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ABSTRACT: High-nickel layered oxides, e.g., LiNi0.8Co0.1-
Mn0.1O2 (NCM811), are promising candidates for cathode
materials in high-energy-density lithium-ion batteries (LIBs).
Complementing the notable developments of modification of
active materials, this study focused on the polymer binder
materials, and a new synthetic route was developed to engineer
PVDF binders by covalently grafting copolymers from poly-
(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE)
with multiple functionalities using atom transfer radical
polymerization (ATRP). The grafted random copolymer binder
provided excellent flexibility (319% elongation), adhesion
strength (50 times higher than PVDF), transition metal
chelation capability, and efficient ionic conductivity pathways.
The NCM811 half-cells using the designed binders exhibited a remarkable rate capability of 143.4 mA h g−1 at 4C and cycling
stability with 70.1% capacity retention after 230 cycles at 0.5 C, which is much higher than the 52.3% capacity retention of
nonmodified PVDF. The well-retained structure of NCM811 with the designed binder was systematically studied and
confirmed by post-mortem analysis.

Nickel-rich Li(NixCoyMn1−x−yO2) (x ≥ 0.6) (NCM)
cathodes are regarded as the predominant cathode
materials to meet the ever-increasing demand of high

energy density next-generation Li-ion batteries, particularly in
the development of electric vehicles.1−8 However, undesired
structural changes and thermal instability are often observed
with increased Ni content, e.g. Ni0.8Co0.1Mn0.1 (NCM811),
and can be attributed to transition metal (TM) ion
dissolution,9,10 phase changes,11 gas release,12 and microcracks
formed on the secondary particles during cycling.13−15 As a
result, the rapid capacity loss, poor capacity retention, as well
as thermal decomposition-related safety issues have hindered
the successful practical application of NCM811 cathodes.16−18

Several effective strategies have since been proposed to resolve
the issues involved with NCM811 cathodes, including metal
doping,19 surface coating and treatments,20−22 gradient
structures,23 modification of liquid electrolytes,24−28 and
alternative design of solid electrolytes.29−31 An easy and
universal remedy is to stabilize the NCM811 cathodes with
functional polymer binders. Poly(vinylidene fluoride) (PVDF),
because of its remarkable electrochemical stability, has been
used in lithium-ion batteries for decades and often serves as a
benchmark material. However, the lack of functional groups,
poor adhesion, poor conductivity, and limited interactions with

active particles make it no longer the optimal choice for more
challenging cathodes.32−34 Thus, identifying best polymer
binders is paramount to increasing performance metrics and
ensuring the stability of the cathodes, particularly, to achieve
higher energy density with a higher content of active material
and lower content of the polymer binder.35−37

Ideal binders must feature (i) high chemical and electro-
chemical stability, (ii) good mechanical properties, e.g., high
modulus, stretchability and flexibility, strong adhesion, and
cohesion, and (iii) high electronic and/or ionic conductivities.
Other desired properties may include oxygen scavenging,
transition metal chelation, or HF neutralization proper-
ties.38−44 Several tailored polymer binders for improving
performance of NCM811 cathodes have been designed and
used in the past.45−47 For example, a modulated 3D network
binder with a stiff polyimide backbone and flexible siloxane
segments was reported, offering flexibility and mechanical

Received: May 10, 2023
Accepted: July 31, 2023
Published: August 25, 2023

Letter

www.acsmaterialsletters.org

© 2023 The Authors. Published by
American Chemical Society

2594
https://doi.org/10.1021/acsmaterialslett.3c00485

ACS Materials Lett. 2023, 5, 2594−2603

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rohan+Parekh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piotr+Mocny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+P.+Bloom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuqi+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="So+Young+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bonian+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongguan+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongguan+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+H.+Waldeck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jay+F.+Whitacre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krzysztof+Matyjaszewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialslett.3c00485&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00485?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00485?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00485?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00485?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00485?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amlcef/5/10?ref=pdf
https://pubs.acs.org/toc/amlcef/5/10?ref=pdf
https://pubs.acs.org/toc/amlcef/5/10?ref=pdf
https://pubs.acs.org/toc/amlcef/5/10?ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsmaterialsletters.org?ref=pdf
https://www.acsmaterialsletters.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


