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Discharge voltage profile changes via physicochemical 
phenomena in cycled all-solid-state cells based on Li10GeP2S12 and 
LiNbO3-coated LiCoO2

Xueying Sun a, Yuto Yamada b, Satoshi Hori b, Yuxiang Li a, Kota Suzuki a, Masaaki Hirayama a, and 
Ryoji Kanno *b

In the field of all-solid-state Li-ion batteries, understanding and controlling contact loss and interfacial reactions in 
composite electrodes over long-term cycling remains challenging. This study investigated how various physicochemical 
phenomena individually affect the discharge profile upon cycling for a solid-state cell with the following composition: 
LiNbO3-coated LiCoO2+Li10GeP2S12 | Li10GeP2S12 | In–Li alloy. Two specially designed cells were prepared to separately 
characterise contact loss or interfacial chemical reactions, by means of electrochemical measurements and chemical 
analysis. It was found that in the discharge process, contact loss induced a certain overpotential compared to the initial 
value, while the chemical reaction accounted for the capacity loss caused by an additionally increased overpotential in the 
final stage of the discharge process. The overpotential from the undesired chemical reaction was proposed to be due to 
the high Li-ion transfer/migration resistance induced by sulphate formation and the decrease in the lithium content at the 
LiNbO3/Li10GeP2S12 interface.

Introduction 
All-solid-state batteries (ASSBs) are promising energy storage 
devices due to their potential for enhancing the energy–power 
relationship1, 2 and for increasing the operational temperature 
range;3 however, ongoing issues related to capacity loss during 
cycling must still be addressed. Previous studies into cathode 
composite electrodes after cycling have established that cyclic 
degradation of the cathode can be separated into mechanical and 
chemical factors.4–6 The former mainly represents the contact loss 
between particles, which is induced by the volume change of the 
cathode active material (CAM) particles during long-term cycling of 
the charge–discharge process.7, 8 The latter includes structural 
changes in the CAM,9 and the interfacial reaction between the CAM 
and the solid electrolyte (SE), which tends to produce unwanted 
interphases with high resistances when the SE is a sulphide.10, 11 
Thus, to minimise the chemical reaction taking place between the 
CAM and the sulphide SE, various coating materials, such as LiNbO3, 
Li2SiO3, and Li4Ti5O12, have been applied as buffer layers in sulphide-
based ASSBs.12–14 

Although the importance of these mechanical and chemical factors 
has been widely acknowledged,15 their respective contributions to 
capacity loss in the discharge profiles during charge–discharge 
cycling have not been fully clarified. More specifically, it is still 
necessary to understand how each of these factors influences the 
discharge voltage profile upon cycling, where an overpotential 
arises from a low state of discharge (SoD), and sharply increases as 
the SoD becomes high.10 

Thus, we herein report our investigation into cells with the 
structure: LiNbO3-coated LiCoO2 (LNO-coated LCO)+Li10GeP2S12 
(LGPS) | LGPS | In–Li alloy (i.e., composite cathode | SE | anode), to 
understand the influences of the mechanical factors (i.e., contact 
loss) and the chemical factors (i.e., the interfacial reaction) on the 
discharge process. For this purpose, discharge profiles from the 
composite electrode after charge–discharge cycling are compared 
with those of two tailored composite electrodes. One of the two 
designed electrodes is prepared by re-pressing a composite after 
cycling with the aim of compensating particle-contact loss, while 
the other is prepared by heating treating at 300 °C prior to cell 
assembly to induce the chemical reaction and highlight its 
influence. Via electrochemical analysis of the two special cells, we 
intend to separately characterise how mechanical and chemical 
factors affect the discharge voltage profile changes. To obtain 
details of interfacial chemical reactions and relate them to 
discharge performance, the electrodes after 100 cycles are 
examined using a range of analytical techniques, including scanning 
transmission electron microscopy (STEM), energy-dispersive X-ray 
spectroscopy (EDX), and electron energy loss spectroscopy (EELS).
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Experimental 
Material preparation

