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A Pyrene—Poly(acrylic acid)—Polyrotaxane Supramolecular
Binder Network for High-Performance Silicon Negative

Electrodes
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Jungmin Lee, Kookheon Char,* Ali Coskun,* and Jang Wook Choi*

Although being incorporated in commercial lithium-ion batteries for a while,
the weight portion of silicon monoxide (SiO,, x = 1) is only less than 10 wt%
due to the insufficient cycle life. Along this line, polymeric binders that can
assist in maintaining the mechanical integrity and interfacial stability of SiO,
electrodes are desired to realize higher contents of SiO,. Herein, a pyrene—
poly(acrylic acid) (PAA)—polyrotaxane (PR) supramolecular network is reported
as a polymeric binder for SiO, with 100 wt%. The noncovalent functionaliza-
tion of a carbon coating layer on the SiO, is achieved by using a hydroxylated
pyrene derivative via the 7—7 stacking interaction, which simultaneously
enables hydrogen bonding interactions with the PR-PAA network through its
hydroxyl moiety. Moreover, the PR’s ring sliding while being crosslinked to PAA
endows a high elasticity to the entire polymer network, effectively buffering the
volume expansion of SiO, and largely mitigating the electrode swelling. Based
on these extraordinary physicochemical properties of the pyrene—PAA-PR
supramolecular binder, the robust cycling of SiO, electrodes is demonstrated at
commercial levels of areal loading in both half-cell and full-cell configurations.

retical specific capacity (>3000 mAh g
and low operation potential (=0.3 V vs Li/
Li*) constitute the main advantages of Si
anodes toward advanced LIBs.! However,
the massive volume change of Si over 300%
during charging and discharging process
severely impairs the structural integrity
of Si electrode and consequently causes
continuous decomposition of electrolyte
in the electrode leading to the formation
of undesirably thickened solid electrolyte
interphase (SEI). This process also incurs
the delamination of the electrode. It is well
known that all of these detrimental phe-
nomena jointly worsen the electrochemical
performance of Si electrodes.

As for the Si particle size, nano-sized
Si was mainly studied in the early stage
of research due to the fact that the small
particle size can more effectively release

Silicon (Si) is a promising anode material for next-generation
Li-ion batteries (LIBs) with high energy densities. High theo-

Y. Cho, J. Kim, Dr. S. Choi, K. Park, Prof. K. Char, Prof. J. W. Choi
School of Chemical and Biological Engineering

and Institute of Chemical Processes

Seoul National University

1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
E-mail: khchar@snu.ac.kr; jangwookchoi@snu.ac.kr

A. Elabd, Prof. A. Coskun

Department of Chemistry

University of Fribourg

Chemin de Musee 9, Fribourg 1700, Switzerland

E-mail: ali.coskun@unifr.ch

Dr. T.-w. Kwon

Graduate School of Energy, Environment, Waterm,

and Sustainability (EEWS)

Korea Advanced Institute of Science and Technology (KAIST)
291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea
Dr. Jungmin Lee