properties to ensure cathode-electrolyte interface stability of
NCM811 cathodes.48 Synergistic structural effects can be
achieved with amphiphilic copolymers, e.g. bottlebrush
polymers comprising hydrophobic polynorbornene and poly-
(acrylic acid) side chains. The nonswelling hydrophobic
backbone provided structural integrity, while poly(acrylic
acid) side chains improved the binding strength and enabled
high active content and high mass loading of NCM811
cathodes.49 In the context of PVDF modification, vinylphenol-
grafted PVDF binders showed improved NCM cathode
stability arising from a vinylphenol-mediated decrease in O2
generation, effectively suppressing oxygen release in the NCM
cathode.50 Despite the marked improvement in the NCM
cathode, these binders require multistep tedious synthesis and/
or involve poorly controlled polymerization with broad
molecular weight distribution, nonuniform chain length,
random branching, etc. Moreover, some studies reported use
of a physical mixture of binders by simply blending several
polymers, which can result in poor uniformity and coverage,
phase separation/aggregation, and overall heterogeneity of the
cathode materials.51,52

Herein, we present a robust and feasible approach for re-
engineering PVDF binders by covalently grafting tunable
functional polymers under a controlled polymerization process.
This preserves the original stabilities and properties of the
PVDF binders as well as provides new and desirable
interactions with the active particles. The previously
demonstrated modification of PVDF often required harsh
conditions, such as high energy radiation, high catalyst
loadings, and high temperatures over a long time to activate
C−F bond cleavage.53−55 Also, base-promoted dehydrofluori-

nation of PVDF may drastically reduce its solubility and
processability.50 There is a clear need for simplified synthetic
procedures, which are important for screening a range of
binders and ultimate optimization. In this work, poly-
(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-
CTFE), a PVDF derivative, was employed. The incorporated
CTFE (10 wt %) provides C−Cl sites with lower bond
dissociation energy than C−F in PVDF, which facilitates the
initiation of grafted polymer chains.56 Atom transfer radical
polymerization (ATRP), the controlled radical polymerization
technique, was used to obtain well-controlled grafted chains
with low dispersity and desired length and architecture.57−63

We used a light-mediated ATRP with Eosin Y as a
photocatalyst for its excellent oxygen-tolerance, temporal
control, fast polymerization, as well as greatly reduced copper
catalyst loadings.64 A random copolymer of oligo(ethylene
glycol) methyl ether acrylate and tert-butyl acrylate (PEGA-co-
PtBA) was first grafted from the PVDF-CTFE backbone; then,
after hydrolysis of PtBA to poly(acrylic acid) (PAA), the
targeted PVDF-CTFE-g-PEGA-co-PAA graft copolymers were
obtained (Figure 1a). This design offers the following
advantages: (i) the covalently linked PEGA-co-PAA grafts are
inseparable from the PVDF backbone, which prevents
macrophase separation/aggregation. It is clearly superior to
physically blended polymer systems in providing homogeneous
coverage and overall uniform distribution of the cathode
materials; (ii) the poly(ethylene oxide) conductive segments in
PEGA should significantly improve the Li-ion diffusion and
transport (Figure 1b), enabling better rate capabilities; (iii) the
chelation of −COOH groups from PAA side chains to
transition metal (TM) ions effectively mitigates TM

Figure 1. a) Comb-like structure of functionalized PVDF via “grafting from” method by ATRP. b) Scheme of NCM811 cathodes with the
PVDF-CTFE-g-PEGA-co-PAA binder with ion-conductive pathways and transition metal chelation sites.
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dissolution, therefore preventing phase transition of NCM811;
(iv) hydrogen bonding of −COOH groups affords improved
adhesion, cohesion, and stretchability of the polymer binders
which should maintain the overall mechanical property and
stability of the cathodes (Figure 1b).
Synthesis and physicochemical properties of the grafted

