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Accelerated Degradation of All-Solid-State Batteries Induced
through Volumetric Occupation of the Carbon Additive in

the Solid Electrolyte Domain

Hyun-seung Kim, Sejin Park, Sora Kang, Jae Yup Jung, KyungSu Kim, Ji-Sang Yu,
Dong-Won Kim, Jong-Won Lee,* Yang-Kook Sun,* and Woosuk Cho*

The accelerated oxidative degradation observed in all-solid-state batteries
(ASSBs), particularly focusing on the argyrodite solid electrolyte in
conjunction with Ni-rich positive electrode surfaces is demonstrated. The
formation of oxidative intermediates of the solid electrolyte oxidation process
increases the amount of oxidation on the NCM surface with conductive
carbon. The introduction of high-weight-composition conductive carbon
additives results in a reduction of solid electrolytes within the positive
electrode and the amount of solid electrolytes retained after formation.
Consequently, cells with high concentrations of carbon additives demonstrate
a decrease in both the cycle and power performances of ASSBs. The energy
density of ASSBs is significantly limited by the fundamental failure
mechanism induced by conductive carbon, particularly pronounced in cells
with high active material contents. Consequently, this study provides pivotal
insights for the design of high-energy-density ASSBs with NCM electrodes
and high active material contents. To mitigate failure induced by
high-volumetric-occupied carbon additives, carbon fiber-type additives are
further utilized to interconnect the NCMs by decreasing the occupation of the
solid electrolyte domain by carbon. Morphological alteration of the carbon
additive significantly improves the electrochemical performance of ASSBs by
preventing the deterioration of the electrode structure even after prolonged
cycling and suppressing electrolyte degradation.

1. Introduction

lithium secondary batteries; hence, all-
solid-state batteries (ASSBs) are highly
promising as post-lithium-ion batteries
(LIB) owing to their advanced electrochem-
ical performance.l'! The solid electrolyte in
cutting-edge ASSBs should possess high
ionic conductivity and processability; thus,
argyrodite-based sulfide solid electrolyte
systems are promising solid electrolytes
for high-energy post-LIBs.'>?] Since the
potential application of the high energy
ASSB is the electric vehicles, the rate
performances are should be satisfied to
assure the acceleration and fast-charging
of batteries;l?! which is typically improved
with the carbon additive incorporation.*]
However, the significant oxidative decom-
position of the sulfide electrolyte upon
contact with the surface of the carbon
additives and positive electrode has been
identified as the principal failure mech-
anism. Thus, mitigating the degradation
of the ASSBs requires detailed interfacial
modulation.l"">] Typically, techniques such
as coating the active material and modifying
the surface properties of the synthesized
positive active material are employed to
enhance the electrochemical performance

of positive electrodes.'“¢3>546] While the anodic side reaction

The substitution of conventional liquid electrolytes with highly
ionic conductive solid electrolytes has been intensively conducted
to simultaneously enhance the energy density and safety of

of the solid electrolyte at the Ni-rich positive electrodes (NCM)
is mitigated by surface manipulation,!'**®7] suppression of
electrolyte oxidation on the conductive carbon surface has re-
cently been achieved.[**8] A typical strategy to reduce electrolyte
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decomposition on the carbon surface involves coating carbon ad-
ditives with insulating materials;[®<) thus, the effectiveness of
the carbon additive is subsequently degraded by the insulating
surface properties. Consequently, a detailed understanding of the
failure mechanism induced by conductive carbon additives is re-
quired to improve the ASSBs performance.