LGPS was synthesised according to the literature.16, 17 LCO (C-5H, 
average size: 7.96 μm, Nippon Chemical Industrial, Japan) was 
coated with a layer of LNO according to the sol-gel method, or using 
a rolling fluidised coating machine (MP-01, Powrex, Japan),18 to give 
a layer with a nominal thickness of 16 or 10 nm, respectively. The 
former LNO-coated LCO was used in the cells subjected to STEM, 
EDX, and EELS measurements, where a thicker coating layer 
enabled clearer observations. For preparation of the cathode 
composite, the LNO-coated LCO powder was annealed at 350 °C for 
1 h under air, and then mixed with LGPS using a mill pot rotator 
(ANZ-10S, Nitto Kagaku, Japan) for 5 min in a weight ratio of 
70:30.19 

Cell Assembly

The In–Li alloy was obtained by pressing a piece of Li foil (5 mm, 
thickness: 0.1 mm) into In foil (10 mm, thickness: 0.1 mm), and the 
resulting alloy was used as the anode. Aluminium and copper mesh 
were used as the cathode and anode current collectors, 
respectively. For the STEM, EDX, and EELS observations, cell pellets 
composed of CAM+LGPS | LGPS | In–Li were assembled according 
to the literature.20 A pressure of ca. 80 MPa was applied to the cells 
during electrochemical measurements. For the tailored cells using 
the composites that had been repressed after the cycling test or 
heated prior to the cycling test, the corresponding treatment 
details are described in the related parts of the Results and 
Discussion section. For comparison purposes, cells without 
composites that had undergone these specific treatments are 
referred to as normal cells.

Electrochemical measurements
All electrochemical tests were measured at 25 °C. The charge–
discharge tests were conducted at 1.9–3.6 V using a constant 
current (CC) and constant voltage (CV) protocol19 (TOSCAT-3100, 
Toyo System, Japan). During charging, a current density of 0.122 mA 
cm−2 (0.2 C rate) was applied until the voltage reached 3.6 V (CC 
stage). Subsequently, the voltage was maintained at a constant 
value (i.e., 3.6 V) until the current density had decreased to the 
limit of 0.02 C (CV stage). During discharge, the CC and CV rates 
were 1 and 0.01 C, respectively. The discharge capacity normalised 
using the 1st discharge capacity for the CV mode is presented in 
each case. The initial discharge curve of the normal cell was taken 
as a reference to discuss the potential differences between the 
discharge curves of the cycled normal cell and the tailored cells. In 
the discussion, this potential difference is referred to as the 
overpotential. Furthermore, electrochemical impedance 
spectroscopy (EIS) was carried out for each cell in the charged state 
(3.6 V vs. Li +/In–Li alloy) with an applied excitation voltage of 10 mV 
in a frequency range of 106 to 10−2 Hz using an electrochemical 
measurement system (VSP-300, Biologic, France).

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to observe the 
chemical states of the elements present in the composite cathodes. 
The spectra were collected using a spectrometer (1700R ESCA, 
ULVAC-PHI, Japan) equipped with a hemispherical analyser under 
ultra-high vacuum conditions using an monochromatised Al K 
source with a photon energy of 1486.6 keV. The composite 
cathodes were removed from the cells and transferred to the 
vacuum chamber using an airtight sample vessel. The pass energy of 
the analyser was 23.5 eV for the high-resolution spectra, and an 
energy step of 0.1 eV was employed. For the purpose of data 
analysis, charge compensation was employed using an ion gun, and 
the binding energy (BE) was corrected by calibration to the C 1s 
photoemission peak of adventitious hydrocarbons (C–H) at 284.8 
eV. The peak locations and peak widths were obtained using the 
Shirley background subtraction method21, and the data were 
analysed using the CasaXPS software package (version 2.3.19).

STEM, EDX, and EELS
The interface structure, elemental diffusion, and chemical states in 
the composite cathode of the cells after 100 charge–discharge 
cycles were characterised using an STEM instrument (JEM-
ARM200F Dual-X, JEOL, Japan) equipped with an EDX probe (JED-
2300, JEOL, Japan), and also by EELS (Enfinium ER, Gatan, USA). The 
high-angle annular dark-field (HAADF) STEM images were acquired 
using the STEM system. The elemental distribution within the 
interface region was mapped by EDX. The chemical states and 
distributions of lithium was acquired by EELS scanning with an 
energy resolution of <0.5 eV (full width at half maximum), and the 
data were treated in the equipped system (US1000XP/FT, Gatan, 
USA).

