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Operando Differential Electrochemical Pressiometry 
for Probing Electrochemo-Mechanics in All-Solid-State 
Batteries
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Owing to an absence or lack of soft (and/or liquid) components, 
electrochemo-mechanical effects are imperative for all-solid-state batteries 
(ASBs) based on inorganic solid electrolytes (SEs). As this aspect has been 
overlooked, relevant investigation has remained scarce. In this work, the 
development of a new operando differential electrochemical pressiometry 
(DEP) for ASBs is reported. The time- (or capacity-) derivative differential 
pressure signals (dP/dt or dP/dQ) reflecting corresponding differential 
volume changes of electrode active materials feature the specific state of 
charges (SOCs). This finding leads to a precise estimation of the SOCs 
of graphite (Gr) electrodes in LiNi0.70Co0.15Mn0.15O2 (NCM)/Gr all-solid-state 
full cells using sulfide SEs with varying capacity ratios of negative to positive 
electrodes (n/p ratios); this is corroborated by complementary analysis 
using a three-electrode electrochemical cell and ex situ X-ray diffraction 
measurements. Furthermore, electrochemo-mechanical behaviors of NCM/Gr 
full cells with Gr electrodes employing SEs excluding or including reductively 
unstable Li10GeP2S12 are investigated. Notable volume changes caused by 
lithiation of Li10GeP2S12 are detected. Importantly, significantly delayed SOC 
for Gr caused by a severe side reaction with Li10GeP2S12 is disclosed by the 
operando DEP result.
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causes electrical contact loss and per-
petual electrolyte decomposition reactions 
on newly exposed surfaces.[1,3,9,14,15] For 
high-Ni Li[Ni,Co,Mn]O2 cathode cycled 
at over ≈4.3  V (vs Li/Li+), volumetric 
strains of >≈4% induce the disintegra-
tion of secondary particles, thus leading 
to performance degradation in long-term 
cycling.[16–18] Furthermore, the volume 
changing feature of electrode active mate-
rials in LIBs has been extended for use 
in actuation targeting of microelectro-
mechanical systems.[19]

The current LIBs have faced serious 
challenges in terms of safety and high 
energy density, which largely originates 
from the use of flammable organic 
liquid electrolytes.[4,20–22] In this regard, 
solidification of electrolytes with inor-
ganic solid electrolyte (SE) materials has 
garnered considerable interest.[21–30] To 
date, research activities on all-solid-state 
batteries (ASBs) have been focused on 
the development of SE materials in con-
sideration of Li+ transport and conduc-
tivity, chemical stability, electrochemical 

stability, and (electro)chemical compatibility with electrode 
active materials.[21,22,26,31–36] Specifically, studies on the dynamic 
evolution at the electrode-SE interface have put an emphasis on 
(electro)chemical aspects.[17,32,37,38]

It was not until very recently that attention has been paid to 
electrochemo-mechanical effects for ASBs.[6,37,39–41] The defec-
tive feature of 2D contacts between inorganic solid compo-
nents in ASBs could be considerably amplified, even by small 
volumetric strains of electrode active materials; this is reflected 
in the common practice wherein all-solid-state test cells are 
operated under externally applied pressure.[17,22,42,43] Recent 
investigations have reported that the increase in external pres-
sure on all-solid-state Li metal batteries results in significantly 
reduced interfacial resistances and increased critical currents 
against internal short circuits, which is rationalized by pres-
sure-induced close contacts between SEs and Li metal.[44,45] 
Moreover, it is an important feature that SEs cannot access 
the disintegrated inner parts of the electrode active materials, 
in stark contrast to the case of conventional LIBs using liquid 
electrolytes. The aforementioned features are partly responsible 

