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ABSTRACT: Cylindrical-type cells have been widely adopted by major battery and electric vehicle manufacturers owing to their
price competitiveness, safety, and easy expandability. However, placement of electrodes at the core of cylindrical cells is currently
restricted because of high electrode curvature and the lack of specialized electrodes and electrode materials. Here, we report the
realization of highly flexible high-energy-density electrodes (active material loading of >98.4%) that can be used at the cores of
cylindrical cells. The improved properties result from the introduction of a multifunctional poly(melamine-co-formaldehyde) (MF
copolymer) additive, which yields a relatively more fluidic and well-dispersed slurry using only 0.08 wt %. MF copolymer-mediated
formation of completely wrapped CNT/PVDF networks on LiCoO2 (LCO) and accompanying contact enhancement between LCO
and carbon nanotubes (CNTs) resulted in an increase of electrical and mechanical properties of the two types (composites with or
without collectors) of electrodes compared with those of additive-free electrodes. Flexibility tests were carried out by rolling
electrodes onto cylinder substrates (diameters of ca. 1 and 10 mm); this process resulted in relatively lower resistance changes of the
MF copolymer-containing electrodes than for the reference electrodes. In addition, capacity retention after 100 cycles for cells with
and without MF copolymers was approximately 10−20% better for the samples with the MF copolymer than for those without.
CNT/PVDF networks with MF copolymers were proven to induce a relatively thin and stable cathode electrolyte interface layer
accompanying the chemical bond formation during cycling.

KEYWORDS: lithium-ion batteries, high-energy-density electrodes, conductive additive/binder networks, composite interfaces,
electrode additives

■ INTRODUCTION

The demand for lithium-ion batteries (LIBs) in electric
vehicles (EVs) continues to grow, and the development of
high-energy-density batteries is needed for further extension of
the operation time and driving range of EVs. Battery
manufacturers have adopted different types of cells, including
cylindrical, prismatic, and pouch cells, designing them to meet
the requirements of their customers.1 Cylindrical-type 18650,
2170, and 4680 cells, despite their relatively low energy
density, have been widely adopted by major battery and EV
manufacturers such as Tesla because of their price com-
petitiveness, standardized battery size, verified safety, and easy
expandability.2−5

Cylindrical-type cells, including ca. 21 and 26 of wound
electrodes for the 18650 and 2170 cells, respectively, are
needed to maximize the energy density by investigating and

developing specialized electrodes and electrode materials.6−13

The materials and chemistry of the electrode for practical
cylindrical cells are not very different from those of prismatic
and stack-type cells. However, high curvature of a cylindrical
cell can lead to separation and cracking of an electrode placed
at its core, when the electrode has a diameter of less than ca.
2−3 mm.3,6 To overcome this issue, it is necessary to improve
the electrode flexibility through innovation and development at
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the materials level. Previous studies have demonstrated that
further development of inactive materials such as conductive
additives and binders is critical to improve electrode
flexibility.14,15 For example, the incorporation of flexible and
elastic binders can effectively increase the electrode flexi-
bility.16 In addition, well-known elastic polymers, such as
polystyrene−polyisoprene−polystyrene (SIS) and polydime-
thylsiloxane (PDMS), have been used as binders for wearable
rechargeable batteries.17,18 Highly cross-linkable supramolecu-
lar polymers, such as polyacrylic acid (PAA) and polyethylene
oxide (PEO)-based polyrotaxane or 2-ureido-4-pyrimidone
(UPy), have also been applied as elastic binders for LIBs.19,20

Moreover, as alternatives to conventional carbon black,
conductive additives with a high aspect ratio (>10,000) and
theoretical electrical conductivity (5 × 105 S/m for purified
materials), such as carbon nanotubes (CNTs), have been
shown to be very effective at improving the mechanical
properties of electrodes by interconnecting the electrode
components over a long range.21−23 However, reported studies
on importance of conductive materials/binder networks for
electrode flexibilities in LIBs do not possess potential for
practical applications.14−20 Major issues among the interrupt-
ing factors are originated from the low areal active materials
and mass loading of electrode layers as well as instabilities of
slurry under bulk scale processing. Processing in the subgram
scale for electrodes with an active materials loading of 80 wt %
and a mass loading of 1−8 mg/cm2 does not guarantee their
electrochemical performances when they are applied to
practical slurry and electrode formulations.
Therefore, a main challenge to be overcome to increase the

electrode flexibility of practical cylindrical cells at their core
parts is to optimize existing nonactive materials, i.e., binders
and conductive materials, while minimizing their presence to
less than 2 wt % in the electrode to improve the energy density.
Poly(vinylidene fluoride) (PVDF) is the most widely used
binder in commercial LIBs because of its high chemical
resistance and excellent thermal and electrochemical stability.25

As previously discussed, compared to the use of carbon black,
the introduction of CNTs as conductive additives can greatly
improve the gravimetric energy density (ca. ∼15%) of pouch
cells; further, the CNTs are present at below 2 wt % and still
maintain electrode integrity.21−24 Therefore, most of the
battery manufacturers have substituted CNTs for conventional
carbon black. When applying CNTs to LIBs, a predispersed
CNT solution is used to produce a homogeneous slurry and
electrode.26 Generally, the CNT solution includes a dispersant
or surfactants to prevent self-aggregation of the CNTs,
improve the electrode flexibility, enhance the solvation of the
CNTs, and achieve suitable fluidic properties for enhancement
of the dispersion stability.27,28 Various surfactants and
dispersants, including polyvinylpyrrolidone (PVP), nitrile
butadiene rubber (NBR), cetrimonium bromide (CTAB),
and other π-conjugated moiety-linked amphiphatic molecules,
have been used to improve the dispersion of CNTs in
fluids.29−32 Hydrogenated NBR (HNBR), including a few
unsaturated bonds (<5%), is known to improve not only the
dispersion of CNTs but also the mechanical, chemical,
physical, and thermal properties of the composite.33 Owing
to those functionalities, HNBR is often selected as a candidate
for electrode materials to enhance flexibility; it is also used for
polymer electrolytes or binders to maintain chemical and
mechanical stability of composite networks. The use of HNBR,
which is known to be easily deformable (up to 400%) under