Results and discussion
This section begins with describing the difference in capacity 
retention between the CC and CV modes to emphasise that the 
cyclic degradation in this type of cell is mainly due to the increased 
interfacial resistance. Subsequently, origins of the resistance, such 
as that induced by particle contact loss and interfacial chemical 
reaction, are investigated and their respective impacts on the 
discharge profile are clarified with the help of two types of tailored 
cells (i.e., the re-pressed cell and the cell with heating-treated 
cathode). First, the impact of cyclic particle contact loss is clarified 
by electrochemical analysis of the re-pressed cell. Then, the more 
significant impacts from interfacial chemical reaction are elucidated 
by analysing the similarity between cycled cathode and heating-
treated cathode. Finally, the interfacial changes in the cycled 
cathode are characterised by the STEM/EDX/EELS, in order to 
connect individual interfacial chemical reactions and discharge 
profile changes.

Comparison between the discharge capacities in the CC and CV 
modes
Figure 1(a) shows the 1st and the 100th discharge curves for the cells 
in the CC and CV modes, wherein a remarkable overpotential and 
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capacity loss was observed in the discharge process of the CC mode 
for the 100th cycle. In addition, Fig. 1(b) shows variation in the cell 
capacity with increasing cycle number, wherein the retention rate 
of the capacity for the CC (1C rate) mode was 70% at the 100th 
cycle, while that for the CV mode (0.02 C rate) was >95%. The 
capacity fading for the CC mode is in consistent with that of the 
results from previous similar studies.10 A previous study into the 
mechanical factors involved in such processes proposed that 
particle collapse10 or the irreversible phase transfer of the CAM 
from a layered structure to a disordered spinel or rock-salt 
structure would induce the formation of electrochemically inactive 
LCO particles.22 The capacity loss induced by such inactive LCO 
particles should therefore take place irrespective of the discharge 
current rate. In contrast, the present cell exhibited a high capacity 
retention under a low current rate in CV mode, which was 30% 
higher than the capacity obtained in CC mode. This observation 
indicates that the LCO in the solid-state cell did not undergo 
significant structural collapse or irreversible phase transfer. Instead, 
the main reason for the decrease in capacity was considered to be a 
result of the increased cell resistance at the cathode side, as 
pointed out by an early study on EIS,10 and as confirmed herein (see 
a later part of the discussion). This resistance increase can be 
attributed to chemical reactions between the LNO-coated LCO and 
the LGPS, and also to a reduction in the contact area between 
particles, as discussed in the following subsections.

Fig. 1 Cyclic degradation properties of the cell. (a) The discharge 
profiles of the 1st and 100th cycles obtained using CC (1 C) and CV 
(0.02 C) discharge protocols. (b) Variation in the cyclic capacity 
retention for the CC and CV modes upon increasing the cycle 
number.

Reduced contact area between particles in the composite cathode
The reduced particle contact area between particles in the 
composite cathode due to the volume change of the CAM particles 
during the charge–discharge process was indicated by previous 
studies.23 Our study confirmed the uneven contact loss between 
particles in the composite cathode of cells by in situ FE-SEM 
observations. (see Fig. S1 in the Supporting Information for detailed 
images) To clarify the influence of this mechanical contact decrease 
on discharge profile, the cathode composite re-pressed after 
charge–discharge cycling was investigated.
Figure 2(a) outlines the cell re-pressing process employed to 
compensate for the decreased contact area. As indicated, after 50 
charge–discharge cycles at a rate of 1 C, the composite cathode was 
removed from the cell, and was re-pressed under a pressure of 178 
MPa for 10 s. Subsequently, the re-pressed cathode was combined 
with the original anode pellet that had undergone 50 charge–
discharge cycles. Finally, the re-pressed cell was subjected to 
subsequent charge–discharge testing; if the process of re-pressing 
can fully compensate for the decreased contacts between particles, 
the induced capacity degradation should be ideally compensated.
Figure 2(b) shows the discharge curves obtained at the 1st and 50th 
cycles carried out prior to re-pressing, in addition to that obtained 
after re-pressing. As indicated, the discharge capacity reached 115 
mAh g−1 in the 1st cycle, and decreased to 94 mAh g−1 in the 50th 
cycle. After re-pressing of the cell cathode, the capacity recovered 
to a small extent. Meanwhile, the discharge voltage difference 
compared to the 1st cycle (referred to as overpotential in this study) 
was obviously reduced especially at the initial SoD. More 
specifically, the initial voltage difference between the 1st cycle 
(black solid curve in Fig. 2(b)) and the 50th cycle (black dotted curve) 
was 0.32 V, while that between the 1st cycle and re-pressed (red 
dotted curve) was 0.14 V. With the assumption that the contact 
decrease was significantly compensated after re-pressing, the 
obtained results suggested that the contact decrease between 
particles caused a constant overpotential starting from the initial 
SoD. Therefore, the uncompensated overpotential and capacity loss 
should be attributed to the chemical reaction taking place in the 
cathode, as well as interphase formation between the SE and the 
anode side.24 Little discharge capacity compensated after the re-
press process indicates that the chemical reaction at cathode as 
well as anode interfaces had more impact on the capacity loss than 
the particle-particle contact decrease. Figure 2(c) shows the Nyquist 
plots from the EIS measurements carried out on the cell after 50 