The oxidative decomposition of the argyrodite solid electrolyte
on the NCM surface is facilitated by the coupled oxidation of the
solid electrolyte. This oxidation process on the conductive carbon
readily generates oxidative intermediates, leading to significant
oxidation of the NCM surface. The incorporation of a high-weight
composition of conductive carbon additives reduces the propor-
tion of solid electrolytes in the positive electrode sector and pre-
serves the solid electrolyte after the formation of the NCM elec-
trode. Consequently, the failure of the cycle and power perfor-
mance of the ASSBs occurred significantly in the high-carbon-
additive-content cells. This conductive carbon-induced failure
mechanism is observed in highly active material-contented cells,
which significantly limits the energy density of ASSBs as the vol-
umetric occupation of conductive carbon is relatively increased,
particularly in electrodes comprising over 90 wt% of active ma-
terial. In general, the reported typical failure mechanisms at the
high-energy dry electrodes are the void formation, particle crack-
ing of positive active materials induced diffusion limitation af-
ter calendaring process.’] Thus the improvement strategies is
mainly based on the enhancement of mechanical deterioration.
Thus, this study provides crucial insights into the design of high-
energy-density ASSBs with Ni-rich and high active-material ra-
tios comprising practical electrodes. To mitigate ASSB failure re-
sulting from the high volumetric occupation of the conductive
carbon additives, the line connection of the active materials was
performed with carbon fiber-type additives. This morphological
change in the conductive carbon additive significantly enhances
the electrochemical performance of ASSBs by suppressing elec-
trolyte decomposition, while preserving the electrode structure
integrity after prolonged cycling.

2. Results and Discussion

To enhance the specific and volumetric capacities of the positive
electrode, it is crucial to increase the proportion of active ma-
terial in the electrode. Hence, the electrochemical and physico-
chemical characterizations of the positive active material portion-
dependent powder electrodes were performed (Figure 1). Each
cell maintains a constant value of 3 wt% of carbon additive (spher-
ical carbon, SC), exhibiting increased polarization at the highly
active material-contented cell (Figure 1a). At 90 wt% of active
material content, a noticeable polarization was observed, lead-
ing to a 2.0% decrease in Coulombic efficiency compared to cells
containing 80 and 85 wt% of active materials. The rate perfor-
mance of the ASSBs showed well-retained lithiation capacity at
80 and 85 wt% cells, while at 90 wt%, the capacity significantly
diminished even with 0.5 C-rate (Figure 1b). Voltage profiles de-
pendent on the C-rate displayed abnormal polarization growth
in cells with 90 wt% active material, contrasting with the well-
preserved profiles of cells containing 80 and 85 wt%. (Figure S1,
Supporting Information) Thus a distinct failure mechanism is
observed in cells with 90 wt% active material. Notably, the ionic
conductivities of the powder electrode significantly decreased at
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90 wt% cell (Figure 1c). The electrical conductivity of the powder
electrode (Figure 1d) increased gradually with increasing active-
material composition because the electrical conductivity of the
active material is higher than that of the solid electrolyte. Thus,
the decrease in ionic conductivity significantly affected the elec-
trochemical performance of the ASSBs at 90 wt% positive ac-
tive material composition, reaching one-tenth of that of 80 wt. %
electrode. The volumetric occupation diagram and its effect on
the high-active-material-content powder electrode are shown in
Figure le. As the active material composition increased, the frac-
tion of solid electrolytes decreased while maintaining a constant
introduction of carbon additive, leading to a substantial decline
in the volumetric fraction of solid electrolytes from 30.0 vol. %
to 13.9 vol. % for 80 wt% and 90 wt% of active materials, respec-
tively. Further, the densities of the solid electrolyte and conductive
carbon additive were measured by Archimedes method at iso-
propyl alcohol. The measured density was 1.86 g cm™ for sulfide
electrolyte and 0.67 g cm™ for SC. Hence the substitution of the
sulfide electrolyte by the SC additive greatly increases the occupa-
tion of carbon additive in the solid electrolyte domain, implying
that the solid electrolyte and NCM is highly contacted with car-
bon surface. Thus, the effective conduction of Li-ion through the
solid electrolyte domain is insufficient for electrodes containing
highly active materials. Consequently, electrical conduction from
the carbon additive is not the principal mechanism for improv-
ing the electrochemical performance of highly active material-
containing electrodes. Whereas electron conduction within the
electrode with a highly active material is feasible through inter-
faces such as active material-active material and carbon additive-
active material, ionic conduction is hindered by the high volu-
metric occupation of the carbon additive in the solid electrolyte
domain. Thus, the optimization of the carbon additive in a highly
active material-containing ASSB electrode is crucial for achieving
a high areal capacity design.

