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Solid-state batteries (SSBs) based on sulfide solid electrolytes are expected to replace flammable liquid
electrolytes in conventional lithium-ion batteries, potentially improving safety and energy density.
However, widespread research on SSBs is hampered by several challenges, such as improving the
interparticle connection and standardizing electrode formats to enhance the utilization of active
materials throughout the composite cathode process. This study investigated the relationship between
the microstructures of different electrode compositions and the electrochemical performance of
densified composite cathodes prepared via a solvent-free dry-film process. Composite cathodes
consisting of LiNig gC0g 15Alg 0502 (NCA), LigPSsCL (LPSCL), Super-C65, and polytetrafluoroethylene (PTFE)
particles were fabricated with respect to the content of NCA (75-85 wt%), and its microstructure, cycle
performance, and charge transport kinetics were analysed using electrochemical impedance
spectroscopy (EIS) and DC polarization measurements. The balance of ionic and electronic conductivity
of the composite cathode with 80 wt% NCA significantly increased the capacity retention and rate
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complex resistance in the composite cathode. Our findings imply that establishing a balanced
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Introduction

Solid-state batteries (SSBs) based on solid electrolytes have
emerged as a promising alternative for an energy storage device
for electric vehicles and have thermal stability superior to that
of lithium-ion batteries (LIBs) that use a flammable liquid
electrolyte (LE)."* Since lithium (Li) metal or micro-Si has been
used as counter electrodes for SSBs, and bipolar stacking of SSB
electrodes can reduce the packaging materials of batteries, SSBs
can potentially achieve high energy density.>*® Furthermore,
recently discovered sulfide solid electrolytes (SSEs) such as
Li;0GeP,S;,, argyrodite types LigPSsCl, and LissPS,sCl have
ionic conductivities of ~107% S em*,"*"** which is comparable
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to carbonate-based LE (~10"> S cm™*)™** and suggests a high
potential in lithium ion (Li*) charge transport kinetics related to
power density.

Despite their excellent properties, composite cathodes in
SSBs encounter various obstacles to guarantee ionic and elec-
tronic conductivity. In general, nickel-rich layered composite
cathodes for SSBs were fabricated using the same method as the
LIB cathodes through a slurry process; however, unlike LE that
penetrated the cathodes, the composite cathodes for SSBs were
configured to include SSEs as a component of the electrode.
These SSEs were generally required in significant amounts
within the composite cathodes for proper Li" diffusion (SSEs
20% of the weight fraction), decreasing the energy density.**"’
However, composite cathodes suffer from sluggish charge
transport kinetics owing to agglomeration of SSEs in the
microstructure, resulting in poor contact between particles with
the formation of pore volume and/or particle isolation.'*>°
Although numerous studies have identified the issue
mentioned above, few have examined the relationship between
the improvement in connectivity of particles through densifi-
cation and the electrochemical characteristics of composite
cathodes for SSBs.>'*

Recently, in constructing a composite cathode, the ‘dry-film
process’ that uses a polytetrafluoroethylene (PTFE) binder
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without solvent has been acknowledged as a viable alternative
to the slurry process for better particle contact while main-
taining a dense microstructure throughout the electro-chemical
performance.***?® Due to the problem that the polar solvent
accelerates the chemical instability of SSE, a non-polar or less-
polar solvent was applied in a slurry process, and the selec-
tion of a binder suitable for the solvent ensured the mechanical
properties of an electrode were limited.**>"* Specifically, nitrile-
butadiene rubber (NBR), which is appropriate for use in a non-
polar solvent, has a weak adhesive force between solid compo-
nents and acts as an insulator in the electrode, capacity fading
during the electrochemical reaction is easily accelerated due to
poor contact and induces overpotential.®>® Unlike the NBR
binder solution, which is dissolved in a solvent to generate
‘area-contact’ between particles like glue, PTFE can maximize
a specified contact area even with a tiny amount by producing
‘line-contact’ through fibrillation with shear force. Conse-
quently, it was discovered that the percolated conduction
network in the microstructure can produce dense and thick
electrodes using the dry-film technique without being disturbed
by fibrous PTFE due to web adhesion among solid components.
Herein, we investigated the effect of modifying the content
between Ni-rich cathode active material and argyrodite solid
electrolyte in the densified composite cathode on the electro-
chemical properties of SSBs. Through a dry-film process using 1
wt% PTFE powder, we modified the polycrystalline LiNig g-
C0g.15Al5.050, (NCA) and LigPSsCl (LPSCI) to a weight ratio of
75:23 to 85 : 13 with an additional 1 wt% Super-C65 to fabri-
cate composite cathodes. Regardless of the electrode composi-
tion, the composite cathodes were fabricated to have a dense
microstructure with the same quantity of pore volume (average
porosity of ~15%) to eliminate the capacity fading effect caused
by loose contact of particles. On a densified composite cathode,
electrochemical impedance spectroscopy (EIS) and DC polari-
zation measurements were performed to confirm the charge
transport properties of the NCA content. The adjusted compo-
sition of the electrode, in which the charge transport pathways
of Li" and electron (e”) were well-formed, and the electro-
chemical performance indicated an improvement in initial
capacity, rate capability, and capacity retention for 50 cycles.
Furthermore, we demonstrated the way to correlate the charge
transport pathway with improved electrochemical performance
using additional EIS measurements on SSBs.

