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Mitigating Contact Loss in LicPS;Cl-Based Solid-State
Batteries Using a Thin Cationic Polymer Coating on NCM

Bing-Xuan Shi, Yuriy Yusim, Sudeshna Sen, Thomas Demuth, Raffael Ruess, Kerstin Volz,
Anja Henss, and Felix H. Richter*

Thiophosphate-based solid-state batteries (SSBs) with high-nickel ternary
cathode materials such as LiNij, 4;Co, ;;Mn, O, (NCM) represent a
promising next-generation energy storage technology due to their expected
high specific discharge capacity and improved safety. However, rapid capacity
fading caused by contact loss through interphase and crack formation during
cell cycling is a significant problem hindering stable SSB cycling and
high-energy-density applications. In this work, a uniform coating of
poly((4-vinyl benzyl)trimethylammonium bis(trifluoromethanesulfonylimide))
(PVBTA-TFSI) on NCM is obtained via a spray-drying process. This
exceptionally thin cationic polymer coating of only 2—4 nm thickness on NCM
helps stabilize the interface between NCM and the LigPS;Cl solid electrolyte
(SE). Electrochemical tests confirm a significant improvement in long-term
cycling performance and active mass utilization compared to uncoated NCM.
In addition, the polymer coating effectively suppresses the degradation of the
NCM/SE interface, particularly the formation of oxygenated species, and
reduces the extent of particle cracking. Overall, these results highlight a new
approach to mitigate SSB degradation using a thin cationic polymer coating

electrochemical energy storage devices
for electric vehicles and large-scale
applications.[! In order to achieve higher
energy density, intercalation-type cath-
ode active materials and thiophosphate-
based solid electrolytes have drawn
much attention.?l High-nickel ternary
LiNi;_, ,Co,Mn,O, is a promising
lithium SSB cathode active material
due to its high energy density and low
cost.’] However, severe capacity fading
caused by contact loss through interface
degradation and particle cracking is
observed when NCM and thiophosphate-
based solid electrolytes are com-
bined in a SSB composite cathode.

In general, interface degradation be-
tween NCM and solid electrolyte cre-
ates interfacial layers that interfere with
lithium-ion and electron transport. Even
at a state of charge (SOC) of 0%, chem-

on NCM for SSBs.

1. Introduction

Lithium solid-state batteries (SSBs) using solid electrolytes (SEs)
to replace organic liquid electrolytes are expected to improve
battery safety and performance. They promise to be excellent
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ical reactions at the NCM/SE inter-

face cause capacity fading.! During the

first charging process, electrochemical
degradation occurs at the NCM/SE interface due to the limited
electrochemical stability window of thiophosphate-based solid
electrolytes. However, the discharge process is often terminated
above 2.6 V (vs Li*/Li), preventing reduction at the NCM/SE in-
terface during discharge. Hence, oxidation of the solid electrolyte
is much slower in subsequent cycles.l>’]

Since the thiophosphate-based solid electrolyte is in direct con-
tact with NCM, side reactions can occur that result in structural
degradation of the surface of NCM and create a passivation layer
at the NCM/SE interface. Therefore, oxygenated species such as
SO, and PO," are detected by time-of-flight secondary ion
mass spectrometry (ToF-SIMS) at the NCM/SE interface, and
SO, gas is detected by differential electrochemical mass spec-
trometry during cycling. Oxygen loss causes mechanical crack-
ing and plays an important role in interface degradation.>*1!
Additionally, lattice contraction and expansion of NCM during
cycling contributes to capacity fading.['*'8] These degradation
mechanisms have even stronger adverse effects in SSBs than in
lithium-ion batteries due to contact loss between solid electrolyte
and cathode active material.[') Consequently, research efforts are
devoted to improving the stability of the electrode-electrolyte in-
terface.

In order to enhance the interfacial stability between NCM
and thiophosphate-based solid electrolyte, surface modification

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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by coating on NCM has been studied considerably. In general,
wet and dry coating processes can hardly achieve a thin and
uniform coating layer compared to atomic layer deposition.?!
As a result, atomic layer deposition is often used to pre-
pare cathode active materials with inorganic coatings such as
HfO,.I?!l However, scaling up the production of battery materi-
als involving an ALD coating processes remains challenging.[??]
Many research efforts focus on inorganic oxides as coating
materials, such as LiNDO,,[*?] LiZnNb,O,,,?° LiAlO, "]
Li,Zr0,, 252529 1i,Ti;0,, %% 1i,BO,,*!) and Li,B,, 0,428 In
addition, halide solid electrolyte coatings, such as Li;YCI,[**]
have been reported.

In addition, polymers can coat a substrate evenly if there is
an attractive force between the functional groups of the polymer
and the substrate.l**] For instance, polyvinylpyrrolidone can act as
a surfactant, modifying the surface of metal oxides.**) The me-
chanical properties of the coating material, along with its adhe-
sion to the NCM, play a crucial role in the cathode performance
during charge and discharge-induced volume changes. Polymers
demonstrate great binding capability in composite cathodes. In
contrast, inorganic materials, such as LiNbO, (Young’s modulus
~195 GPa), are inherently rigid and susceptible to fracture at the
point contacts of NCM particles. Moreover, owing to its relatively
weak binding capability, the coating material may delaminate
from the NCM substrate due to contraction or cracking of NCM.
On the other hand, the use of polymer-based coatings (Young’s
modulus ~6 GPa) enables deformation and thinning, resulting
in reduced cracking of coating layer and the preservation of con-
tact between particles.*®*”] Notably, reduced cracking may stem
from decreased side reaction at the NCM/SE interface.[') How-
ever, a thin coating with few nanometers of thickness may not
sufficiently restrict volume changes from NCM materials.[*®]

Although poly(3,4-ethylenedioxythiophene) modification on
NCM and carbon additives in SSBs via molecular layer depo-
sition has been studied,*®! polymer coated NCMs are mostly
adopted in lithium-ion batteries with liquid electrolytes.[3>:39-48]
Polyelectrolytes bear ionic groups and have affinity to in-
organic surfaces through strong electrostatic interactions
with metal-oxide surfaces. Moreover, a polyelectrolyte with
bis(trifluoromethanesulfonyl)imide counter ion has previ-
ously been used as a cathode binder in batteries with liquid
electrolyte, >l implying the potential of polyelectrolytes as the
promising coating material for inorganic substrates.>!>2]

Spray drying can be classified as a wet coating method applied
in industry®}! and has successfully obtained uniform coatings
on NCMs.B3%) Depending on the particle size, the spray-drying
method can usually obtain two coated products. First, if particles
are smaller than the drops sprayed out, the particles can be en-
closed in the droplets, forming a uniform coating.>* Second, if
the particles are more significant than the droplets, there will be
many exposed parts on the surface of the particles after drying.[**]
By using Mini Spray Dryer B-290 from BUCHLI, a drop of the so-
lution is ~25 um, much bigger than the NCM particles, which
are ~3-5 um in diameter.

