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In this study, two green organic solvents are reported in LiNiy;zCo4/3-
Mny,30, (NMC111)-based slurry preparation and subsequent cath-
ode fabrication for Li ion batteries. NMC111, conductive carbon
and poly(vinylidene fluoride) binder composite slurries prepared
with methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate (Polar-
Clean) and dimethyl isosorbide (DMI) exhibit mechanically stable,
crack-free uniform coating structures. Both slurries showed similar
shear-thinning viscosity behavior that suggests similar processibil-
ity during electrode casting and coating. When used as the cathode
in Li/NMC111 half cells, the electrode slurries prepared with Polar-
Clean show promising electrochemical performance metrics with
an average specific charge capacity of 155 + 1 mA h g~* at C/10 over
100 cycles, comparable to the films (152 + 3 mA h g* at C/10)
prepared with traditional N-methyl pyrrolidone (NMP) solvent. The
use of PolarClean points to a potential route to replace toxic NMP in
cathode fabrication without altering the manufacturing process.
However, electrodes prepared with DMI demonstrate inferior elec-
trochemical performance with an average charge capacity of
120 mA h g~*. Nonetheless, DMI may still offer some promising features
and warrants further detailed investigation in terms of compatible
electrolyte, tailoring the slurry preparation, and casting conditions.

Introduction

State-of-the-art lithium ion battery (LIB) manufacturing has
recently focused on electrode fabrication procedures that
minimize environmental hazards. Current electrode fabrication
technique uses a slurry casting process where the polyvinyli-
dene fluoride (PVDF) binder is dissolved in organic solvent
and dispersed with the active material to create an
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interconnected, percolated conductive network. PVDF has only
been shown to dissolve in a few organic solvents, such as N-methyl
pyrrolidone (NMP), N,N-dimethyl formamide (DMF), and N,N-
dimethylacetamide (DMAC), that disrupt the strong interchain
interactions in crystalline PVDF."* Despite successful solubilization
of PVDF, these solvents exhibit slow biodegradability and high
carcinogenic, mutagenic and reprotoxic (CMR) risks to the human
health.>> NMP is declared as a priority substance in USA under the
Toxic Substance Control Act (TSCA) for having “unreasonable risk”
and requires immediate regulatory action.*® Water was investigated
as a slurry solvent with the goal of establishing a sustainable
cathode manufacturing process with reduced cost.” However, water
is restricted to water soluble binders only and these electrodes
exhibit poor wettability, film cracking, poor stability with Ni-based
active materials, corrosion of aluminum current collectors, and poor
battery performance,® so it has not been adopted as a successful
casting solvent.” In addition, water soluble polymer binders (e.g,
carboxymethyl cellulose, polyacrylic acid) often suffer from agglom-
eration due to their long macromolecular chains, which hinders the
homogeneous dispersion of active material in the slurry.'® Thus,
sustainable fabrication of PVDF slurry-based electrode involving
environmentally friendly organic solvent is urgently needed to
mitigate risks to both the environment and human health. Recently,
dimethyl sulfoxide (DMSO), y-valerolactone, and cyrene were
reported as greener alternatives for NMP that enable mass slurry
production in a sustainable fashion.>''"'* However, all these sol-
vents require 60-90 °C for dissolving and processing PVDF binder
during electrode casting, whereas current NMP solvent can be used
at room temperature (RT). Slurty casting ideally occurs at RT, as
high temperature might cause solvent decomposition and interfere
with electrode performance.”® Additionally, DMSO is reported to
have detrimental effects on red blood, vascular endothelial and skin
fibroblast cells at low to moderate concentrations.'* Here, we report
the use of two green organic solvents, dimethyl isosorbide (DMI)
and methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate (Polar-
Clean), in fabricating cathode slurries.

