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1. Introduction

Nowadays, one of the world’s most pressing challenges for
society is to mitigate the impact of climate change and to create
a clean-energy economy. In June 2021, a new European Climate
Law established the aim of reaching zero greenhouse gas
emissions (GHG) in the European Union by 2050. Lithium

batteries are playing an increasingly
significant role in electrical energy storage
because of their high specific energy
(energy per unit weight) and energy density
(energy per unit volume).[1] Among several
types of lithium batteries, the lithium-ion
batteries (LIBs) technology has been used
in a wide range of applications since it
delivers the best compromise between
energy density, power capability, safety,
lifetime, and cost.[2] LIBs are generally clas-
sified according to the atomic structure of
their cathode materials including olivine
phosphates (LiMPO4), layered (LiMO2), or
spinel (LiM2O4) oxides, where M repre-
sents one or more transition metals.
Specifically, NMC811 (LiNi0.8Mn0.1Co0.1O2)
is considered the next-generation cathode
active material, due to its low cobalt content,
high discharge voltage, and good thermal
stability.[3]

During the past decades, a great deal of
effort has been made to boost the perfor-
mance of LIBs in order to meet current
and future demands. The research was
mainly focused on the development of
new active materials or electrolytes, but

during the last years, the role of the binder has gained impor-
tance. Despite of its low mass contribution with respect to the
total electrode composition (2–5 wt%),[4] the binder ensures a
suitable cohesion giving a homogeneous and well-dispersed
slurry that contains all the components of the electrode, acting
as a dispersant and thickener.[5] Second, the binder penetrates
in the surface of the active particles, creating a bonding system
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The use of water-soluble binders enables the transition to more sustainable
batteries by the replacement of toxic N-methyl-2-pyrrolidone (NMP) by water.
Herein, two new fluorine-free poly(ionic liquid)s are proposed as binders for
LiNi0.8Mn0.1Co0.1O2 (NMC811) cathodes, based on poly(diallyldimethylammo-
nium) (PDADMA) and two-phosphate counter anions, which are recognized as
effective corrosion inhibitors and electrolyte additives. Due to their high ionic
conductivity (10�6 S cm�1 at 25 °C) and ability to prevent degradation of NMC811
particles, the PDADMA phosphate cells are able to achieve a 91% of capacity
retention after 90 cycles at 0.5C, similar to the organic fluorinated polyvinylidene
fluoride (PVDF) (96%) under the same conditions. However, aqueous sodium
carboxymethyl cellulose (Na-CMC) only provides 81% of capacity retention.
Among the PDADMA-based binders under study, PDADMA- diethyl phosphate
(PDADMA-DEP) delivers the highest discharge capacity (101.1 mAh g�1) at high
C-rate (5C). Degradation of Na-CMC electrodes is observed in postmortem
analysis and a notable increase in the charge transfer-resistance. However, the
NMC811 particles preserve their spherical shape when PDADMA-phosphates are
used as binders, also leading to lower polarization resistances and improved
lithium diffusion. In conclusion, PDADMA-phosphates manifest high perfor-
mance as binders for sustainable NMC811 cathodes, while disposing of fluo-
ropolymers and toxic solvents.
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through mechanical interlocking and intermolecular forces.[6]

For this, the binder needs to have flexible bonds within its
structure to stand the constriction and expansion forces of the
charge-discharge process. In addition, strong polar groups are
desired to maintain effective interfacial interaction with the
particles as well as adhesion to the current collector.[7] Finally,
the binder needs to be thermally and electrochemically stable
in the temperature range of electrode processing and within
the voltage range of cycling, respectively.[8]

Current LIB technologies employ polyvinylidene fluoride
(PVDF) as binder, requiring N-methyl-2-pyrrolidone (NMP) as
solvent for electrode fabrication, which is a tetarogenic and an
irritating compound. This raises health concerns during battery
manufacturing processes and also environmental processes due
to improper NMP waste disposal that can lead to pollution and
harm the aquatic ecosystems.[9–11] Therefore, an expensive sol-
vent recovery system is required during electrode fabrication
to avoid toxic vapors[12] and elevated temperatures are also
needed for the drying of electrodes due to NMP high boiling
point (202 ºC). Furthermore, the presence of fluoride com-
pounds hinders the discarding of the battery once used and is
a challenge in the LIB recycling process.[13] An ecofriendly elec-
trode processing would imply the substitution of NMP by safe
solvents such as water. The main drawback of the water process-
ing of high-energy active materials such as NMC811 is the proton
exchange with the lithium ions that are present in the particle
surface. As consequence of this process called lithium leaching,
lithium hydroxide (LiOH) is released and lithium carbonate
(Li2CO3) is formed in the surface of the NMC811 particles,
leading to capacity loss and increase in the resistance of the
battery.[14,15]