Spherical carbon additive (SC) content-dependent electro-
chemical characterization was performed and demonstrated in
Figure 2. Voltage profiles at 0.05 C-rate applied show a decrease
in polarization owing to the incorporation of carbon additives,
indicative of enhanced electrical conductivity (Figure 2a). Con-
versely, increasing the carbon additive content to 3 wt% shows
polarization growth, implying that the underlying failure mech-
anism at electrodes with high carbon additive-content. Figure 2b
demonstrates the irreversible capacity developed during the ini-
tial formation cycle. A gradual increase in the irreversible capac-
ity was observed according to the carbon additive composition.
Whereas the electrode with 0 wit% exhibits an irreversible capac-
ity of 26.3 mA h g™', the electrode containing 3 wt% SC dissi-
pates 42.9 mA h g1, highlighting a higher occurrence of elec-
trochemical side reactions at 3 wt% electrode. The rate capability
test indicated an atypical behavior with the introduction of a car-
bon additive. Typically, a high degree of carbon additive incorpo-
ration is presumed to enhance rate capability. However, the rate
performance test at the ASSB shows reverse conduct (Figure 2c).
A comparison with the 0 wt% SC electrode demonstrates im-
proved rate capability only with 1 wt% of SC; whereas cells con-
taining 2, 3 wt% SC exhibits significant capacity degradation at
higher C-rates. The corresponding voltage profiles show polariza-
tion growth at a high C-rate for cells with various SC-contented
contents. (Figure S2, Supporting Information) Furthermore,
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Figure 1. Positive active material portion-dependent cell performances at 3 wt% of carbon additive: a) formation voltage profiles at 0.05 C, b) rate
performances, c) ionic, and d) electrical conductivity of electrode pellets, and e) volumetric occupation diagram and scheme illustrating the effect of

carbon additive on three-compositional elements.

cycleability evaluation indicated substantial capacity deteriora-
tion with higher SC-contents, strongly correlated with the initial
irreversible capacity (Figure 2d). At 0.5 C-rate cycle, stable cycle
performance is observed with SC-free electrodes, while capacity
degradation is crucial with SC exceeding 2 wt%. Furthermore,
a high initial capacity degradation was observed with SC 3 wt%
electrode.

Because the degradation of the electrochemical performance
of ASSB is highly dependent on the initial irreversible capacity,
the initial polarization development during the formation period
was traced by applying a CC pulse at the corresponding voltage.
Prior to pulse application, a 0.05 C charging was applied, followed
by a 1.0 min of 1.0 C CC pulse and 10 min rest periods. The volt-
age versus polarization curves were individually characterized by
solid electrolyte decomposition on the carbon additive and the
NCM charge-transfer-incorporated range (Figure 2e). The previ-
ous study reports that the oxidation of sulfide-based solid elec-
trolyte is occurred below the 3.2 V (vs Li-In/Li*),l'"8*¢] and thus
the comparison of polarization was performed below 3.2 V and
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after 3.2 V, respectively. The observed polarization in the ASSB
demonstrates high resistance to solid electrolyte decomposition
on the carbon additive step, implying that the decomposition of
the solid electrolyte on the carbon additive induces the forma-
tion of a resistive layer upon the introduction of a high carbon
additive. Furthermore, the resulting polarization growth was ob-
served at the NCM charge transfer in the voltage region with SC
2 and 3 wt% electrodes at 3.4 to 3.7 V (vs Li-In/Li*) region. Thus,
the oxidative decomposition of the solid electrolyte influences the
charge transfer of the NCM electrode, which significantly dete-
riorates the power and cycle performance of ASSB electrodes.
The ex-situ O 1s XPS spectra showed that the NCM active ma-
terial (M—O, lattice oxygen!3¢¢6410]) was shrouded by anodic de-
composition products (sulfate,l*>] phosphate,!'®>¢d6211] and P-
O-PI8d) from the solid electrolyte (Figure 2f). Although an identi-
cal voltage cut-off was applied to SC with 1 and 3 wt% electrodes,
the decomposition of solid electrolytes varied significantly. Con-
sequently, the interaction between the carbon-solid electrolyte
and NCM surface is expected to result in significant polarization