DMI, a sugar-based dipolar aprotic solvent derived from
p-sorbitol is commercially used in pharmaceutical additives
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and personal care products due to its non-toxic nature.*> DMI
has been recently used as an alternative to NMP during the
fabrication of a PVDF-based ultrafiltration membrane'® and
delamination process of end-of-life LIB cathodes'” due to the
excellent solubility of PVDF in DMI. Likewise, PolarClean is a
nitrogen-containing dipolar aprotic solvent that is the bypro-
duct of adiponitrile manufacturing. PolarClean has been
recently added as a new member of the green solvent family®
and used to replace the solvent NMP used to make PVDF-based
hollow fiber membranes.'® In addition, PolarClean is biodegrad-
able (97% degrades in 3 weeks) with no detectable environment
and health hazards in doses as high as 1000 mg (kg day)*,>"*
whereas NMP exposure is restricted to 4.8 mg (kg day) ' by
dermal exposure in the European Union.""** Similarly, DMI was
pronounced to “not likely be a concern”>* with respect to human
health hazard properties (CMR) with a dose of 300 mg (kg day)*,
though it is not readily biodegradable like PolarClean.”*** These
findings inspired us to explore the use of these solvents to
fabricate PVDF based composite cathode slurries for LIBs, which
has not been investigated yet. Herein, we compare the rheological
properties, coating qualities, and electrochemical stabilities of
composite cathodes made with NMP, PolarClean, and DMI.

Results and discussion

We consider two potential greener alternatives to NMP solvent
in composite cathode slurry preparation for LIBs: DMI and
PolarClean (Fig. 1c and d; the structure of PVDF and NMP are
shown in Fig. 1a and b, respectively). NMP is a nonaromatic
molecule with a five membered lactam structure. PolarClean is
an acyclic system which contains one aliphatic ester and
aliphatic tertiary amide linkage, similar to DMAC, whereas
DMI is a chiral, V-shaped ether with two cis-connected tetra-
hydrofuran rings. Although structurally different, all of these
solvents have similar densities (1.04, 1.16 and 1.03 g mL " for
PolarClean, DMI, and NMP, respectively) and comparable
polarity (solvent properties are listed in Table 1). PolarClean
has a dielectric constant ¢ = 28.3 £ 3.5 and dipole moment
u=4.4D close to that of NMP (¢ = 32 and u = 4.1 D), suggesting
that both solvents may exhibit similar polarities and charge
stabilities. The u values for both solvents are higher than PVDF
(1.3-2.1 D), that may facilitate the polymer interaction with the
solvent molecules and favor the formation of all-trans planar
zigzag conformation or thermodynamically stable  phase
crystalline structure pre-dominantly, which demonstrates elec-
troactivities including high piezo-, pyro-, and ferroelectric
properties.?®
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Fig.1 Chemical structure of PVDF binder (a), DMI

solvent (c), and PolarClean solvent (d).

NMP solvent (b),
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Predictive principle for PVDF solubilization in chosen solvents

In slurry preparation, one of the crucial prerequisites is that the
PVDF must dissolve in the solvent, so solubility parameters for
the shortlisted candidates are investigated next (solubility para-
meters are listed in Table 2, as consistently found in other
literature®'"'°). Interactions between individual organic solvents
(Fig. 1b-d) and the PVDF binder solute (Fig. 1a) are evaluated
with two thermodynamic parameters: the Hansen solubility
parameter (HSP) and the Hildebrand parameter (d1) (Table 2).
HSP considers the distance between the solvent and the polymer
with respect to dispersion (d4), polar/dipole-dipole (Jp), and
hydrogen bonding (dy,) interactions in the Hansen dimension
space with the assumption that enthalpic contributions domi-
nate solubilization.'®*#?° Table 2 shows that PVDF, NMP, DMI,
and PolarClean all exhibit similar HSP values for the dispersion
term (17.2, 18.0, 17.6, and 15.8-16.6 MPa', respectively), the
polar/dipole-dipole term (12.5, 12.3, 7.1, and 10.7-13.4 MPa'?
respectively), and the hydrogen bonding term (9.2, 7.2, 7.5, and
9.2-9.5 MPa'’?, respectively) so all three solvents are expected to
show similar energy penalties for dispersing PVDF. Analyzing the
HSP values more closely, PolarClean and DMI are found to have
lower dispersion and polar terms respectively, whereas NMP exhi-
bits the least hydrogen bonding term with respect to PVDF. Of the
three potential solvents for PVDF, the one that deviates the most
based on the HSP value is DMI, so we may predict a priori that DMI
may not solubilize PVDF as well as NMP or PolarClean, which is
consistent with our experimental observations (see below).