tensile stress lower than 2 MPa, leads to HNBR-based
electrodes having a strength (0.6 N/cm) three times higher
than that of PVDF-based electrodes (0.2 N/cm).33−35 These
characteristics are manifested in HNBR-containing electrodes
and enable enhancement of the electrode flexibility. However,
HNBR is not typically compatible with PVDF; HNBR results
in inhomogeneous mixing of the PVDF slurry when present in
a high concentration.36 The poor uniformity and local
aggregation of the slurry may result in poor electrical and
mechanical behavior of the electrode and thus remain critical
challenges. Moreover, from the viewpoint of increasing the
electrode flexibility, a more facile methodology for homoge-
neous mixing and a high HNBR content should be developed
to enable the fabrication of flexible electrodes for cylindrical
cells. Electrode additive-driven improvement of slurry
homogeneity involving both of PVDF and HNBR as electrode
materials is a way to increase the electrochemical performance
of cylindrical LIBs through production of flexible electrodes
applied at their core. Among the reported studies on electrode
additives for LIBs, studies about slurry homogeneity-derived
inactive materials layers and their electrode flexibilities are not
published (Table S2).
Here, we report that high-energy-density electrodes with

high flexibility for use in cylindrical cells can be realized by
introducing multifunctional additives. These additives over-
come the inhomogeneous mixing of the slurry, enhancing the
compatibility between the binder and HNBR in the CNT
solution. Moreover, we show that a uniform CNT/binder
network can be prepared by introducing such multifunctional
additives. This homogenous CNT/binder network improves
not only contact with active materials but also the mechanical
properties of the electrodes. To prove the multifunctionality of
the proposed additives, we applied them to two types of
electrodes, relatively conductive additive/binder-rich free-
standing electrodes and high-energy-density (active material
loading of >98.4%) electrodes. We also discuss the origins of
the additive-mediated electrochemical properties of the half-
cells applied to the high-energy-density compositions. Our
findings suggest that this facile and simple strategy based on
multifunctional additives is effective for the realization of
practical high-energy-density cylindrical cells.

■ EXPERIMENTAL SECTION
Materials Characterization. PVDF solution and CNT dispersion

solution were purchased from Kureha Co., Ltd. (Japan) and
Advanced Nano Products Co., Ltd. (Korea), respectively. Poly-
(melamine-co-formaldehyde) copolymer solution was purchased from
Sigma-Aldrich. NMP was purchased from Daejung Chemical &
Materials Co., Ltd. (Korea). LiCoO2 (Montari Co., Ltd.) was used as
received without further processing. The electrolyte was purchased
from Welcos Co., Ltd. All reagents were used without further
purification.

The rheological properties were measured using an Anton Paar
Physica MCR 302 rheometer. The shear viscosity (shear rate of 1−
500 s−1) of the slurry was determined using a parallel plate with a 25
mm diameter and a 0.25 mm gap. Frequency sweeps were performed
at room temperature with decreasing frequency from 100 to 0.1 rad/s
and a strain of 1%. Proton NMR spectra of the PVDF/MF
copolymers, except for the LCO and CNT mixture solutions with
DMSO-d6 as a solvent, were obtained using a Bruker DRX 300
spectrophotometer. Time-dependent NMR experiments were per-
formed by collecting samples after high-shear mixing at 5000 rpm for
various mixing times. To confirm the size of the CNTs with and
without the MF copolymers, DLS measurements (NANO ZS,
Malvern, Westborough, MA, USA) were performed at 25 °C. SAXS
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analysis of the LCO-free mixture solutions was performed using a
NANOPIX (Rigaku) with a q range from 0.0218 to 40.16 nm. A
Theta Probe AR-XPS system (Busan Center, KBSI, Korea) with
ultrahigh vacuum chambers was used to obtain XPS data for the
freestanding electrodes. The mechanical properties of the freestanding
electrodes were measured using a dynamic mechanical analyzer
(DMA Q800, TA Instruments) in tensile mode (0.1 N/min, preload
at 0.02 N). The electrical conductivities of the freestanding electrodes
were determined using probe-type resistance meters. Cu tape was
attached to a slide glass with a constant gap (2 cm), and the
freestanding electrodes were placed on Cu tape and fixed with silver
paste. SEM images were obtained using a JSM-6700F (JEOL) under
an accelerating voltage of 15 kV.
Fabrication of Electrodes and Electrochemical Character-