Herein, we present the first polyelectrolyte coated NCM
for use in solid-state batteries. Spray drying is used to ob-
tain a uniform and thin coating of polyelectrolyte on NCM
as it can be easily coated on metal oxide due to electro-
static interactions.’!l Poly((4-vinylbenzyl)trimethylammonium
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Figure 1. Schematic illustration of a) the PVBTA-TFSI synthesis and b) the
process for spray coating of NCM particles, after which NCM is collected
and further dried at 80 °C for 48 h in vacuum.

bis(trifluoromethanesulfonylimide)) (PVBTA-TFSI) is adopted as
a coating material for NCM in this study. The thin PVBTA-
TFSI coating on NCM significantly decreases contact loss and
improves the cycling performance. We also investigate inter-
face degradation and lithium diffusion pathway length within
the cathode composite in support of the electrochemical perfor-
mance results.

2. Results and Discussion

2.1. Characterization of PVBTA-TFSI Coated NCM

First, poly((4-vinylbenzyl)trimethylammonium chlo-
ride) (PVBTA-Cl) is dissolved in water solution to pre-
pare PVBTA-TFSI through ion exchange with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). As water and
alcohol solvents leach Li* out of NCM, these solvents must be
avoided during the coating process.[*®! After ion exchange with
LiTFSI, PVBTA-TFSI is soluble in acetone, which is a suitable
solvent for the coating process of NCM. Since the wet-coating
method often gives a non-uniform and thick coating on the
surface of particles,[2*3¢] the spray coating method is used here
due to its possibility of obtaining a thin and uniform coating on
NCM.3¢

Figure 1 shows a schematic illustration of polymer synthe-
sis and the spray coating processes. The polymer is synthesized
through free-radical polymerization followed by anion exchange
with LiTFSI. A mixture of NCM/PVBTA-TFSI/acetone is used
as the precursor suspension in the spray coating process. It is
sprayed out of the nozzle and is dried at a temperature of 150 °C,
which is much higher than the boiling point of acetone. The poly-
electrolyte coating on NCM is obtained during the drying process
in the drying chamber. Finally, the dried powder is collected in the
collecting chamber.>?]

The structure of PVBTA-TFSI is confirmed by 'H Nuclear
Magnetic Resonance (‘H NMR) spectroscopy and matches the
'H NMR spectra of the literature, as shown in Figure S1, Sup-
porting Information.l’’] After polymerization and ion exchange,
the double bonds of the monomer ('"H NMR: § = 6.71, 5.82,
and 5.26 ppm in the 'H NMR spectra) are no longer present
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in the PVBTA-TFSI spectra.>®] Instead, a new H-signal appears
at 1.5 ppm, indicating that polymerization has been completed.
Moreover, the aromatic protons (H3,4), benzylic protons (HS5),
and the protons of trimethylammonium cations (H6) still exist
in the PVBTA-TFSI spectra, indicating that the polymer backbone
structure is stable after ion exchange.

Figure S2, Supporting Information, shows the infrared spec-
tra of PVBTA-CI, and PVBTA-TESI after anion exchange. Com-
pared to PVBTA-CI, PVBTA-TFSI shows new characteristic bands
at 1346, 1176, 1132, and 1050 cm™!, corresponding to SO,
asymmetric stretching, CF; asymmetric stretching, SO, sym-
metric stretching, and S-N-S asymmetric stretching, respec-
tively. These new peaks in the PVBTA-TFSI spectrum are at-
tributed to TFSI anionic groups, demonstrating successful ion
exchange.[%8] X-ray diffraction (XRD) is utilized to measure
if there is any crystalline phase from LiTFSI, as shown in
Figure S3, Supporting Information. The XRD pattern of PVBTA-
TFSI only shows a broad, amorphous peak at ~20°, which in-
dicates that the PVBTA-TFSI is an amorphous polymer without
residual LiTFSI separated out.

The chemical stability between PVBTA-TFSI and the solid elec-
trolyte Li,PSsCl (LPSCI) is investigated by heating a mixture of
LPSCl and PVBTA-TFSI at 80 °C in a vacuum chamber for 24 h.
Then the samples are examined by XRD and Fourier-transform
infrared spectroscopy (FT-IR) measurements, as shown in
Figure S4a,b, Supporting Information. The results indicate that
PVBTA-TFSI is chemically stable with LPSCI, as the spectra are
identical before and after heating. Electrochemical stability be-
tween PVBTA-TFSI and LPSCI is assessed via cyclic voltamme-
try, scanning from 0 to 4 V (vs Li*/Li-In) using a composite of
vapor grown carbon fibers (VGCF) and LPSCI as the working
electrode and a Li-In-alloy reference and counter electrode, as
shown in Figure S5, Supporting Information. By comparing cur-
rent densities between pristine and PVBTA-TFSI coated VGCF,
the PVBTA-TFSI is found to have lower current density, confirm-
ing PVBTA-TFSI is electrochemical stable with LPSCl. Further-
more, the thermal stability of PVBTA-TFSI is measured by ther-
mogravimetric analysis (TGA), as shown in Figure S6, Support-
ing Information. The PVBTA-TFSI decomposition temperature
is »365 °C, and most of the decomposition happens ~400 to
600 °C. This is much higher than the temperature applied for
spray coating of NCM. The high glass transition temperature (T,,)
of PVBTA-TFSI (74 °C) prevents softening of the polymer during
cell operation, which may otherwise alter the coating layer mor-
phology or cause deformation.l”! In addition, the TFSI counte-
rion increases the solubility of the polymer in acetone, which is
the solvent used for spray coating, and may also help with lithium
ion conduction across the coating layer, the exact mechanism of
which remains unclear so far.

The microstructure of the PVBTA-TFSI coated NCM is inves-
tigated using scanning electron microscopy (SEM), as shown
in Figure S7, Supporting Information. The energy selective
backscattered detector and energy dispersive X-ray (EDX) detec-
tor show that 5 wt% of PVBTA-TFSI coated on NCM (5P-NCM)
has some polymer particles on the surface, which can be seen dis-
tinctly in Figure S7b,c , Supporting Information. However, the
1 wt% coated NCM (1P-NCM) shows almost no polymer par-
ticles, indicating that the content of polymer needs to be suf-
ficiently low to avoid the formation and deposition of PVBTA-
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TFSI particles and ensure uniform deposition of PVBTA-TFSI
on NCM. EDX analyses after focused ion beam (FIB)-cutting of
coated and pristine NCM are shown in Figure S8, Supporting
Information. As the fluorine signal overlaps with cobalt and the
nitrogen signal is too weak to be seen even for 5SP-NCM, carbon
and sulfur are chosen to characterize the polymer coating. The
EDX results show that the 1P-NCM has the most homogeneous
coating.

The specific surface area of coated and pristine NCM is evalu-
ated using the Brunauer-Emmett-Teller (BET) method. Pristine
NCM, 1P-NCM, and 5P-NCM have a surface area of 0.593, 0.412,
and 0.291 m? g1, respectively. Although SEM can hardly tell the
difference in particle aggregation between pristine and PVBTA-
TFSI coated NCM, the BET measurement demonstrates that the
surface area decreases with the polymer coating, which may be
because the polymer decreases the surface roughness.