Experimental section

Preparation of the composite cathode

NCA powder was supplied by Samsung SDI Co. Ltd and LPSCI,
with an average particle size of 0.93 pm (from Field emission
scanning electron microscopy (FESEM) observation and calcu-
lation using IC Measure software, Ver. 2.0.0.245, The Imaging
Source, Co., Ltd) was purchased from JEONG KWAN Co., Ltd,
South Korea. All fabrication steps for the composite cathodes
were carried out in an Ar-filled glovebox (O, and H,O <1 ppm).
Composite mixtures were prepared by mixing NCA, LPSCI, and
Super-C65 (powder density: 1.60 g cm >, TIMICAL Ltd, Swit-
zerland) in different weight ratios of NCA from 75 wt% to 85
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wt% (fixed contents of Super-C65 as 1 wt%) using a roller mixer
with ZrO, balls for 30 min at 50 rpm. To fabricate the composite
cathode through a dry-film process, the mixtures were then
transferred to a mortar by adding 1 wt% of PTFE powder
(powder density: 2.17 g cm ®, average M, 10 000, Daikin
Industries Co. Ltd). The clay of the composite cathode was ob-
tained after 5 min of mixing and shearing for PTFE fibrillation.
For target thickness, the clay was pressed with an Al current
collector or only clay with a pressing machine (PHE 150, Master

Co., Ltd, South Korea). The NCA loading level was 15 mg cm 2.

Cell assembly and electrochemical testing

SSB cells were assembled using a pressing cell (inner diameter,
10 mmy; pressing cell, Premium Glass Co., Ltd, Japan) in a dry
room (temperature: 23 °C; dew point: ~—70 °C). The LPSCI
powder was pressed into the pressing cell at 375 MPa to be used
as a separator (thickness, 800 um). The composite cathodes
were pressed at 375 MPa on one side of the LPSCI separator, and
the other side was pressed at 300 MPa with indium (thickness,
100 um; diameter, 10 mm) and lithium foil (thickness, 200 um;
diameter, 4 mm) as an anode with Cu foils. Electrochemical
charge-discharge experiments (TOSCAT-3100, Toyo system)
were performed with the voltage range of 1.9-3.7 Vvs. In/InLi at
25 °C, applying an 11 N m torque force during the electro-
chemical reaction. To stabilize the composite cathodes during
the electrochemical test, the formation step was performed at
a current rate (C-rate) of 0.05C for two cycles with constant
current-constant voltage (CC-CV) mode with CC charging at
3.7 V vs. In/InLi, followed by CV charging with a cut-off condi-
tion of 0.01C. After the formation step, three different types of
electrochemical tests were performed in the following manners:
(i) charge-discharge experiments at a 0.1 C-rate without CC-CV
charging for 50 cycles; (ii) charge-discharge rate capability tests
ata 0.1, 0.5, and 1 C-rate for three cycles; (iii) charge-discharge
experiments of CC-CV mode at a 0.5 C-rate with CC charging at
3.7 Vvs. In/InLi, followed by CV charging with a cut-off condi-
tion of 0.05C.