ization. The freestanding electrodes were fabricated by doctor-blade
casting of slurry. Slurries were prepared by mixing specified ratios of
LiCoO2, CNT solution, and PVDF solution with or without MF
copolymers at 4000 rpm for 15 min. The doctor-blade-coated films
were first dried at 30 °C for 1 h in vacuum, and they were
subsequently dried at 120 °C for 12 h in vacuum. The slurries for the
high-energy-density electrodes were prepared by simple mixing of
LiCoO2, CNT solution, and PVDF solution at designated ratios at
4000 rpm for 15 min. The electrode layer was coated on Al foil
(Welcos Co., Ltd.) using a doctor blade. The electrode was first dried
at 80 °C for 1 h, and it was subsequently dried at 120 °C for 12 h in
vacuum. The mass loadings of the electrode layers were approximately
7 or 16.5 mg/cm2. The resistances of the high-energy-density
electrode (4 cm2) were measured using a Hioki electrode resistance
meter (XF-057) with constant current (10 mA) and Al foil (resistance
of 2.65 × 10−6 Ω cm−1, thickness of 20 μm). To evaluate the
electrochemical performance of the electrodes, coin cells (2032 coin
half-cells) were assembled in a glovebox under highly pure Ar. A cell
consisting of a Li counter electrode, a PP separator (Celgard 2400),
and electrolyte solution (1 M LiPF6 in EC/DMC (ethylene
carbonate/dimethylcarbonate), 1:1 by volume) was assembled. The
area of punched electrodes for cell assembly was 1.538 cm2.
Galvanostatic charge/discharge tests in the voltage range of 3−4.5
V at 25 °C were performed at various C rates (C/3, C/2, 1C, 2C, 3C,
4C, and 5C, where 1C corresponds to 150 mA g−1) for LiCoO2.
Charge−discharge curves were recorded using a WBCS 3000 battery
tester system (WonATech). Using a ZIVE SP1 electrochemical
workstation (WonATech), electrochemical impedance spectroscopic
analysis was performed at frequencies of 0.1 MHz to 0.1 Hz with a
voltage amplitude of 0.01 V. The values of the resistances from cells
are recorded in a semicircle from circular fitting of Nyquist plots. In

addition, CV measurements were performed using half-cells in the
voltage range of 3−4.5 V at a scan rate of 0.2 mV s−1; the CNT/
HNBR/PVDF film as a working electrode with a Li metal as a counter
electrode was measured. A galvanostatic intermittent titration
technique (GITT) of fresh cells was carried out at 0.1C and a
current pulse time of 10 min.

■ RESULTS AND DISCUSSION

The effects of the melamine-formaldehyde (methylated)
copolymers (MF copolymers) as functional additives for
cylindrical LIBs are illustrated in Figure 1. PVDF solutions
in N-methyl-2-pyrrolidone (NMP) and well-dispersed high-
content conductive additive (CNT) solutions in NMP were
used to achieve a homogeneous slurry, preventing agglomer-
ation. Dispersing additives such as hydrogenated acrylonitrile
butadiene rubber (HNBR), which individualize the CNTs and
improve the electrode elasticity, were applied in this study
before slurry mixing. In general, the mechanical flexibility of
the electrodes is mainly dependent on the HNBR content in
the slurry; however, the HNBR content must be limited
because of the resulting gel-like aggregation.33−36 This
limitation mainly originates from the incompatibility of
HNBR and PVDF, which leads to their self-aggregation. In
the current work, during the slurry-mixing process, we offset
the incompatibility by introducing MF copolymers containing
active materials to the mixture solutions of CNTs, PVDF, and
HNBR. The MF copolymer consists of 1,3,5-triazine, a flexible
third amine and ether groups frequently used as an additive of
separators, a N-doping reagent of active materials, and a cross-
linker for mechanical maintenance of the composites.37−40 For
LIB applications, the thermal stabilities and cross-linking
properties of MF copolymers are advantageous for preventing
the elution of active materials and slurry inhomogeneity.
Moreover, the 1,3,5-triazine backbones in the MF copolymer
enable intensive interaction with CNTs, effectively restricting
CNT folding.41,42 Owing to the increased surface area of the
well-dispersed CNTs that results from the inclusion of MF
copolymers, HNBR-mediated gelation is restricted because of
the loosened cross-linking of HNBR. In addition, the MF
copolymer-mediated individualization of the CNTs affects
their slurry dispersion during the general mixing process of the

Figure 1. Illustration of multifunctional-additive-driven network improvement for LIB electrodes.
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active materials, conductive carbon, the binder, and the
melamine additive. We analyzed the MF copolymer-mediated
enhancements of the quality of the slurry, electrodes, and cells
to demonstrate its suitability as an additive for electrodes
placed at the cores of cylindrical cells.
Two types of electrodes were prepared: high-energy-density

electrodes for practical cylindrical cells and freestanding
electrodes without collectors; their slurry compositions are
shown in Table 1. Because there is only 1.4 wt % CNT/PVDF
networks in the high-energy-density electrodes, it is hard to
discern the effects of functional additives (∼0.08 wt %), such
as physical and chemical properties of the slurry and electrode,
and not proper for evaluating the flexibilities of electrode layers
in the presence of Al collectors. Thus, freestanding model
electrodes were used to examine the effects of MF copolymers
(1 wt %) containing excess amounts (10−12 wt %) of CNT/
PVDF networks in electrodes.
Rheological analysis was performed to evaluate the quality of

the coated layer during film formation with a shear force
applied to the slurry, as shown in Figure 2. The shear viscosity
and viscoelasticity of the slurry were confirmed (Figure 2a,b).
To the best of our knowledge, the remarkable shear-thinning

effects at the same composition result in improved qualities of
coating layers on collectors.43 The viscosities decreased when
the MF copolymers were introduced into the slurry. In
addition, upon increasing the CNT content from 3 to 5% for
the slurry for C30B70N08M10 (vs C30B70N08) and
C50B70N10M10 (vs C50B70N10), the degree of the viscosity
decrease increased. Furthermore, in the analysis of the
viscoelastic behavior, an MF copolymer-induced shift of the
phase angle was observed, implying enhancement of the liquid-
like properties of the slurry. These phenomena indicate that
the limitations originating from the increase in the HNBR
content in the slurry and increased electrode flexibility were
overcome by the addition of MF copolymers.
The origins of the changes of the slurry properties upon

introduction of MF copolymers were investigated using a
mixture of electrode materials in the absence of active
materials. To confirm the effects of the MF copolymers on
the CNT/PVDF networks without active materials, we
analyzed the solution-state properties of CNT/PVDF with
and without MF copolymers. With MF copolymers on the
CNTs, the average size distribution shifted to a smaller range,
with a sharpened peak compared with those of pristine CNTs,