Samsung SDI R&D Center

130 Samsung-ro, Yeongtong-gu, Suwon

Gyeonggi-do 16678, Republic of Korea

the accumulated strain during the volume
change of Si and can thus withstand
against pulverization.?l However, the large surface area of nano-
sized Si makes it more difficult to stabilize the SEI layer owing
to its increased exposure to electrolyte, thus harming the cou-
lombic efficiency (CE) in each cycle. Moreover, from the manu-
facturing viewpoint, nano-sized Si adds difficulty in maintaining
uniform particle size and controlling rheological conditions of
the electrode slurry. For these reasons, micrometer-size active
materials such as Si-carbon blends and silicon monoxide (SiO,,
x = 1) are preferred by the industry for the cell production.!?!
Polymeric binders have also turned out to play a crucial
role in the stabilization of Si electrodes, and various
concepts including 3D network structures,”! covalent attach-
ment between Si and binder® hydrogen bonding interac-
tion,”! ion—dipole interaction,® self-healing,®! and molecular
machines'” have been recently introduced. The majority of
these approaches were effective in dealing with bare Si active
materials by taking advantage of polar functional groups on
their surface. However, commercially viable Si-carbon blends
and SiO, active materials contain carbon layers on their outer
surface for facile electronic transport, thus active material-to-
binder interactions need to be revised from existing designs.
Specifically, polar functional groups that are useful in creating
strong supramolecular interactions with bare Si are not adapt-
able to the hydrophobic carbon surface.
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On another note, supramolecular chemistry has been recog-
nized as a useful tool box in designing polymeric binders for
Si electrodes.'! The rationale behind was that strong reversible
bonding via noncovalent interactions can recover active mate-
rial-to-binder interaction even when the original interaction is
lost due to the volume expansion of Si. Thus, supramolecular
interactions constitute the basis for self-healing mechanism
that is critical in maintaining the mechanochemical integrity
of Si electrodes. Besides the self-healing mechanism, mechani-
cally interlocked molecules in the form of rotaxanes, in which
the dynamic nature of supramolecular interactions is fully pre-
served, can endow high elasticity to buffer the volume change
of Si, even in the microparticle cases, and polyrotaxane (PR)
cross-linked poly(acrylic acid) (PAA) binder represents such an
opportunity.l'% In the PR, the ring components can move freely
along the thread while being crosslinked to PAA network,
which imparts extraordinary stretchability (>400%) to the entire
polymer network. This pulley-like operation bearing PR effec-
tively dissipates the stress in the Si electrode.

In an effort to utilize the useful design principles involving
supramolecular chemistry, particularly the ring-sliding motion
of polyrotaxanes for current commercial active materials, we
adopted polyrotaxane-containing binder, namely, PRPAA, for
SiO, electrodes. To facilitate the active material-to-binder interac-
tion for carbon-coated SiO, (c-SiO) particles, we took advantage
of noncovalent functionalization of the hydrophobic carbon
coating surface by attaching a hydroxylated pyrene deriva-
tive.12 While the pyrene moiety enables strong 77 stacking
interactions with the carbon surface, hydroxyl moiety facilitates
hydrogen bonding interactions with the PRPAA. Notably, this
approach functionalizes the surface of ¢-SiO without altering the
electrical properties of carbon coating layer. While the pyrene
treatment solely improves the particle-to-particle interaction and
the electrode-to-current collector adhesion dramatically, the addi-
tion of PRPAA further improves the cycling performance even
at commercial levels of areal capacity (=3 mAh cm™) in pairing
with state-of-the-art cathode material (LiNijgCog 15415050,
(NCA)) with high loadings (19-28 mg cm™2) by utilizing its high
elasticity. The present study represents the promise of supramo-
lecular chemistry in tuning the interparticle interaction in the
emerging high capacity battery electrodes.

Figure 1a illustrates the surface modification of ¢-SiO with
1-pyrenemethanol (PyOH). While various binders incorpo-
rating polar adhesive functional groups are generally adopted
for Si electrodes, these binders are not feasible for pristine
¢-SiO due to the hydrophobic carbon surface layer that is essen-
tial to compensate for the low electronic conductivity of SiO,.
The interaction of c-SiO with PAA binder must be mainly
through weak Van der Waals interactions (Figure 1a). Moreover,
it could be difficult to disperse c-SiO within the polar binder
network due to strong hydrogen bonding interactions between
the PAA chains. When c¢-SiO is treated with PyOH, however, the
hydroxyl group on PyOH sticks out upon adsorption of pyrene
moiety onto the conjugated carbon surface of ¢-SiO through
-7 interaction, constituting PyOH-c-SiO assembly, namely,
Py-c-SiO. The hydroxyl groups in this assembly enable strong
hydrogen bonds with both PAA and other Py-c-SiO particles,
enhancing the structural integrity of the entire Py-c-SiO elec-
trode. Furthermore, PRs can be crosslinked to PAA to impart

elasticity to the PAA binder network as displayed in Figure 1b
and thus substantially improve the mechanical stability of the
SiO,, electrode. The high stretchability and resilience of the
PRPAA network arise from the sliding motion of cyclodextrin
(CD) rings threaded on the poly(ethylene glycol) (PEG) chain
while the CD rings are covalently crosslinked to PAA through
an ester linkage. The elasticity of the binder network endows
the electrode with the ability of accommodating the volume
change of active material by binder's “breathing” in harmony
with the active material.