PVDF-CTFE binder. The grafting from PVDF-CTFE was
performed under green light irradiation (520 nm, 9.0 mW
cm−2) via ATRP using PVDF-CTFE as the macroinitiator,
Eosin Y as the photocatalyst, and CuCl2/Me6TREN
(Me6TREN = tris[2-(dimethylamino)ethyl]amine) as the
dual catalytic system, enabling a relatively oxygen-tolerant
polymerization condition with short 5 min nitrogen-purging
(Figure 2a).64,65 By tuning the ratio between C−Cl initiating
sites in PVDF-CTFE and the monomer feed ratio, we
effectively designed and controlled the side chain length,
resulting in a tailorable weight percent of the grafted chains.
Three types of grafted polymers were made to study the effect
of the functional groups, including the homopolymer of PtBA,
PEGA, and a random copolymer PEGA-co-PtBA. The resulting
PVDF-CTFE-g-PtBA and PVDF-CTFE-g-PEGA-co-PtBA were
then exposed to trifluoroacetic acid (TFA) to obtain PAA
segments that acted as binding groups to the electrodes, while
PEGA contributed to the ion-transport pathways. Note, the
weight percent of the grafted polymers was varied with 20, 70,
and 89 wt % grafted chains of the final polymer binder, and
their performances were assessed.

After purification of the synthesized polymers, NCM811
cathodes were prepared with a ratio of the active material/
carbon black/polymer binder in a 85/10/5 wt % ratio with the
different polymer binders. The NCM811 cathodes were then
tested in Li|NCM811 half cells by comparing the rate
performance to select the optimal composition of the polymer
binders (Table S1). PVDF and PVDF-CTFE were used as
important controls to compare the performance of the newly
functionalized binders. Rate capability results showed that both
PVDF-CTFE-g-PEGA (20 wt % grafts) and especially PVDF-

CTFE-g-PEGA-co-PAA (20 wt % grafts) delivered higher
discharge capacities than PVDF and PVDF-CTFE. Conversely,
PVDF-CTFE-g-PAA binders resulted in much lower discharge
capacities, in both the 20 and 70 wt % grafts, which was
attributed to the large amount of strongly binding PAA
segments leading to sluggish Li+ diffusion.66 PVDF-CTFE-g-
PEGA (89 wt % grafts) resulted in severe delamination of the
prepared NCM811 cathodes due to relatively poor mechanical
properties and the absence of strong binding affinity of PEGA.
In contrast, mechanical properties of PVDF-CTFE-g-PEGA-co-
PAA (20 wt % grafts) were dominated by the robust PVDF-
CTFE-based backbone. Therefore, it was selected as the
optimal composition for material characterization and further
electrochemical testing in a subsequent study. The proton
nuclear magnetic resonance (1H NMR) spectra of the graft
copolymers are shown in Figure S1.

Gel permeation chromatography (GPC) measurements
showed a clear shift to higher molecular weight from PVDF-
CTFE (black) to PVDF-CTFE-g-PEGA-co-PAA (red), indicat-
ing the successful grafting of the copolymer (Figure 2b).
Fourier-transform infrared spectroscopy (FTIR) of PVDF,
PVDF-CTFE, and PVDF-CTFE-g-PEGA-co-PAA further con-
firmed the functionalization of PVDF-CTFE with −COOH,
C�O, and C−O functional groups originating from the
grafted PEGA-co-PAA chains (Figure S2). In Figure 2c,
thermogravimetric analysis (TGA) showed a corresponding
weight loss of ∼20 wt %, in accordance with the graft
copolymer content calculated from conversion of the polymer-
ization. Although the onset decomposition temperature of
PVDF-CTFE-g-PEGA-co-PAA (250 °C) was lower than those
of PVDF (450 °C) and PVDF-CTFE (370 °C), this behavior
could arise from intrinsic thermal instability of PAA and
PEGA. To further study and compare the thermal behavior of
the three copolymers, differential scanning calorimetry (DSC)
was conducted (Figure 2d and Figure S3). The melting
temperatures of PVDF, PVDF-CTFE, and PVDF-CTFE-g-
PEGA-co-PAA were 170, 166, and 167 °C, respectively. The

