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Here, we investigate the recovery and reuse of polyvinylidene
fluoride (PVDF) binders from both homemade and commercial
cathode films in Li ion batteries. We find that PVDF solubility
depends on whether the polymer is an isolated powder or cast
into a composite film. A mixture of tetrahydrofuran:N-methyl-2-
pyrrolidone (THF :NMP, 50 :50 v/v) at 90 °C delaminates compo-
site cathodes from Al current collectors and yields pure PVDF as
characterized by 1H nuclear magnetic resonance (NMR), gel

permeation chromatography (GPC), wide-angle X-ray scattering
(WAXS), and scanning electron microscopy (SEM). PVDF recov-
ered from Li ion cells post-cycling exhibits similar performance
to pristine PVDF. These data suggest that PVDF can be
extracted and reused during Li ion battery recycling while
simultaneously eliminating the formation of HF etchants,
providing an incentive for use in direct cathode recycling.

1. Introduction

The market for electric vehicles (EVs) has expanded dramatically
in the past several years in a collective effort to combat the
greenhouse gas emissions associated with climate change.[1] By
2040, 500 million passenger EVs are expected to be on the
road, all of which will likely be powered by lithium-ion batteries
(LIBs).[1,2] As a result, we will face an unprecedented amount of
LIB waste in the near future.[3,4] Recycling efforts focused on
mitigating the environmental impact and hazards of this waste
as well as improving the reuse of battery materials for
subsequent applications are critical.

Ultimately, LIB recycling procedures that recover and reuse
every component of the battery are ideal and would match
standards already in place for lead-acid batteries.[3,4] LIB
recycling techniques are comparatively nascent and thus,
strategies have focused on recovering the most valuable
components (e.g., Co) from cathode films. For example,
pyrometallurgy and hydrometallurgy processes use high tem-
perature and/or chemical leaching to extract Co2+ and Ni2+

from composite cathodes.[5–17] However, these processes are low

value, producing raw salt precursors that require resynthesis of
the active cathode materials (usually a layered transition metal
oxide, e.g., LiCoO2 (LCO), LiNixMnyCozO2 (NMC), or LiNixCoyAlzO2

(NCA)).[4,18–20] Thus, more recent research efforts have focused
on direct cathode recycling, where the active material is
recovered directly from the cathode composite for immediate
reuse in subsequent battery applications.[3,21–26] In direct cathode
recycling, the active material is separated from the conductive
carbon, the polyvinylidene fluoride (PVDF)-based binder, and
the Al current collector via pyrolysis,[12–14,18.19,27–30] leading to
incineration of carbon and polymeric binder.[26]

In particular, pyrolysis of PVDF forms a variety of potent
greenhouse gases and other chemical hazards such as HF and
perfluorocarbons,[31–37] the former of which must be captured by
acid scrubbers at recycling plants even though they only make
up a small portion of the overall composite mass.[38–40] Further,
the formation of HF during pyrolysis deactivates layered
cathode materials, leading to poor electrochemical
performance[41] and necessitating subsequent relithiation.[42]

Thus, there is a substantial motivation to remove PVDF during
direct cathode recycling.

The most common approach to remove PVDF at the lab
scale is through solvent-based approaches.[41–45] The reuse of
polymeric materials is notoriously challenging and has ulti-
mately contributed to our dire plastic pollution epidemic.[46–48]

Therefore, while several different solvent systems have been
explored in the literature, there has not been a systematic study
on PVDF solubility nor the potential for reuse to date.

Here, we report on the solubility behavior of PVDF in both
powdered form and composite cathode films (homemade and
commercial Samsung 18650). We present a complete character-
ization of polymer binder physical properties post-recovery
using nuclear magnetic resonance (NMR) spectroscopy, gel
permeation chromatography (GPC), wide-angle X-ray scattering
(WAXS), scanning electron microscopy (SEM), and powder X-ray
diffraction (PXRD). The performance of recovered PVDF in
subsequent Li-ion battery composite cathodes is evaluated
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together with an energy intensity analysis to describe the
economics associated with binder recycling.