To see the possibility of the surface functionalization with
PyOH, bare ¢-SiO particles were analyzed by transmission elec-
tron microscopy (TEM) (Figure 2a). As clearly shown in the mag-
nified view, carbon layered structure was observed on the outer
surface of ¢-SiO. The fast Fourier transform (FFT) pattern of the
magnified view was circular, whose ring diameter corresponds to
d-spacing of 3.4 A, indicating that the carbon surface layer con-
sists of graphitic carbon material (Figure 2a, inset). This carbon
configuration is ideal for supramolecular functionalization
though strong 77 stacking interactions. Elemental mapping via
energy dispersive spectroscopy (EDS) reveals a consistent result
such that carbon was detected around c-SiO particles (Figure S1,
Supporting Information). The surface modification of ¢-SiO with
PyOH was carried out in dimethyl sulfoxide (DMSO) solution of
PyOH by a simple stirring process under ambient conditions.
The effect of the PyOH functionalization on the surface proper-
ties of ¢-SiO was reflected in water contact angle measurements
(Figure 2b). The contact angle of 5 UL water droplet on pristine
c-SiO pellet was 124°, verifying the hydrophobic nature of the
¢-SiO surface. By contrast, the Py-c-SiO pellet exhibited 74°
owing to the polar hydroxyl group of PyOH.

The amount of PyOH adsorbed on ¢-SiO was estimated by
UV-vis analysis (Figure 2c). The absorbance of the PyOH solu-
tion at 346 nm, a characteristic wavelength for PyOH, decreased
by 2.2% after the surface modification with PyOH. Using the
Beer—Lambert law, the amount of adsorbed PyOH was found to
be =5 mg g! of ¢-SiO, corresponding to 0.5 wt% of active mate-
rial. A control test with 1-naphthalenemethanol with a lower
degree of conjugation yieled less adsoprtion with c-SiO (Figure
S2, Supporting Information), indicating the importance of sub-
stantial 7 electrons in the coating material for the n— interac-
tion on the surface of c-SiO.

In spite of the relatively small amount of adsorbed PyOH,
the PyOH functionalization brought a substantial influence
on the adhesion strength of the electrode (Figure 2d). When
tested using the so-called 180° peeling method, in which the
adhesion force was monitored with varying displacement of
peeling tape, the Py-c-SiO electrode with 10 wt% PAA showed
approximately four times as high average adhesion force as
the bare ¢-SiO electrode counterpart with the same amount
of PAA along the displacement of 10-20 mm: 16.65 versus
3.86 gr mm™. The increased adhesion strength of the Py-c-SiO
electrode is attributed to the hydrogen bond interaction between
Py-c-SiO and PAA. Notably, the enhanced adhesion property
of Py-c-SiO-PAA was preserved even during electrochemical
cycling where the electrode was in contact with the electrolyte
(Figure S3, Supporting Information). When polyethylene (PE)
separators were retrieved after 60 cycles of half-cell operation, PE
separator from ¢-SiO-PAA had more electrode debris than that
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Figure 1. a) Schematic illustration of surface modification of c-SiO using PyOH and its interaction with PAA. b) Graphical representation depicting

ring-sliding motion in PRPAA and its chemical structure.

of Py-c-SiO-PAA, which reflects the stronger interparticle inter-
action of Py-c-SiO-PAA. In addition, when the Py-c-SiO-PAA
electrode was immersed in 5 mL of the ethylene carbonate
(EC)/diethylene carbonate (DEC) electrolyte for 1 d, PyOH was
not detected at all from the EC/DEC electrolyte, indicating that
PyOH in the electrode does not dissolve into the electrolyte.
Based on the enhanced adhesion by integrating PyOH and
to improve the mechanical properties of the electrode, PRPAA
was also employed as a binder to take advantage of its high elas-
ticity compared to PAA. The Py-c-SiO electrode with PRPAA is
denoted as Py-c-SiO-PRPAA. Notably, PyOH, PAA, and PRPAA
were all soluble in DMSO (Figure S4, Supporting Information).
The electrochemical performances of all electrodes were evalu-
ated under galvanostatic charging—discharging protocol in the
form of coin-type Li half-cells in the potential range 0of 0.01-1.5V
versus Li/Li*. Each electrode consists of active material, binder,
and conductive agent (Super P, Timcal, Switzerland) in a

weight ratio of 8:1:1. The initial coulombic efficiencies (ICEs)
of the c¢-SiO-PAA, Py-c-SiO-PAA, and Py-c-SiO-PRPAA elec-
trodes were 70.68%, 71.74%, and 75.52%, respectively, pointing
to the fact that the high elasticity of binder and the strength-
ened particle-to-particle contacts by the supramolecular sur-
face functionalization improve the interfacial stability.'%! It
is noted that the ICE values of these electrodes are not highly
competitive for practical adoption due to the intrinsic mate-
rial features of the used SiO, related to Li ion trapping, oxygen
anion mobility, etc. The values would be increased substantially
by using advanced SiO, analogs that incorporate foreign atom
doping and Si domain control.'*!