Charge transport characteristic measurements

SSBs cells were investigated to determine the complex charge
transport characteristics of as-prepared and after-cycled
composite cathodes using EIS measurements (SP-300, Bio-
logic). All EIS measurements were performed in a frequency
range of 3 MHz to 20 mHz, with an AC amplitude of 5 mV at
room temperature. The free-standing electrodes were prepared
for the as-prepared composite electrode for a cathode. Then ion-
blocking [stainless steel (SS)|composite electrode||SS] and
electron-blocking [Li foil||LPSCl||composite electrode|LPSCI||Li
foil] as shown in Fig. S7} using the same composite electrode in
each cell. Two types of cells were analysed by additional DC
polarization measurements by applying a constant bias from
£5 mV to £50 mV for ion-blocking cells and a constant current
of 200 pA for electron-blocking cells. For after-cycled composite
cathodes, the EIS measurements of electrochemical testing cells
with (iii) CC-CV mode were collected at the end of the CC and
CV charged state at the 1°¢, 3", and 5 cycle, respectively.
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Characterization

The particle morphology and cross-sectional surface of the
composite cathodes were observed by FESEM with EDS (energy
dispersive spectrometer) elemental mapping (S-4700, HITACHI,
Japan). The cross-sectional surfaces of the electrodes were
prepared using a cross-section polisher (CP, IB-19530CP, JEOL)
for 6 h at 5.5 kv with an Ar ion beam. The electric conductivity of
NCA powder was measured using the direct volt-ampere
method (Powder resistivity measurements, MCP-PD51, MITSU-
BISHI ELECTRIC Co., Ltd), pressing the powder with a plate of
the four-point probe. The X-ray diffraction measurements of the
samples were performed using a Bruker D8 ADVANCE diffrac-
tometer using Cu K,, radiation (A = 1.5406 A). As sulfide solid
electrolyte has low air stability, samples containing argyrodite
powder were sealed in a polyethylene pouch to protect the
samples from exposure to the atmosphere during XRD
measurements.

Results and discussion
Densified composite cathodes via dry-film processes

To implement a uniformly dispersed electrode, a densified
composite cathode for SSBs was fabricated using dry-film
techniques. Fig. 1a—c shows schematics of dry-film processes
and a produced composite cathode comprising NCA and LPSCI
(Fig. S1 and S27) as well as a conducting agent (Super-C65) and
PTFE powders. To further understand the relationship between
NCA and LPSCI content in composite cathodes, Super-C65 and
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PTFE were set at 1 wt%, and NCA content of 75, 77, 80, 83, and
85 wt% with a decrease in LPSCI] were chosen for the compo-
sition fractions (refer to Table 1). As a preliminary stage in the
fabrication of a dry film, three solid powders, except the binder,
were mixed uniformly with zirconia balls using a roll mixer
under the conditions above (Fig. 1a). As shown in Fig. 1b, the
remaining PTFE powders were added to the mixture to make
electrode clay via fibrillation of PTFE by shear force at 80 °C.>**
The resulting clay was spread on the glass plate to form free-
standing electrodes. Free-standing electrodes were cast on Al
foil and densified by roll pressing at 80 °C (Fig. 1c). Through
a series of processes, it was verified by a cross-sectional SEM
image of NCA 80 wt% cathode that 1 wt% of PTFE added to the
composite cathode was uniformly distributed between the
particles and Al foil in an electrode, and the PTFE maintained
the adhesion force among all components (Fig. S3+). As the NCA
content increased in the electrode, the electrode density (Dexp)
after roll pressing was increased from 2.78 g cm™> to 3.19 g

m~ (Fig. 1d). Despite the differences in electrode density, we
used a dry-film method to ensure that all electrodes have the
same porosity, resulting in an electrochemical performance
that was solely influenced by the fraction of NCA and LPSCI. The
porosity of the composite cathode is 15% on average,
decreasing from 15.95% to 13.44% as the NCA content
increases, as shown in the porosity plot as a function of elec-
trode density (Fig. 1e). This plot was functionalized using the
volume of a composite cathode (Vep), calculated from De,,, and
the theoretical volume (Vineo), With the standard density of
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Fig.1 Schematic representation of the dry-film process for SSBs composite cathode with three steps: (a) mixing procedure of components, (b)
fibrillation procedure for the formation of clay electrodes, and (c) densification procedure for the composite cathode with resulting clay. (d)
Experimental electrode density (D) of the composite cathode with respect to the content of NCA. (e) Porosity plot of composite cathodes with
respect to the total summation of the standard density of each component as a reference value of the theoretical density (see Table S1t).5738
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Table 1 Modified content of the NCA composite cathode with experimental electrode density (Deyp) and loading level of NCA