Figure 2. a) Synthetic route for grafting PEGA-co-PAA random copolymers from PVDF-CTFE backbones via ATRP under fast oxygen-
tolerant conditions. b) Gel permeation chromatography (GPC) traces of PVDF-CTFE before (black) and after (red) the grafting. c)
Thermogravimetric analysis (TGA) curves of PVDF (black), PVDF-CTFE (red), and PVDF-CTFE-g-PEGA-co-PAA (blue). d) Differential
scanning calorimetry (DSC) and derivative DSC (inset) curves of PVDF-CTFE-g-PEGA-co-PAA.
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glass transition temperatures (Tg) of PVDF (−41 °C) and
PVDF-CTFE (−33 °C) were similar, whereas in PVDF-CTFE-
g-PEGA-co-PAA, two Tg were observed, one at −33 °C
corresponding to the PVDF-CTFE backbone and the other at
18 °C was due to the grafted random copolymer of PEGA-co-
PAA.
Mechanical property and adhesion. Determination of

mechanical properties of polymeric binders is critical for
evaluating their performance because the binding strength
between the particles, as well as against the current collector, is
crucial for ensuring the structural integrity of the cathodes.
Moreover, the flexibility and elasticity of the binders are
important to accommodate volume changes during cycling and
possible mechanical shear/bending of the electrodes. To
examine the adhesion strength of the NCM811 cathodes
prepared with PVDF (black), PVDF-CTFE (red), and PVDF-
CTFE-g-PEGA-co-PAA (blue) binders, a 180° peel test was
performed to peel the NCM811 cathodes from the aluminum
(Al) current collector using 3 M Scotch 600 tape (Figure 3a
and Figure S4). Under the testing conditions, PVDF and
PVDF-CTFE showed nearly no adhesion with a peel strength
of 0.021 and 0.025 N/cm, respectively. However, PVDF-
CTFE-g-PEGA-co-PAA exhibited a 50 times larger peel
strength of 1.1 N/cm. The increased adhesion strength is
attributed to the −COOH groups in grafted PAA. Figure 3b
displays strain−stress curves of bulk polymer binder films,
which reveal a significant difference in deformation behavior
for PVDF, PVDF-CTFE, and PVDF-CTFE-g-PEGA-co-PAA.
The PVDF binder broke at a yield point of 17.6%, indicating a
hard and brittle plastic property. Conversely, PVDF-CTFE
showed necking after the yield point and strain hardening
under uniaxial tension with a break at 92.1%. The deformation
of PVDF-CTFE-g-PEGA-co-PAA, however, displayed superior
strain, exceeding 319%. The larger deformation ratio was

attributed to the grafted PEGA-co-PAA, generating a more
elastomer-like plastic material with remarkably larger tough-
ness (23.69 × 106 J/m3) compared to PVDF (2.23 × 106 J/
m3) and PVDF-CTFE (10.04 × 106 J/m3) (Figure S5).
Scanning electron microscopy (SEM) images of the NCM811
cathodes before cycling are shown in Figure 3c-e and were
used to compare the surface morphology. With the PVDF
binder, the NCM811 cathode showed a compact and flat
surface; however, a relatively nonuniform particle distribution
and particle aggregation were observed (Figure 3c and Figure
S6a). In contrast, the NCM811 cathode with PVDF-CTFE
and PVDF-CTFE-g-PEGA-co-PAA binders exhibited a more
homogeneous dispersion and less agglomeration of the
particles (Figure 3d and e; Figure S6b-c). The cross-sectional
SEM of the NCM811 cathodes before cycling with the three
binders exhibited rather similar morphology, where randomly
distributed nanopores were observed from the cross-section
(Figure S6d-f). Micro Computed Tomography (Micro-CT)
was performed for the NCM811 electrodes prepared with the
three binders, showing that there were no significant variations
of electrode porosities by PVDF (36.4%), PVDF-CTFE
(38%), and PVDF-CTFE-g-PEGA-co-PAA (34.6%) binders
(Figures S7−S9).
Electrochemical performance of Li|NCM811 cells. To

evaluate the efficacy of the PVDF-CTFE-g-PEGA-co-PAA
binder, a NCM811/carbon black/polymer binder ratio (93/
4/3 wt %) was used. To form a more active material, Li|
NCM811 half cells were assembled using 1 M LiPF6 in
ethylene carbonate/ethyl methyl carbonate (EC/EMC = 3/7)
as the liquid electrolyte. Figure 4a shows the rate performance
of the Li|NCM811 cells at 0.1C, 0.2C, 0.5C, 1C, 2C, and 4C.
While the discharge capacities of the NCM811 cathodes with
PVDF (black) and PVDF-CTFE (red) binders were
comparable, the PVDF-CTFE-g-PEGA-co-PAA binder (blue)