cycles (top) and after re-pressing (bottom). The resistances were 
analysed by a typical equivalent circuit model for the solid-state 
cell,10 as outlined in Fig. S2, and the fitting data are given in Table S1 
of the Supporting Information. From the obtained results, it is 
apparent that the resistances at the cathode side, which are 
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included in the two semicircles at the high-frequency side, became 
smaller after re-pressing; the contributions from R1 and R2 
decreased by 458 Ω, giving a value approximately half that obtained 
before re-pressing. This variation in resistance coincided well with 
the discharge profiles shown in Fig. 2(b), where the overpotential at 
the beginning of discharge reduced by approximately half following 
re-pressing (i.e., from 0.32 to 0.14 V).

Fig. 2 Influence of the reduced mechanical contact on the 
electrochemical properties. (a) The re-pressing process. (b) 
Discharge profiles obtained with a rate of 1 C for the 1st and 50th 
cycles before re-pressing, and that of the 1st cycle after re-pressing. 
The inserted panel indicates the overpotential change at low SoD 
stage from 0.32 V (at the 50th cycle) to 0.14 V (after re-pressed). (c) 
Nyquist plots of the cell after 50 cycles (top), and of the cell after re-
pressing (bottom). The R | CPE components are denoted with 
differently coloured circles according to their specific frequencies.

Heating of the electrode composite to enhance the chemical 
reaction at the cathode side 
The results on re-pressed cathode implied that rather than contact 
loss, chemical reactions in cathode composite had more significant 
impacts on cycle-induced capacity decrease. To rapidly enhance the 
chemical reaction at the LCO/LNO/LGPS interface for observation 
and characterisation purposes, the composite cathode pellet was 

heated at 300 °C under a < 10−3 Pa vacuum for 10 h, as outlined in 
Fig. 3(a). The electrochemical properties of the cell prepared using 
the heated cathode (i.e., the “heated cell”) were then investigated. 
Previous studies have reported that the interfacial reaction 
between LCO/LGPS will induce changes in the S 2p XPS profile.10, 25 
Thus, the S 2p signal was used as an indicator for the chemical 
reaction at the cathode side. Figure 3(b) shows the spectra 
collected from the cathode of the normal cell before cycling (Non-
cycled) and after 100 charge–discharge cycles (Cycled), in addition 
to that of the heated cell (Heated) after 1 charge–discharge cycle. 
The spectrum of the non-cycled sample exhibited a single peak, i.e., 
the S2– peak (peak-A), which was attributed to the original LGPS 
crystal. In contrast, the spectrum of the cycled sample also showed 
peaks corresponding to oxidised sulphur species, including –S–S– 
(peak-B, ~164 eV)10 and SOx (peak-C, sulphate with a BE at 168–171 
eV).26 The spectrum of the heated sample was similar to that of the 
cycled sample, suggesting that the two samples possess similar 
interfacial chemical states. The spectra of the other elements 
present in the cathode also show similarities between the cycled 
and heated samples (see Fig. S3 in the Supporting Information). 
Based on these XPS results, we considered that the type and degree 
of the chemical reaction taking place in the composite electrode 
were similar for the cycled and heated samples. 