NCA : LigPS5Cl

Super C65 : PTFE Loading level of

Entry Modified contents (Wt%) (Wt%) Deyp (g cm™) NCA (mg cm™?)
1 NCA 75 wt% 75:23 1:1 2.78 + 0.03 ~15
2 NCA 77 wt% 77 : 21 1:1 2.87 + 0.04 ~15
3 NCA 80 wt% 80:18 1:1 2.98 + 0.04 ~15
4 NCA 83 wt% 83:15 1:1 3.11 £+ 0.04 ~15
5 NCA 85 wt% 85:13 1:1 3.19 + 0.06 ~15

components as the reference value of the density (Table S11).>%*
The volume of 1 g of the composite cathode (Vexp and Vineo) and
porosity (¢) was expressed as follows:

lg

Vexp (cm®) = (1)
p( ) {experimental electrode density, Dexp} (%)

Vo () = Z[ {1 g x content; } )} ¥

— | {standard density of j, D;}(g/cm?

= kind of components (2)

{ Vexp - Vtheo } (Cm3)
Vexp(cm?)

Porosity, ¢(%) = [ ] x 100 (3)
where the ‘3’ indicates the total summation of each electrode
component (NCA, LPSC], Super-C65, and PTFE). In contrast,
when the composite mixture was fabricated to a pellet-type
electrode (composite pellet) through a uniaxial pressing
method under sufficient uniaxial pressure without PTFE,* it
showed relatively low electrode density and high porosity. For
simplification, a composite pellet was fabricated by applying
a uniaxial press of 1500 MPa to a composite mixture in which
only NCA and LPSCI were uniformly mixed (Fig. S4 and Table
S2-S37). Similar to the tendency of composite cathodes, when
the NCA content increased from 75 wt% to 85 wt% in composite
pellets, Dey, was risen from 2.57 g em™ to 3.03 g cm ™, with
22% of average porosity accompanied by a relatively high
deviation. It was confirmed that the dry-film process could
improve the densification of the composite cathode more effi-
ciently. When a volume fraction of NCA : LPSCI in composite
cathode through dry film process was reviewed by removing
a volume fraction of porosity {Vigj (%) = Vexp x (1 — )}, the
volume fraction of NCA : LPSCI account for 46.85 : 34.19 vol%
to 60.92 : 22.17 vol% of the total volume in NCA 75 wt% to 85
wt% electrodes (see Table S1+).

Fig. 2 shows cross-sectional SEM images of composite
cathodes with different content of NCA 75, 80, and 85 wt%. The
dispersion uniformity of NCA and LPSCI in the microstructure
for each composition was confirmed by mapping the corre-
sponding EDS element (Fig. S5f) at the same position as in
Fig. 2a, c, and e. Although each electrode had a comparable
porosity (15%), it was observed that small primary NCA particles
with a size of 1-3 pm and LPSCI were locally agglomerated in
the interparticle spaces between NCA secondary particles with
a size of 10-15 um. Therefore, as shown in Fig. 2c and d, the
composite cathode with 80 wt% of NCA played a role in

This journal is © The Royal Society of Chemistry 2022

smoothly connecting the electronic and ionic conduction
pathways in the microstructure by expanding the NCA-NCA
contact area and reducing the isolation of NCA from agglom-
erated LPSCI particles compared to the NCA 75 wt% cathode,
which dominantly secured the ionic conduction pathway
(Fig. 2a and b). In contrast, it appears that the electron
conduction path of the NCA 85 wt% cathode is ensured better
than 80 wt% of NCA due to the primary particles of NCA being
disposed of in the pores. Accordingly, the contact area of NCA
secondary particles/LPSCl is reduced, and thus the ion
conduction path might be lost, thus degrading the electro-
chemical performance (Fig. 2e and f).