An interesting approach to binder formulations is the use of
poly (ionic liquids)s, which contain ionic moieties in the polymer
structure and, if chosen carefully, may improve the lithium
diffusion and the long-term stability.[16–22] This subclass of
polyelectrolytes have aroused interest as binder components
given the possibility of improving the ionic conduction pathways
within the electrode, the possibility of forming strong bonds
between the active and conductive material,[23] and the flexibility
provided by the polymer backbone.[24] One of the most studied
poly(ionic liquid)s in energy storage applications is based
on poly(diallyldimethylammonium) (PDADMA) with different

counteranions. These poly(ionic liquid)s are obtained by anion
exchange of the commercially available PDADMA-Cl that comes
with chloride (Cl�) as counteranion. Ha et al. proved PDADMA-
TFSI as a stable binder for sodium–oxygen batteries, creating an
interface that increased the electrocatalytic activity and thus
reducing the overpotential of the oxygen reduction reaction.[25]

Recently, Vauthier et al.[26] used PDADMA with fluorinated
anions as binders in NMC532 cathodes, obtaining improved
cell performances when compared with PVDF electrodes.
Nonetheless, the most typical counteranions (TFSI�, BF4

�, PF6
�)

used to replace Cl� result are water-insoluble polymers.[27]

The main goal of this work is to explore water-soluble alterna-
tives of PDADMA poly(ionic liquid)s and how these affect the
electrochemical performance of the battery when incorporated
as binders in high-voltage NMC811 cathode formulations. For
this, we found water-soluble PDADMA derivatives having
counteranions different than Cl�, which is also known to be
corrosive.[28] Thus, two different counteranions were selected:
diethyl phosphate (DEP) and dibutyl phosphate (DBP).
Phosphate ions, in general, are known to be good corrosion
inhibitors[29] and have been used as electrolyte additives to
improve the formation of the cathode–electrolyte interface
(CEI) in the positive electrode.[30,31] The performance of
PDADMA-DEP and PDADMA-DBP as water-soluble binders
for an environmentally friendly fabrication of NMC811 cathodes
is investigated in this research work. For the sake of comparison,
conventional binders PVDF and Na-CMC are also studied, using
NMP and water as solvent for electrode preparation, respectively.

2. Results and Discussion

2.1. Fluorine-Free Water-Soluble Poly(ionic Liquid) Synthesis
and Characterization

Two water-soluble poly(ionic liquid)s have been synthetized
by anion-exchange reaction as shown in Figure 1. First,
PDADMA-OH is obtained from commercially available
PDADMA-Cl, using the exchange resin IRN78. Then,
PDADMA-OH is mixed with stoichiometric amounts of diethyl
hydrogen phosphate (DEP) or dibutyl hydrogen phosphate
(DBP), obtaining PDADMA-DEP and PDADMA-DBP poly(ionic
liquid)s.

Figure 1. Anion exchange reaction for the synthesis of PDADMA-phosphate poly(ionic liquid)s.
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The chemical structures of PDADMA-DEP and PDADMA-
DBP were confirmed by 1H NMR, 31P NMR, and Fourier-
transform infrared (FTIR). Figure 2a shows the detailed 1H
NMR and peak assignment for PDADMA-DEP, which confirm
the presence of both the PDADMA and the phosphate

counterion. Furthermore, Figure 2b shows both the 31P NMR
of diethyl hydrogen phosphate (H-DEP) at the top and
PDADMA-DEP at the bottom. It can be observed that the triplet
shifted to higher values of δ, confirming the anionic exchange of
Cl� by DEP�. As the signal of the H-DEP is not present in the