2. Results and Discussion

2.1. PVDF Solubility Behavior for Recovery from Composite
Cathode Films

We investigated a range of pure and binary organic solvents to
solubilize PVDF-containing powders and films including dimeth-
ylformamide (DMF), N-methylpyrrolidone (NMP), tetrahydrofur-
an (THF), and mixtures thereof (Table 1). For PVDF recovery
from composite cathode films, both homemade and commer-
cial composite cathode films were cut into pieces and
suspended in the solvent at 90 °C for 1.5 h to evaluate the
extent of PVDF dissolution (see experimental details, and
supporting information, S1.1–S1.5, Table S1–S2). In these sol-
ubility tests, commercial films underwent long term cycling
prior to PVDF recovery (Figures S1–S2). After delamination, the
reaction mixture was fed through an alumina column to
separate the polymeric binder from the active materials, carbon
black, and Al current collector (Figure S3).

Although pristine PVDF was soluble in all of the organic
solvents tested (DMF, NMP, THF, THF :NMP 80 :20, THF :DMF
80 :20, THF :NMP 50 :50, THF :DMF 50 :50), only a subset of
these solvents were able to dissolve PVDF from composite
cathode films on Al substrates (DMF, NMP, THF :NMP 50 :50,
THF :DMF 50 :50). PVDF films recovered from DMF-containing
solutions were more yellow in color (Table 1), suggesting that
DMF (or impurities in DMF) alters the physical properties of the

polymer (pristine PVDF is a white powder). Conversely, THF,
NMP, and mixtures thereof led to clear/white films. Table 1
shows that the color of recovered PVDF strongly depends on
the solvent used for extraction as well as treatment conditions.
For example, the PVDF recovered from the Samsung batteries is
darker (Figure S5) than our homemade films, suggesting the
presence of minor impurities post-cycling, such as residual
carbon black, PVDF copolymers, minor impurities in solvents, or
changes in the material from electrochemical cycling.[49–53] We
expect that the PVDF used in commercial cells may also differ
slightly in molecular weight or structure (e.g., a PVDF co-
polymer, such as PVDF-HFP (poly(vinylidene fluoride-co-hexa-
fluoropropylene)), or poly(vinylidene fluoride-co-chlorotrifluoro-
ethylene) (PVDF-CTFE).[49,50]

While pure NMP has been used previously to remove PVDF
from composite films,[29,30,42,54] we found that the addition of
more volatile THF allowed us to readily remove solvent. Thus, a
THF :NMP (50 :50 v/v) binary solvent mixture was used for all
subsequent PVDF recovery experiments. PVDF recovery yields
of 81�3% and 69�3% were achieved for homemade
composite LCO and NMC111 films, respectively, upon precip-
itation and solvent removal (Table 2, Table S2). Similarly,
commercial composite films extracted from Samsung batteries
showed a PVDF recovery of 62�5% for cells cycled at 1 C for
920 cycles at 40 °C (Cell A) prior to disassembly. Cell B was
cycled at 1 C for 792 cycles at 5 °C and showed PVDF recovery
values of 74�5%. In total, the percent recovery range spans
from 60–80% and may depend on prior conditions. PVDF loss
during recovery is primarily attributed to the alumina column/
flask and not residual PVDF on the active material based on the

Table 1. PVDF binder solubility in organic solvents and binary mixtures.

PVDF Type THF only DMF only NMP only THF+NMP
(80 :20)
(v/v)

THF+DMF
(80 :20)
(v/v)

THF+NMP
(50 :50)
(v/v)

THF+DMF
(50 :50)
(v/v)

Pristine PVDF (MTI) + [a] + + + + + +

PVDF recovered from homemade
cathode films

� + + � � + +

PVDF recovered from Samsung
battery cathodes

� + + � � + +

Physical appearance of recovered
PVDF

All solubility experiments were performed with S/L ratio of 1 :100 g:mL,T=90 °C.
[a] Solubility experiment conducted at T=60 °C. (-) insoluble, (+) soluble.

Table 2. Summary of PVDF recovery yields for different cathode composites and commercial batteries.