Electrochemical properties

We measured the electrochemical performance of densified
composite cathodes with different NCA contents. Fig. 3, S6a,
and S6bf show the charge-discharge voltage profiles of

Fig. 2 Cross-sectional SEM images of the composite cathode con-
sisting of different content of NCA: (a) and (b) NCA 75 wt%,; (c) and (d)
NCA 80 wt%; (e) and (f) NCA 85 wt%.
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Fig. 3 Charge—-discharge voltage profiles of SSBs composite cathodes with modified content of NCA (a) 75 wt%, (b) 80 wt%, and (c) 85 wt%. (d)

Discharge capacity retention with modified content of NCA from 75 wt%

to 85 wt%, measured in a voltage range of 1.9 Vto 3.7V vs. In/InLiat 0.1C

for 50 cycles after formation at 0.05C for two cycles. (e) Rate capability at 0.05C to 1C for NCA from 75 wt% to 85 wt%. (f) Representation of the
initial coulombic efficiency before (grey)/after (green) formation step and the discharge capacity retention efficiency of the 15 per 50% cycle (red)

with respect to NCA content.

composite cathodes with 75-85 wt% of NCA in the voltage range
of 1.9 V to 3.7 V vs. In/InLi during 50 cycles. For the electro-
chemical stabilization of the composite cathodes, the formation
step was followed at 0.05C for two cycles, followed by three
cycles at 0.1C. In the formation step, the initial discharge
capacity increased to 179 mA h ¢ in NCA 77 wt% and 80 wt%
(Fig. 3a and S6at) and then slightly decreased to 175 mAh g ' in
NCA 85 wt% (Fig. 3c), accompanied by a similar trend of the 1st
coulombic efficiency (Fig. S71). Interestingly, at the 0.1 C-rate,
the difference in discharge capacity was clearly observed for
each NCA electrode. As shown in Fig. 3d, all electrodes exhibited
a decrease in discharge capacity with an increase in cycle
number. As the content of NCA increases in electrode, the initial
discharge capacity was the highest at NCA 77 wt% with ~160
mA h g™, gradually decreased at NCA 80 wt% with ~152 mA h
g~', and then the lowest at NCA 85 wt% with ~128 mA h g~ ". In
addition, NCA 77 wt% showed the highest initial coulombic
efficiency with the highest discharge capacity, but in the second
cycle, the coulombic efficiency of all electrodes increased to 99-
100%, maintaining a similar level for 50 cycles (Fig. S77).
Finally, when it reached to 50th cycle state, the capacity reten-
tion of NCA 80 wt% was ~88.5%, and the result is superior to
NCA 77 wt% of 84.7%, as shown in Fig. 3f. Furthermore, during

23226 | J Mater. Chem. A, 2022, 10, 23222-2323]

the rate capability test (Fig. 3e and S8%), the NCA 80 wt%
cathode exhibited the best performance at a high C-rate, which
corresponded to 102 mA h g ' at 0.5C and 54 mA h g ' at 1C
(NCA 77 wt% : 94 mA h g ' at 0.5C and 43 mA h g™ " at 1C). It
was suggested that when the interparticle connectivity became
similar as a result of the formation of a compact microstructure
with few pores, an appropriate conduction network between Li"
and e~ according to the content of NCA improved the electro-
chemical properties.

Effective electronic- and ionic-conductivity of composite
cathodes

To investigate the ionic and electronic charge transport prop-
erties in composite cathodes with different compositions of
NCA, symmetric cells with free-standing electrodes were
prepared for EIS measurements. This free-standing electrode
was fabricated to have the same D, as the Al cast electrode
through the densification process without Al foil (Fig. 1c). Since
the composite cathode in SSBs shows the characteristics of
a mixed ionic-electronic conductor (MIEC),>***** we constructed
an e-blocking symmetric cell that blocks electron flow while
allowing only ions to flow and an ion-blocking symmetric cell
that allows only electrons to flow while blocking ion flow to

This journal is © The Royal Society of Chemistry 2022
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avoid complex resistance that occurred by both charge carriers
(Li" and e7). The ion-blocking symmetric cell configuration is
[SS|lcomposite electrode||SS], and the electron-blocking
symmetric cell configuration is [Li foil|| LPSCl||composite elec-
trode||LPSCI||Li foil], as shown in Fig. S9a and S9b.} Moreover,
the resulting Nyquist plot represents ‘generalized finite-length
Warburg impedance’.*>** According to the frequency response
of each blocking symmetric cell, the effective ionic and elec-
tronic conductivity of the composite electrode was estimated
through the frequency dependence of the chemical polarization
process. Specifically, when the injected frequency approaches
the low frequency (Lf, f ~ 0), the resulting steady state of each
blocking symmetric cell in the Nyquist plot indicates the charge
transport characteristics of only non-blocking charge carriers
free from blocking layers.**