© 2024 Wiley-VCH GmbH

95UB01 7 SUOWILLOD A1) 3[cfedt [dde au) Aq pauen0b 88 Sao1ke YO ‘SN J0 S3INJ 10} ARIqITaUIIUQ AB]1M UO (SUOT PUOO-PUR-SLLLIBI WD A3 1M ATeIq 1 [Bu[UO//ScIY) SUORIPUOD PUe SWLB | 8U 89S *[6202/T0/20] Uo AfeiqiTauliuo A8 ‘qiTeouT ‘Aisieniun BuekueH Ad 8TE60YZ0Z WIPe/Z00T OT/I0p/L0o A8 im Ake.q 1 pul|uo//Sdny woij pepeoiumod ‘6t ‘vZ02 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

woow W W
o & O o

Voltage / V (vs. Li-I/Li")

28
——SCOwt%
269 —_sc 1w
24] ——sc 2%
——SC3wr%
224 T T T T
0 50 100 150 200 250
Specific Capacity /mA h g™
()
C
— 750‘0.05(' 0.1C 0s5C 1.0C 20C 0.1C
.y —0—SC 0wr.%
= —oi—SC 1 wr.%
< 200 —a—SC2wt.%
=] :ﬂw 0-0, —o—SC3wt.% ig.o
g 9-0e-0-0-0-0. ~9
2 150 o 8=8=8-9=0-0~9-9-0
5 ° T0-0-0-0-0; 9-0-0-0-0f
& \ e d<beRod
%00 °*;°70a000°¢0\.
o 1001 \ ‘
o |
on \ {
-g 50 9-9-9-0-9 t-eseso
2 9-0-0-0-0,
A o . : -0-ece-di,
0 5 10 15 20
Cycle Number
©)
0.10 0s
——SC 0 wt.%
——SC 1 wt.%
> ——SC 2 wt.%
~ ——SC 3 wt.%
ks
= 005 0.4
N
e
o
) = ——/
000 0.0

T T T T T T
31 32 33 3434 35 36 37

Voltage / V Voltage / V

www.afm-journal.de

o
(=}

S
=3
n

©)
(=}
n

=3
<
L

—
=3
Vi

Irreversible Capacity / mA h g™

o

SCOwr% SC1wt% SC2wt% SC3wr%

(d)

200

0.5C

150
o SCOwr%
100 4 @ SClwt%
@ SC2wt.%
@ SC3wr.%

0 50 100 150 200
Cycle Number

Discharge Capacity / mA h g™!

O 1s. SC 1wt.%

O 1s, SC3wt.%

Phosphate

Lattice
oxygen|

Sulfate

Normalized Intensity / A.U.
Normalized Intensity / A.U.

540 535 530 540 5?;5 530
Binding Energy / eV  Binding Energy / eV

Figure 2. Carbon additive composition-dependent cell performances at 90 wt% of positive active materials: a) formation voltage profile 0.05 C,
b) irreversible capacity at formation process c) rate performances, d) cycleability of electrode pellets, e) polarization growth during initial de-lithiation
of NCM pellets with various carbon additive contents, and f) post-mortem O 1s XPS spectra after formation with T and 3 wt% of carbon additive.

growth with surplus SC incorporation. Additional P-O-P-based
species were observed in the 3 wt% electrode, indicating severe
solid electrolyte oxidation in cells with high carbon additive con-
tent. These species can be further oxidized as the phosphate com-
pounds. It is noteworthy that the measured ionic conductivity of
the pellet electrode was similar to that of the SC 1 to SC 3 wt%,
while the electric conductivity is significantly increased with SC
introduction. (Figure S3, Supporting Information) Hence it is ex-
pected that the carbon additive induces crucial degradation of the
solid electrolyte due to the extremely high electrical conductivity
of the pellet electrode.