Fig. 3 Enhanced chemical degradation in the cathode upon heat 
treatment. (a) Outline of the heat treatment process used to 
enhance the chemical reaction in the cathode composite. (b) The 
XPS spectra for the S 2p edge collected from the cathodes of the 
normal cell before cycling (Non-cycled) and after 100 cycles 
(Cycled), and from the cathode of the heated cell after 1 cycle 
(Heated).

The heated cathode, in which the influence of the decreased 
particle contact was excluded, was then investigated to clarify the 
influence of the chemical reaction on the discharge capacity during 
long-term cycling. Figure 4(a) shows the Nyquist plots of the heated 
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cell, as well as those of the normal cell after the 1st and 100th cycles; 
the fitting parameters are listed in Table S1 of the Supporting 
Information. These plots are consistent with each cell condition. 
More specifically, in the heated cell, the resistance components 
denoted as R1 and R2 are larger than those of the normal cell after 
1 cycle. This increase is due to the heat-induced resistance at the 
cathode side, since a non-cycled In–Li anode was used in the heated 
cell, and thus the influence of the interfacial reaction between the 
anode and the SE side was negligible. On the other hand, the total 
resistance of the heated cell was smaller than that of the cycled 
cell. The large margin of resistance in the cycled cell can be 
reasonably ascribed to the resistive layer at the anode side and the 
decreased contact area at the cathode. The total resistances of the 
cycled cell and the heated cell increased by 726 and 142 Ω (5:1 
ratio), respectively, compared with that of the normal cell after the 
1st cycle (105 Ω). With regard to the respective discharge profile for 
each cell, the resistance increase will cause at least one kind of 
overpotential, such as that appearing from the beginning of the 
discharge process, which is less dependent on the SoD. 
Figure 4(b) compares the discharge curves of the normal and 
heated cells. Compared with the 1st cycle of the normal cell, a 
constant overpotential of ~0.1 V was observed in the heated cell in 
a low SoD stage, which corresponded to the normalised capacity 
range between 0 and 40%. The observed overpotential is ~1/5 that 
of the cycled cell, which is consistent with results of the EIS 
measurements. This consistence is in line with the indication from 
XPS results that the chemical reaction taking place at the cathode 
side in the cycled cell was well simulated in the heated cathode.  
The inference is supported by considering the degree of capacity 
loss; the 1st discharge capacity for the heated cell suffered a 35% 
decrease compared with that of the normal cell, and this value is 
similar to the capacity loss for the normal cell at the 100th cycle. 
To obtain further insight, the discharge profiles of the cycled cell 
and the cell containing the heated cathode were compared after 
equalising their overpotentials at the initial SoD with a normalised 
capacity of 0%. This was achieved through equalisation by vertically 
shifting the cycled discharge profiles in an upwards direction by 0.4 
V (see Fig. 4(b)); this numerical operation corresponds to 
eliminating the overpotentials induced by a resistance increase 
through interphase formation at the anode side and decreased 
particle contact at the cathode side. As a result, the two profiles 
reasonably overlapped; the overpotential was constant at a low 
SoD with a normalised capacity up to 40%, whereas it sharply 
increased at a higher SoD. This profile overlap further confirms that 
the overpotentials from the cathode-side chemical reactions are 
similar for the two degraded cells. From the above analysis, two 
conclusions were drawn regarding the overpotentials in the cycled 
cells: 1) The initial type of overpotential remains constant at a lower 
SoD, and is caused by the chemical reaction at the anode side, a 
decrease in the particle contact area in the cathode, and the 
chemical reaction at the cathode side; and 2) the additional 
overpotential observed at a higher SoD, which sharply increases 
with increasing SoD, can be attributed to the chemical reaction at 
the cathode side.