1. Introduction

In lithium-ion battery (LIB) technologies, volume change 
in electrode active materials has been one of the prime fac-
tors influencing material-to-cell design.[1–6] Integrating silicon 
anodes to advanced LIBs requires multiple aspects of engi-
neering including downsizing to the nanometer scale,[3,7–10] 
nanocompositing with buffering phases,[3,7,9,10] combining 
highly adhesive and/or elastic polymeric binders,[11–13] and 
the use of optimized electrolyte recipes.[1,14,15] This is owing to 
the large volumetric strain of Si (≈400%, Si → Li4.4Si), which 
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for below-par electrochemical performances of all-solid-state 
batteries despite the use of sufficiently high Li+ conductivities 
of >10−3 S cm−1.[17]

One major differentiating characteristic of ASBs from 
the viewpoint of performance is the absence or lack of soft 
(and/or liquid) components that can buffer volumetric strains 
and provide opportunities for advanced characterization.[6,17] 
Janek and coworkers showed that, while the effect of typically 
applied pressures (of up to hundreds of MPa) on potential is 
insignificant, the pressure changes upon charge and discharge, 
which reflect the corresponding volume changes of electrode 
active materials, could be measured.[6,40] In our recent report, 
by cross-sectional scanning electron microscopy (SEM) meas-
urements, it was shown that LiNi0.80Co0.10Mn0.10O2 particles in 
all-solid-state cells were disintegrated and void spaces were cre-
ated even after the initial cycle, which could be well-supported 
by the pressure measurement data.[17]

For commercial LIBs, the negative electrode is balanced with 
an excess capacity in the range of 10–20% with respect to the 
positive electrode, i.e., n/p ratios of 1.1–1.2, which have been 
optimized in order to minimize the risk of detrimental Li metal 
growth on the negative electrodes.[46] In some cases, a combina-
tion of two electrodes, each of which shows stable cycling per-
formances in half cells, could result in fast degradation in full 
cells.[47] One possible failure mode is poorly balanced Coulombic 
efficiencies (CEs) between two electrodes, which leads to gradu-
ally increasing deviation in their SOCs.[46] As such, the estima-
tion of SOCs is imperative for both LIBs and practical ASBs.

Here, we report the development of new operando differen-
tial electrochemical pressiometry (DEP) for ASBs. The pressure 
changes during charging and discharging were explicitly moni-
tored in real time for LiNi0.70Co0.15Mn0.15O2 (NMC)/graphite (Gr) 
all-solid-state full cells employing sulfide SEs with varying n/p 

ratios as a model system. Importantly, for the first time, the pre-
cise estimation of the state of charges (SOCs) of one electrode 
(Gr) was enabled by the analysis of the DEP profiles, which was 
corroborated by meticulous analysis using a three-electrode cell 
and ex situ X-ray diffraction (XRD) measurements. Further-
more, NCM/Gr full cells employing two different SEs in the Gr 
electrodes, that were both without and with reductively unstable 
Li10GeP2S12 (LGPS) (single 46LiI-54Li3PS4 (LiI-LPS) vs a mixture 
of LiI-LPS and LGPS), were investigated. Operando DEP anal-
ysis revealed that the Gr electrodes using the LiI-LPS/LGPS mix-
tures showed much lower SOC (lower x in LixC6) after charge, 
as compared to the case using the single LiI-LPS, which was due 
to a more severe side reaction for LGPS than for LiI-LPS.

