2 fraction, many LiCoO2 particles will have no direct
physical contact with the solid electrolyte, resulting in an
inhomogeneous distribution of electrochemical reactions at the
composite cathode. This hypothesis is strongly supported by a
report from Otoyama et al. using Raman spectroscopy for SSB
with a high loading of 80 wt % LiCoO2 mixed with a Li2S−P2S5
solid electrolyte.35 The particles in contact with the solid
electrolyte will undergo overcharging within the voltage range

Figure 8. (a) Rate capabilities of cells A−D plotted against current densities. (b) Average Li+ diffusion length calculated based on the plots in a. Li+

diffusion coefficient is assumed to be the same for all samples with a value of 1.5 × 10−10 m2/s.
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(high SOC area), while the other particles cannot be accessed
electrochemically due to insufficient contact with the solid
electrolyte (low SOC area). The therefore overcharged LiCoO2
will no longer be electrochemical active, which results in
capacity fading. In addition, the increase in LiCoO2 mass
fraction also increases the effective contact area with SE, which
may lead to more decomposition of LGPS at the interface,
explaining worse long-term performance. The relative lower
Coulombic efficiency (∼97.5%) in this case also indicates the
loss of electrochemical active material with the process of
cycling.

4. CONCLUSIONS
The influence of interfacial transport processes between
LiCoO2 and a sulfide solid electrolyte in SSB has been
investigated. Using galvanostatic cycling, cyclic voltammetry,
and impedance spectroscopy the electrochemical behavior and
interfacial resistances were monitored. Without a coating, the
interfacial resistance between the solid electrolyte and LiCoO2
cathode material is large and detrimental to the cell
performance. Impedance data further show that the volume
change during deintercalation increases the interfacial resistance
irreversibly. The transfer at the anode interface and the
concurrent increase in interfacial resistance between the metal
electrode and the solid electrolyte are the reasons for the
kinetic hindrance and the relatively low first cycle efficiency of
all-solid-state batteries when using metal anodes.
In addition to the investigation of the interfacial processes,

the importance of the composite cathode composition has been
demonstrated. At low current densities, i.e., slow charge/
discharge, good electronic percolation is necessary and a small
fraction of the solid electrolyte is sufficient for good
electrochemical performance. On the other hand, at high
current densities and fast charge/discharge, a higher solid
electrolyte fraction is needed in order to electrochemically
access all cathode particles fast. In other words, utilization of
SSBs as either high-energy or high-power density battery
strongly depends on the chosen electrode composition.
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