As discussed in terms of the EIS measurements for the cycled cell, 
the overpotentials at the lower SoD side can be explained by 
considering the resistances induced by the respective 
physical/chemical phenomenon. In terms of the sharp overpotential 
increase at a higher SoD, which is induced by unwanted reactions at 
the cathode side, the mechanism is not straightforward. Such 
complexity arises from the fact that the resistance for diffusion 
relating to the CAM increases depending on the SoD. Namely, the 
Li-ion diffusion from the bulk to the surface of the CAM particle 
usually will become slow along with the SoD increasing. Especially 
when the SoD is near 100%, the sluggish in diffusion is much 
significant.27 

Fig. 4 Influence of chemical degradation on the electrochemical 
performance of the cells. (a) Nyquist plots of the normal cell after 
the 1st and 100th cycles, and for the heated cell after the 1st cycle 
(top to bottom). The R | CPE components are denoted by 
differently coloured semicircles according to their specific 
frequencies. (b) Comparison of the charge–discharge performances 
of the normal (1st and 100th cycles) and the heated (1st cycle) cells. 
The inserted panel indicates at low SoD stage the overpotential of 
the heated cell is ~1/5 smaller than that of the cycled cell.

Characterisation of the chemical changes taking place at the 
cathode interface
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The chemical phenomena in the cycled cathode side were 
characterised to determine their relationship with the resistance 
increase in the cathode at a higher SoD. The bulk LCO and the 
LCO/LNO interface region after cycles were investigated via the 
high-resolution TEM and EELS analyses (see Figs. S4-S6 in the 
Supporting Information). We confirmed the stability of bulk LCO 
after cycles, which is consistent with the high retention-rate value 
in discharge capacity at CV mode (see Fig. 1), as well as the 
reported studies28–30. Moreover, we found that the LCO/LNO 
interface region also kept stable after 100 cycles.
For the LCO/LNO/LGPS interfaces in the composite cathode, 
elemental diffusion was characterised by STEM/EDX for the cells 
before cycling (Non-cycled) and after 100 charge–discharge cycles 
(Cycled). Figure 5(a) shows the EDX mapping images of the interface 
region, where the LNO/LCO boundary was clearly observed, 
indicating that no elemental diffusion occurred across this interface. 
Figure 5(b) shows the EDX mapping images for the cathode 
interface in the cycled cell, where once again, a clear boundary 
between the LCO and LNO layers was observed, while the niobium 
and sulphur areas became overlapped. This observation indicates 
that the LNO layer contained sulphur but not cobalt. These results 
therefore confirmed that the chemical reaction occurred within the 
LCO/LNO/LGPS interface region after charge–discharge cycling. In 
particular, analysis by STEM-EDX indicated that sulphur diffused 
into the LNO layer during cycling, thereby confirming that the 
chemical reaction involved LNO/LGPS side.

Fig. 5 STEM/EDX characterisation of elemental diffusion in the 
composite cathode. HAADF image of the EDX mapping region, and 
mapping of Co, Nb, and S for (a) the cell before cycling (Non-cycled), 
and (b) the cell after 100 charge–discharge cycles (Cycled).

As the formation of sulphate in the composite cathode has been 
confirmed by XPS, it was proposed that the lithium content will 
correspondingly suffer a decrease in the LNO/LGPS interface.10, 31, 32 
The HAADF images with EELS-scanning shown in Fig. 6 confirmed 
the decrease of lithium content in the LNO layer.
Figure 6 shows the EELS spectra obtained close to the Li_K edge, 
which were measured along the area of the HAADF image for the 
non-cycled and cycled cells. The HAADF image shown in Fig. 6(a) 
includes the LCO/LNO/LGPS interfaces; the corresponding spectra 
coloured in black, red, green, brown and blue (from bottom to top) 
were collected from the LCO bulk, LCO/LNO interface, LNO layer, 
LNO/LGPS interface and the LGPS, respectively. The investigated 
area represented in Fig. 6(b) only includes the LCO/LNO layers. 
Four characteristic peaks were found in the EELS spectra close to 
the Li_K edge for the non-cycled cell (Fig. 6(a)). More specifically, 
peak-A (58–61 eV) was ascribed to the Li_K edge,33 while peak-B 
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(62–65 eV) was considered to be the scattering main peak of the 
Li_K edge,34 which overlapped with the Co_M2,3 edge35 in the LCO 
layer. As indicated, peak-A and peak-B were observed over the 
whole LCO layer (spectra coloured in black), and in the LNO layer 
(spectra coloured in green). The range of the LNO layer was 
identified using a peak-pair from niobium species,36 which was 
observed at ~40 and 45 eV, and denoted as peak-C and peak-D, 
respectively. As can be seen, peak-A shifted to the lower energy 
loss side, indicating a change in the chemical environment around 
the Li atoms across the LNO/LGPS interface (brown) and LGPS 
(blue); this was attributed to a change from Li–O to Li–S bonding. 
As expected, the EELS observations made close to Li_K for the 
cycled cell (Fig. 6(b)) differed from those of the non-cycled cell. 