Table 1. Slurry Composition of High-Energy-Density and Freestanding Electrodes

Figure 2. Characterizations of rheological properties of slurry with and without the MF copolymer. (a) Shear viscosity as a function of the shear
rate of slurry. (b) Phase angle and complex shear modulus of slurry. The phase angle was calculated using recorded values (storage modulus G′, loss
modulus G″) at an angular frequency ω = 7.2 rad/s. (c) 1H NMR spectra of mixture solution of the MF copolymer and PVDF in DMSO-d6 after
high-shear mixing for 0 (as soon as mixing), 10, 20, and 30 min.
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indicating improved monodispersity (Figure S1). The physical
interaction of π electrons between the aromatic carbon of the
CNTs and the 1,3,5-triazine backbone of the MF copolymers
may create barriers prohibiting agglomeration of CNTs as well
as bridge materials, leading to enhanced affinity with NMP via
formation of CNT/MF copolymer composites.32 Because
physical interactions of certain components of the mixture
(PVDF) with MF copolymers may have occurred, molecular-
level analysis was performed using NMR spectroscopy, with
results shown in Figure S2 and Figure 2c. Time-dependent 1H
NMR monitoring of the mixture (PVDF with MF copolymers
in the absence of LCO) at 5000 rpm was performed. NMR

spectroscopy was used to clarify monomer peaks or peaks from
physically cross-linked dimer or trimer molecules.44 As can be
seen in Figure 2c, the NMR spectra of the polymer blends in
the range of 3.5−9 ppm revealed the coexistence of highly self-
aggregated MF copolymer species (∼7.5 ppm) and relatively
isolated MF copolymer species (3.5−5 ppm) at room
temperature.45 Changes of the peak shape, as well as chemical
shifts, were observed for the melamine backbone (∼7.5 ppm)
and terminal −OCH3 groups of the MF copolymers in time-
dependent NMR spectra of the PVDF/MF copolymer
blends.45−47 This chemical shift is related to inter- or
intrapolymer interactions originating from the dipole−dipole

Figure 3. Characterizations of the surface structure of electrodes. (a) XPS spectra of C50B70N10 and C50B70N10M10 and SEM images
corresponding to schematic illustrations of (b) C04B10N008 and (c) C04B10N008M008 showing MF copolymer-induced improvement of CNT/
PVDF networks wrapped on active materials.
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interaction of protons adjacent to 1,3,5-triazine moieties as
well as protons in the alkyl chain (involving ether) of the MF
copolymers.46,47 However, no peak shift of PVDF as a function
of mixing time was observed (Figure S2).48 Figure S2 confirms
the absence of interaction between the MF copolymers and
PVDF; it is also possible that there was weak interaction that
was not sufficient for peak shifts of PVDF to be evident. The
mixture solutions comprising MF copolymers and HNBR in
DMSO also produced physical interactions, as shown in the 1H
NMR spectra (Figure S3). Pristine HNBR showed peaks at
around 2.95 and 1.2 ppm, corresponding to a proton adjacent
nitrile group and alkyl chain repeating units of the hydro-
genated part, respectively.49,50 Upon addition of MF
copolymers during high-shear mixing, the peak at 2.95 ppm
originated from protons adjacent to CN functional groups are
almost the same with that after 20 min (2.94 ppm). One peak
from the alkyl chains (1.19 ppm) may also have shifted and
overlapped with a butanol peak at approximately 1.21 ppm
during mixing. These NMR results suggest that MF
copolymers that interact with HNBR are not enough to form
relatively individualized compounds under diluted systems (ca.
2 wt %). However, their weak interaction may act as more
critical factors for HNBR compatibility under high-shear
mixing in the slurry due to the relatively higher solid contents
of approximately 78 wt %. The DLS and NMR results indicate
that physical rearrangement of MF copolymers during high-
shear mixing led to an enhancement of the monodispersity of
the CNTs, as well as to modification of the CNT/PVDF
properties. Mixture solutions of CNT/HNBR and PVDF with
and without MF copolymers excluding LCO powder were
prepared by a high-shear mixing process, and their rheological
behavior was analyzed (Figure S4). Mixture solutions
(excluding LCO powder) showed similar rheological proper-
ties in Figure 2a,b. XRD patterns of CNT/HNBR/PVDF films
with and without MF copolymers excluding LCO powder are
shown in Figure S5. The peak at around 11.7° in the XRD
pattern is associated with the (001) interlayer structure of
CNTs. The peaks at 18.4, 19.8, and 25.5° correspond to 020,
110, and 021 reflections, respectively, of the monoclinic α-
phase crystal of PVDF.51 The peak at 25.5° may be the sum of
the 021 reflection of raw PVDF powder of the α-phase crystal
and the 002 reflection of CNTs (JSPDS no. 96-101-1601).51

Upon addition of MF copolymers during composite formation,
shifts of the peak of approximately 20 and 35° were found in
the XRD pattern. The peaks at 20.2° (110/200 reflection) and
36.3°, related with the β-phase crystal of PVDF, are shown in
Figure S5.51,52 The enhancement of the β content in the
composite films with the MF copolymer, compared to that in
the CNT/PVDF/HNBR mixture, implies that interactions of
the MF copolymer with components in the composites
influenced the PVDF crystal structure. Relatively higher β-
phase contents in PVDF are known to be a factor that
enhances the electrochemical performance of Li-ion bat-
teries.53 MF copolymer-induced conformation tuning of
PVDF may lead to the achievement of an optimized CNT/
PVDF/HNBR structure application to Li-ion batteries. Cyclic
voltammetry (CV) measurements in 1 M LiPF6 EC/DMC
(1:1) solutions in the voltage range of 3−4.5 V were also
performed for the LCO-free CNT/HNBR/PVDF film with
and without MF copolymers. In Figure S6, no oxidation/
reduction peaks are observed, and the integrated curve area of
the sample with MF copolymers is larger than that of the
sample without MF copolymers. The increase in the area is