Cycling performance and corresponding CEs displayed a
consistent trend among the samples (Figure 3a,b) when evalu-
ated at an initial areal capacity at around 3 mAh cm™, a com-
parable value to those of commercial cells. The Py-c-SiO-PAA
electrode showed clearly better capacity retention compared to
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Figure 2. a) TEM images and fast Fourier transform (FFT) pattern of c-SiO. b) Water contact angle measurements of ¢-SiO pellet without and with
the PyOH functionalization. c) UV-vis spectra of diluted 0.1 m PyOH solution before and after the c-SiO modification. d) 180° peeling test profiles of

c-SiO-PAA and Py-c-SiO-PAA electrodes.

that of the ¢-SiO-PAA electrode, as the Py-c-SiO-PAA electrode
maintained the capacity until it decayed at around 60th cycle
whereas the capacity of the c-SiO-PAA electrode decayed tan-
gibly from the beginning. The more sustainable operation of
the Py-c-SiO-PAA electrode is ascribed to its improved particle-
to-particle cohesion and electrode-to-current collector adhesion
via the hydrogen bonding interaction involving PyOH. By con-
trast, the Py-c-SiO-PRPAA electrode preserved an areal capacity
of 2.54 mAh cm™ even after 100 cycles operated at 0.5 C, corre-
sponding to 97.6% capacity retention with respect to the value at
the first cycle. The average CEs of the c-SiO-PAA, Py-c-SiO-PAA,
and Py-c-SiO-PRPAA electrodes for the first 30 cycles after
one precycle were 99.08%, 99.25%, and 99.38%, respectively.
Remarkably, the CE of Py-c-SiO-PRPAA increased rapidly from
the beginning and reached 99.11%, 99.70%, and 99.73% at the
S5th, 20th, and 30th cycles (Figure 3b), respectively, revealing
its superior interface stability. In order to see the impact of the
surface functionalization with PyOH more directly, unmodified
¢-SiO was integrated with PRPAA and tested under the same
conditions. Remarkably, even though PRPAA was used, the
¢-SiO-PRPAA electrode showed rapid capacity fading only after
the 50th cycle (Figure S5, Supporting Information), pointing to
the weak interactions between PRPAA and bare c-SiO due to
the hydrophobic nature of the ¢-SiO surface.

Based on the promising cycling performance of the
Py-c-SiO-PRPAA electrode for 100 cycles, the test was extended
for additional 350 cycles to cover total 450 cycles (Figure 3c).
The capacity retentions at the 150th, 200th, and 250th cycles
were 99.6%, 97.9%, and 92.6%, respectively. The average CE in
the cycling period of 30-250 was 99.83%. Since we suspected
the degradation of Li metal counter electrode as the origin of
capacity fading after the 250th cycle, Li counter electrode was
replaced with a fresh one at the 310th cycle. Upon this replace-
ment, we observed that the areal capacity was restored nearly
to the initial capacity in the very beginning of cycling and sus-
tained until the 450th cycle without a critical capacity drop,
verifying highly robust nature of the Py-c-SiO-PRPAA electrode
based on the synergistic effect between PyOH and PRPAA.