Composite cathode description Treatment PVDF recovery yield (%)

homemade LCO composite soaked in LP30 for 48 h in an Ar glovebox at RT 81�3
homemade NMC 111 composite soaked in LP30 for 48 h in an Ar glovebox at RT 69�10
Samsung 18650 (2600 mAh) Cell A (920 cycles @ 40 °C), after long-term cycling at 1 C CC charge and discharge 62�5[a]

Samsung 18650 (2600 mAh) Cell B (792 cycles @ 5 °C), after long-term cycling at 1 C CCCV charge and CC discharge 74�5[a]

[a] This number assumes the composite cathode from the commercial cell contains 3% PVDF. Commercial cells typically contain 2–4% binder. Error bars
represent the standard deviation of the average for N=3–4 measurements.
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fact that pristine active materials are observed in SEM analyses
(Figure S24).

2.2. PVDF Post-Recovery Characterization

PVDF recovered from the composite cathodes listed in Table 2
was characterized by 1H NMR, GPC, WAXS, and SEM and
compared to pristine PVDF (i. e., the same PVDF that was used
to make our homemade composite films from MTI).

Analysis with 1H NMR shows two resonances, one at 2.88
and one at 2.27 ppm (Figure 1) that are assigned to head-to-tail
(ht) and tail-to-tail (tt) bonding arrangements of vinylidene
fluoride units[55] in PVDF. The dotted line drawn through these
peaks, comparing pristine PVDF to PVDF recovered from
cathode films, shows that the molecular structure of PVDF
remains intact after recovery. A small, high frequency shift
(2.89 ppm) is observed for the 1H ht resonance between the

PVDF recovered from commercial films when compared to
pristine PVDF. While this may be a result of small changes in
PVDF structure, it is more likely that the binder used in industry
to fabricate commercial cells has a slightly different molecular
structure than the pristine PVDF used in our laboratory. The 1H
NMR recovered from two different Samsung cells (Cell A and
Cell B) was nearly identical (Figure S13) and thus, all subsequent
characterizations focus on Cell A.

GPC elugrams for pristine PVDF and PVDF recovered from
homemade composite cathode films all fall in the same
retention time range of 10.40–10.43 min (Figure 2). The pristine
PVDF sample showed Mw=926 kg/mol and Ð=3.04 and the
PVDF recovered from homemade LCO composite film showed
Mw=855 kg/mol and Ð=2.07. The PVDF recovered from home-
made NMC111 composite film showed Mw=706 kg/mol and
Ð=2.54. Molecular weights and dispersities were estimated
from a calibration curve constructed from a series of polymethyl
methacrylate (PMMA) standards. However, the determination of
molecular weights from GPC may not be absolutely quantitative
because the GPC calibrating agent, PMMA, gives positive RI
signal[56] whereas the PVDF gives a negative signal.[57] Since the
same PVDF was used for the pristine sample to prepare our
homemade composite films, we conclude that the similarities in
the retention times, molecular weights, and dispersities all
suggest that little to no structural degradation occurs during
the recovery process. PVDF recovered from Cell A after long-
term cycling gave GPC elugrams with slightly higher retention
time (~10.90 min), corresponding to average Mw~424 kg/mol
and Ð=2.43. These differences in retention times between the
commercial film and the PVDF used in our laboratory are
consistent with the small changes in frequency observed in 1H
NMR and suggest a slightly different structure for industrial
PVDF.

WAXS of pristine PVDF powder is semicrystalline in nature
(Figure 3), displaying α phase reflections at 18.5° and 20° that
correspond to the (020) and (110) lattice planes.[58–60] These
reflections are retained in PVDF recovered from composite
films, indicating that there are no changes in long-range order

Figure 1. 1H NMR spectra recorded in DMSO-d6 of PVDF recovered from a
commercial Samsung 18650 battery (Cell A, 920 cycles at 40 °C) (a), a
homemade LCO composite film (soaked in LP30 electrolyte for 48 h) (b), and
pristine PVDF (c). The strong (cut off) peaks at 2.51 and 3.30 ppm are due to
residual DMSO and HDO in the NMR solvent, respectively. Minor peaks
between 2.60–2.70 ppm come from residual NMP.