As shown in Fig. 4a and b, each type of symmetric cell
exhibited depressed semicircles, and all results of the Nyquist
plots shown in Fig. 4 were normalized with the dimension of the
composite electrode. In the case of ion-blocking cells (Fig. 4a),
approximately three depressed semicircles were observed at
medium frequency (Mf; and Mf,, fi ~ 0.6 MHz and f, ~ 1 kHz)
and Lf (f ~0). The size of all semicircles was observed to grad-
ually decrease as the composition of NCA increased from 75
wt% to 85 wt% (Fig. 4a, S10a, and S10ct). Among them, the Mf,-
semicircle was depressed compared to Mf;-, beginning at the
NCA 83 wt% electrode (Fig. S10ct) and eventually disappearing
when it reached NCA 85 wt%. In contrast, the Nyquist plots of e-
blocking cells showed a gradual increase in the three depressed
semicircles as NCA increased (Fig. 4b, S10b, and S10df).
However, the observed semicircles differ from those of the ion-
blocking cell, including an additional high-frequency semicircle
(Hf, f ~ =), caused by the resistance of both sides of the LPSCI
blocking layer (Fig. S8bf), and the disappearance of the Mf;-
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semicircle. The ideal blocking symmetric cell should only have
Lf-semicircles with a half-tear drop shape composed of a semi-
circle (Warburg element) and no additional Mf-semicircles.****
Therefore, our previous study using composite electrodes con-
sisting of single-crystalline NCA and LPSCI reported an addi-
tional definition of each semicircle of symmetric cells as (i) Lf
semicircles; by the chemical capacitance of local charge
neutrality between Li" and e”; (ii) Mf-semicircles; by electro-
static capacitance at interparticle-boundary and blocking layers
interface with composite electrodes.” In contrast to our
previous study, it was confirmed that the Mfsemicircle was
roughly divided into Mf;- and Mf,-. As the NCA content
increased, the Mfi-semicircle was dominant in ion-blocking
cells but not in e-blocking cells. Considering the addition of 1
wt% PTFE, Mf;- and Mf,-semicircles represent additional e~ and
Li" blocking resistance through the interparticle-boundary or
blocking layer interface with PTFE. These frequency-dependent
interface resistances at Mf;-(MHz) were caused by a dielectric
loss in a biphase mixture of two dielectrically different materials
(NCA and PTFE), where NCA is an MIEC-type polycrystalline
ceramic and PTFE is a non-polar semicrystalline polymer.*” In
other words, Mf;- and Mf,-semicircles should partially reflect
the electronic resistance at the interface with the NCA-PTFE
composite/SS layer and the ionic resistance at the interface
with the NCA-LPSCI composite/LPSCI layer, respectively.

Fig. 4c indicates the resulting effective electronic-conduc-
tivity (defre) and ionic-conductivity (cesion) Of the composite
electrode with different content of NCA, which overcome all
resistance elements in the EIS measurements (at f ~0). As NCA
content increased, o, increased from ~3 x 10 ®Sem ™ to ~4
x 107* S cm ™" and, conversely, o ion decreased from ~8 x
10°Sem ' to ~5 x 10°°S em ™. To verify the validity of the
effective conductivity of the EIS measurements, DC polarization
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Fig. 4 Nyquist plots of (a) ion-blocking cells [SS||composite cathode||SS] and (b) electron-blocking cells [Li||LPSC l||composite cathode||LPSC
[|ILil with 75 wt%, 80 wt%, and 85 wt% of NCA in composite cathodes. (c) Effective conductivity () and (d) diffusion coefficients (Deg 1) results of
the composite cathode extracted from EIS and DC polarization measurements as a function of NCA content from 75 wt% to 85 wt%.
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measurements were also performed with the same ion- and e-
blocking cells (Fig. S11 and S12t). For 0ege and egion, the
effective electronic and ionic resistivity (pes,e and pesion) Were
calculated from Ohm's law (R = V/I) with the V-I curve of DC
polarization and converted to effective conductivity (perr = 1/
Oerr). Overall, o indicated similar conductivity with EIS
measurements. In the EIS and DC polarization results, when the
content of NCA reached 80 wt% in the composite electrode,
each value of gt ijon and oege were approached to ~3 x 10°°S
em ! with a similar effective conductivity.