2. Results and Discussion

2.1. NCM/Gr Cells with Varying n/p Ratios

Our first test vehicle for investigation by operando DEP anal-
ysis was a NCM/Gr all-solid-state three-electrode full cells 
with varied n/p ratios. Mechano-chemically prepared XRD-
amorphous LiI-LPS showing Li+ conductivity of 1.3 mS cm−1 at 
30 °C was used as the SEs for the Gr electrodes while argyrodite 
Li6PS5Cl0.5Br0.5 showing Li+ conductivity of 4.6 mS cm−1 at 30 °C 
was used for the NCM electrodes and SE layers (Figure S1, Sup-
porting Information). NCM/Gr all-solid-state full cells with n/p 
ratios of 1.2, 1.4, and 1.7 were designed based on the results of 
first-cycle charge–discharge voltage profiles for NCM/Li-In and 
Gr/Li-In half cells at 30 °C, as illustrated in Figure 1a. The first 
charge–discharge voltage profiles for NCM/Gr full cells at 30 °C 
and their corresponding differential capacity (dQ/dV) plots are 
displayed in Figure 1b,c, respectively. The upper cutoff voltages 
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Figure 1. Results of NCM/Gr all-solid-state full cells with varied n/p ratios at 0.1C and 30  °C. a) First cycle charge–discharge voltage profiles of 
NCM/Li-In and Gr/Li-In half cells with different areal capacities of the Gr electrodes, indicating correspondingly varied n/p ratios. b) Second-cycle 
charge–discharge voltage profiles for NCM/Gr full cells with different n/p ratios at 0.1C and 30 °C and c) their corresponding differential capacity curves.
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were regulated as 4.25, 4.25, and 4.22 V for the cells with n/p 
ratios of 1.2, 1.4, and 1.7, respectively, so that first charge capaci-
ties (or SOCs for NCM after charge) were held similar to each 
other. It was shown that first discharge capacities of NCM/Gr 
full cells were also almost identical, which was reasonable as 
discharge is ended by termination of the positive electrode, not 
the negative electrode, for all full cells, as estimated from the 
half cell results in Figure  1a and Figure S2 (Supporting Infor-
mation). Importantly, assessments of voltage and differential 
capacity data alone are not enough for estimation of cell bal-
ancing or SOCs of full cells.

NCM/Gr three-electrode full cells, where Li-In as the reference 
electrode is in contact with a SE layer on top of the NCM elec-
trode, were constructed,[46] and the pressure sensor was placed 
on top of the cells, as illustrated in Figure 2. This set-up allowed 
us to monitor the voltages of each electrode versus Li/Li+ and the 
corresponding overall pressure changes in real time. The tran-
sient voltages, pressure changes (ΔP), and differential pressure 
(dP/dt) during charge–discharge cycles could thus be obtained. 
The overall pressure changes in NCM/Gr cells followed those 
of Gr: the increasing pressure upon charge according to the lat-
tice expansion of Gr (Figure S3, Supporting Information). This 
was due to the larger volumetric strain for Gr (Δvolume = +13%, 
6C + Li+  + e−  → LiC6) than for NCM (e.g., Δvolume >≈4%, 
Li[Ni,Mn,Co]O2  → Li1−x[Ni,Mn,Co]O2  + xLi+  + xe−).[48,49] Cross-
sectional SEM images of the Gr electrodes from NCM/Gr full 
cells with a n/p ratio of 1.2 during the first cycle are shown in 
Figure S4 in the Supporting Information. The pores existing 
among the particles and SEs before cycling are reduced upon 
charge, which clearly reflects the effects of volume expansion 
of Gr. Furthermore, we also constructed NCM/Li4Ti5O12 (LTO) 
three-electrode full cells. Because the volumetric strain for LTO 
is marginal (0.2–0.3%, Li4Ti5O12  + 3Li+  + 3e−  → Li7Ti5O12),[50] 
the overall pressure change signals for NCM/LTO cells could 
be regarded as information obtained solely from the NCM elec-
trodes (Figure S5, Supporting Information). The decreasing 
pressure upon discharge (de-intercalation) agreed perfectly 
with the corresponding shrinkage of the NCM lattice due to 
the strengthened Coulombic repulsive forces between transi-
tion metal slabs.[17] By subtracting the pressure change signals 
of NCM/LTO cells from those of NCM/Gr cells, the Gr signals 
could be extracted, as shown in Figure S3 in the Supporting 
Information. Voltages of each electrode at the end of charge and 
discharge for NCM/Gr and NCM/LTO three-electrode full cells 
are summarized in Table S1 in the Supporting Information.