caused by the change of the surface area of the CNT/PVDF
network incorporating MF copolymers.
X-ray photoelectron spectroscopy (XPS) analysis of the film-

coated freestanding compositions (C50B70N10 and
C50B70N10M10) was performed (Figure 3a and Figure S7).
The shoulder peak of F 1s in C50B70N10, derived from PVDF
adjacent to the LCO crystal, is at approximately 685.08 eV,
providing evidence of direct contact between PVDF and LCO;
this peak vanished in the presence of MF copolymers
(C50B70N10M10). In addition, the presence of a peak
originating from the lattice oxygen at ∼529 eV for
C50B70N10 was evidence of exposed LCO surfaces, while
this peak was not observed for C50B70N10M10, with full
coverage of LCO surfaces via CNT/PVDF/MF copolymer
networks (Figure S7). The change of the F 1s peak with the
addition of MF copolymers suggests enhancement of contact
between CNTs and active materials. With the presence of MF
copolymers in the electrodes, peaks from 1,3,5-triazine (399.18
eV) and the third amine (399.98 eV) in the MF copolymers
were observed for the N 1s spectra.54 After the introduction of
MF copolymers (C50B70N10M10), the Co 2p peaks (780.08
and 795.18 eV) observed for C50B70N10 vanished, indicating
that more uniform CNT/PVDF networks (resulting from the
addition of MF copolymers) wrapped the active materials. The
C 1s peaks mainly corresponded to PVDF (C−F at 290.88 eV)
and CNTs (CC at 284.58 eV).55,56 We analyzed the ratio of
the peak areas of C−F (PVDF) to CC (CNTs) to confirm
the MF copolymer-mediated changes of the surface structures
of the electrodes. Because of the differences in hydrophobicity,
the peak area of CC in C50B70N10 was 10 times larger than
that of C−F despite the electrode containing 5% MWCNTs
and 7% PVDF. A decrease was observed in the CC/C−F
area ratio of the electrodes with MF copolymers compared
with that of the electrodes without MF copolymers. These
results indicate that the CNT content (indirect contact with
LCO) on the electrode surface decreased with addition of MF
copolymers. In other words, local aggregation of CNT/PVDF
networks originating from differences in hydrophobicity was
offset by interaction of CNT-MF copolymers. The MF
copolymer-mediated CNT/PVDF network changes were
confirmed by small-angle X-ray scattering (SAXS) analysis.
The weak nanoscale regularity induced by PVDF vanished
upon addition of MF copolymers (Figure S8). This result
indicates the collapse of the subnanoscale crystallinity. The MF
copolymer-derived network homogeneity in the high-energy-
density compositions (C04B10N008 and C04B10N008M008)
is also confirmed in Figure 3cb,. SEM images of
C04B10N008M008 reveal relatively well-dispersed and con-
served CNT/PVDF networks compared with those in
C04B10N008. These findings suggest that the MF copoly-
mer-derived network homogeneity was intensified. In Figure
3b,c, the slurry networks formed with and without addition of
MF copolymers are presented for comparison. The MF
copolymer (1) acts as an adhesive between the active materials
wrapped with the CNT/PVDF network and (2) prevents the
self-assembly of CNTs and the formation of PVDF nanocryst-
als in the slurry networks.
To confirm the effects of MF copolymers on CNT/PVDF-

rich compositions, freestanding electrodes, without collectors,
were prepared using blade casting. A summary of the
freestanding electrodes with compositions C30B70N06,
C30B70N06M10, C50B70N10, and C50B70N10M10 is
presented in Table S1. Improvements of the conductivities of
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the freestanding electrodes in the presence of MF copolymers
were observed for C50B70N10 (2.94 S/cm) and
C50B70N10M10 (6.65 S/cm). The SEM images of the
freestanding electrodes in Figure S9 reveal well-aligned
morphologies and CNT/PVDF networks wrapping the active
materials. Dynamic mechanical analysis (DMA) measurements
were performed, with results shown in Figure 4a. Increasing
the CNT content in the slurry from 3 to 5% resulted in
enhancement of the tensile strength and Young’s modulus of
the freestanding electrodes. In addition, the mechanical
properties of the freestanding electrodes containing MF
copolymers (C30B70N06M10 and C50B70N10M10) were
approximately 4 and 2 times higher, respectively, than those of
the pristine electrodes. This enhancement originated from the
formation of a uniform slurry, which was achieved by
restraining the self-aggregation of CNTs and PVDF and
enhancing contact between CNTs and LCO.
Fundamental analysis of the resistance of individual

electrodes for high-energy-density electrodes was performed
using an electrode resistance meter (Hioki, XF-057).57,58 With
the addition of the MF copolymer (constant binder content),
the resistivity of the electrode layer and the interface resistance
decreased from 1.52 to 1.0 Ω/cm and from 0.038 to 0.017 Ω/
cm2, respectively, after pressing, indicating that the adhesive
properties of the CNTs were enhanced due to physical
interaction with MF copolymers (Figure 4b,c). The improve-
ment in the interface resistance was caused by interaction

between lone-pair electrons (oxygen or nitrogen atoms in the
MF copolymer) and metal atoms on the collector.59 Direct
evidence of MF copolymer-mediated improvement of the
electrical properties was observed through evaluation of CNT/
PVDF networks with high-energy-density compositions at the
electrode level. Owing to the MF copolymer-assisted network
modifications of the electrodes, high-energy-density electrodes
containing 1.56% additives were successfully fabricated. Upon
increasing the MF copolymer content in the slurry, a trade-off
point of 0.08% was confirmed, with excess MF copolymers not
interacting with the CNTs; this noninteraction may act as an
offset factor, limiting conductance of the electrodes (Figure
S10).
To date, the utilization of electrodes in the cores of