Morphological characterization of the fabricated-electrode us-
ing focused-ion beam (FIB) cross-sectioned high-resolution
transmission electron microscopy (HR-TEM) (Figure 3a) shows
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the crucial occupation of the carbon additive within the solid elec-
trolyte domain at SC 3 wt% electrode, while a solid electrolyte-
contacted NCM surface is observed with SC 1 wt%. The line EDS
profile shows that the NCM-solid electrolyte-carbon additive in-
terfaces are evident at SC 3 wt%, comprising carbon from con-
ductive additive, sulfur from solid electrolyte, and nickel signal
from the NCM (Figure 3b). This three-phase contact interface
catalyzes the anodic decomposition of solid electrolytes, initiating
from the carbon surface and subsequently oxidizing on the NCM
surface, forming, for instance, P-O-P species. Consequently, the
significant polarization growth is due to the high carbon content
in the pellet electrode. Figure 3c illustrates the failure scheme
induced by the introduction of a high-carbon additive. At low
carbon content, the Li-ion pathway is well preserved due to the
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Figure 3. a) HR-TEM images of the FIB-processed 90 wt.% NCM incorpo-
rated pellet electrodes and b) line EDS profile of the active material and
carbon-solid electrolyte domain interfaces with SC 1 and SC 3 wt% elec-
trodes, c) scheme illustrating the effect of carbon additive on the decom-
position of solid electrolyte.

increased volumetric fraction of the solid electrolyte, whereas the
high-carbon-content electrode hinders Li-ion transport by carbon
occupation in the solid electrolyte domain in the pristine state.
Upon reaching 3.2 V (vs Li-In/Li*), oxidative decomposition on
the carbon surface occurred and subsequent blocking of the Li-
ion pathway was observed at the high-carbon-content electrode.
Furthermore, the oxidized solid electrolyte on the carbon surface,
observed at 3.7 V (vs Li-In/Li"), significantly degraded the in-
terface of the NCM and the solid electrolyte. Consequently, it is
essential to decrease the solid electrolyte-carbon contact volume
in high-active-material-composition electrodes, implying the
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critical role of morphological changes in the carbon additive for
modulating high-areal-capacity electrodes.

To mitigate the volumetric occupation of the carbon addi-
tives in the solid electrolyte domain and the subsequent for-
mation of the NCM-solid electrolyte-carbon interface, a carbon
fiber (CF)-based conductive additive was introduced (Figure 4).
Figure 4a depicts the morphological changes induced by the car-
bon additive on the electrode structure. SC additives tend to
disperse widely throughout the electrode structure, particularly
within the solid electrolyte domain, leading to electrochemical
side reactions and suppressing ionic conduction. In contrast, the
CF-containing electrode exhibits inter-particle connections due
to its linear structure, thereby minimizing contact between the
solid electrolyte and carbon additives. SEM images of SC and
CF are illustrated in Figure S4 (Supporting Information). Thus,
electrochemical side reactions can be effectively suppressed and
the electrical conductivity of the dry electrode can be improved.
Figure 4b illustrates the occupation of the SC and CF in the solid
electrolyte domain with the carbon additive concentration set as
1 wt%. In the SC electrode, the carbon signal was widely disman-
tled in the solid electrolyte domain, hindering Li-ion transfer and
facilitating the oxidative decomposition of the solid electrolyte. In
contrast, the CF maintains interparticle connection within NCM
owing to its intrinsic linear structure, resulting in minimized
contact between the CF and the solid electrolyte (Figure 4b).
Thus, the substitution of SC with CF is expected to improve
electrochemical performance by suppressing side reactions while
preserving electrical conductivity. Figure 4c shows the measured
ionic and electrical conductivities of the dry electrodes with SC
and CF additives, respectively. Enhanced ionic conductivity was
observed due to the less-occupied carbon additive in the solid
electrolyte domain. 22% of ionic conductivity was improved by
substituting SC with CF. Furthermore, electrical conductivity re-
mains consistent with the introduction of CF, attributed to well-
preserved inter-particle connection within the dry electrode, as
evidenced by the similar electrical conductivity.