The resulting deconvoluted pressure change and time-
derivative differential pressure (or DEP) curves for the Gr 
electrodes (ΔPGr and dPGr/dt) in NCM/Gr all-solid-state three-
electrode full cells with varied n/p ratios are shown in Figure 3. 
The results during the initial three cycles are also provided in 
Figure S6 in the Supporting Information. Again, the gradu-
ally increasing pressure of the Gr electrodes in three-electrode 
full cells during charge (Li+ intercalation) was due to the cor-
responding volume expansion.[48] Importantly, the DEP pro-
files of the Gr electrodes featured the points of minimum and 
maximum values during charge and discharge, respectively 
(denoted as red diamonds). It is shown that the minimum DEP 
values during charging are shifted in the positive direction as 
the n/p ratio increases. For discharge, the maximum points 

are shifted in the negative direction. This observation provides 
an important insight that the DEP profiles could be utilized 
as references for specific SOCs. During volume expansion of 
Gr upon Li+ intercalation, multiple phase transitions proceed, 
and their fractions and unit cell volumes determine the overall 
volume changes upon Li+ intercalation (or de-intercalation).[48] 
The volume changes in Gr as a function of SOC and their dif-
ferential (−dV/dSOC) curves obtained from in situ XRD data 
in a previous work are shown in Figure S7 in the Supporting 
Information.[6,48] Notably, the −dV/dSOC curve leaves character-
istic signatures of specific SOCs, which could reflect the DEP 
profiles in Figure  3. Indeed, the overall shapes for the differ-
ential volume change and the DEP curves resemble each other. 
Moreover, their clear, common, maximum points could provide 
new references. A more detailed discussion follows later.

The next step was to verify our DEP-based protocol for SOC 
estimation. First, NCM/Gr full cells after charge and discharge 
were investigated using ex situ XRD measurements (Figure 4a). 
The acquisition of undisturbed ex situ XRD signals for LixC6 was 
possible owing to the use of XRD-amorphous featured LiI-LPS 
used for the Gr electrodes (Figure S1, Supporting Information). 
After charging, NCM/Gr full cells with smaller n/p ratios clearly 
showed stronger peaks at ≈23.9o, corresponding to a highly lithi-
ated phase (LiC6),[48,51] and more gold-colored feature for the 
collected Gr electrodes (Figure 4a; Figure S8, Supporting Infor-
mation), which is also an indicator of a higher degree of lithia-
tion.[52,53] Moreover, the SOCs of Gr electrodes in NCM/Gr full 
cells at the end of charge were obtained by ex situ XRD analysis. 
A detailed procedure is described in the Experimental section. 
The SOC values (x in LixC6) obtained at the end of charge were 
0.94, 0.83, 0.54 for the cells with n/p ratios of 1.2, 1.4, and 1.7, 
respectively (Table S2, Supporting Information). Secondly, the 
SOC values at the end of discharge were obtained by comparative 
analysis using the Gr/Li-In half cell data. The detailed procedure 
is illustrated in Figure S9 in the Supporting Information. The 
difference in the resulting SOC values after discharge were mar-
ginal: x = 0.05, 0.04, and 0.02 for the cells with the n/p ratios of 
1.2, 1.4, and 1.7, respectively (Table S3, Supporting Information), 
which was also consistent with the estimation by the considera-
tion of NCM/Li-In and Gr/Li-In half cell data (Figure 1a).
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Figure 2. Schematic illustrating all-solid-state three-electrode cells com-
bined with a pressure monitoring system. The pressure changes moni-
tored are reflected by the volume changes of electrode active materials in 
the composite electrodes.