Figure 2. Refractive index (RI) GPC traces of commercially-purchased pristine
PVDF (a), PVDF recovered from homemade composite LCO (b) and NMC111
films soaked in LP30 electrolyte for 48 h (c), and a commercial Samsung
battery (Cell A, 920 cycles at 40 °C) (d). Due to the lower refractive index of
PVDF than GPC eluent (DMF+0.1 wt% LiBr), negative GPC profiles were
detected.

Figure 3. 1D WAXS intensity profiles of pristine PVDF powder (black)
compared to PVDF recovered from homemade composite LCO films (red)
and a Samsung battery (Cell A) after 920 cycles at 40 °C (green). Graphs are
offset vertically for clarity.
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in the material upon recovery. An additional broad shoulder
with a center of mass at approximately 17.5°, consistent with
the (100) reflection in the α phase, is found in the PVDF
recovered from the Samsung battery Cell A. No sharp
reflections from LCO (2θ=17.9°, Figure S14) are detected in
recovered PVDF samples, suggesting that the PVDF has been
separated from the active material.

The surface morphology of PVDF binder was evaluated
before and after recovery with SEM (Figure S15–S16). As-
received PVDF powder is comprised of primary particles with a
diameter d=284�28 nm (Figure S15). After recovery, PVDF
shows similar primary particles with d=292�62 nm as well as
microscopic pores with d=148�54 nm (Figure S16). Consis-
tency in the particle size indicates that the morphology of
primary PVDF particles remains intact. The observed pores/
voids may arise during initial film fabrication (e.g., electrode
casting and drying) and/or during the recovery and solvent
evaporation process.[61–63] Taken together, our characterizations
indicate that solvent-based recovery does not substantially alter
PVDF structure or morphology.

2.3. Reuse of PVDF Post-Cycling in Cathode Composites

The performance of PVDF extracted from homemade composite
and commercial cells in Li/LCO half cells was compared to cells
made with pristine PVDF (Figure 4). Direct comparison of
batteries containing pristine PVDF (Figure 4, black squares) and
PVDF recovered from homemade films and Cell A (Figure 4, red
circles and green triangles) indicates that electrochemical
performance is higher for recovered PVDF than pristine PVDF
(65% capacity retention for pristine PVDF vs. 72% for PVDF
recovered from homemade films, 76% for PVDF recovered from
Cell A), providing a potential motivation to reuse PVDF from
spent cells. (Note that the capacity retention values found using
pristine PVDF are typical for Li/LCO half cells cycled from 2.7 to

4.2 V vs Li+/Li).[64] In contrast, when no binder is used, cells
exhibit low capacity values almost immediately (Figure 4,
orange triangles), which is consistent with work showing that
binder is necessary to minimize mechanical stress in the
electrode and prevent damage to the electrode
microstructure.[65,66] Average Coulombic efficiencies of cells
made with all PVDF compositions is consistently ~99.6%, while
the average Coulombic efficiency of binder-free cells is slightly
slower (99.3%) over 100 cycles (Figure S27). Improved perform-
ance upon reuse of polymeric materials has been observed for
second-use separators.[26] Although the reasoning for this
enhancement is not completely understood, it indicates that
conditioning of polymers during cycling may improve electro-
chemical behavior downstream. Section S2 and Figures S17–
S26 provide a full description of active material recovery and
characterization after solvent-based PVDF removal. We find that
the active materials exhibit high purity, consistent with
complete PVDF removal for subsequent use.