Figure 3. a) Peel strength of NCM811 cathodes on the Al current collector with PVDF (black), PVDF-CTFE (red), and PVDF-CTFE-g-
PEGA-co-PAA (blue) binders. b) Stress−strain curves of PVDF (black), PVDF-CTFE (red), and PVDF-CTFE-g-PEGA-co-PAA (blue). Top
view SEM images of NCM811 cathodes before cycling with c) PVDF, d) PVDF-CTFE, and e) PVDF-CTFE-g-PEGA-co-PAA binders.
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showed much higher discharge capacities, particularly at 1C
(171.7 mAh/g), 2C (161.9 mAh/g), and 4C (143.4 mAh/g).
The excellent rate capability suggested faster Li ion transport
associated with the grafted PEGA-co-PAA copolymers. Figure
4d-f) shows the corresponding voltage-capacity curve from the
rate test and further demonstrates improved mass transport
and less polarization of the NCM811 cathode using the PVDF-
CTFE-g-PEGA-co-PAA binder. A similar trend was also
observed in experiments using different weight contents of
the active material (Figure S10). It is important to note that a
physical mixture of PVDF-CTFE/PEGA/PAA was also
prepared and compared, using the same molecular weight
and ratio of the three components, as in the grafted PVDF-
CTFE-g-PEGA-co-PAA. The rate performance of the cova-
lently grafted binder showed higher capacities than the physical
mixture binder, especially at higher C rates: 1C, 2C, and 4C.
This confirmed the advantage and significance of the covalent
grafting method by ATRP for PVDF re-engineering (Figure
S11 and Figure S12).

The long-term cycling stabilities of the Li|NCM811 cells
with PVDF, PVDF-CTFE, and PVDF-CTFE-g-PEGA-co-PAA
binders were tested at 0.5C (Figure 4b). After 230 cycles, the
PVDF-CTFE-g-PEGA-co-PAA cathodes (blue) showed the
highest capacity retention of 70.3%, exhibiting a stable cycling
performance with negligible fluctuations, whereas PVDF
cathodes (black) presented severe fluctuation in discharge

capacities after 100 cycles, followed by only 52.3% capacity
retention after 230 cycles. The PVDF-CTFE cathodes (red)
showed comparable cycling stability to that of PVDF-CTFE-g-
PEGA-co-PAA until 172 cycles; however, the capacities and
Coulombic efficiency exhibited severe variation with a drastic
decrease; the capacities dropped to ∼30 mAh/g after 190
cycles. A similar trend was observed for the three binders in the
long term cycling of Li|NCM811 cells at 1C with a higher areal
capacity of ∼1.1 mAh/cm2 (Figure S13). The discharge/
charge profile evolution at different cycle numbers is presented
in Figure S14. It showed that not only the NCM811 cathodes
with the PVDF-CTFE-g-PEGA-co-PAA binder possessed
higher reversible specific capacities than PVDF-CTFE and
PVDF but also the initial overpotential for the delithiation at
longer cycling (200 cycles) was significantly higher, suggesting
improved kinetics of NCM811 cathodes with the PVDF-
CTFE-g-PEGA-co-PAA binder. The Nyquist plots and fitting
results of electrochemical impedance spectra (EIS) are shown
in Figures S15, S16 before and after long-term cycling. As
illustrated, the charge transfer resistance (Rct) of PVDF-CTFE-
g-PEGA-co-PAA (74.35 Ω) was smaller than that of PVDF
(77.05 Ω) and PVDF-CTFE (113.5 Ω) before cycling,
indicating faster Li+ diffusion in the grafted PEGA conductive
segments. The Z′ vs ω −1/2 plots at low frequency suggested
the solid ionic diffusion ability of PVDF-CTFE-g-PEGA-co-
PAA (Figure S17), which resulted in the highest apparent