Transmission electron microscopy (TEM) is conducted in the
bright field mode using an objective aperture to enhance the con-
trast between the coating layer and the NCM particles. The ob-
tained TEM images confirm that a homogenous coating layer
uniformly covers all observed particles, as shown in Figure 2a—c.
The 1P-NCM has a uniform coating of ~#4-6 nm in total, while
the 5P-NCM has a much thicker coating layer of ~#10 nm in to-
tal. Moreover, some places of 5P-NCM even show localized poly-
mer aggregation with a thickness of 40-100 nm (Figure S9, Sup-
porting Information), which matches with the SEM results in
Figure S7b,c, Supporting Information. Unexpectedly, a 2-4 nm
thick surface layer is also observed on the pristine NCM. How-
ever, this coating layer is thinner than the polymer coatings on
the 1P-NCM and 5P-NCM. Therefore, 1P-NCM has the most
uniform polymer coating of ~2—4 nm thickness, and 5P-NCM
has a polymer coating of ~8 nm thickness with some polymer
aggregation.

In order to characterize the coating composition and its dis-
tribution even more precisely, ToF-SIMS measurements are car-
ried out as a technique with high surface sensitivity. To identify
chemically the coating on the NCM particle structure, a pressed
pellet of PVBTA-TFESI powder is measured as a reference mate-
rial. Because of the collision cascade initiated by the highly ener-
getic analysis, beam charged fragments such as CH,OF~, SNO~
and CF,~ are formed during the ToF-SIMS measurement with a
decent signal intensity (Figure 2d). As shown in Figure 2d, these
fragments are also formed at the coated samples, confirming that
the PVBTA-TFSI coating is present on the NCM particles. Inter-
estingly, the intensities of the coating signals are higher for the
5P-NCM than for the 1P-NCM. This is in good agreement with
the SEM and TEM results, which show that the 5P-NCM coating
is thicker and more aggregated on the surface, resulting in higher
signal intensity during ToF-SIMS measurements. In this context,
it should be noted that due to the matrix effect’® the intensities
of the pristine PVBTA-TFSI polymer (reference material) cannot
be compared with coated NCM samples.

In addition, the ToF-SIMS depth profiles in Figure S10, Sup-
porting Information, show that the SNO~ signal decreases and
the NiO,~ signal increases faster for the 1P-NCM than for the
5P-NCM. This confirms that the 5 wt% coating is thicker than
the 1 wt% coating. Moreover, ToF-SIMS images of the SNO~ sig-
nal (representing the polyelectrolyte coating) in Figure 2e validate
that the coatings are distributed uniformly on the surface of the
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Figure 2. TEM images of a) pristine NCM, b) TP-NCM, and c) 5P-NCM. These show that TP-NCM has a 2-4 nm polymer coating layer covering the
particles. However, 5P-NCM has a much thicker polymer coating layer of 8 nm. d) ToF-SIMS data of PVBTA-TFSI reference, 1P-NCM and 5P-NCM for
CH,OF~, SNO7, and CF;~ fragments. €) ToF-SIMS mappings for the SNO™~ fragment (representative of the polyelectrolyte coating) of 1P-NCM and
5P-NCM. ToF-SIMS evaluation confirms a homogenous PVBTA-TFSI coating on NCM.

NCM, which is consistent with the SEM and TEM results shown
above.

In summary, taking the SEM, TEM, and ToF-SIMS results
into account, the PVBTA-TFSI coating microstructure can be de-
scribed as follows. The coating is distributed uniformly and cov-
ers the NCM particles. Furthermore, while the 1 wt% polymer
coating is 2—4 nm thick, the 5 wt% polymer coating is thicker
(8 nm) and has localized polymer aggregation with a thickness
of 40-100 nm on the surface. Based on these analytical results,
both coatings are expected to prevent direct physical contact be-
tween NCM and SE and stabilize the interface. The coating thick-
ness of 1P-NCM matches with the best results of the poly(3,4-
ethylenedioxythiophene) coating thickness (5 nm) on NCM pub-
lished by Deng et al.38]

2.2. Rate Capability Test

The performance of the coated NCMs is compared to that of the
commercially obtained pristine NCM through rate capability and
cycling stability tests in SSBs made of NCM, LPSCl and a lithium-
indium alloy anode. Rate capability is investigated by running
five cycles for each current density (0.1, 0.25, 0.5, and 1 C), as
shown in Figure 3a. Initially, 1P-NCM and 5P-NCM do not per-
form better than pristine NCM. However, 5P-NCM and pristine
NCM cells have similar performance at 0.5 and 1 C, but the ca-
pacity of 1P-NCM is 4% and 11.7% higher than pristine NCM at
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0.5 and 1 C, respectively. The reasons that 1P-NCM exhibited bet-
ter performance than the 5P-NCM and pristine NCM cells at 0.5
and 1 C might be due to the protection of polymer coating after
several cycles or the effect of protection may be more pronounced
athigher C-rates. Another possibility is that reduced crack forma-
tion of 1P-NCM, coupled with an optimal polymer content that
does not cause insulation, leads to better performance at higher
C-rates. However, the advantages conferred by the reduced crack
formation are less pronounced atlower current density. Addition-
ally, at the 25 cycle, the coated NCM shows better reversibility
in the discharge process, as shown in Figure S11b, Supporting
Information.

Figure 3b magnifies the galvanostatic charging profile from
2 to 3 V (vs Lit/Li-In) in differential form for the first charge
cycle. The area below 3 V in the dQ/dE diagram of pristine
NCM is higher than that of 1P-NCM and 5P-NCM, respec-
tively. This demonstrates that SP-NCM and 1P-NCM have less
electrochemical degradation at the NCM/SE interface than pris-
tine NCM below 3 V, and this effect is the most significant in
the first cycle.[®®) However, the protective layer gives rise to a
larger overpotential at ~3 V (vs Lit/Li-In) for the coated cells
compared to the pristine cell in the first cycle, as shown in
Figure S11a, Supporting Information. Overall, the 1P-NCM has
the best performance compared to pristine NCM and 5P-NCM
at 0.5 and 1 C. It is evident that the polymer coating reduces
the electrochemical degradation below 3 V but increases the
overpotential.
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Figure 3. a) Rate capability tests of SSBs with lithium-indium alloy anode, LPSCl and pristine NCM, TP-NCM, or 5P-NCM by testing different C-rates for
5 cycles each (0.1, 0.25, 0.5, 1, and then back to 0.1 C). The capacity under 0.5 and 1 C confirms the better rate capability for 1P-NCM. b) The differential
capacity plot of the first cycle of the galvanostatic charging profile at 0.1 C is shown together with an enlargement from 2 to 3 V (vs Li*/Li-In), and the
inset shows the corresponding galvanostatic charging profiles. The lower differential capacity for 1P-NCM and 5P-NCM indicate less electrochemical

degradation for coated NCM below 3 V (vs Li*/Li-In).

2.3. Cycling Performance

In order to observe the influence of the PVBTA-TFSI coating
layer on battery performance, 5SP-NCM, 1P-NCM, and pristine
NCM cells are galvanostatically cycled at 0.1 C (Figure 4a) and
0.25 C (Figure S12a, Supporting Information). At 0.1 C cycling
(Figure 4a), the capacity retention of 1P-NCM is highest with 86%
and that of SP-NCM is about 75%. However, the capacity reten-
tion of pristine NCM is only ~#70%. This ranking is corroborated
by the 0.25 C cycling performance (Figure S12a, Supporting In-
formation). Therefore, 1P-NCM significantly improves the long-
term cycling stability of NCM in SSBs with LPSCI.