Hildebrand solubility parameters (J) were estimated based
on the cohesive energies of HSPs following eqn (1) (Table 2).
Similar 6 values for PVDF (24.2 MPa*/?), NMP (23 MPa*’?), DMI
(20.4 MPa'’?) and PolarClean (21.2 MPa'/?) agree well with the
prediction that all three potential solvents should be able to
solubilize PVDF."®

o1 = Vo5 + 08 + o (1)

The affinity and relative energy difference (RED) parameters for
the PVDF in the proposed solvents were estimated using eqn (2) and
(3), where R, is the difference between the HSP for the PVDF (A) and
corresponding solvent (B), and R, is the radius of interaction in the
Hansen space.'”® A RED value <1 indicates that the solvent will
dissolve the polymer and >1 indicates poor solubility.'® In the
present case, the RED parameters for PVDF in DMI and PolarClean
both were found to have <1'® (the RED parameters for DMI and
PolarClean are 0.6 and 0.3, respectively), similar to NMP (0.3),
further suggesting that they are both able to dissolve PVDF.

Ry = \/4(<3dA - 5dB)2+(5pA - 5pB)2+(5hA — dnp)? @)

Ry
RED = — 3
2 ®

PVDF binder dissolution

In order to validate the above-mentioned predictive principles,
PVDF dissolution test™'*?! was carried out in NMP, DMI, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical properties of the proposed solvents'**72+27
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Molecular weight Boiling point Flash point Density  Dielectric Dipole
Solvent CAS no. (g mol™) (°Q) (°Q) Appearance (gmL™") constant (¢) moment (D)
NMP 872-50-4 99.13 202 86-95 Clear, colorless liquid 1.03 32 4.09
DMI 5306-85-4 174.19 235 108 Clear, colorless liquid 1.16 — —
PolarClean 1174627-68-9 187.24 280 144-146 Clear, slightly yellow liquid 1.04 283 £3.5 441

Table 2 Hildebrand/Hansen solubility parameters (HSP) of the proposed
solvents 231116,17,20,21.27-30

Hildebrand HSP HSP HSP R,
Polymer/ (dr) (0a) (9p) (0n) R MPa
solvent ~ MPa'? MPa'?  MPa'? MPa'? MPa'? 2 RED
PVDF 24.2 17.2 12.5 9.2 926 — —
NMP 23.0 18.0 12.3 7.2 — 2.6 0.3
DMI 20.4 17.6 7.1 7.5 — 5.7 0.6
Polarclean 21.2 15.8-16.6 10.7-13.4 9.2-9.5 — 3.3 0.3

— Data not found. R,, an experimentally obtained value, specific for each
polymer. R, for PVDF is obtained from ref. 16 and 29. RED values are
calculated using eqn (3). * R, value for PVDF-PolarClean was estimated
using the HSP values for PolarClean as dq = 15.8 MPa'?, dp =10.7 MPa'?
and dy, = 9.2 MPa'. R, values are obtained from ref. 16.

PolarClean at three different concentrations of 1, 3 and 10 wt/
v%, described in Fig. S3-S6, ESL.{ To do so, 0.01, 0.03 and 0.1 g
of PVDF were added to 1 mL of each solvent to prepare 1, 3 and
10 wt/v% binder solutions. The 1 and 3 wt% samples produced
clear solutions in NMP at RT, whereas the 10 wt% solution
showed limited solubility with traces of polymer residue
(Fig. S3, ESIt). Upon heating to 120 °C overnight, the solution
gradually cleared. However, upon cooling, the 10 wt% solution
turned into a semi-solid gel.