www.afm-journal.dewww.advancedsciencenews.com

2002535 (4 of 8) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Based on the as-obtained SOC values at the end of charge and 
discharge, the x-axes for second discharge voltages of the Gr elec-
trodes in NCM/Gr full cells and corresponding DEP data were 
calibrated in terms of SOCs (x in LixC6) and are displayed in 
Figure 4b–d. First, the SOCs at the maximum DEP points appear 
to be almost identical for all three cells: 0.45, 0.44, and 0.43 for 
the n/p ratios of 1.2, 1.4, and 1.7, respectively. Surprisingly, these 
values were also very close to that at the maximum differential 
volume change value (−dV/dSOC) of 0.46 in Figure S7 in the Sup-
porting Information. Furthermore, the SOCs at the minimum 
DEP points were very similar among all three cells: 0.13, 0.13, and 
0.11 for the n/p ratios of 1.2, 1.4, and 1.7, respectively (Figure 4b–
d). In summary, the results thus far verify that the DEP-based 
SOC estimation protocol developed for ASBs is reliable.

Furthermore, voltage-derivative differential pressure (dP/dV) 
curves during discharge for the Gr electrodes in NCM/Gr full 
cells are compared with differential capacity (dQ/dV) curves in 
Figure S10 in the Supporting Information. The peak positions 
for dP/dV coincide with those for dQ/dV, indicating that pres-
sure changes were responded upon voltage changes without 
dilation at the tested current (0.1C, 150 µA cm−2).

2.2. NCM/Gr Cells with Different SEs in the Gr Electrodes:  
LiI-LPS versus (LiI-LPS + LGPS)

The encouraging result of the DEP-based SOC estima-
tion protocol led us to investigate their application to a more 
complicated system, i.e., NCM/Gr all-solid-state full cells, 
for which reductively unstable LGPS were included in the 
Gr electrodes.[22,54,55] Two NCM/Gr full cells with the Gr elec-
trodes employing LiI-LPS or a mixture of LiI-LPS and LGPS 

(80:20 weight ratio, hereafter referred to as “(LiI-LPS + LGPS)”) 
were thus selected as a model system. By simple thermody-
namic consideration, full reduction products for LiI-LPS are 
LiI, Li2S, and Li3P.[55] As all the decomposition products are e− 
insulators, the Gr/LiI-LPS interfaces could be passivated well 
(Figure 5a). In stark contrast, full reduction of LGPS results in 
the formation of a detrimental mixed conductor of LixGe alloys 
(Figure 5b), which would cause severe reductive decomposition 
of electrolytes, thereby resulting in largely lowered initial CEs 
and increased interfacial resistances.[54]

Voltage profiles, corresponding pressure change, and DEP 
profiles for the Gr electrodes in NCM/Gr three-electrode full 
cells employing LiI-LPS and (LiI-LPS + LGPS) during first 
charge and discharge are displayed in Figure 5c,d, respectively. 
By including LGPS in the Gr electrodes, the initial CE was 
decreased from 79.7 to 54.1%. In the discharge voltage profiles of 
each electrode obtained using three-electrode cells, it was clearly 
shown that discharge is ended by termination of the Gr elec-
trodes for the case including LGPS far earlier, as compared to 
the case excluding LGPS. This result reflects a much lower SOC 
of Gr after the initial charge for the case using (LiI-LPS + LGPS) 
than for the case using LiI-LPS, which was caused by the severe 
irreversible lithiation reaction in LGPS, originating from the 
poor passivating Gr-LGPS interfaces illustrated in Figure 5b.[54]