The improved cycling performance of the SSBs with polyelec-
trolyte coated NCM can be caused by several reasons. For one,
avoiding the electrochemically inactive interfacial layer between
the active material and the electrolyte leads to higher active mass
utilization of the cathode material.#!) Here, the active mass
means the actual amount of active material utilized in the reac-
tion. Interface decomposition between the active material and the
electrolyte includes chemical,*! electrochemical,>”) and chemo-
mechanical degradation reactions.l>#3 This may form an elec-
trochemically inactive interface, a high resistance interlayer and
chemo-mechanical contraction,!°%%3] all of which can cause a loss
of contact between the NCM and the solid electrolyte, leading to
increased cathode composite resistance (R oq.)-**! For another,
the improvement could be caused by preventing an increase
of the lithium diffusion pathway.®! Lithium diffusion pathway
length may increase due to internal particle cracking,!1415:17:19:65]
contact loss, and interface decomposition as listed above.[®!

2.4. Contact Loss and Electrochemically Inactive Interfacial Layer
In this study, contact loss applies to both the formation of an

electrochemically inactive interfacial layer and physical separa-
tion between the NCM and LPSCI electrodes. Both reduce the

Adv. Energy Mater. 2023, 13, 2300310 2300310 (5 of 13)

effective contact area of NCM/LPSCI during cycling, resulting in
active mass loss and higher interface resistance. We summarize
these two degradation mechanisms here using the term contact
loss, as their influence on ion transport and cell performance is
comparable and they are hard to distinguish experimentally. In
order to quantify and analyze the extent of contact loss, the ac-
tive mass and interfacial resistance in operating cells are mea-
sured during the cycling test. The impedance test is performed at
3.15 V (vs Li*/Li-In) under the current of 0.1 C at specific cycles.
The potential of 3.15 V (vs Li*/Li-In) is chosen to ensure a suffi-
ciently high lithium diffusion coefficient and lowest R ;4. while
avoiding significant degradation during the measurement. More-
over, the layered oxide cathode material impedance depends on
the electrode’s SOC, so it is necessary to measure the impedance
at a fixed potential.[®¢]

Chronoamperometry is used right before electrochemical
impedance spectroscopy (EIS) to ensure that the impedance can
be measured at a sufficiently steady state. The cell voltage is sta-
bilized at 3.15 V (vs Li*/Li-In) until the current drops to less
than 1%. This allows Li* diffusion within the NCM particles and
dissipates the lithium concentration gradient within.[#273] After
crack formation in NCM particles, unlike liquid electrolytes, SEs
cannot infiltrate these cracks. Therefore, while contact loss can
change the interface resistance, the impact of particle crack for-
mation is stronger on the lithium diffusion process within the
NCM particles than on the charge transfer at the interface.[!?]

Additionally, 2 h of relaxation time is used to record the
open circuit potential (V) after every charging and discharg-
ing process to calculate the active mass.[®] Briefly, a cell made
of NCM cathode and lithium-indium alloy anode with a fixed
potential has an equilibrium V. The V. follows a well-
defined function versus SOC representing lithium content (x
in Li Nijg;Mn, o;Co, 1, 0,) of NCM. Using the reference data of
the Vg function with x in Li Ni, g;Mn, ,,Co,;; 0, (Figure S13,
Supporting Information), the actual specific capacity (Q,) can
be determined by the difference in SOC after the charging and
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Figure 4. a) Long-term cycling capability of SSBs with lithium-indium alloy anode, LPSCl and pristine NCM, TP-NCM, or 5P-NCM at 0.1 C, b) correspond-
ing active mass evolution, c) Nyquist plot for first and 100t cycle, and d) R_gynode Versus cycles of polymer coated NCM and pristine NCM are compared.
The impedance results and active mass calculations confirm that the polymer coating can effectively alleviate the contact loss and electrochemically

inactive interfacial layer.

discharging process. Then the active mass (m,,) can be calcu-
lated by the measured discharge capacity (Q,,..s) and Q, in the
following equation (Equation (1)).

Qmeas

Mo = ~5— 1)
Qﬂct

The m,, of PVBTA-TFSI coated NCM cells and pristine NCM

cells of the 0.1 C cycling test are compared in Figure 4b. The ac-
tual mass of NCM in the electrodes is set to be 8.3 mg. Initially,
1P-NCM, 5P-NCM, and pristine NCM cells have a determined
m,, of £7.6, 7.4, and 7.8 mg, respectively. This means that in the
first cycle, the m,, for 1P-NCM and 5P-NCM is slightly less than
for the pristine NCM due to polymer coating or polymer aggre-
gation on NCM. However, after 100 cycles at 0.1 C, the retention
of m,, of pristine, 1P-NCM, and 5P-NCM cells are ~81%, 92%,
and 86%, respectively. The better m,, retention for PVBTA-TFSI
coated NCM cells during cycling is explained as the alleviation
of contact loss caused by interface degradation. Nevertheless, 1P-
NCM shows better m,, retention than 5P-NCM as the polymer

Adv. Energy Mater. 2023, 13, 2300310 2300310 (6 of 13)

coating layer of 5P-NCM is probably too thick, hindering charge
transfer and electronic and ionic transport. Similar results can
also be observed in the 0.25 C cycling test (Figure S12b, Support-
ing Information).

It is worth noting that the m,, of pristine and coated NCMs all
show a close to linear decrease during cycling (Figure 4b). How-
ever, the capacity of pristine NCM and 1P-NCM has rapidly de-
cayed in the beginning, and the capacity of 5P-NCM has a close
to linear decay (Figure 4a). Therefore, it can be concluded that
the rapid capacity decay for pristine NCM and 1P-NCM com-
pared to 5P-NCM before the 30" cycle may be due to more severe
mechanical degradation, such as particle cracking. In the early
stages (=30™ cycles), 5SP-NCM exhibits slower capacity degrada-
tion than pristine NCM and 1P-NCM. This improvement is at-
tributed to the cohesive influence of the 5 wt% polymer coat-
ing, which effectively stabilizes the electrode. However, too much
polymer content increases the lithium diffusion pathway length,
reducing the capacity to less than 1P-NCM after 100 cycles. On
the other hand, the m,, results are not as affected by the par-
ticle cracking within the NCM, but are more affected by the
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Figure 5. a) Evolution of the lithium diffusion pathway length (Ly;g) estimated using the EIS-PSD model. The EIS-PSD model fits the Warburg impedance
to obtain the cumulative volume fraction of particle sizes, representing lithium diffusion pathway length. b) The chronoamperometry measurement
shows the time it takes for the current to drop to less than 1% of charging current, which is indicative of the lithium diffusion pathway length. The
results of the EIS-PSD model and chronoamperometry measurement demonstrate that the polymer coating can lessen the length increase of the lithium

diffusion pathways during cycling.

contact loss and interface degradation, giving rise to a constant
linear decay.