In an attempt to investigate the kinetics of all electrodes
during charge-discharge, a rate capability test was conducted.
When C-rate was varied from 0.1 to 2 C, the Py-c-SiO-PRPAA
electrode exhibited higher capacity retentions compared to
those of the other two electrodes (Figure 3d). Consistent with
the cycling test in Figure 3a, the c-SiO-PAA electrode suffered
from capacity fading over repeated rounds of C-rate varia-
tion. The superior rate performance of the Py-c-SiO-PRPAA
electrode can be explained by its compact contacts between
electrode components that facilitate Li ion transport. Cyclic
voltammetry (CV) profiles at various scan rates afforded more
detailed information on the electrode kinetics (Figure S6,
Supporting Information). For this analysis, the cathodic peak
currents (I,.) from various scan rates (v) were logarithmically
plotted (Figure 3e) following the power-law relation: I, = avb.
The b value, which corresponds to the slope of log I, versus
log v plot, is known to be correlated to Li-ion diffusion kinetics
within the electrode, and higher b value implies faster electro-
chemical reaction.'! The Py-c-SiO-PRPAA electrode showed
higher b value of 0.58 compared to that of the Py-c-SiO-PAA
electrode (0.55), reconfirming the useful role of PyOH and
PRPAA in the rate capability. Electrochemical impedance spec-
troscopy (EIS) measurements also showed consistent results
(Figure S7, Supporting Information). Both semicircles of the
Nyquist plot of the Py-c-SiO-PRPAA electrode were smaller
than those of the Py-c-SiO-PAA counterpart, indicating lower
SEI resistance (Rgg;) and charge transfer resistance (Rc).#>']
Supplementary CV tests with only PAA, PRPAA, and PyOH
demonstrated the electrochemical stability of these components
in the given range of operation potential (Figure S8, Supporting
Information).

Based on the encouraging results of the Py-c-SiO-PRPAA
electrode in half-cells, tests were expanded to full-cells paired
with NCA cathode with a specific capacity of 190.5 mAh g! at
0.05 C rate (Figure S9, Supporting Information). The n/p ratio
defined as total anode capacity over total cathode capacity was
set to 1.1. Figure 4a shows the initial charge—discharge profiles
of full-cells with two different NCA mass loadings at 0.05 C
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Figure 3. Electrochemical performance of Py-c-SiO electrodes based on PRPAA and PAA binders. a) Cycling performance of c-SiO-PAA (red),
Py-c-SiO-PAA (green), and Py-c-SiO PRPAA (blue) electrodes measured at 0.5 C and b) their corresponding coulombic efficiencies in the first 30 cycles.
c) Long-term cycling performance of Py-c-SiO-PRPAA electrode when measured at 0.5 C (1.78 mA cm™2). d) Rate capability at various C-rates. e) Plots
of log (/) versus log (v) from the cathodic peak currents of CV curves at various scan rates (V).

(green: 19.4 mg cm% black: 27.8 mg cm™2). These two dif-
ferent cathode loadings delivered discharging capacities of 2.79
and 4.03 mAh cm™, respectively, when measured at 0.05 C.
In the case of the lower mass loading of NCA, capacity fading
was moderate, as 82.5% of the original capacity was preserved
after 150 cycles operated at 0.5 C (Figure 4b). Notably, the CE
of this full-cell rose sharply such that the CE reached 99.9%
at the 27th cycle and saturated above thereafter (see the inset
of Figure 4b). In the case of the full-cell with the higher NCA
loading, 3.13 mAh cm™ was maintained after 50 cycles under
the same operation conditions. The decent cyclability of these
two full-cells suggests that the synergy between PyOH and
PRPAA works out well even in the commercial cell settings. It
is noted that the performance is expected to improve further by
additional optimization in cell fabrication and operation, such

as electrolyte additives. It also turned out that PyOH does not
trigger hydrolysis of lithium hexafluorophosphate (LiPFg4) salt
to damage the NCA cathode according to a control experiment
with and without involving PyOH (Figure S10, Supporting
Information). In the same line, additional transition metal dis-
solution was not detected from the separator of the PyOH-con-
taining cell, verifying a negligible effect of PyOH to the NCA
cathode (Figure S11, Supporting Information).

The substantially better cyclability of Py-c-SiO-PRPAA com-
pared to that of its PAA-based counterpart is attributed to the
resilience of PRPAA. See Figure S12 (Supporting Information)
for the stress—strain curves of both binders. This distinct per-
formance is schematically presented in Figure 5a. Although
both electrodes start similarly in their pristine state in terms of
distribution, upon repeated lithiation and delithiation, relatively
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Figure 4. Electrochemical performance of full-cell based on Py-c-SiO-
PRPAA electrode. a) Initial charge—discharge profiles of Py-c-SiO-PRPAA/
LiNi 3C0g.15Alg.0s0; full-cells with different active material loadings at
0.05 C and b,¢) its cycling performance at 0.5 C, along with the coulombic
efficiencies.