Despite the much lower SOC estimated after the initial 
charge for the case using (LiI-LPS + LGPS) than for the case 
using LiI-LPS, the corresponding pressure changes showed 
similar values: ΔP  =  +0.70 and +0.78  MPa, respectively. This 
result means that the contribution of the side reaction, i.e., 
LGPS lithiation, on the overall volume change of the Gr elec-
trodes, should be as significant as that of Li+ intercalation in 
Gr. The largely different shapes of the charge DEP profiles 
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Figure 3. Differential electrochemical pressiomentry (DEP) results of NCM/Gr all-solid-state three-electrode cells with three different n/p ratios at 2nd 
cycle, 0.1C, and 30 °C. Charge discharge voltage profiles of each electrode, corresponding pressure change curves (ΔP), and DEP profiles (dP/dt) of 
Gr electrodes for NCM/Gr cells with n/p ratios of a) 1.2, b) 1.4, and c) 1.7. The minimum and maximum points for the DEP profiles during charge and 
discharge are indicated by the red diamonds.
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between the cases for LiI-LPS and (LiI-LPS + LGPS) are thus 
understood. In contrast, the main feature for the discharge 
DEP profile of the Gr electrodes, i.e., the appearance of a clear 
maximum point at which the SOC is estimated to be x = 0.46 
in LixC6, is preserved for the case using (LiI-LPS + LGPS). By 
ex situ XRD analysis (Figure S11, Supporting Information) 
and comparative analysis using the Gr/Li-In half cell data 
(Figure S12, Supporting Information), following the proce-
dure described in Section  2.1, SOCs for Gr in NCM/Gr cells 
employing (LiI-LPS + LGPS) were obtained at the end of first 
charge and discharge, respectively: x = 0.77 and 0.02 in LixC6 
(Table S4, Supporting Information). The accordingly calibrated 
SOCs indicated the SOC value of x  = 0.49 at the maximum 
DEP point (Figure S13, Supporting Information), which agrees 
well with the results for the cells using LiI-LPS (Figure  4) 
and thus verifies the generalized validity of DEP-based SOC 
estimation for discharge. Importantly, the large shift in the 
maximum discharge DEP point in the negative direction of 
discharge capacity for the case using (LiI-LPS + LGPS), as 
compared with the case using LiI-LPS, is well in line with the 
much lower SOCs of Gr after charge when combined with SEs 
containing LGPS, which was confirmed by three-electrode cell 
analysis.

3. Conclusion

In summary, a new operando DEP for all-solid-state batteries 
was successfully developed. Through the precise measure-
ments of pressure changes of all-solid-state cells in real time, 
it was shown that the time- (or capacity-) derivative differen-
tial pressure, reflecting the corresponding volume changes of 
electrode active materials, could be correlated with the specific 
SOCs of all-solid-state cells. The SOC estimation of the Gr 
electrodes in NCM/Gr full cells with varied n/p ratios by the 
operando DEP analysis was demonstrated successfully; this 
was confirmed by the complementary analysis using a three-
electrode cell and ex situ XRD measurements. Finally, the 
significantly delayed charging of the Gr electrode in NCM/
Gr full cells at the initial cycle was disclosed by the operando 
DEP analysis for the case using reductively unstable LGPS, 
as compared with the case being free from LGPS. While our 
proof-of-concept was demonstrated for the Gr electrodes, it 
could also be applied to other electrode systems in all-solid-
state cells, such as Li[Ni,Co,Mn]O2 and Li metal. Li[Ni,Co,Mn]
O2 is known to suffer from severe electrochemo-mechanical 
degradation owing to the deleterious H2-H3 phase transition at 
>≈4.1 V (vs Li/Li+), which accompanies highly anisotropic and 