EIS measurements of 0.1 C are carried out during cycling, as
shown in Figure 4c,d. The transition line model is used for fit-
ting. Additionally, the transition line model and fitting results
are described in Figure S14 and Table S1, Supporting Informa-
tion, respectively.[*”] The interface between the cathode and the
solid electrolyte is an essential factor affecting cathode resis-
tance (R.mode), Providing information on contact loss and inter-
face degradation. The cathode composite resistance R 04 1S €x-
pressed as the geometric mean of the value charge transfer re-
sistance (R) multiplied by the sum of the electronic resistance
(Rq.) and ionic resistance of electrolyte in the cathode composite
(Ryn) (see Figure S14, Supporting Information).[¢]

In the first cycle at 3.15 V (vs Li*/Li-In), a thicker polymer coat-
ing layer gives rise to a higher R_ 4. (pristine NCM: 18.3 Q cm?,
1P-NCM: 24.8 Q cm?, 5P-NCM: 31.1 Q cm?), matching the first
cycle m,, results mentioned above, as a thicker polymer coat-
ing layer gives rise to lower m,,. Nonetheless, the R_ 4 Of
the pristine NCM cell increases more significantly after 100 cy-
cles than that of 1P-NCM and 5P-NCM cells (pristine NCM:
155.8 Q cm?, 1P-NCM: 110.4 Q cm?, 5P-NCM: 114.2 Q cm?). Al-
though R_,4.4.0f pristine NCM shows a 1.4 times higher value
than that of 5P-NCM after 100 cycles, the retention of the 5P-
NCM is 5% more than that of pristine NCM, and the capacity is
also higher (the capacity of 5P-NCM is ~#10 mAh g~! more than
that of pristine NCM). The significant increase in the R 040 Of
the pristine NCM cell may be caused by severe interface degra-
dation. Additionally, 1P-NCM and 5P-NCM cells have similar
R thode after 100 cycles, indicating that 1 wt% of the polymer coat-
ing layer is sufficient to act as a protective layer for NCM.

However, although the R, 4. of 5SP-NCM and 1P-NCM are
similar, the observed difference in discharge capacity is attributed
to the high polymer content in 5P-NCM. This excess polymer
increases the lithium diffusion pathway length (see Figure 5),
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reducing the capacity below 1P-NCM after 100 cycles. The EIS
measurements for 0.25 C cycling cells (Figure S12¢, Supporting
Information) also show the same conclusion as the 0.1 C results.
Overall, EIS measurements and m,, calculations indicate that the
polymer coating can act as a protective layer, alleviating contact

loss at the NCM/LPSCl interface.

2.5. Lithium Diffusion Pathways within the Cathode Composite

The loss of m, , causes an irreversible capacity fading that in-
creases with the number of charge—discharge cycles. In addi-
tion, the lithium diffusion pathway length also affects capacity
fade. The lithium diffusion pathway length within the cathode
composite is expected to increase during cycling due to contact
loss, interface degradation, and NCM particle cracking. Warburg
impedance in EIS is fitted using the particle size distribution
(EIS-PSD) model reported in our previous study to determine
the length of the lithium diffusion pathway within the cathode
composite.[®!

In general, the ideal finite-space Warburg impedance de-
scribes the diffusion throughout the sample volume, including
the ion-blocking boundary at the current collector and the inner-
most center of the NCM particles. If the frequency is low enough
to access the blocking boundary, the impedance shows a contin-
uous transition from 45° to 90° in the Nyquist plot.l! Conse-
quently, to measure the finite-space Warburg impedance in EIS,
the lower cut-off frequency is set to 100 pHz. The finite-space
Warburg impedance element of cylindrical particles (Z;sylmd“cal)
is used to describe the complex geometry of Li* diffusion in the
NCM by fitting the finite space diffusion tail of EIS coupled with
the transition line model, as shown in Figure S14, Supporting
Information.

T, = L?jiff/DLi 2)
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Figure 6. FIB-SEM images of cathode composites after 200 cycles at 0.25 C. Pristine NCM a) before and b) after cycling shows a big difference in NCM
particle cracking. The cracking within the pristine NCM cathode happens severely after cycling. However, ¢) TP-NCM and d) 5P-NCM cells after cycling

show less cracking compared to pristine NCM after cycling.

and

chlindrical — 1 < AQ V iCOTi >

% coth v/iwrt;

The Zc;/hndmal is dependent on the characteristic time con-
stant of lithium diffusion z; (Equation (2))/®! and the volume
fraction of particle contribution AQ; (Equation (3)).8] Cy is
the total differential capacity of the entire electrode ( Cyq =
0Q/dE = 340 mT’Zh), and calculated from the reference data at

3.15 V (vs Li*/Li-In), which equals about 3.77 V (vs Li*/Li), and
x = 0.6 (Figure S13, Supporting Information). D,; is the chemical
diffusion coefficient of lithium and is assumed as 107! cm? -1
at 25 °C, cited from our previous study and obtained by the fitting
of the semi-finite part of the diffusion tail in EIS.I®] @ is the radial
frequency. The thickness of the cylindrical particle (Lyg) in Equa-
tion (2) can be taken as the lithium diffusion pathway length.
Therefore, if the lithium diffusion pathway length increases due
to internal particle cracking, the finite-space Warburg impedance
overestimates particle size.

Fitting of the impedance measurement yields Ly values and
the volume fractions (represented in a cumulative form) are
shown in Figure 5a. It can be seen that L4 of pristine NCM in-
creases considerably (from ~1.1 to 4.3 um) compared to 1P-NCM
(from ~1.0 to 2.2 um) and 5P-NCM (from ~1.0 to 2.7 pm). This
indicates that particle cracking is less severe for the PVBTA-TFSI
coated NCM.

The results of chronoamperometry (Figure 5b) indicate the
same conclusion. The time it takes for the current to drop to
less than 1% of charging current is related to the lithium diffu-
sion pathway length, that is, the longer the time, the longer the

fs

Cdiﬂ'
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lithium diffusion pathway length.”"! Figure 5b shows that at the
100" cycle of 0.1 C cycling, the pristine NCM cell needs 600 min.
However, 5P-NCM and 1P-NCM cells need only 460 and 347 min,
respectively. Additionally, chronoamperometry results for 0.25 C
cycling give the same trends as for 0.1 C, as shown in Figure S15,
Supporting Information.

Despite similar R0, values for 5SP-NCM and 1P-NCM (re-
fer to Figure 5), the discharge capacity difference after 100 cy-
cles is due to the increased lithium diffusion pathway length, re-
sulting in a reduced capacity for 5SP-NCM compared to 1P-NCM.
In addition, as the primary ion-conduction path occurs through
interconnected LPSCI particles in the cathode composite, excess
polymer may partially obstruct the lithium diffusion pathway.!”!!
Similar capacity degradation difference is also observed when in-
creasing binder content to ~4% in SSBs with NCM composite
cathode and LPSCl electrolyte using ethyl cellulose as a binder.l”?]
Overall, the chronoamperometry and EIS-PSD calculation results
indicate that after cycling the pristine NCM cell has a much
longer lithium diffusion pathway length than the coated NCM
cells.