cylindrical cells has been restricted because of the lack of
flexibility of the electrode layers. Although researchers have
worked to increase the electrode flexibility, lack of fluidic
behavior of the slurry and local aggregation after slurry
fabrication are observed upon an increase in the additive
content (binders and conductive additives). As previously
discussed, the decrease in resistivity of the active materials
layer, and interface resistance occurring with introduction of
MF copolymers in electrodes, implies that the quality of
electrodes at the cores of cylindrical cells may be higher than
that of MF copolymer-free electrodes. To indirectly compare
the quality of electrodes at the cores of cells, electrodes were
rolled onto cylinder substrates with core diameters of 1 and 10

Figure 4. Mechanical and electrical properties of electrodes. (a) Mechanical properties of freestanding electrodes (C30B70N06, C30B70N06M10,
C50B70N10, and C50B70N10M10). (b) Resistivity of the active material layer of high-energy-density electrodes (C04B10N008 and
C04B10N008M008). (c) Resistance of the interface layer of high-energy-density electrodes (C04B10N008 and C04B10N008M008). Pressed
electrodes were used for (b) and (c).
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mm (Figure 5a), and the resistivity of the active layer and the
interface resistances were measured. Changes of resistance
before and after rolling of electrodes onto cylinder substrates
are shown in Figure 5b,c. Resistivity of electrode active layers
both with and without MF copolymers increased; however, the
degree of the resistivity increase of the electrodes with MF
copolymers (∼96% at 10 mm and 146% at 1 mm) was lower

than that of the electrodes without MF copolymers (109% at
10 mm and 182% at 1 mm). That is, electrodes containing MF
copolymers were more flexible than electrodes without them.
The increase in the interface resistance in C04B10N008M008
rolled on a 10 mm substrate was lower than that for
C04B10N008; however, similar levels of the resistance increase
were achieved when the electrodes were rolled onto a 1 mm

Figure 5. Flexibilities of high-energy-density electrodes. (a) Illustration of sample preparations to examine electrode flexibility. (b) Degree of the
resistivity increase of the active material layer and (c) resistance increase of the interface layer after the electrode was rolled with cylindrical
substrates (10 or 1 mm) for C04B10N008 and C04B10N008M008 (R0 is the value before rolling with cylindrical substrates, and R is the value after
rolling with cylindrical substrates).

Figure 6. Electrochemical properties of high-energy-density LIBs. (a) Nyquist plots, (b) rate capability tests (0.33C−5C), and (c) cycling
performance (at 0.33C) of high-energy-density C04B10N008 (7 and 16.5 mg/cm2) and C04B10N008M008 (7 and 16.5 mg/cm2), (d) EIS profiles
of cells before and after 100 cycles (16.5 mg/cm2), and (e) degree of resistance changes of electrodes before and after 100 cycles collected by cells
with DMC and ethanol washing (16.5 mg/cm2), area of the electrode in cells: 1.538 cm2.
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substrate. In addition, because of cross-linking between MF
copolymers, contact resistance in the active layer between the
cracked area in the presence of MF copolymers was lower than
that of pristine electrodes. Contact between the collector and
the active layer with MF copolymers after electrodes were
rolled onto a 10 mm substrate was maintained; however,
contact weakened after electrodes were rolled onto a 1 mm
substrate because of the activation energy needed for
reformation of bonding between MF copolymers and
collectors.
Thick electrodes with maximized active material loading

(>98%) and mass loading (>16 mg/cm2) are needed;
information on the electrochemical performance of thick
electrodes can be directly used as basic data to improve the
performance of Li-ion batteries. Thus, two types of high-
energy-density electrodes with different mass loadings of ∼7
and ∼16.5 mg/cm2, and a constant CNT/binder ratio (0.4/1.0
wt %), were prepared to evaluate the effect of MF copolymers.
Half-cells with C04B10N008 or C04B10N008M008 were used
to confirm the electrochemical properties. Electrochemical
impedance spectroscopy (EIS) results are presented as Nyquist
plots in Figure 6a. Impedance from the charge-transfer process
(Rct) of C04B10N008M008 (67.2 Ω for 16.5 mg/cm2 and 54.5

Ω for 7 mg/cm2) was smaller than that for the MF copolymer-
free cells (93.1 Ω for 16.5 mg/cm2 and 59.4 for 7 mg/cm2). In
addition, the slope of the straight line in the low-frequency
range indicates that the Li-ion diffusion of C04B10N008 was
similar to that of C04B10N008M008, at 7 mg/cm2. However,
the slopes of C04B10N008 were relatively steeper than those
of C04B10N008M008 at a high level of mass loading (16.5
mg/cm2). The galvanostatic intermittent titration technique
(GITT) was employed to compare quantitative values of Li-
ion diffusion coefficients in the first free cycles in a 0.1C
voltage range from 3 to 4.5 V; results are shown in Figure
S11a. The inset graph indicates voltage changes before and
after current pulse during charging. The value of (ΔEs/ΔEt)

2,
which is the voltage change at specific times during charging
for C04B10N008, increased from 0.96 to 1.04 due to the
weakened coverage capability of the CNT/PVDF network
during cycling, as can be seen in the Figure S11c. That value of
C04B10N008M008 decreased from 1.3 to 0.88, indicating that
the MF copolymer improved the coverage capability of the
CNT/PVDF networks at relatively higher mass loading
(Figure S11c). Values of Li-ion diffusion coefficients of
C04B10N008 of 1.03 × 10−8 (7 mg/cm2) and 5.54 × 10−8