2.4. Feasibility of PVDF Recovery and Re-Use

Approximately 21 million tons of end-of-life battery waste will
be generated by 2040.[1,2] Although a very small percentage of
polymer binder (2–4%) is used to construct a cell, battery waste
of this magnitude will lead to a large accumulation of plastics
from the binder, and efforts to mitigate polymer waste should
be explored. Further, pyrolysis of PVDF forms HF, which
degrades the active material surface, limiting the application of
direct cathode recycling efforts. The recovery of PVDF with
THF :NMP for the structural characterization presented here
uses a solid-to-liquid (S/L) ratio of approximately 1:(115�25) g:
mL (Table S2). This value facilitated ease of handling during
characterization, but is higher than previously reported values
in literature, with S/L ratios of 1 :1.5 g:mL, 1 :10 g:mL, and
1 :20 g:mL achieved using heat or sonication.[30,41,43] Large
solvent volumes make PVDF recovery cost-prohibitive[3,67–69] and
thus, we explored the solubility limit of PVDF under our
conditions. Using THF :NMP at the lab scale, we found that a S/L
ratio of 1:(5.8�0.6) g:mL was required to achieve full delamina-
tion from the current collector (Table S3). An estimate for the
energy intensity of soaking[70,71] indicates that increasing from a
S/L ratio of 1 : 1 to 1 :5 leads to an increase in energy intensity
from approximately 8 to 27 mmBtu/ton PVDF (Section S3, SI). In
contrast, the energy intensity for the production of raw PVDF is
estimated to be approximately 21 mmBtu/ton (based on
PVC).[67,68] These quantities suggest that in order for PVDF
recycling to be economical, low S/L ratios enabled by sonication
must be used, likely in tandem with direct cathode recycling
efforts that recover high value active material. The solvent must
be able to extract PVDF from multiple different electrodes that
have undergone different practical uses during their lifetime
and the relationship between PVDF solubility and electro-
chemical treatment should be further explored.

Figure 4. Specific charge capacities as a function of cycle number for Li/
LiCoO2 half cells galvanostatically cycled from 2.7 to 4.2 V vs Li+/Li at C/10
using PVDF purchased from MTI (black squares, N=3), PVDF recovered from
homemade LiCoO2 composite films (red circles, N=5), PVDF recovered from
18650 Samsung Cell A (green triangles, N=8), and cells containing no PVDF
binder (orange triangles, N=3). Error bars represent standard error.
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3. Conclusion

We find that solvent-based recycling of PVDF from spent Li ion
battery cathodes with THF :NMP=50 :50 yields high purity
PVDF that can be reused in subsequent battery applications.
While the search for new, biodegradable binder materials is
ongoing, PVDF-based binder remains the most commercially
relevant for LIBs and thus emphasizes the need to devise
strategies to handle this new source of polymeric waste. In
order for PVDF recycling to be economically feasible, low S/L
ratios must be used. The active material recovered from
THF :NMP soaking does not suffer from HF etching and may
provide an additional incentive to apply this or similar
approaches.

Experimental Section

Materials

Lithium ribbon (0.75 mm thick, Sigma-Aldrich), lithium nickel
manganese cobalt oxide (LiNixMnyCozO2, x : y : z=1 :1 :1, NMC111,
MTI Corporation), 1 M lithium hexafluorophosphate (LiPF6) solution
in ethyl carbonate (EC) and dimethyl carbonate (DMC) mixture (EC:
DMC 1 :1, v/v) (LP30, Sigma-Aldrich), N-methyl-2-pyrrolidine (NMP,
anhydrous, >99%, Sigma-Aldrich) and dimethyl carbonate (DMC,
anhydrous, >99%, Sigma-Aldrich) were stored in an Ar-filled
glovebox (O2<0.1 ppm, H2O<0.5 ppm) and used as received.
Lithium cobalt (III) oxide (LiCoO2, LCO) was purchased from MTI
Corporation and calcined at 800 °C in air, then stored in the
glovebox prior to use. Super P conductive carbon black (C45, MTI
Corporation), poly(vinylidene fluoride) binder (PVDF, MTI Corpora-
tion, >99.5%, Mw~600,000 g/mol), tetrahydrofuran (THF, 99.5%,
anhydrous, stabilized, ACROS Organics), aluminum oxide (Al2O3,
99%, ACROS Organics), N,N-dimethylformamide (DMF, 99.8%, Alfa
Aesar), acetonitrile (ACN, 99.7%, spectrophotometric grade, Alfa
Aesar) and dimethyl sulfoxide-d6 (DMSO-d6, 99.9% atom D, Cam-
bridge Isotope Laboratories) were stored in ambient conditions and
used without further purification. Diethyl ether (anhydrous, ACS
reagent, ACROS Organics) was stored at 2–8 °C.