2.6. Particle Cracking after Cycling

FIB-SEM is employed to observe the morphological change of the
cross-section in the cathode composite after 200 cycles at 0.25 C,
as shown in Figure 6. The pristine NCM cell shows more fracture
lines within the particles than the 1P-NCM and 5P-NCM cells,
and the 5P-NCM cells have the least cracking. One of the reasons
for alleviating cracking may be due to the less lithium extracted
from the NCM, especially for the second hexagonal phase to the
third hexagonal phase (H2 + H3) transition during the charging
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Figure 7. a) ToF-SIMS mass spectra for fragments that can be assigned to oxidative interfacial decomposition products such as PO~, PO,~, and PO;~
for pristine NCM, 1P-NCM, and 5P-NCM after 200 cycles. b) Corresponding boxplots of normalized intensities for PO, and PO;~ signals containing
ten data points each. The 1P-NCM and 5P-NCM suppress the formation of oxidative decomposition products compared to the pristine NCM.

step, which has the most severe volume change.”3! However, the
capacity (Figure S16, Supporting Information) and the area un-
der the dQ/dE plot (Figure S11, Supporting Information) above
3.48 V (vs Li*/Li-In), which is ~4.1 V (vs Li*/Li), is similar for
both PVBTA-TFSI coated NCM cells and the pristine NCM cell in
the first cycle charging step, indicating that all the NCM cells have
similar H2+H3 phase transition processes. Moreover, as noted in
section 2.5 (Figure 5), pristine NCM has the longest lithium dif-
fusion pathway length, which is typically caused by particle crack-
ing within the NCM, which matches with the low-angle FIB SEM
results after cycling. It is likely that a thin coating with just a few
nanometers is insufficient to inhibit fully the volume changes oc-
curring in CAM materials. However, the NCM particle cracking
may be alleviated because the polymer can reduce side reaction
at the NCM/SE interface during cycling.['%]

2.7. Interfacial Stability after Cycling

ToF-SIMS analysis is carried out to identify decomposition prod-
ucts and to reveal the influence of the NCM coatings on degrada-
tion processes due to electrochemical cycling. In contrast to XPS,
ToF-SIMS allows the detection of small amounts of interfacial
decomposition products such as phosphates, which was demon-
strated in detail by Walther et al.[''?374] In this work, we analyze
composite cathodes with 1P-NCM and 5P-NCM and compare the
results with data obtained for composite cathodes with pristine
NCM.

In this context, the samples are analyzed before cycling and
after 200 cycles, in line with the study by Walther et al.’] As
described by Walther et al., three different decomposition pro-
cesses (current collector/solid electrolyte, carbon additive/solid
electrolyte, NCM/solid electrolyte) must be considered. A good
indication for oxidative decomposition processes of the solid
electrolyte can be obtained by surface analysis of the composite

Adv. Energy Mater. 2023, 13, 2300310 2300310 (9 of 13)

cathode after removal of the stainless-steel current collector.
Thereby, it should be mentioned that surface spectra lead to com-
parable results as depth profiling.

According to previous studies with ToF-SIMS, phosphate
(PO,") and sulfate/sulfite (SO,~) fragments are of particular
interest to evaluate decomposition processes in thiophosphate-
based composite cathodes due to electrochemical cycling.['12374]
However, since the PVBTA-TFSI coating in this work contains
SO,-groups, the analysis of sulfate/sulfite fragments may lead to
misinterpretations. Thus, only phosphates are considered in the
following analysis. In addition, a quantification of the degrada-
tion products is not possible with ToF-SIMS, since it is a semi-
quantitative method (signal intensity is not only proportional
to the concentration of the species). Thus, no y-axis values are
shown in the images.[””]

A direct comparison of the mass spectra normalized to the to-
tal intensity after 0.25 C cycling (200 cycles) is exemplarily shown
in Figure 7a. It can be seen that the amount of PO, ~ fragments,
in particular PO~, PO, ™, and PO, ™, is significantly higher for the
uncoated sample than for the coated samples, which indicates
that the 1 wt% and 5 wt% PVBTA-TFSI coatings suppress the
formation of phosphates. Accordingly, the decomposition of the
thiophosphate-based solid electrolyte is inhibited by the protec-
tive function of the PVBTA-TFSI coating since the direct physical
contact between NCM and solid electrolyte is reduced. Further-
more, it can be seen that the amount of PO,™ and PO, frag-
ments is higher for the 1P-NCM than for 5P-NCM. This indicates
that the thicker 5 wt% coating is more effective in suppressing
the decomposition of the solid electrolyte than the thinner 1 wt%
coating. However, it can be seen that this trend is not valid for
the PO~ signal, which could be due to mass interferences with
the CCl~ signal that is already present in the composite cathode
before cycling.

To ensure sufficient statistical sampling and reliability of the
results, 10 mass spectra per sample were measured before and
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after cycling. These are plotted in boxplots to semi-quantitatively
compare normalized fragment intensities for the PO, ™ and PO;~
fragments (see Figure 7b). It can be seen that the trend of hav-
ing less decomposition products in the composite cathodes with
coated NCM is confirmed. However, oxidative decomposition
products can still be detected, which may form at the unprotected
interface between the carbon additives and the solid electrolyte.

Overall, the comparison of oxidative decomposition products
by ToF-SIMS confirms that PVBTA-TFSI coating significantly im-
proves the interfacial stability at the NCM/SE interface in com-
parison to pristine, uncoated NCM. This supports the electro-
chemical data shown above. The present study demonstrates that
polymers can act as suitable coating on NCM for use in solid-state
batteries. Nevertheless, further investigation into the property-
performance relationship is required, particularly regarding the
significance of the polymer functional groups, charge and chem-
ical nature of the counterion. Such dedicated investigations are
expected to provide deeper insight into the structure-property re-
lationship of polymer coatings in the near future.

3. Conclusion

This study presents a new approach to improve the cycling sta-
bility in SSB cathodes using an exceptionally thin cationic poly-
mer coating on NCM. The PVBTA-TFSI polymer is synthesized
by free-radical polymerization and ion exchange. It is applied as
a coating on NCM by spray drying. TEM and ToF-SIMS measure-
ments show that the spray drying method affords a uniform and
thin polymer coating of only 2 nm to 4 nm thickness around the
NCM particles by adding ~1 wt% of polymer. The PVBTA-TFSI
coated NCM exhibits better capacity retention and better active
mass retention than the corresponding SSB cells with pristine
NCM. In addition, the increase of the lithium diffusion pathway
length during cycling is mitigated by the polymer coating, which
is confirmed by chronoamperometry and EIS-PSD fitting. FIB-
SEM after cycling shows that the polymer coating reduces the
extent of particle cracking within NCM. Thus, the presented poly-
mer coating mitigates several typical degradation mechanisms in
Li;PS;Cl-based SSB cathodes.

4. Experimental Section

Reagents and Materials:  (Vinylbenzyl)trimethylammonium chloride
(VBTA-Cl) monomer, reagent grade sodium persulfate (Na,S,0g) ini-
tiator, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and vapor-
grown carbon fibers (VGCF) were purchased from Sigma-Aldrich. Single
crystal high-nickel LiNigg3Cog11Mng O, (NCM) was purchased from
MSE Supplies (particle size ~3-5 pm, and BET specific surface area
~0.5-0.9 m? g7"). LigPS5Cl (LPSCI) was purchased from NEI Corporation.
Indium foil was purchased from chemPUR GmbH with 100 um thickness
and punched into a circular electrode of 9 mm in diameter. Lithium foil
was purchased from Albemarle Rockwood Lithium GmbH with 125 um
thickness and punched into a circular electrode of 6 mm in diameter.