More specifically, in the cycled cell, peak-A and peak-B were clearly 
observed in the LCO layer (black spectral lines), but these peaks 
gradually disappeared upon approaching the LCO/LNO interface 
(red spectral line) and in the LNO layer (green spectral lines). The Li 
content change inside LNO layer after charge–discharge cycling was 
clearly detected by comparing relative intensities for peak-A from 
the respective LNO layer of non-cycled or cycled cell. The intensity 
ratio of peak-A to -D is ~0.4 for the former, while that for the latter 
is as small as < 0.1, indicating a significant decrease in the lithium 
content of the LNO layer after the cycle test. 

Fig. 6 HAADF images and the corresponding EELS line scans near Li_K edges across the interface for (a) the non-cycled cell, and (b) the 
cycled cell.

Influences of chemical changes on voltage profile
The above chemical characterisation therefore confirmed that the 
chemical reaction mainly occurred at the LNO/LGPS interface area, 
as represented by the diffusion of sulphur from the LGPS to the LNO 
layer and a decrease in the Li content at the interface region. In 
addition to the reported formation of interphaeses such as 
elemental sulphur, metal sulphates, germanium oxides and meta-
phosphates,10, 37 this cycle-induced reduction in the lithium content 
through the cathode-side reaction, therefore is proposed as the 
main cause of changes in the discharge profile of the cell. More 
specifically, the cycled LNO coating layer containing undesired 
interphases and a reduced amount of lithium slows down Li-ion 
transfer across the interfacial layer into the bulk LCO. In extreme 
cases, this could render the LCO surface electrochemically inactive, 
with the Li-ion conduction pathways being completely cut off. Since 
the present cycled cell showed a higher capacity retention when 
discharged at a rate of 0.01 C (CV mode), it was speculated that the 
cycle-induced deactivation of LNO-LCO only partially occurred on 
the surface. During discharge at a high current rate (i.e., 1 C), the 
flow of lithium ions onto surface of the electrochemically active LCO 
layer results in an area with locally high SoD of up to 100% in the 
middle of a single discharge step. This inhomogeneous reaction 

would inevitably induce a sharp increase in overpotential in the 
discharge profile as the SoD becomes higher, therefore accounting 
for an almost complete capacity loss. The above mechanism, which 
connects the degree of Li content reduction around the LCO to the 
discharge profile after cycling, implies that the search for Li-rich 
coating layers should be considered for next-generation ASSBs with 
higher cycle performances. For screening and selecting a cyclic and 
stable coating-layer/SE interface, the present approach to simulate 
cycle-induced chemical reactions by post heating of the cathode 
composite will be helpful.  

Conclusions
In the context of an all-solid-state battery (ASSB, composition: 
LiNbO3-coated LiCoO2+Li10GeP2S12 | Li10GeP2S12 | In–Li alloy), we 
herein investigated the influences of a reduced mechanical contact 
and chemical reactions at the cathode side on the cyclic changes 
taking place in the battery discharge profile. Both of these 
physicochemical phenomena caused a constant overpotential from 
the initial state of discharge (SoD), although the latter was the main 
reason for the capacity loss induced by a sharp increase in the 
overpotential at a high SoD. Detailed chemical analysis indicated 
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the formation of sulphate and a remarkable decrease in the Li 
content in the LiNbO3/Li10GeP2S12 interface region, which were 
presumably responsible for the increased Li-ion resistance during 
discharge. Thus, the present work proposed that the Li 
concentration in the coating layer of the cathode active material is a 
key parameter to improve capacity retention in ASSBs after long-
term cycling.
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