Figure 2. a) 1H NMR of PDADMA-DEP, b) 31P NMR of H-DEP and PDADMA-DEP, c) FTIR of PDADMA-Cl, PDADMA-DEP, and PDADMA-DBP, and
d) TGA of PDADMA-DEP and PDADMA-DBP from 25 °C to 800 °C at 10 °Cmin�1. e) Uptake of 1M LiPF6 in EC:DMC (1:1) þ 2% VC electrolyte by the
polymer binders after 5 days of immersion in electrolyte, and f ) ionic conductivity by EIS measurements between 25 and 95 °C.
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PDADMA-DEP, it can be ensured that there is no remaining
unreacted H-DEP. The same features are observed for
PDADMA-DBP and their 1H NMR and 31P NMR are depicted
in Figure S1, Supporting Information. Finally, FTIR measure-
ments were carried out to confirm the chemical structure of
the synthetized poly(ionic liquid)s (Figure 2c). When comparing
the PDADMA-Cl with the new synthetized poly(ionic liquid)s,
new peaks associated with the phosphate counteranion were
found. The PDADMA-DEP and PDADMA-DBP spectra
presented the characteristic bands of the P═O stretching at
1230 cm�1 and the P–O–C stretching in the vibrational range
of 1060–1040 cm�1.[32]

The drying step of water-processed cathodes is made at 120 °C
to remove the residual water from the electrode, thus, it is impor-
tant to evaluate the thermal stability of the PDADMA-phosphates
by thermogravimetric analysis (TGA). As depicted in Figure 2d,
both show a two-step degradation process with a decomposition
temperature of around 240 °C, corresponding to 5 wt% of weight
loss, confirming the PDADMA-phosphates thermal stability in a
wide temperature range. Regarding the PVDF and Na-CMC
binders, their thermal stability has been studied by other authors,
showing that PVDF starts to degrade at 420 °C[33] while Na-CMC
shows the first step of decomposition at 150 °C due to the desorp-
tion of water molecules from the structure.[34] Therefore, all bind-
ers studied in this work are suitable for the temperature range of
the LIB electrode processing. Next, the uptake of electrolyte by
the polymer binders under study was quantified by undertaking
swelling tests. For this, the poly(ionic liquid)s were immersed in
the electrolyte solution (1M LiPF6 in EC:DMC (1:1)þ 2% VC) for
5 days and the weight increase was monitored (Figure 2e). A
larger uptake of electrolyte by the binder will enable a more effec-
tive transport of lithium ions through the electrode,[35] by creat-
ing paths for them to diffuse. The results showed an enhanced
uptake of electrolyte for the PDADMA-phosphates, especially for
PDADMA-DEP (135� 28%), while PDADMA-DBP resulted in a
mass increase of 120� 8%. As reference values, PVDF and
Na-CMCmass only increased by 2� 1% and 7� 2%, respectively.

The increased compatibility, and hence solvent uptake of
PDADMA-phosphates, can be explained by the presence of polar
groups along the structure that increases the affinity with the elec-
trolyte solvents (EC and DMC). Furthermore, the ionic conductiv-
ity of PDADMA-based poly(ionic liquid)s was studied by
electrochemical impedance spectroscopy (EIS) measurements in
the dried state and compared with PVDF and Na-CMC.
Figure 2f displays the ionic conductivity results, showing notably
higher values at all temperatures for PDADMA-based poly(ionic
liquid)s in comparison with PVDF and Na-CMC, since the
presence of free anions in the poly(ionic liquid)s increases the
ion mobility. Specifically, at the operating temperature (25 °C),
the ionic conductivity for PDADMA-DEP and PDADMA-DBP
resulted in 1.5 10�6 and 0.87 10�6 S cm�1, while Na-CMC
and PVDF binders showed lower values, 8.0 10�9 and 4.1
10�10 S cm�1, respectively.

Finally, binders are required to be electrochemically stable in
the potential range of cycling. To check this, cyclic voltammetry
(CV) was performed on coin cells without any active material
(NMC811). Therefore, working electrodes were prepared with
75 wt% PDADMA-based poly(ionic liquid) and 25 wt% conduc-
tive carbon, and lithiummetal was used as counter and reference
electrodes. The CVs (Figure S2, Supporting Information) probed
the electrochemical stability of the PDADMA-phosphate poly
(ionic liquid)s, and no significant redox reactions were observed
in the range of 2.0–5.0 V vs Li/Liþ.