A comparative analysis of the electrochemical side reactions
of SC and CF was conducted at the dry electrode, followed by a
post-mortem XPS analysis (Figure 5). The cyclic voltammetry test
with identical mass-comprising SC and CF indicated suppressed
oxidation of the solid electrolyte on the carbon surface. The max-
imum oxidative current from the SC was 0.088 mA, while that
from the CF was 0.015 mA, which was a significantly decreased
value. (Figure S5, Supporting Information) Thus a suppressed
anodic side reaction is expected with CF at identical mass ap-
plication. In contrast, the current density calculated from the
Brunauer-Emmett-Teller (BET) surface area indicates the simi-
lar oxidative decomposition rate was demonstrated from SC and
CF additives (Figure S6, Supporting Information), implying that
the volumetric occupation of the carbon additive in the solid elec-
trolyte domain is critical to improve the electrode performances.
The state-of-charge-dependent, ex situ S 2p XPS spectra indicate
significant oxidation of the solid electrolyte at the SC electrode,
compared with that at the CF electrode (Figure 5a,b). The forma-
tion of SO, bonds is observed in SC, which is due to the reac-
tion of the NCM solid electrolyte.l>d] Thus, the catalyzed oxida-
tion of the solid electrolyte was also confirmed by the state-of-
charge-dependent XPS spectra. Figure 5c shows the rate capabil-
ities of the SC and CF electrodes. The rate performance of CF is
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Figure 4. a) Schematic representation of the spherical carbon (SC) and carbon fiber (CF)-type additive comprised electrodes b) overlapped EDS map of
fabricated dry electrode with C, S, and, Ni Ka signal, c) measured ionic and electrical conductivity of SC and CF introduced dry electrodes.

highly improved by both the ionic and electrical conductivities,
considering the electrode architecture, which is expected from
the measured conductivity values (Figure 4c). The 0.2 C cycle
performance test revealed that the suppressed side reaction from
the decreased contact with the carbon-solid electrolyte improved
the Coulombic efficiencies during cycling; hence, the capacity re-
tention of the 6.0 mA h cm™ dry electrode was well retained
after 150 cycles (Figure 5d). The cycle number-dependent volt-
age profiles are demonstrated at Figure S7 (Supporting Informa-
tion). In SC-added cell, the gradual diffusion polarization growth
with continued cycling was observed, implying that the interfa-
cial deterioration of NCM electrode is significant with SC appli-
cation. In contrast, the stable voltage profile was demonstrated
with CF incorporation, which indicates the interface failure of
NCM is mitigated with decreased electrolyte-carbon contact area.
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Consequently, the utilization of properly morphologically de-
signed carbon additives is crucial for realizing high-areal-capacity
electrodes with high active material content. The demonstrated
cycle performances with a high areal capacity electrode greatly
surpass the recently reported results,*?) and hence the impor-
tance of the carbon additive design is highly significant in mod-
ulating the electrochemical performance of high-energy ASSB
electrodes.

3. Conclusion

This study unravels the interlinked oxidation phenomenon oc-
curring in solid electrolytes, which triggers escalated oxidative
degradation of the argyrodite solid electrolyte when in contact
with the NCM surface. The oxidation of solid electrolytes on
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Figure 5. a) Initial voltage profiles for ex-situ analysis voltage points b) post-mortem S 2p XPS spectra dependent on state-of-charge at 3.0 and 3.2 V
(vs Li-In/Li*), c) rate capability, and d) 60 °C cycle performance at 6.0 mA h cm~2 areal capacity dry electrode with spherical carbon and carbon fiber

additive.

conductive carbon substrates readily generates oxidative interme-
diates, thereby inducing immense oxidation on the NCM sur-
face. The presence of solid electrolyte in the positive electrode
and the retention of solid electrolyte post-NCM formation is re-
duced with the inclusion of high-weight-composition conduc-
tive carbon additives. Therefore, high-carbon-additive-content
cells demonstrate a considerable decline in the cycle life and
power capabilities of ASSBs. This fundamental failure mech-
anism caused by conductive carbon is primarily observed in
cells with a high active material content, severely limiting the
energy density of ASSBs. Consequently, this study offers criti-
cal insights into the design of high energy density ASSBs with
practical electrodes composed of a high active material ratio
and a Ni-rich material. Carbon fiber-type additives are employed
to line-connect the active materials, mitigating ASSB failure
caused by the high volumetric-occupied conductive carbon ad-
ditive. Additionally, morphological modifications of the conduc-
tive carbon additives significantly enhance the electrochemical
performance of ASSBs, suppressing electrolyte degradation and
preserving electrode structure deterioration even after extended
cycles.
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