It was confirmed that the balanced effective conductivity of
the NCA 80 wt% electrode correlates with the improved elec-
trochemical performance of the cycle retention and rate capa-
bility test at a high C-rate (Fig. 3d-f). Furthermore, as
mentioned above, it might be inferred that the balancing of
effective conductivity representing the networks of SSEs and
conducting agents on the NCA was well percolated in the
microstructure (Fig. 2). Therefore, the charge carriers gradually
diffuse from the interface of the NCA toward the inner core
simultaneously, although PTFE blocked some percolation
networks (Mfi-semicircle). To approach the relationship
between effective conductivity and the diffusion process of
charge carriers in composite electrodes, we also estimated the
chemical diffusion coefficient (Deg,1) from time-dependent DC
polarization with an e-blocking symmetric cell (Fig. Si12a-
S12et). Degrr; was expressed as the following equations®>°

L IL o 8 (L)
Uin = + =4 1— —e\” (4)
Total Tion Ototal -
Degri = LIt (5)

where I, L, t, and Ui, are the applied current, sample thickness,
pulse time, and measured potential, respectively, and 7° is the
relaxation time to reach the constant potential value. The slope
of the In|U(t) — U(t = =, steady state)| vs. ¢ plot (inset of
Fig. S12a-et) correlates % o« 1/Deg,1i and Fig. 4d indicates Deg 1
of the DC polarization measurements. Among the composite
electrodes, 80 wt% of NCA, which balanced effective conduc-
tivity, showed the highest Deg1; as ~4 x 10" em” s™". These
findings show that when the percolation network is well
distributed, the electrochemical performance improved
through similarity between the effective conductivity within the
electrode. However, considering only the maximization of the
initial capacity without cycle retention, it is assumed that e jon
plays a more dominant role between oegion and oege in
improving the initial electrochemical performance. For
example, Oeion is dominant between the effective conductivity
of the NCA 77 wt% electrode (Fig. 4c), which showed that the
initial discharge capacity was higher than that of the NCA 80
wt% (Fig. 3d-f).

Balanced conductivity effects

To confirm the relationship between the effective conductivity
and the electrochemical properties of the composite cathode
with different contents of NCA, an additional half-cell EIS
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measurement was conducted following the cycling state of the
electrode (Fig. 5). Cells containing 75, 80, and 85 wt% NCA
cathodes were evaluated using charge-discharge experiments
with the CC-CV mode in the same voltage range as other elec-
trochemical tests (Fig. 3). After two cycles of formation steps,
the CC-CV mode progressed at 0.5 C-rate with CC charging at
3.7 Vs. In/InLi followed by CV charging with a cut-off condition
of 0.05C during five cycles (Fig. S13t). During charge-discharge,
EIS measurements were then performed only during the charge
state in which most of the changes in the shape of the Nyquist
plots correspond to the composite cathodes because the resis-
tance of the InLi anode in the SSB cell was lower than the
discharge state.** Therefore, EIS measurements were per-
formed twice after CC (bluish open dots) and CV (reddish open
dots) in the 1°¢, 3™, and 5™ charge states of cells (Fig. 5d-f). As
shown in Fig. 5a-c, each charge capacity of the CC-CV results
corresponds to the 1% 3" and 5™ charge states, which are
represented as bar charts with the 1% charge capacity of CC and
CV being 177.65 mA h g ', 175.73 mA h ¢!, and 218.65 mA h
g~ ', respectively. The 85 wt% of NCA exhibited the highest
initial charge capacity; however, when separated into the CC
and CV sections as percentages, the 1st charge capacity of the
CC-CV results indicated 49.8-50.2%, 77.1-22.9%, and 13.2-
86.8%, in the order of NCA content as 75, 80, and 85 wt%,
respectively. In contrast to other NCA content, the NCA 80 wt%
electrode with the highest CC capacity continuously showed
a relatively high percentage of CC capacity of 68.4% even after
the 5 charge state (Fig. 5b), accompanied by the highest
discharge capacity with low overpotential at 0.5 C-rate (Fig. S13b
and S13et).