brittle PAA network is irreversibly deformed and eventually
fractured by severe stress accumulation during the volumetric
change of Py-c-SiO. This mechanical instability renders the
electrode—electrolyte interface unstable from the chemistry
viewpoint by an undesired electrolyte decomposition. By sharp
contrast, the PRPAA network can largely avoid this issue as its
resilience can recover the electrode integrity after delithiation
by keeping electrode components tightly bound. This picture
with regard to electrode stability was confirmed by scanning

electron microscopy (SEM) images of both electrodes during
the course of precycling. In the case of the lithiated Py-c-SiO-
PAA electrode, well-distributed super P and SEI layer were
observed (Figure 5b,c), a typical phenomenon of Si electrodes
after lithiation. However, traces of PAA were invisible. After del-
ithiation, some cracks were observed throughout the electrode
(Figure 5d). On the other hand, the lithiated Py-c-SiO-PRPAA
electrode clearly showed traces of PRPAA (red dotted line in
Figure 5e). These traces indicate the stretchability of PRPAA
and its resulting conformal coverage of active particles. The
stretched coverage was even more obvious from magnified
SEM view (Figure 5f). The effect of high elasticity of PRPAA
was reflected in uniform crack-free electrode morphology after
precycle (Figure 5g).

Cross-sectional SEM analysis revealed the effect of binders
more directly (Figure 6). Before cycling, both the Py-c-SiO-PAA
and Py-c-SiO-PRPAA electrodes had the thickness of around
28 um (Figure 6a,d). After precycle, however, both electrodes
showed significant difference in their thickness in a way that
the thickness of the Py-c-SiO-PAA electrode increased to 41 um
(Figure 6b), whereas that of the Py-c-SiO-PRPAA increased
merely to 34 pm (Figure Ge). From a magnified SEM image
(Figure 6¢), it can be seen that the greater thickness increase
of the Py-c-SiO-PAA electrode originated from a significant
SEI growth between SiO, particles, unlike the Py-c-SiO-PRPAA
counterpart that maintained relatively compact interface
between SiO, particles. Thus, the high elasticity of PRPAA
along with its improved interaction with the c-SiO through
PyOH had a substantial effect on the swelling of c-SiO elec-
trodes, a critical parameter in full-cell design and energy den-
sity, by stabilizing the SEI layer.

Supramolecular chemistry has received an increasing atten-
tion for binder design in emerging high capacity battery elec-
trodes. The present study demonstrates such an opportunity by
employing 71— stacking and hydrogen bonding interactions in
surface modification and active material-to-binder connections,
respectively. The incorporation of these two kinds of supramo-
lecular interactions along with PRs improves the performance
in cycle life, electrode adhesion, and electrode swelling mitiga-
tion compared to the case where either of those is involved,
thus revealing the synergistic effect of supramolecular interac-
tions. The current investigation also highlights the powerful
and universal nature of polyrotaxane in keeping the electrode
integrity via its high elasticity once its interaction with active
material is warranted.

Experimental Section

Preparation of Py-c-SiO: PyOH was purchased from Sigma-Aldrich
and used as received. 0.1 m PyOH solution was prepared in DMSO.
3 g of ¢-SiO powder (KSC1064, Shin-Etsu Chemical Co., Ltd) was added
to 30 mL of the 0.1 m PyOH solution and stirred at room temperature
for 2 d. The mixture was then filtered and washed with 30 mL of pure
DMSO three times. The filtered Py-c-SiO powder was dried at 70 °C for
2 d right before its use.

Synthesis of PRPAA: PRPAA was synthesized following the previously
reported procedures.'% Briefly, PEG (M,, = 20k) was activated through
1,1"-carbonyldiimidazole (CDI), and ethylenediamine was added to yield
amine groups at both chain ends. Afterward, o-CD was threaded through
PEG at an elevated temperature (80 °C), the generated amine groups
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Figure 5. a) Schematic illustration of electrode structures during lithiation and delithiation. b,c) SEM images of Py-c-SiO-PAA electrode after the Tst
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SEM image of Py-c-SiO-PRPAA after precycle.

were capped with 2,4-dinitrofluorobenzene. Hydroxyl groups on the o-CD
were partially reacted with propylene oxide to yield hydroxypropylated PR
(HPR). Finally, PRPAA was obtained by crosslinking CDI-activated PAA
(M,, = 450k) with hydroxyl groups on o-CD of HPR. The feed ratio of
PAA to HPR was fixed at 95:5 in weight.