Synthesis of PVBTA-TFSI: Poly((4-vinylbenzyl)trimethylammonium
bis (trifluoromethanesulfonylimide)) was synthesized through the route
shown in Figure 1. First, free radical polymerization was conducted by
mixing 5 g VBTA-Cl and 0.3 mL of saturated Na,S,0j3 solution in 20 mL
of deionized water and then heated up and purged with N, flow at 75 °C
for 48 h (molar ratio of VBTA-Cl:Na,S,0g = 1:0.3). After polymerization,
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PVBTA-Cl was purified by dialysis with a considerable amount of deionized
water and further condensed by a rotary evaporator.

The condensed polymer solution was then added dropwise to the
LiTFSI solution (7.5 g of LiTFSI dissolved in 20 g of deionized water)
and stirred overnight for ion exchange. Once the PVBTA-Cl drops into
the LiTFSI solution, the PVBTA-TFSI precipitates immediately. After ion ex-
change, PVBTA-TFSI was washed with deionized water by centrifuge three
times to remove residual salts. Thereafter, PVBTA-TFSI was dried in a vac-
uum oven at 80 °C for 72 h and stored in the glove box.

TH NMR (400 MHz, deuterated acetone): 6 1.36-1.99 (H1, H2), § 2.05
(acetone-d6), 6 3.14 (H6), 5 4.4-4.9 (H5), and 6 6.5-7.4 (H3, H4). FT-IR of
PVBTA-TFSI (cm™1): 973 (C-N stretching), 1346, 1326, 1176, 1132, 1050
(TFSIT), 1612, 1480, 1422 (aromatic C=C stretching), and 3043, 2922,
2852 (alkyl C—H stretching), 3400 (H,0). FT-IR of PVBTA-Cl (cm~"): 973
(C-N stretching), 1612, 1480, 1422 (aromatic C=C stretching), and 3015,
2922, 2852 (alkyl C—H stretching), 3400 (H,0). FT-IR of LiTFSI (cm™):
1327 (SO, asymmetric stretching), 1245 (CF; symmetric stretching), 1204
(CF3 asymmetric stretching), 1147 (SO, symmetric stretching), and 1065
(asymmetric S,N stretching).

PVBTA-TFSI Coated NCM and PVBTA-TFSI Coated Vapor Grown Car-
bon Fibers: For PVBTA-TFSI coated NCM, Mini Spray Dryer B-290 from
BUCHI was used to coat PVBTA-TFSI on NCM, as shown in Figure 1.0.1g
(5 wt% with respect to NCM) or 0.02 g (1 wt% with respect to NCM) of
polymer was mixed with 2 g of NCM and 30 g of acetone as the precursor
suspension. The mixing step was conducted by vigorous stirring and takes
1 h to make sure the particle aggregation was broken into a smaller size.
The inlet temperature was 150 °C, the volume flow (i.e., suction of vacuum
pump) was 37 m? h™', the feed rate of polymer solution was 8 mL min~",
and the N, flow was 40 L min~". The spray drying condition was optimized
to get the highest productivity of ~50-70 wt%. Additionally, the 5 wt%
PVBTA-TFSI coated NCM and 1wt% PVBTA-TFSI coated NCM were noted
as 5P-NCM and 1P-NCM, respectively, based on the NCM-polymer ratio
of the precursor suspension. Finally, coated NCM was dried in vacuum at
80 °C for 48 h.

For PVBTA-TFSI coated VGCF, a precursor was prepared by dissolving
20 mg of PVBTA-TFSI polymer in 40 mL acetone. To create a carbon com-
posite, 100 mg of VGCF was sonicated in 20 mL of acetone and then added
dropwise to the PVBTA-TFSI polymer solution. The resulting dispersion
was then ultrasonicated for 30 min and stirred overnight at room tem-
perature to achieve a homogeneous solution. Next, the coated VGCF was
vacuum filtered, washed with 20 mL of acetone, and dried in a vacuum
oven at 80 °C.

X-Ray Diffraction: XRD was used to characterize PVBTA-TFSI and
check the chemical stability between PVBTA-TFSI or LiTFSI and LPSCI by
using Panalytical Empyrean XRD with Cu Ka radiation. Diffraction pat-
terns were collected in a 260 angular range from 10° to 85° with a step
size of 0.026°, 0.04 rad. soller slits, and 1/2° anti-scatter slit. To check
the chemical stability between PVBTA-TFSI or LiTFSI with LPSCI, PVBTA-
TFSI or LiTFSI were mixed with LPSCl in a weight ratio of 1:1 (*500 mg
in total) by grinding in an agate mortar and then pressed into pellets
(8 mm in diameter). After that, the pellets were heated and maintained at
80 °C for 24 h, followed by a grinding process in the agate mortar to turn
pellets into powder. Finally, the powder after heating was characterized
by XRD.

Thermogravimetric Analysis:  TGA measurements were conducted with
~20 mg of samples by STA 409 PC (Netzsch-Geritebau GmbH) at the
temperature ranging from 25 to 1000 °C, under air with a heating rate of
10 °C min=".

"H Nuclear Magnetic Resonance: Bruker Avance Il recorded the 'H
NMR spectra of PVBTA-TFSI at 400 MHz in deuterated acetone. The chem-
ical shifts were recorded by parts per million (ppm). Tetramethylsilane was
used as the internal reference for analysis.

Fourier-Transform Infrared Spectroscopy: FT-IR spectra of PVBTA-TFSI,
PVBTA-Cl, and LiTFSI were recorded with a total number of 96 scans
on an ATR-FTIR Thermo Fischer Scientific iD5 ATR spectrometer (550—
4000 cm™"). To check the chemical stability between PVBTA-TFSI or LiTFSI
with LPSCI, PVBTA-TFSI or LiTFSI was mixed with LPSCl in the agate mor-
tar and then pressed to pellets. Subsequently, the pellets were heated and
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maintained at 80 °C for 24 h. FT-IR spectra were measured in pellet form
before and after the heating process.

Brunauer—Emmett—Teller Analysis: Specific surface area calculations
of PVBTA-TFSI coated and pristine NCMs were measured by the BET
method. Before measurements, the samples were evacuated at 120 °C
for 12 h in standard glass tubes. BET measurements were performed at
an automated gas adsorption station (Autosorb-1-MP, Quantachrome In-
struments) at 77 K maintained by liquid nitrogen in standard cryostats.

Scanning Electron Microscopy: SEM (Merlin, Zeiss) at an accelerating
voltage of 3 kV and accelerating current of 200 pA was adopted to char-
acterize the morphology of NCMs. Back-scattered electron images and
secondary electron images were recorded. For sample preparation, poly-
mer coatings and pristine NCMs were measured in powder form, sticking
tightly on the conductive carbon tape.

Focused-lon Beam Scanning Electron Microscopy: The cross-section of
coated and pristine NCM powders and cathode composite pellets were
analyzed using a XEIA Xe-plasma FIB (TESCAN). For sample preparation,
FIB craters were milled in a low-angle condition with a 1 nA Xe-ion beam
without any polished step under —135 °C maintained by liquid nitrogen.
After that, back-scattered electron images and secondary electron images
were recorded at an acceleration voltage of 3 kV and acceleration current
of 200 pA.