Adv. Funct. Mater. 2020, 30, 2002535

Figure 4. Results of the state-of-charge (SOC) estimation by the DEP analysis for NCM/Gr all-solid-state full cells with three different n/p ratios at 30 °C. a) 
Ex situ XRD results for NCM/Gr cells wherein charge–discharge voltage profiles for the Gr electrodes at 0.1C and their corresponding ex situ XRD patterns 
after charge and discharge are shown. Photographs of the Gr electrodes from NCM/Gr full cells after charge are also displayed. b) Second discharge voltage 
profiles and their corresponding DEP profiles (dP/dQ) for the Gr electrodes of NCM/Gr cells with n/p ratios of b) 1.2, c) 1.4, and d) 1.7. Dashed vertical arrows 
indicate estimated SOCs. The SOCs of starting points of discharge were obtained by ex situ XRD analysis (Table S2, Supporting Information). The SOCs at 
the end of discharge were obtained by the analysis comparing with the results for NCM/Li-In half-cells (Figure S9 and Table S3, Supporting Information).
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large volume changes.[16,56] The DEP profile at high voltages for 
NCM/Gr full cells in our result in Figure S3 in the Supporting 
Information (indicated by the arrows) may be used as the indi-
cator for such an effect. Additionally, the degradation modes 
of Li metal, such as the penetrating growth through SE layers 
and interfacial reaction with the SEs,[22,41] could be diagnosed 
using the operando DEP analysis, which will be our future 
project. Practically important sheet-type electrodes employing 
soft polymeric binders could also be an interesting platform 
for investigation by the operando DEP measurement. Highly 
elastic polymeric binders in composite electrodes would show 
dynamic evolution in the response of local stresses generated 
by the volumetric strains of electrode active materials, such as 
pore-filling and squeezing penetration into interfaces, which is 
imperative for electrochemical performance and may be traced 
by the operando DEP measurement.[17,29,40,59] Moreover, the 
nondestructive feature of the developed operando DEP analysis 
protocol could provide an important benefit in the development 
of practical all-solid-state technology in terms of battery man-
agement systems.[57,58]

4. Experimental Section
Preparation of Materials: Argyrodite Li6PS5Cl0.5Br0.5 powders were 

prepared by mechanical-milling and subsequent heat-treatment under 
an Ar atmosphere. A stoichiometric mixture of Li2S (99.9%, Alfa 
Aesar), P2S5 (99%, Sigma Aldrich), LiCl (99.99%, Sigma Aldrich), and 
LiBr (99.998%, Alfa Aesar) was ball-milled at 600 rpm for 10 h at room 
temperature in a ZrO2 vial with ZrO2 balls using a planetary ball mill 
(Pulverisette 7PL; Fritsch GmbH). The resulting powders were heat-
treated at 550 °C for 5 h in a sealed fused silica tube. The as-prepared 
SE powders showed a Li-ion conductivity of 4.6 mS cm−1 at 30 °C. LiI-LPS 

powders were prepared by mechanical-milling under an Ar atmosphere. 
A stoichiometric mixture of Li2S, P2S5, and LiI (99.995%, Alfa Aesar) was 
ball-milled at 510 rpm for 10 h at room temperature in a ZrO2 vial with 
ZrO2 balls using a planetary ball mill. The as-prepared LiI-LPS was XRD-
amorphous and showed a Li-ion conductivity of 1.3 mS cm−1 at 30 °C. 
For the preparation of Li10GeP2S12 powders, a stoichiometric mixtures 
of Li2S, P2S5, and GeS2 (99.9%, American Elements) powders were 
pelletized under 370 MPa and put in a sealed quartz tube, followed by 
heat-treatment at 550  °C for 10 h. NCM particles coated with LiNbO3 
(1.4 wt%) via a wet-chemical method using lithium ethoxide (95%, Sigma 
Aldrich) and niobium ethoxide (99.95%, Sigma Aldrich) were used.[29]

Materials Characterization: For the ex situ XRD measurements, the 
samples were hermetically sealed by a Be window, mounted on a Rigaku 
MiniFlex 600 diffractometer, and measured with Cu Kα radiation between 
10° and 70° of 2θ with a step size of 0.02° at 40 kV and 15 mA. For the 
SOC estimation of Gr in NCM/Gr full cells, the ex situ XRD data were 
refined by the Rietveld refinement method using the software Fullprof. 
The refinement was started with atomic coordinates reported by the 
reference.[51] The XRD peaks were modeled from pseudo-Voigt function 
and the background level was determined manually before being refined. 
The following parameters were initially refined: 1) scale factor, 2) lattice 
parameters, 3) variables for profile function, such as U, V, W, and shape, 
and 4) phase fractions. Cross-sectional FESEM images of Gr electrodes 
were obtained by polishing at 6  kV for 6 h or 4  kV for 3 h with an Ar 
ion beam (JEOL, IB19510CP). FESEM images and corresponding EDXS 
elemental maps were obtained using AURIGA (Carl Zeiss).