Although the remaining two cathodes had a CV capacity
higher than CC, the total capacity of the NCA 75 wt% cathode
chased the NCA 80 wt% cathode until the 5™ charge state as well
as the 1°* charge capacity. Interestingly, at the 5™ charge state,
the Nyquist plots of NCA 75 wt% cathode after CV had 2.7 times
the resistance of NCA 80 wt% cathode (Fig. 5d and e).
Furthermore, increasing the tendency of Nyquist plots in NCA
75 wt% cathode from ‘after CC’ to ‘after CV’ revealed a 1.3-time
greater resistance. Recently, J. Kim et al. reported that loosely
contacted and/or isolated particles in SSB composite cathodes
caused current hot spots (overpotential in the voltage profile),
resulting in inhomogeneous lithiation/delithiation among the
particles using synchrotron-based in situ and ex situ X-ray
analysis.*® Considering the similar porosity on each electrode,
it was assumed that the overpotential of the CC voltage profile
and high CV capacity at NCA 75 wt% (Fig. S13at) were caused by
the dominant connection of the ion conduction path due to the
semi-isolation of NCA particles by LPSCI particles or fibrous
PTFE (0ettyion > Oetfre; Fig. 4c). Similarly, the NCA 85 wt%
cathode, in which electron conduction pathways were domi-
nantly formed due to the semi-isolation of LPSCI by the NCA-
PTFE composite (Gefyion < Tetrre, Fig. 4¢), also had a significant
increase in resistance as the cycle progressed (Fig. 5f and
S13ct). However, the Nyquist plots of the NCA 85 wt% cathode
after CV showed that it was six times larger than the NCA 80
wt% cathode (Fig. 5e) and 2.25 times larger than the NCA 75
wt% cathode (Fig. 5d). Consequently, the NCA 80 wt% cathode

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Representation of the 1%, 3™, and 5% CC-CV charge capacity of NCA (a) 75 wt%, (b) 80 wt% and (c) 85 wt% composite cathodes with CC
charging (bluish bar chart) to 3.7 V vs. In/InLi at 0.5C followed by CV charging (reddish bar chart) with a cut-off condition of 0.05C. Nyquist plots
of after the 1st, 3rd, and 5th CC (bluish open dots) and CV (reddish open dots) with respect to content of NCA (d) 75 wt%, (e) 80 wt%, and (f) 85

wt%.

with a balanced conduction pathway (Getfion = Oeffre, Fig. 4C)
showed the smallest resistance change during the cycle at a rate
of 0.5C. Furthermore, the results confirmed that the lack of an
ionic conduction path is more detrimental to the electro-
chemical performance than the lack of an electronic path, as
proven by an increase in the resistance of the cell complex as the
NCA content increases.

Conclusion

Using EIS and DC polarization measurements, we investigated
the relationship between capacity fading and the conduction
pathway of charge carriers in the densified composite cathodes
of SSBs. For the same densification, composite cathodes with
different content of NCA (75 wt% to 85 wt%) were fabricated
through a dry-film process (average porosity of 15%) to mini-
mize loose particle contact, and the dense microstructure was
observed using CP-SEM. Along with the increase in NCA
content, LPSCI powder, which isolated NCA by occupying a large
volume fraction in the electrode (34.19 vol% in NCA 75 wt%
cathode, Table S17), rapidly decreased in volume to 22.17 vol%
as NCA reached 85 wt%, and conversely, NCA isolated the LPSCI
powder. Among the content of NCA from 75 wt% to 85 wt% in

This journal is © The Royal Society of Chemistry 2022

the composite cathode, the NCA 80 wt% cathode resulted in
improved capacity retention over 50 cycles and improved rate
capability. Through EIS and DC polarization analysis, it was
found that the electrochemical properties were enhanced
because the NCA 80 wt% cathode was balanced with a similar
value of ionic-effective- and electronic-effective-conductivity of
the pristine electrodes (Gefrjon and Gegre ~3 x 107> S em ™).
Furthermore, the correlation between balanced conductivity
and electrochemical properties in different content of NCA
cathode was confirmed through half-cell EIS measurements,
which showed increasingly complex resistance according to the
cycled state. It was proven that the lack of an ionic conduction
path had a more detrimental effect on the electrochemical
properties than the electronic conduction path when the charge
transport pathway was not balanced. Our findings emphasise
the importance of a balanced conduction pathway in composite
cathodes and their electrode design/manufacturing processes
for high-performance SSBs.
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