(16.5 mg/cm2), as well as those of C04B10N008M008 of 1.48

Figure 7. Interfacial study of cycled electrodes. XPS spectra of fresh and 100-cycled electrodes: (a) F 1s and (b) C 1s spectra and SEM images of
(c) cycled C04B10N008 and (d) cycled C04B10N008M008. (e) Schematic presentations of CEI layers of cycled C04B10N008 and
C04B10N008M008.
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× 10−8 (7 mg/cm2) and 3.8 × 10−8 (16.5 mg/cm2),
correspond to the tendencies of the slopes of the straight
lines in Figure 6a (Figure S11b). This behavior may originate
from MF copolymer-induced stable preservation of relatively
well-wrapped CNT/PVDF networks on LCO in electrolytes.60

The d i scharge capac i t i e s o f C04B10N008 and
C04B10N008M008 at different rates (0.33C−5C) were also
determined. As shown in Figure S12, relatively higher
discharge capacities at 5C were maintained for
C04B10N008M008 than for C04B10N008 (163 mA h/g (7
mg/cm2) and 139 mA h/g (16.5 mg/cm2) vs 156 mA h/g (7
mg/cm2) and 136 mA h/g (16.5 mg/cm2), respectively). The
rate capabilities calculated for 5C/0.33C were 85.4% (7 mg/
cm2) and 75% (16.5 mg/cm2) for C04B10N008 and 90.6% (7
mg/cm2) and 78.5% (16.5 mg/cm2) for C04B10N008M008,
indicating the relative stability of C04B10N008M008
compared with C04B10N008, despite the different mass
loadings (Figure 6b). The stability over 100 cycles of LCO
cathodes with MF copolymers was also compared with that of
LCO cathodes without MF copolymers at 0.33C (Figure 6c).
The charge−discharge curves obtained during cycling are
shown in Figure S13. The voltage changes upon operation of
C04B10N008 after free cycling are remarkably drastic
compared to those of the C04B10N008M008 cells, though
voltage changes derived by differences of mass loading are
more critical for capacity fading. The discharge capacities of
C04B10N008M008 after 100 cycles, 146.95 mA h/g (7 mg/
cm2) and 99.18 mA h/g (16.5 mg/cm2), were higher than
those of C04B10N008, 129.07 mA h/g (7 mg/cm2) and 55.25
mA h/g (16.5 mg/cm2) (Figure 6c). The degree of mass
loading is a relatively crucial factor resulting in a decline of
discharge capacity in high-energy-density (>98.4%) LIBs. The
ratios of the discharge capacities of the 100th/1st cycle (%)
were 81.14% (7 mg/cm2) and 54% (16.5 mg/cm2) for
C04B10N008M008 and 71% (7 mg/cm2) and 30.7% (16.5
mg/cm2) for C04B10N008 (Figure 6c). Even at different mass
loadings, the cells with MF copolymer-containing electrodes
maintained higher capacity retentions after 100 cycles than the
MF copolymer-free ones. Moreover, the MF copolymers,
which tuned the electrical network, had a relatively greater
effect on stable cell operation for the 16.5 mg/cm2 mass
loading. These results suggest the importance of well-wrapped
CNT/PVDF tuned from MF copolymers, which prevents
direct contact of the electrolyte and the surface of LCO, for
stable charge−discharge cycling.61 In addition, crystal
structures of the 1,3,5-trazine backbone with cobalt ions are
frequently reported, indicating that the MF copolymers
contribute to enhanced CNT/PVDF wrapping of LCO during
cycling.62,63 Recently, Yang et al. reported the importance of
coordination bonding formation between nitrile and LCO in
the charging step.63 Their findings imply that the MF
copolymer-mediated contact enhancement between the
HNBR-wrapped CNTs and LCO may result in the formation
of additional chemical bonds between them during the
charging step. To determine the reasons for the differences
in the electrochemical performance resulting from the addition
of MF copolymers, analysis of half-cells and their electrodes
was performed before and after 100 cycles. EIS results for
C04B10N008 and C04B10N008M008 at 16.5 mg/cm2 before
and after 100 cycles are presented in Figure 6d. Changes of
amplitudes of semicircles (Ra) and x-axis intercepts (Rx) in
Nyquist plots before and after 100 cycles are compared. After
100 cycles, values of ΔRx and ΔRa of the half-cells were 10.54

and 43.8 Ω, respectively, for C04B10N008, compared with
4.01 and −30.25 Ω, respectively, for C04B10N008M008.
Enhancement of the Ra values during long charge−discharge
cycling is a generally observed phenomenon.64 However, a
decrease in the Ra values after 100 cycles from 74.37 to 44.12
Ω was observed. To compare the resistances of the interface
and the active layer of the pristine (R0) and cycled electrodes
(R) after DMC and ethanol washing, the R/R0 (%) values of
C04B10N008 and C04B10N008M008 are presented in Figure
6e. Significant increases of the interface and active layer
resistances of C04B10N008 (ΔΩ of 7012% and ΔΩ of 41%)
compared with those for C04B10N008M008 (ΔΩ of 775%
and ΔΩ of 12%) were observed.
To explore the origins of the electrochemical performance

enhancement, surface chemical compositions of cycled electro-
des were determined using XPS analysis, as shown in Figure 7
and Figures S14 and S15. The F 1s spectra of the electrodes
both before and after cycling contain C−F (687.68 eV) and
Li−F (684.78 eV) peaks (Figure 7a). However, the C−F peak,
an indicator of PVDF, of the cycled C04B10N008M008 is
more prominent than that of the cycled C04B10N008. This
result indicates that the CEI layers of the cycled
C04B10N008M008 were relatively thin compared with those
of the cycled C04B10N008 and that less side product was
deposited on the electrode surfaces for the cycled
C04B10N008M008. C 1s spectra were also obtained to
compare the polycarbonate products in the CEI layers of both
electrodes (Figure 7b). Because of the C−F peaks in the F 1s
spectra of the cycled C04B10N008M008, the peak at 289.8 eV
can be considered a combination of the C−F (290.05 eV) and
CO (289.52 eV) peaks. The peak shift of ∼0.6 eV of the C−
F peak after cycling may be attributed to the thin CEI layers.65