At low concentration (1 wt%) in PolarClean, PVDF forms a
translucent solution with no sign of polymer residue at RT,
(Fig. S4, ESIf) similar to NMP. However, when the PVDF

(a)

concentration is raised to 3 wt%, the solution became cloudy
with traces of PVDF sediments. It converts to a translucent
solution after heating at 60 °C and became fully clear solution
with no traces of PVDF residue, only when heated at elevated
temperature of 120 °C. Unlike NMP, the higher concentrations
of PVDF (10 wt%) in PolarClean leads into forming a white
suspension which turns into a gel, while heated at 120 °C. We
conclude that (i) PVDF is soluble in PolarClean at RT with a low
concentration (e.g., 1 wt%) and (ii) shows temperature-
dependent solubility profile (e.g., solid suspension to semi-
solid gel) for higher concentrations (e.g., 10 wt%).

Likewise, the 1 wt% PVDF solution in DMI forms a viscous
solution, and the 3 wt% has a cloudy appearance with traces of
precipitating PVDF (Fig. S5, ESIt). Upon increasing tempera-
ture to 60 °C, the 3 wt% polymer solution becomes translucent.
As expected, the 10 wt% polymer shows limited solubility at RT
but forms a semi-solid gel while heated at 120 °C. Therefore, we
conclude that DMI may dissolve small amounts of PVDF at RT,
similar to NMP and PolarClean, however higher temperatures
are required to prepare a transparent solution with higher
concentrations of PVDF. Once dissolved, PVDF remains solu-
bilized in PolarClean and DMI at RT after 1 month of storage
without any precipitation (Fig. S6, ESIt). All these results agree
with the solubility predictions previously discussed.

Slurry preparation and rheology

After confirming these solubilities, slurries were prepared
(Fig. 2a, described in ESIt) by mixing NMC111, conductive

(b) 102

PVDF binder dissolved in
NMP/DMI/PolarClean

—&—slurry by NMP
—6—slurry by DMI
slurry by PolarClean

low -shear region
igh viscosity desired
igh viscosity obtained

high -shear region
Jow viscosity desired
low viscosily obtained

mixed at RT m
pre-mixed for 10 min s |
NMC111 +C o
_ ] 2 10°
mixed for 16 min g
O
2
- >
1072

N,

- mmd e =
resultant slurry

100
Shear rate (1/s)

Fig. 2 Schematic diagram of a slurry preparation protocol with sequential addition (a). Rheology plot (viscosity vs. shear rate) (b) shows desirable shear-
thinning behavior (i.e., viscosity decreases with increasing shear rate) of NMC111 slurries prepared using NMP, DMI and PolarClean.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carbon and PVDF binder dissolved in NMP, DMI and Polar-
Clean at RT, respectively. The three most important features of
a slurry that control the electrode morphology are: (i) the active
material must not agglomerate or sediment in the colloidal
suspension, (ii) the active material must not react with the
processing solvent and current collector substrate, and the (iii)
ease of processibility during coating.*'* No particle sedimen-
tation, gravitational settling, aggregation of active materials or
sign of a byproduct gas evolution was noted during coating or
drying of the slurries prepared in NMP, DMI and PolarClean
(Fig. S1 and S7, ESIt). Conversely, severe agglomeration, bubble
formation, and cracking were reported in water-based NMC
slurries.>** The effectiveness of the homogenized slurry is
typically characterized by its flow behavior and thus, viscosities
for the corresponding slurries were examined by rheology.
Ideally, the slurry should have high viscosity at low shear rate
and low viscosity at high shear rate to stabilize the colloidal
suspension and to form a uniform and defect-free coating.*'*
Initial viscosities (at a low shear rate of 0.1 to 1 1 s~ ') were
found to be 10.2, 21.5 and 1.5 Pa s, for slurries prepared in
NMP, DMI and PolarClean, respectively (Fig. 2b). Higher visc-
osity at the low shear rate was found for the DMI processed
slurry, which suggests more favorable and appropriate settling
behavior of NMC in DMI, compared to NMP and PolarClean.
However, all three slurries showed similar shear thinning
viscosity behavior (i.e., decreasing viscosity with increasing
shear rare) which is advantageous for fabricating a uniform
coating (Fig. 2b).** It is noteworthy that viscosities for all
slurries reduced in the shear rate range of 10-100 (Fig. S8,
ESIY), relevant for a doctor blade coating process."” To sum-
marize, all three slurries are comprised of well-dispersed par-
ticles and can facilitate smooth casting and coating on the
metal current collector with similar processing conditions.