Figure 4. a) Rate performance of Li|NCM811 cells with PVDF (black), PVDF-CTFE (red), and PVDF-CTFE-g-PEGA-co-PAA (blue) binders
at 0.1C, 0.2C, 0.5C, 1C, 2C, and 4C in the voltage range of 2.9−4.3 V. b) Discharge capacity and cycle life of Li|NCM811 cells using PVDF
(black), PVDF-CTFE (red), and PVDF-CTFE-g-PEGA-co-PAA (blue) binders at 0.5C. c) ICP-MS analysis of transition metal content from
the disassembled Li|NCM811 cells after cycling. Corresponding voltage-capacity profiles of rate testing of Li|NCM811 cells using d) PVDF,
e) PVDF-CTFE, and f) PVDF-CTFE-g-PEGA-co-PAA binders. FIB-SEM cross-section images of NCM811 cathodes after 250 cycles using g)
PVDF, h) PVDF-CTFE, and i) PVDF-CTFE-g-PEGA-co-PAA binders.
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lithium diffusion coefficient Dapp (1.03 × 10−14 cm2 s−1)
compared to PVDF (7.84 × 10−15 cm2 s−1) and PVDF-CTFE
(3.04 × 10−15 cm2 s−1). Furthermore, a small Rf (110.0 Ω)
after 250 cycles revealed better cathode-electrolyte interface
stability using the PVDF-CTFE-g-PEGA-co-PAA binder.
Post-mortem analysis of understanding the cycled

NCM811 cathodes. To understand the possible degradation
mechanism of NCM811 cathodes, post-mortem analysis was
conducted. SEM images of the NCM811 surface morphology
postcycling are shown in Figure S18. Significant cracking was
observed for cathodes made with the PVDF and PVDF-CTFE
binders; however, the PVDF-CTFE-g-PEGA-co-PAA binder
showed a remarkably similar surface morphology to that before
cycling without cracks. To assess the internal stresses and crack
formation of the cycled NCM811 particles, Focused Ion Beam
Scanning Electron Microscopy (FIB-SEM) was conducted to
examine the cross-section of cycled NCM811 particles (Figure
4g-i). It is clearly seen that NCM811 cathodes with the PVDF
binder developed intergranular cracks and enlarged pores from
the center of the particle, whereas the PVDF-CTFE binder had
much fewer microcracks. In sharp contrast, NCM811 cathodes
with the PVDF-CTFE-g-PEGA-co-PAA binder showed a more
dense and integrated cross-section morphology with only

minor pore enlargement compared to that before cycling,
demonstrating alleviated lattice expansion and contraction of
the NCM811 particle grains formed through repeated
cycling.67 Surprisingly, the formation of an interface layer
was observed with a thickness of 2 and 1 μm for PVDF and
PVDF-CTFE prepared NCM811 cathodes, respectively. Such
thick cathode electrolyte interphase (CEI) contrasted with the
common belief that the CEI layers have a general thickness of a
few nanometers.68 It is very likely induced by the noncryo
environment and exposure to air/moisture during sample
transfer and handling for FIB-SEM analysis.69 Nonhomoge-
neous conductive carbon and binder coverages could also
contribute to the thickness of the observed interface layer.
Nevertheless, the PVDF-CTFE-g-PEGA-co-PAA binder
showed negligible buildup of such an interface, indicating
less efficient CEI generation over cycling and a more uniform
carbon/binder coverage. Other parts of the disassembled cells,
e.g., Li metal and separator, were collected for inductively
coupled plasma mass spectrometry (ICP-MS) analysis; see the
Supporting Information for more details regarding this process.
Figure 4c shows the concentrations of Ni, Co, and Mn on the
Li metal and separator. The Ni and Mn concentrations follow
the trend of PVDF > PVDF-CTFE > PVDF-CTFE-g-PEGA-