Material Characterization: The morphology characterization of
active particles and EDS analyses were conducted using Cs-TEM
(JEM-ARM200F, JEOL, Japan) and field-emission SEM (JSM-7600F,
JEOL, Japan). X-ray diffraction analysis was performed using SmartLab
(Rigaku, Japan). Contact angle measurements were conducted using
DSAT00 (Kriiss, Germany) by dropping 5 UL deionized water on the
surface of pelletized active materials. UV-vis spectra of the PyOH
solutions were obtained using Lambda 35 (PerkinElmer, USA). For this

analysis, each PyOH solution (before and after c-SiO modification)
was 2000-fold diluted. 180° peeling tests were conducted to evaluate
adhesion strength using a universal testing machine (QM100S,
QMESYS, South Korea). 3M double-sided tape (25 mm in width)
was attached onto the electrodes and peeled off at a constant rate of
25 mm min~". Stress—strain curves of binder films were attained
using the same universal testing machine. Top-view and cross-section
images of the electrodes were obtained using the aforementioned
field-emission SEM and focused ion beam (Helios 650, FEI, USA)
equipment, respectively. For the analysis of cycled electrodes, coin-
cells were disassembled in an Ar-filled glove box. The electrodes were
washed with EC/DEC (1/1 volume ratio), followed by drying under
vacuum for 5 h.
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Figure 6. Cross-sectional SEM images of Py-c-SiO electrodes. a—c) The Py-c-SiO-PAA electrode in their pristine state (a) and after precycle (b,c).
d—f) The Py-c-SiO-PRPAA electrode in their pristine state (d) and after precycle (e,f). (c) and (f) are magnified views from the boxes in (b) and (e).

Preparation of Electrodes: Mass loading of active material was
between 2.3 and 2.5 mg cm™2. For slurry preparation, active material,
super P (Timcal, Switzerland), and binder were dispersed in DMSO at a
weight ratio of 8:1:1. The slurry was cast on copper foil using the doctor
blade method, followed by drying at 60 °C under vacuum overnight. The
electrode was then compressed using a roll pressure to reach the density
of 1.0-1.1 g cm~3. NCA cathode was prepared by dispersing NCA, super
P, and polyvinylidene fluoride (M,, = 534k) in N-methyl-2-pyrrolidone at
a weight ratio of 90:5:5. The slurry was cast on aluminum foil and dried
at 60 °C under vacuum overnight.

Electrochemical Measurements: All electrochemical measurements
were performed using CR2032 coin-type cells assembled in an Ar-filled
glove box. For all cells, electrode diameters were 10 mm, and PE
separator (SK Innovation, South Korea) was used. 1.0 m LiPFg in EC/
DEC (1/1 volume ratio) containing 7.5 wt% fluoroethylenecarbonate
and 0.5 wt% vinylene carbonate was used as electrolyte, and 100 pL
of the electrolyte was injected to all cells tested in this study. Prior to
cell tests, all cells were under rest for 6 h to ensure sufficient soaking
of the electrolyte into the separator and electrodes. For cycling tests
of Li half-cells, one precycle was preceded at 0.05 C before the rest of
cycles scanned at 0.5 C in the potential range of 0.01-1.5 V versus Li/
Li*. Each charge or discharge was processed at constant current (CC)
mode using a battery cycler (WBCS 3000, WonAtech, South Korea). For
rate capability tests, Li half-cells were precycled at 0.05 C for three times,
and then scanned at various C-rates (0.1, 0.2, 0.5, 1.0, and 2.0 C). The
full-cell tests were conducted in the potential range of 2.5-4.2 V. Three
precycles at 0.05 C were processed under constant current constant
voltage (CCCV) mode for charging and CC mode for discharging.
Subsequent cycles were also cycled under CCCV mode for charging and
CC mode for discharging at 0.5C. EIS measurements were performed
using a potentiostat (VSP, Bio-Logic, France) over frequency range from
1 MHz to 0.1 Hz. CV analysis was conducted for kinetic study at a series
of scan rates (0.5, 0.7, 1.0, 1.5, and 2.0 mV s7') in the potential range of
0.01-1.5 V versus Li/Li*.
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