Homemade Composite Cathode Film Fabrication and
Treatment

400 mg of cathode active material (either LCO or NMC111) was
hand ground in a mortar and pestle with 50 mg carbon black until
a fine, uniform powder was observed. Separately, 50 mg of PVDF
was dissolved in 60 drops (~1.4 mL) of NMP. LCO, carbon black,
and PVDF were combined in a 80 :10 :10 ratio to obtain a slurry that
was cast onto an Al substrate (25 μm thick) with a 300 μm doctor
blade. Composite cathode films were dried on a hot plate set to
80 °C for 30 min and in vacuo at 100 °C for 4–6 h. Dried films were
soaked in LP30 electrolyte in the glovebox for 48 h and washed
twice with 15 mL DMC to remove trace amounts of electrolyte. No
attempt was made to recover electrolyte components. The washed
film was dried in vacuo overnight (12–16 h) at 60 °C and used for
PVDF extraction.

Commercial Battery Disassembly

Samsung 18650 cylindrical cells rated for 2600 mAh were pur-
chased from Amazon. Post-mortem analysis with energy dispersive

X-ray spectroscopy (EDS) indicates that the cathode is a mixture of
LCO and NMC (vide infra). Two cells that had undergone
approximately 6 months of long-term cycling were disassembled to
investigate the recovery and subsequent re-use of PVDF described
herein. The cycling protocol that each cell had undergone is
depicted in Table S1. Cell A had undergone 920 cycles at a rate of
1 C (2.6 A) under constant current (CC) charge and discharge,
whereas Cell B had undergone 792 cycles at a rate of 1 C under
constant current constant voltage (CCCV) charge and constant
current discharge. These cycling schemes are typical of long-term
cycling studies for Li-ion batteries (LIBs). Cell A was cycled in a
temperature chamber held at 40 °C and Cell B was cycled in a
temperature chamber held at 5 °C. Sample voltage and current
profiles for the first and last 25 h of cycling for each cell are
depicted in Figure S1 and S2. Average Coulombic efficiencies (CEs)
are calculated and shown in Table S1 (average of discharge/charge
capacities for all cycles). After the long-term cycling experiments,
the cells were stored at rest for approximately 10 months before
disassembly. Immediately before disassembly, the cells were fully
discharged to 2.7 V before transferring into the glovebox. An
electric Dremel tool was used at medium power along the edge of
the cells to cut open the cap and then along the side to unfurl the
cylindrical container. The electrodes were unrolled, the cathode
side was peeled off, washed, and processed in the same fashion as
the homemade composite cathode films described above.

PVDF Recovery from Composite Cathodes Using THF :NMP
(50 :50v/v)

To optimize the recovery procedure, a range of solvents, solvent
mixtures, and different experimental conditions were screened for
PVDF solubility and removal (see Section S1.1–S1.5, Figure S6-S10).
From this process, we found that a 50 :50 (v/v) mixture of THF :NMP
allowed PVDF to be recovered in a form that facilitated reuse of the
binder. In both homemade and commercial composite cathode
films, the following procedure was used to recover PVDF binder
(Figure S3). Cathode films were cut into approximately 1 cm×1 cm
pieces and immersed in THF :NMP in a round bottom flask while
stirring. Typical mass concentrations of the cathode films, including
the Al substrate were 1:(115�25) g:mL (Table S2). Subsequent
experiments were performed to minimize the solvent volume. The
reaction flask was equipped with a condenser and set into a
preheated oil bath to reflux at 90 °C. The film started to fall off in
the solvent mixture after 20–30 min as the PVDF dissolved and was
completely dispersed within 50 min, leaving behind bare Al
substrates. The reaction was allowed to continue for 1.5 h. Next, the
solution was cooled at room temperature, diluted with 5–10×
excess THF, and passed through an alumina column (Al2O3 column
thickness is maintained at ~1–1.5 cm). The filtrate consisted of a
transparent, slightly yellow, PVDF solution in THF :NMP. In some
instances, the filtrate appeared darker, possibly due to contami-
nation from residual active material and/or carbon. These species
were removed by re-filtering through a fresh alumina column to
obtain the transparent PVDF solution. The PVDF solution was
concentrated under vacuum to remove THF and then precipitated
in chilled (in liquid N2) anhydrous diethyl ether. The top, liquid
portion was carefully decanted and discarded. The remaining
viscous, opaque solution on the bottom of the vessel was
evaporated under vacuum and a solid PVDF film was obtained. The
resulting free-standing, dried PVDF films were weighed on an
analytical balance to calculate the percent recovery. The PVDF
recovery yields were cross-checked with quantitative NMR spectro-
scopy to ensure the mass corresponded to pure PVDF and were
found to match well (Figure S4). The recovered PVDF film was
characterized by 1H NMR spectroscopy, wide angle X-ray scattering
(WAXS), gel permeation chromatography (GPC), powder X-ray
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diffraction (PXRD), and scanning electron microscopy (SEM). Re-use
of PVDF in Li-ion batteries was also examined in subsequent
experiments (vide infra). Slight differences in color of the final PVDF
was noted for our homemade composites compared to the PVDF
recovered from Samsung cells. Our homemade films yielded a solid,
white PVDF film, whereas the PVDF recovered from commercial
batteries after long-term cycling was dark yellow in color (Fig-
ure S5). PVDF recovery yields from different films and different
organic solvents/solvent mixtures are listed in Table 1, and
Table S2.