Figure 5. XPS analysis of NCM811 electrodes with PVDF, PVDF-CTFE, and PVDF-CTFE-g-PEGA-co-PAA binders before and after 250
cycles: (a-c) C 1s spectra and d-f) F 1s spectra; g) Normalized quantitative analysis of the different carbon-containing surface species
calculated from C 1s spectra fitting; h) Normalized quantitative analysis of the different fluorine-containing surface species calculated from F
1s spectra fitting; (i) Ni 2p spectra of NCM811 cathodes after 250 cycles with PVDF (black), PVDF-CTFE (red), and PVDF-CTFE-g-PEGA-
co-PAA (blue) binders.
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co-PAA, indicating improved metal-chelating properties of the
PVDF-CTFE-g-PEGA-co-PAA binder owing to the grafted
PAA chains. Although the Co concentration was slightly higher
for the PVDF-CTFE-g-PEGA-co-PAA than PVDF and PVDF-
CTFE samples, the correlation of Co dissolution to the
structural stability of NCM811 cathodes and Li|NCM811 cells
was less significant compared to Mn and Ni.70,71

To further analyze the structure of the NCM811 cathodes,
powder X-ray diffraction (XRD) was performed (Figure S19)
before and after long-term cycling (250 cycles). The initial and
cycled cathodes with PVDF, PVDF-CTFE, and PVDF-CTFE-
g-PEGA-co-PAA binders showed X-ray diffraction patterns
which match a hexagonal α-NaFeO2 structure without any
impurity peaks, with the exception of an Al peak associated
with the current collector.72 Following cycling, a pronounced
shift to lower 2θ for the 003 peak for PVDF (Δ2θ = 0.05),
PVDF-CTFE (Δ2θ = 0.16), and PVDF-CTFE-g-PEGA-co-
PAA (Δ2θ = 0.01) was observed. The 003 lattice plane
corresponds to the c-axis of the NCM811, and the
corresponding shift to lower 2θ represents a volume increase
in the structure, as well as a decrease in the Li-ion
intercalation.73 The smaller 2θ shift for PVDF-CTFE-g-
PEGA-co-PAA thus corroborates the FIB-Image analysis and
demonstrates suppression of structural transformations of the
NCM811.

To assess the effect of binder composition on NCM811
cathode degradation and surface chemistry, the fresh and
cycled NCM811 cathodes were analyzed by X-ray photo-
electron spectroscopy (XPS). Figure 5 shows C 1s and F 1s
spectra of NCM811 using a, d) PVDF; b, e) PVDF-CTFE; and
c, f) PVDF-CTFE-g-PEGA-co-PAA binders before (top) and
after (bottom) cycling. The C 1s spectra were fit to a series of
peaks at 284.8, ∼286.4, ∼288.4, and ∼291 eV and correspond
to C−C, C−O, C�O, and CF2, respectively. Note, the red
line is an envelope fitting to the spectra. Upon cycling the
relative contributions to the C 1s spectra change, a new peak
emerges (∼289.3 eV), which was associated with carbonate
species. This behavior is consistent with that shown in other
reports74,75 and is attributed to the formation of a CEI layer.
Indeed, CEI growth on NCMs is a well-accepted degradation
mechanism and can lead to large impedance hikes and
decreased electrochemical performance.76,77 Figure 5g shows
that the relative peak contributions with the PVDF-CTFE-g-
PEGA-co-PAA binder mostly persist upon cycling, whereas C−
O, C�O, and CO3 contributions from the various complex
organic/inorganic interphase species begin to dominate for
NCM811 cathodes with PVDF and PVDF-CTFE binders,
implying that the thickness of the CEI layer is minimized for
the PVDF-CTFE-g-PEGA-co-PAA binder upon cycling com-
pared to that with PVDF-CTFE and PVDF. The CEI
formation and resulting thickness among the different binders
were in good agreement with the FIB-SEM image
interpretations shown in Figure 4g-i. Further information
about the CEI layer can be inferred from the O 1s and F 1s
spectra. Figure S20 shows the spectral profile of the O 1s
before and after cycling, fitted to a series of three separate
resolvable peaks at ∼529.5, ∼ 532.0, and ∼533.6 eV which are
attributed to metal oxide, organic oxygen content, and
LixPOyFz, respectively. Upon cycling, a peak associated with
LixPOyFz emerges. Figure 5d-f shows F 1s spectra fitted to
three peaks at ∼685, ∼ 686.3, and ∼688 eV and are associated
with metal-fluoride, LixPOyFz, and polymeric fluorine,
respectively.74 Thus, the O 1s and F 1s spectra collectively