& as casted from NMP

b),
=3 as casted from DM|

as casted from PolarClean
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Morphology and stability of coated electrodes

All three slurries were cast onto Al substrates and dried to make
the composite electrodes (Fig. 3a-c and Fig. S7, ESIf). It is
imperative to ensure that the coated composite films are homo-
geneous and crack-free, thus scanning electron microscopy (SEM)
analysis was performed next. No cracks were detected in the dried
electrodes by top-view and cross-sectional SEM analysis (Fig. 3d-i
and Fig. S9, S11, ESIt). Higher magnification SEM images of the
electrodes made by DMI and PolarClean showed a high degree of
adsorption of conductive carbon and PVDF binder on the surfaces
of NMC111 (Fig. 3d-f and Fig. S9, $10, ESIt). This observation not
only demonstrates the excellent dispersion of active material,
conductive carbon and binder in the slurty, but provides mechan-
ical strength to the coating. No delamination was noted for these
electrodes after storing in LP30 electrolyte for one month (Fig. 3j—
o) which further indicates the mechanical toughness, good solu-
bility, and adhesive properties of PVDF retained in the slurries
prepared by DMI and PolarClean. Additionally, the energy disper-
sive spectroscopy (EDS) analysis/mapping and cross-sectional SEM
images of three electrodes displayed similar microscopic struc-
tures (Fig. 3g-i and Fig. S11, S15, S16, ESIT) where NMC111 formed
conducting network filled with sponge-like porous microstructures
made by conductive carbon and binder,* further indicating
solvent compatibility with the other ingredients in a slurry. Similar
results were obtained for composite films containing other active
materials (LiMn,O, composites are shown in Fig. S12, ESIT). Taken
together, these results highlight the fact that DMI and PolarClean
allow us to produce similar slurries and electrode film properties
to traditional NMP solvent preparation methods.

Electrochemical testing

To investigate the effect of solvent on electrochemical perfor-
mance, we compared the capacity retention of Li/NMC half cells

e, TS
=1 month

T =1 month

Fig. 3 Photograph of home-made composite NMC111 films as casted and dried (inscribed) from solvents NMP, DMI and PolarClean, respectively (a—c).
Top-view/surface and cross-section SEM micrographs of the dry films are shown in (d—i). Film stability in contact with LiPF¢ electrolyte in DMC/EC
solvent mixture was tested for a month, photographs of the films made by NMP (j and m), DMI (k and n) and PolarClean (l and o) are shown.

674 | Energy Adv., 2022, 1, 671-676
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Fig. 4 Cycling performances of the electrodes made using NMP, Polar-
Clean and DMI slurry prepared and processed at RT. Error bars represent
standard error of the mean (N = 3 for NMP, N = 2 for PolarClean and DMI).