Solvent Minimization for PVDF Recovery

Due to the cost associated with wet chemical recycling, efforts
were made to explore routes that minimize the volume of solvent
required to recover PVDF from composite cathodes films while still
achieving full delamination. In these experiments, a homemade
LCO composite cathode film was soaked in electrolyte and a
modified recovery procedure was used to extract PVDF (Figure S11).
After testing several different ratios, we found that with the 50 :50
THF :NMP solvent mixture, the minimal solvent-to-liquid ratio
needed to completely dissolve the PVDF was 1:(5.8�0.6) g:mL
(Table S3, Figure S12). In the modified experimental approach, dried
cathode films were cut into approximately 0.5 cm×0.5 cm pieces
and immersed into the THF :NMP binary mixture (v/v=50 :50) in a
round bottom flask. Typical mass concentrations of the cathode
films, including Al substrate, were 175�18 mg/mL (Table S3),
which is ~20× more concentrated than our procedure outlined in
Section S1.4. In the solvent minimization procedure, ~3–4 g of
cathode composite is dispersed in only 20 mL of solvent. Similarly,
the reaction flask was equipped with a condenser and set into a
preheated oil bath at 90 °C with constant vigorous stirring for 2.5–
3 h. The solution was then cooled to room temperature, diluted
with 100 mL (5× excess) THF, and passed through an alumina
column. The filtrate was concentrated under vacuum to remove
THF and the product was precipitated in 200 mL chilled anhydrous
diethyl ether. Upon evaporation of ether, a gray-colored PVDF film
was obtained. It should be noted that other traditional organic
chemistry techniques (e.g. ultracentrifugation, flash chromatogra-
phy, filtration) can be used to further optimize PVDF separation and
purification and reduce these volumes.

Electrochemical Cycling

Galvanostatic cycling experiments were performed to examine the
performance of Li half cells containing composite cathode films
using recycled PVDF as outlined above and compared to pristine
materials. Li half cells were assembled using 2032 coin cells with a
Celgard 2325 separator and cycled at C/10 (using the theoretical
specific capacity of LCO and NMC, 274 mAh/g and 275 mAh/g,
respectively) from 2.7 to 4.2 V vs Li+/Li to emphasize differences in
battery performance. In Figure 4 of the main text both the pristine
PVDF and the homemade cells underwent 100 cycles at C/10
between 2.7 and 4.2 V vs Li+/Li at room temperature. To evaluate
the reusability of recovered PVDF, composite cathode films were
prepared using commercially available LCO (MTI Corporation,
calcined prior to use, carbon black, and PVDF (mass ratio=

80 :10 :10). Cells containing recycled PVDF were compared with
cells containing commercially obtained PVDF (MTI Corporation).