confirm the presence of LixPOyFz upon cycling. The relative
atomic percent ratio of polymeric fluorine to LixPOyFz and M-
F corroborates the C 1s findings that the thickness of the CEI
layer for PVDF and PVDF-CTFE binders is greater than that
for PVDF-CTFE-g-PEGA-co-PAA (Figure 5g). Moreover,
previous experiments have shown that the interfacial
impedance and hence general performance of NCM811
cathodes were susceptible to the amount of LixPOyFz in
relation to LiF and Li2CO3 in the CEI layer.74 In this report,
the relative atomic percent ratio of LixPOyFz and MF2/LiF to
C−F from the polymer binders followed the trend, PVDF >
PVDF-CTFE > PVDF-CTFE-g-PEGA-co-PAA, further con-
firming that the formation of LixPOyFz can lead to deteriorated
performance of the NCM811 cathode.

To assess the quality of the cathodes following cycling,
intensity normalized Ni 2p3/2 spectra for PVDF (black),
PVDF-CTFE (red), and PVDF-CTFE-g-PEGA-co-PAA (blue)
binder prepared cathodes were collected and are overlaid in
Figure 5i. Because of the large amount and subsequent
complex satellite structures of possible Ni compositions, which
give rise to significant spectral overlap, multicomponent fitting
of the spectra was not performed. Instead, individual regions
comprising different compositions are highlighted, in accord-
ance with previous literature precedence.77,78 The major
differences among the spectra are represented by a shoulder
at 856.5 eV, attributed to Ni3+ species or NiOH2,

79 and a
corresponding satellite feature at 863 eV. The relative intensity
ratio of the Ni3+ region in the XPS spectra to that of the Ni2+
region correlated well with the improved stability of Zr
substituted NCM811 over unsubstituted analogs.72 Indeed, the
presence of Ni2+ has been associated with the plausible Li+/
Ni2+ ion mixing and irreversible phase transition of
NCM811.80 In this work, the Ni3+: Ni2+ follows the trend
PVDF-CTFE-g-PEGA-co-PAA > PVDF-CTFE > PVDF bind-
ers, similar to the improved long-term cycling stability
suggested in Li|NCM811 cells. Therefore, the XPS analysis
implies that PVDF-CTFE-g-PEGA-co-PAA showed improved
suppression of complex organic/inorganic interfacial species
formation, inhibited byproduct generation, and preserved the
ordered phase of NCM811 compared to PVDF and PVDF-
CTFE.

In summary, we have explored a new synthetic route to re-
engineer PVDF binders by grafting from PVDF-CTFE
backbones to obtain a comb-like polymer architecture with
multiple functionalities. The grafted architecture and con-
trolled polymerization technique provide advantages over
physically blended/mixed polymer systems by achieving better
uniformity of the polymers, preventing phase separation/
aggregation, and thus providing more homogeneous morphol-
ogy of the cathode materials. The grafted chains were designed
to comprise Li-ion conducting PEGA and strongly binding
PAA as random copolymer side chains. The conducting PEGA
segments contributed to facilitated Li-ion transport and
diffusion kinetics, giving rise to excellent rate performance
(4C with a discharge capacity of 143.4 mAh/g) with a high
active material content (93 wt %) and low binder content (4
wt %), as compared to control measurements made on PVDF
and PVDF-CTFE binders. Moreover, the relative softness of
PEGA contributed to the stretchability and flexibility of the
binder (319% elongation), and the PAA segments provided
strong binding and adhesion of the electrode (∼50 times larger
peel strength than that of PVDF), as well as enabling transition
metal chelation to inhibit phase transitions caused by TM
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dissolution. The systematic postcycling analysis indicated that
the PVDF-CTFE-g-PEGA-co-PAA binder was beneficial for
controlling CEI formation as well as maintaining the stability
of NCM811 by suppressing phase transition and degradation.

This study demonstrates the potential of grafting techniques
for creating advanced polymer binders with designed
functionalities, tunable grafting density, and variable grafts
weight ratio, providing new pathways toward high-energy-
density batteries.
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