However, the intensity of the C−F peak in the F 1s spectra of
the cycled C04B10N008 is very low compared with that of the
cycled C04B10N008M008. Thus, the peak at 289.83 eV
should originate from carbonate species. The amount of side
products, determined from the ratio of the peak area of CO
(289.83 or 289.52 eV) to that of CC (284.5 eV), involving
the CO groups in cycled C04B10N008, was relatively higher
than that in cycled C04B10N008M008 (Figure 7b and Figure
S14). This result indicates that the cycled C04B10N008M008
had a CEI layer thinner than that of the cycled C04B10N008.
The N 1s spectra of C04B10N008 before and after cycling
show slight differences caused by bond formation between N
and Co, i.e., the −CN−Co− peak (398.03 eV) (Figure
S15a).63 A correlated peak for −CN−Co− was also observed
at 288.6 eV in the C 1s spectra.66 In addition, the nitrile peak
(400.9 eV) vanished after 100 cycles in C04B10N008M008,
and its disappearance was accompanied by the appearance of a
−CN−Co− peak (398.08 eV), indicating that the MF
copolymer boosts the formation of coordination bonds
between lone-pair electrons of −CN and LCO during
charge−discharge cycling.63 The Co 2p spectra of the cycled
electrodes reveal peak shifts to lower energy, from 780.18 to
778.08 eV and from 795.18 to 793.18 eV (Figure S15b). These
shifts, resulting from the decrease in the Co oxidation state,
imply that the N 2p orbital in the nitrile hybridizes with the Co
3d state of LCO to form Co−NC−R.67 The complex
formation between MF copolymers and Co ions, as mentioned
above, may also contribute to stabilizing the LCO surfaces
during cycling. The formation of thin and uniform CEI layers
is important for stable operation in a high-voltage range,
preserving the crystal structures of the active materials,
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suppressing the deposition of carbonate species, and
conserving the electric networks.63 The CNT/PVDF micro-
structures covered with cathode−electrolyte interface (CEI)
layers after 100 cycles are shown in Figure 7c,d. The CEI layers
deposited on CNT/PVDF are similarly shown for electrodes
with and without MF copolymers (insets of Figure 7c,d).
Morphological differences are observed by comparing cracks of
the CEI layer, which expose the inner CNT/PVDF networks
on the active materials. For C04B10N008, partially exposed
active materials with severe cracks, as well as disconnected
electric network structures between LCOs, are observed.
Figure 7e shows the effects of the MF copolymers on the LCO
cathode after 100 cycles. In contrast, relatively well-conserved
networks can be observed in Figure 7e, suggesting the
multifunctionality of the MF copolymer, including (1) contact
enhancement between HNBR/CNT and LCO inducing
coordination bonding formation under cycling and (2)
chelating properties of the MF copolymer with LCO. Through
protection of LCO via formation of composite layers tuned by
MF copolymers, a relatively thin and stable CEI layer was
formed, enabling the enhanced CNT/PVDF networks to be
conserved during long-term charge−discharge cycling. The
ripple effects of this work on electrode additives for cathodes of
Li-ion batteries are obvious, i.e., only 0.08 wt % MF copolymer
is capable of enhancing stability by ∼176% (Table S2).

■ CONCLUSIONS
In summary, we have demonstrated the use of MF copolymers
as functional additives for the realization of high-energy-
density cylindrical LIBs. The MF copolymers underwent
rearrangement during mixing of a slurry containing CNTs,
HNBR, PVDF, and LCO, producing a relatively more
homogeneous slurry than that of the reference as well as
increasing CNT dispersity and β-phase PVDF. Owing to the
MF copolymer-mediated contact enhancement between the
CNTs and LCO, the mechanical properties and conductivities
of the freestanding electrodes were enhanced ∼2 times. The
active-layer resistivity and interface resistances of high-energy-
density electrodes containing MF copolymers were also
enhanced by 34 and 55%, respectively, compared with those
of the pristine reference, owing to interaction of the MF
copolymers and metal collectors. Interestingly, the degree of
the resistance increase of the electrodes after they were rolled
onto cylinder substrates with diameters of 1 or 10 mm was
relatively lower for the MF copolymer-containing electrodes
than for the pristine electrodes. Furthermore, the well-formed
CNT/PVDF/MF copolymer networks on LCO resulted in a
more stable capacity retention of 81.14% (pristine: 71%) and a
better rate capability of 90.6% (pristine: 85.4%) at 7 mg/cm2,
as well as a capacity retention of 54% (pristine: 30.7%) and a
rate capability of 78.5% (pristine: 75%) at 16.5 mg/cm2. After
100 cycles, the electrode containing MF copolymers possessed
a relatively thin CEI layer with conserved CNT/PVDF
networks. Chemical and physical bond formation between
nitrile or cyclic triazine and LCO during the cycles was also
enhanced by the MF copolymers, resulting in improved
electrochemical performance. This characterization of cathodes
containing MF copolymers suggests that important factors for
achieving stable charging−discharging include meticulous
wrapping of active materials for enhanced contact as well as
the presence of chemical/physical bond formation during
cycling and protection of the layer from electrolyte-derived
highly reactive species. We believe that our findings on both

the electrode and the cell level will contribute to improving the
stability and energy density of cylindrical high-energy-density
electrodes for LIBs.
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