NMR Spectroscopy
1H NMR spectra were collected on a Bruker DRX 300 spectrometer
at room temperature and analyzed in MNOVA. 1H NMR chemical
shift values (δ) were calibrated using the solvent peak (from

residual solvent protons, e.g., 2.51 ppm for DMSO-d6). For all
measurements, a 30° pulse was used for excitation with a recycle
delay of 10.5 s (polymer T1=300 ms, acetonitrile (ACN) T1=7 s).
Quantitative analysis was performed to determine unknown PVDF
concentrations and ACN was used as an internal standard (100 μL
of dilute ACN (2% v/v, 20 μL of ACN in 1 mL DMSO) was added to
each sample). Unknown PVDF concentrations were determined by
comparison to a four-point standard curve with PVDF concen-
trations ranging from 1.5–5.5 mg/mL. For each standard, the
integral of the PVDF 1H resonance at 2.91 ppm was divided by the
integral of the ACN 1H resonance at 2.09 ppm and plotted against
the known concentrations of PVDF. For all quantitative analyses, a
minimum signal-to-noise ratio of 360 was used.

Gel Permeation Chromatography

PVDF samples were analyzed using an EcoSEC RI-UV GPC system
equipped with TSKgel SuperH-RC column and a refractive index (RI)
detector for determining relative length and dispersity. The
measurements were carried out on samples with concentrations of
5 mg/mL that were eluted with DMF containing 0.1 wt% lithium
bromide with a flow rate of 0.3 mL/min. Column and RI detector
temperature were maintained at 45–50 °C during analysis. GPC
samples were prepared by slowly dissolving PVDF in 1 mL mobile
phase overnight on a hotplate set at 40 °C with gentle stirring. Fully
dissolved polymers were slowly filtered through 0.2 μm PTFE
syringe filters immediately prior to injection. Pristine PVDF binder
(MTI Corporation), was run as a reference and is the same material
that is used to make our homemade composite films. Thus, direct
comparison from these analyses will show whether or not any
degradation has occurred during the recovery process. The
number-average (Mn) and weight-average (Mw) molecular weights
as well as the dispersities (Đ) were estimated using the following
series of poly(methyl methacrylate) (PMMA) standards: Mp (peak
molecular weight)=0.55 kg/mol, 0.96 kg/mol, 1.84 kg/mol, 6.10 kg/
mol, 13.9 kg/mol, 26.5 kg/mol, 72.0 kg/mol, 146 kg/mmol, 265 kg/
mol, 504 kg/mol, 964 kg/mol, 1,568 kg/mol. We note that determi-
nation of molecular weights from GPC may not be absolutely
quantitative because the GPC calibrating agent poly(methyl meth-
acrylate) (PMMA) gives positive RI signal.

Wide-Angle X-Ray Scattering

WAXS for pristine PVDF powder and the recovered, free-standing
polymer films was performed on a laboratory-scale system at
Columbia University (Ganesha, SAXSLAB) with a Cu Kα source (λ=

1.54 Å). A Pilatus 300k detector (Dectris) was used to collect the
two-dimensional (2D) scattering pattern with nominal pixel dimen-
sions of 172×172 μm. Scattering data was obtained upon 30 min
exposure at room temperature under vacuum. 2D scattering
patterns were integrated using SAXSLAB’s saxsgui software to
obtain I(q) data.

Scanning Electron Microscopy

Samples were mounted on brass shims using carbon adhesive
(Electron Microscopy Sciences) and imaged normal to the planar
film surface. PVDF polymer powder and films were sputter coated
with a gold-palladium alloy using a Cressington 108 Manual Sputter
Coater. Top-view images of PVDF microstructure were acquired
using a Zeiss Sigma VP Scanning Electron Microscopy (SEM) at an
acceleration voltage of 5 keV and an in-lens secondary electron
detector, whereas an acceleration voltage of 3 keV was used for
imaging active material powders. The working distance for both
cases was maintained at ~3–4 mm. The elemental composition of
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the commercial battery cathode materials (recycled) were examined
by recording energy dispersive X-ray spectra (EDS).

Powder X-Ray Diffraction

PXRD data of all samples was collected using a PANalytical X’Pert3
Powder diffractometer equipped with a diffracted beam mono-
chromator and a Cu target X-ray source. Samples were evenly
dispersed on a zero-background Si plate and sealed within an air-
free domed sample holder using Kapton film in the glovebox.
Diffraction patterns were collected in the range of scattering angles,
2θ, of 10°–70°.
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