Energy-Dispersive X-Ray Spectroscopy:  After SEM or FIB-SEM measure-
ments, energy-dispersive X-ray spectroscopy (X-Max-Extreme detector, Ox-
ford Instruments) was adopted to characterize the coating layer on NCM.
However, to get signals that are more precise from EDX, the accelerating
voltage and current were raised to 5 kV and 2 nA, respectively. Addition-
ally, the working distance was controlled at 5.5-5.6 mm. Elements for EDX
analysis: C, N, O, F, S, Mn, Co, Ni.

Transmission Electron Microscopy: As the polymer is mainly made of
the light element carbon, whereas NCM consisted of heavier transition
metals, the materials exhibited a different contrast in TEM bright field im-
ages. These images were recorded with a TVIPS TEMCam XF416FS camera
on a JEOL JEM-3010 microscope at 300 kV acceleration voltage. For this
purpose, powder of uncoated or coated NCM particles was sprinkled on a
holey carbon copper TEM grid. Loose powder was removed by evacuating
the TEM holder in a pumping stand before transferring it to the TEM to
preserve the TEM vacuum.

Time-Of-Flight Secondary lon Mass Spectrometry: ToF-SIMS was per-
formed using a M6 Hybrid SIMS (IONTOF GmbH) equipped with a 30 kV
Bi-cluster primary ion gun for analysis and a 20 kV argon gas cluster source
(GCIB) for depth profiling. The GCIB was highly suitable for organic-
inorganic composite materials.l’®77] Charged fragments were obtained as
a result of a collision cascade caused by the impact of the high-energy
primary ion beam during ToF-SIMS measurements. All samples were pre-
pared in a glovebox, attached to the sample holder using non-conductive
adhesive tape and transferred to the SIMS instrument using the LEICA
EM VCT500 shuttle (Leica Microsystems). Pristine and coated NCM ma-
terials were investigated. Furthermore, pristine (before cycling) and cy-
cled (after cycling) composite cathodes were compared with uncoated and
coated NCM after removal of the stainless-steel current collector. To en-
sure comparability, all samples were prepared in the same way and under
the same conditions. For analysis, the instrument is operated in the spec-
trometry mode using Bi;* as primary ions (0.60 pA) in the negative mode,
which provides high mass resolution (full width at half maximum m/Am
> 15 000 @ m/z = 62.97 (PO,7)). The analysis area was set to 100 x
100 um?, which was rasterized with 128 x 128 pixels and a primary ion
dose of 1.0 x 10" ions cm~2. To ensure sufficient statistical sampling and
reliability of the results, 10 mass spectra were measured per sample. For
sputtering, Arysgo™ clusters were used (5 kV, 5 nA, 300 x 300 um?). The
interlaced sputter mode was done with 3 s sputtering followed by scan-
ning the 150 X 150 um? field with 128 x 128 pixels. The evaluation of the
ToF-SIMS data was performed with the software SurfaceLab 7.2 IONTOF
GmbH).

Electrode Composite and Cell Assembly:  All of the cell tests were per-
formed with a pellet-type cell casing inside an argon-filled glovebox (Lab-
Master, MBraun, Garching, Germany, <0.1 ppm of O,, <0.1 ppm of H,O).
Asymmetric cells for electrochemical analysis except cyclic voltammetry

Adv. Energy Mater. 2023, 13, 2300310 2300310 (11 of 13)

www.advenergymat.de

were prepared: InLi | LPSCI | LPSCI, VGCF, NCM. First, 80 mg of LPSCl as
a separator were pressed into a pellet within the peek cylinder insulator.
Next, the cathode composite was made by mixing 70 wt% of pristine or
coated NCM, 30 wt% of LPSCl, and an additional 1 wt% of VGCF in an
agate mortar for 20 min. Then 12 mg of cathode composite was pressed
on one side of the electrolyte. Finally, indium (100 um thickness and 9 mm
in diameter) and lithium foils (125 um thickness and 6 mm in diameter)
were pressed on the other side as the anode. After cell assembly, the whole
stack of the cell was pressed under 30 kN for 3 min, resulting in ~400 pm
solid electrolyte with ~30 um cathode composite. Before electrochemical
analysis, the whole cell was placed in an external aluminum framework
(~50 MPa). Details of the cell assembly were also depicted as a cross-
section figure shown in Figure S17, Supporting Information.

For cyclic voltammetry, asymmetric cells of the following setup were
prepared: InLi | LPSCI | LPSCI, carbon fibers. To prepare 100 mg of cathode
composite, 9.09 mg of VGCF is added to 90.90 mg LPSCl, and mortared
for 15 min. To prepare the cell for analysis, 80 mg of LPSC| were pressed
into a pellet as a separator within the PEEK cylinder insulator. 30 mg of
LPSCl-carbon fiber composite was pressed on one side of the electrolyte.
Finally, indium (100 um thickness and 9 mm in diameter) and lithium foils
(125 um thickness and 6 mm in diameter) were pressed on the other side
as the anode. After cell assembly, the whole stack of the cell was pressed
under 30 kN for 3 min. Before electrochemical analysis, the whole cell was
placed in an external aluminum framework (~50 MPa).

Electrochemical Analysis: Batteries were charged and discharged
within the voltage window between 2.0 and 3.7 V (vs Li*/Li-In) at 25 °C
for cycling stability, chronoamperometry, and EIS. The cycling stability was
performed at MACCOR electrochemical workstation. Additionally, EIS and
chronoamperometry were conducted by VMP-300 (BioLogic) electrochem-
ical workstation. The whole procedure was also shown in Figure S18, Sup-
porting Information. The cycling test adopts two different currents, 0.1 and
0.25 C, however, the EIS measurements were conducted at 0.1 C. Initially,
batteries were charged to 3.15 V (vs Li*/Li-In), and then chronoamper-
ometry was maintained at 3.15 V (vs Lit/Li-In) until the current drops to
less than 1% of charging current. After that, EIS was measured right after
chronoamperometry at 3.15 V (vs Li*/Li-In) from 1 MHz to 100 uHz. The
sinusoidal amplitudes of EIS were applied as 10 mV for 1 MHz to 10 mHz;
5 mV for 10 mHz to 1 mHz; and 3 mV for 1 mHz to 100 uHz. The 0.25
C cycle stability runs 200 cycles, and the impedance was measured at the
first, second, 53, 104th, 155t and 206t cycles under 0.1 Cat 3.15V, as
shown in Figure S12, Supporting Information. The 0.1 C cycle stability runs
for 100 cycles, and the impedance is measured at first to fifth, 10, 30t
50th, and 100t cycles under 0.1 C at 3.15 V, as shown in Figure 4. The fit-
ting of the impedance data follows the previous study by using the model
as shown in Figure S14, Supporting Information. The low-frequency part
was fitted by the finite-space Warburg impedance (Z).!®]

Cyclic voltammetry experiments were conducted with a VMP-300 Bio-
logic potentiostat at 25 °C. Before the measurement, the cells were main-
tained at open circuit voltage for 3 h. The cyclic voltammetry measure-
ments used a two-electrode configuration with the anode acting as the
reference electrode. First, the voltage sweep was initiated from open cir-
cuit voltage to 4 V versus the reference electrode at a scan rate of 1 mV s~
for the oxidative sweep, and then the sweep was reversed until 0 V before
returning to the starting potential.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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