containing composite cathodes produced with slurry coating
from NMP, DMI, and PolarClean (Fig. 4). We found that cells
fabricated with PolarClean exhibited an average specific charge
capacity at 155 = 1 mA h g~' (Fig. 4, green) while the NMP
processed cells had an average specific charge capacity of 152 +
3 mA h g (Fig. 4, red) over 100 cycles. Both achieved similar
average coulombic efficiencies (CEs) of 99.6% and 99.7% for
NMP and PolarClean processed electrodes, respectively over
100 cycles. These performance metrics suggest that PolarClean
is a promising green solvent candidate in cathode fabrication.
Interestingly, the higher initial capacity exhibited by cells made
with PolarClean (197 mA h g') vs. NMP (175 mA h g™ ') is
concomitant with higher overall capacity retentions over
100 cycles (66% for NMP vs. 75% for PolarClean). When
examining the voltage profiles of those cells (Fig. S17 and
S18, ESIT), we see stark differences. We find that the irrever-
sible capacity in the first cycle is higher for cells made using
PolarClean (58.8 mA h g™') than NMP (27.4 mA h g '),
suggesting that films processed with PolarClean may promote
different side reactions on the electrode surface. While the
irreversible capacities for NMP cells decrease slightly over the
first three cycles, the large irreversible capacity on the first cycle
in PolarClean cells is lessened significantly in further cycles (on
average, the irreversible capacities in the first three cycles of
PolarClean cells are 58.8, 33.9, 19.8 mA h g~ * respectively, while
for NMP cells they are 27.4, 13.6, and 13.8 mA h g~ '). Interest-
ingly, while in NMP cells, the discharge capacity remains
largely constant over 3 cycles, the discharge capacities in cycles
2 and 3 in PolarClean cells are ~13 mA h g~ " higher than in the
first cycle, suggesting that the buildup of a stable cathode
electrolyte interphase (CEI) in the first cycle may enable more
complete lithiation in subsequent cycles. Notably, we did not
observe diminished performance as we would expect if residual
PolarClean remained in the electrode, further suggesting that
we achieved successful elimination of PolarClean during the
electrode drying process (described in ESIt) which is very

© 2022 The Author(s). Published by the Royal Society of Chemistry
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energy intense during electrode fabrication.*® In contrast, the
average charge capacity of the electrode casted from DMI at RT
was only 104 mA h g%, with a capacity retention 29% and CE of
98.8% (Fig. 4, blue), possibly due to the lack of PVDF dissolu-
tion. To determine if PVDF solubility was the issue, we fabri-
cated cathodes after dissolving PVDF in DMI at 120 °C instead
of RT prior to film casting. Although films cast at 120 °C show
slightly higher average charge capacities of 120 mA h g '
(Fig. S13, ESIY), capacity retention (41%), and CE (99.1%), they
still did not achieve the same performances as those observed
from films fabricated using NMP or PolarClean. SEM and
rheological analyses indicate that the microscopic and shear-
thinning behavior of the electrode films and the slurries made
by DMI is similar to the NMP and PolarClean. Likewise, PVDF
binder exposed to DMI was not altered structurally, confirmed
by '"H NMR and FTIR."” However, the difference in electroche-
mical performance, sloping overpotentials and low specific
capacities (Fig. 4 and Fig. S19, ESI{) suggest that residual
solvent molecules from the casting process may impact inter-
phase formation or other parasitic reaction pathways that
causes poor capacity retention in LIBs, preventing the use of
DMI in carbonate electrolytes and explaining the differences in
electrochemical behavior between NMP and PolarClean.
Further investigation is currently underway to improve battery
performance by altering the slurry mixing sequence,**** estab-
lishing a relation between solution viscosity and solute/solvent
concentration to determine the PVDF chain entanglement at
various stages of slurry preparation, standardizing the disper-
sion and conductivity of the slurry ingredient, detailed study of
resistance or impedance measurements, and optimizing the
adhesion of the slurry on the Al substrate by tailoring coating
and drying conditions.?”

Conclusions and challenges

Using green solvents in place of traditional hazardous solvents
will lead to more sustainable LIB chemistries, which remains
an important challenge facing the industry today. With the
prevalence of green chemistry, we find that PolarClean may be
used as an alternative solvent instead of NMP for casting
cathode films for LIBs, and it exhibits similar solubility of the
PVDF binder, shear thinning rheological properties, stable
coating microstructure, room temperature casting process,
and excellent electrochemical stability. While DMI is a poten-
tially promising green solvent candidate for slurry casting, and
a number of advanced synthetic approaches have been devel-
oped towards its large-scale production,’”?***° it seems to
facilitate parasitic side reactions after film coating that need
to be addressed prior to application in LIBs. At present, the
price of PolarClean (~$9 per kg) might be an impeding factor
for widespread use compared to NMP ($2-3 per kg),*! but it is
worth noting that Solvay is currently producing PolarClean
on a ton scale using a circular economy approach®” and more
research on advanced synthetic routes®® might reduce the
solvent cost significantly.
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