Electrochemical Characterization: The positive electrodes comprised 
of NCM, Li6PS5Cl0.5Br0.5, and conducting carbon additives (super 
C65) in a weight ratio of 70:30:3 were prepared by dry-mixing using 
mortar and pestle. The mass loading was 11.3  mg cm−2. The Gr 
electrodes were obtained by mixing of natural graphites and LiI-LPS or 
(LiI-LPS + LGPS, weight ratio of 80:20) with the weight ratio of 60:40. 
The LTO electrodes were prepared by mixing LTO, Li6PS5Cl0.5Br0.5, 
conducting carbon additives (super C65), and solvate ionic liquid 
(Li(G3)TFSI, LiTFSI : lithium bis(trifluoromethanesulfonyl)imide), G3: 
triethylene glycol dimethyl ether) with a weight ratio of 10:9:1:0.1.[29] 
The reference electrodes, which were partially lithiated indium 

Adv. Funct. Mater. 2020, 30, 2002535

Figure 5. Results of NCM/Gr all-solid-state three-electrode full cells at 0.1C and 30 °C, employing SEs without or with LGPS in their Gr electrodes. 
Schematic illustrating Gr electrodes employing a) LiI-LPS and b) (LiI-LPS + LGPS), after first charge. Note the more severe side reaction for the case 
when using LGPS due to the formation of detrimental mixed conductor LixGe, compared with the case when using LiI-LPS. First-cycle voltage profiles 
of the NCM and Gr electrodes, corresponding pressure changes, and DEP profiles for the Gr electrodes employing LiI-LPS versus (LiI-LPS + LGPS) 
(80:20 weight ratio) during c) charge and d) discharge at the initial cycle. The maximum discharge DEP points, where the SOC is estimated at x = 0.46 
in LixC6, are indicated as diamonds in the panel of (d). The n/p ratio for NCM/Gr cells was 1.2.
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(nominal composition of Li0.5In), were prepared by mixing Li metal 
(FMC Lithium corp.) and In (Sigma-Aldrich, 99.99%) powders with 
or without SE powder. The all-solid-state three-electrode cells with 
a diameter of 13  mm, comprised of Ti rods as the current collectors 
and polyaryletheretherketone (PEEK) mold, were assembled by the 
following procedure, as described in the previous report:[46] First, SE 
layers were formed by pelletizing 150  mg of Li6PS5Cl0.5Br0.5 powders. 
Then, the as-prepared cathode mixtures were spread on one side 
of the SE layer while the counter electrode (Gr or LTO) was put on 
the other side; the whole assemblies were then pressed at 370  MPa. 
Li6PS5Cl0.5Br0.5 (60  mg) was put on top of the working electrode 
(Figure 2a). Finally, the Li0.5In powder, as the reference electrode, was 
put on the top of the as-put Li6PS5Cl0.5Br0.5 layer, followed by pressing 
at 74 MPa. The three-electrode full cells were cycled at 0.1C and 30 °C 
between 2.50–4.25  V, 2.50–4.25  V, and 2.50–4.22  V for the n/p ratios 
of 1.2, 1.4, and 1.7, respectively, in order to make the delithiated 
state of NCM identical. The galvanostatic charge–discharge cycling 
tests were carried out by applying the current between the working 
electrode and counter electrode while the open-circuit voltage of 
the working electrode/RE was measured. The applied pressure for all 
the fabricated cells before cycling was set to ≈74 MPa. For operando 
DEP measurements, pressure sensors with a resolution of 0.1  kg 
(load cell, BONGSHIN) were assembled with the three-electrode cells 
(Figure 2a). The pressure changes during charge and discharge were 
monitored using software created in-house.
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