2.2. Aqueous Processing of NMC811 Cathodes and
Electrochemical Performance

Figure 3 outlines the NMC811 cathode processing, including the
slurry preparation, casting, and drying of electrodes. As men-
tioned before, the most frequent binder used is PVDF, which
needs to be dissolved in toxic NMP during the slurry mixing.
On the other hand, when replacing PVDF by the PDADMA-
phosphates poly(ionic liquid)s, not only the cathodes are fluorine
free, but also water can be used as solvent. This entails a number

Figure 3. Cathode preparation using water-soluble poly(ionic liquid)s-based binders instead of PVDF and its advantages. NMP: N-Methyl-2-pyrrolidone;
PVDF: Polyvinylidene fluoride; PDADMA-DEP: Poly(diallyldimethylammonium diethyl phosphate); PDADMA-DBP: Poly(diallyldimethylammonium
dibutyl phosphate).
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of advantages such as lower drying temperatures, and no need
of NMP recovery system, which is translated into lower
manufacturing costs.

Therefore, after studying the thermal and electrochemical
stability of the water-soluble PDADMA-based poly(ionic liquid)s,
slurries were prepared with a composition of 90 wt% NMC811,
5 wt% C45, and 5 wt% poly(ionic liquid)s, using distilled water as
solvent. For the sake of comparison, slurries were also prepared
using Na-CMC and PVDF as binders. In the latter case, NMP was
used for the electrode preparation, since PVDF is not water
soluble.

An important function of the binder within the electrode
slurry is to disperse the active material and conductive carbon,
preventing agglomerations. In this scenario, the viscosity of
the slurry and its rheological behavior play an important role.
Figure S3, Supporting Information, displays the viscosity of
the slurries prepared with different binder compositions as a
function of the shear rate. All slurries showed a shear-thinning
behavior, where the viscosity decreases with the increase in shear
rate. However, a more constant viscosity with increasing shear
rate was seen for PDADMA-DEP slurry, suggesting a behavior
closer to a Newtonian fluid that presents better dispersion of par-
ticles and more stable slurries. As explained in the experimental
part, values of the n factor can be obtained by fitting the curves.
These resulted in 0.76, 0.65, 0.56, and 0.44 for slurries with
PDADMA-DEP, PDADMA-DBP, Na-CMC, and PVDF as binder,
respectively. The closest approximation of PDADMA-DEP to a

Newtonian fluid (n= 1) indicates the improved dispersion ability
of this binder, followed by PDADMA-DBP.

Afterwards, the NMC811 slurries were casted using the doctor
blade technique (120mmmin�1) onto carbon-coated aluminum
current collectors (CC-Al), to avoid the aluminum corrosion as a
consequence of the basic pH of the aqueous slurries (measured
between 11–12). Then, the electrodes were dried at 60 °C for 1 h.
After calendaring to 40% calculated porosity, peeling tests were
performed to analyze the effect of changing the binder on the
adhesion strength between the active layer and the current
collector. The results revealed that PDADMA-DBP electrode
presented the highest value (20� 1 Nm�1), followed by PVDF
electrode (9� 1 Nm�1), PDADMA-DEP (6� 1 Nm�1), and,
finally, Na-CMC (4� 1 Nm�1). The improved adhesion of
PDADMA-DBP in comparison with PDADMA-DEP may rely
on the larger aliphatic chain of the anion, giving a more robust
structure that creates stronger bonds between active particles and
with the current collector.

2.3. Electrochemical Measurements

The galvanostatic cycling of CR2025 coin cells assembled with
the NMC811 cathodes using different binders and graphite
anodes is shown in Figure 4. The initial charge–discharge cycle
curves at 0.1C are displayed in Figure 4a, showing a similar
discharge capacity for all cells, around 200mAh g�1, which is
the theoretical specific capacity of NMC811.[36] In all cases,

Figure 4. Electrochemical performance of NMC811|Graphite coin cells using different binders. Voltage profiles at a) 0.1C, b) 3C, and c) 5C. d) Rate
capability performance with 3 cycles at 0.5C, 1C, 2C, 3C, and 5C and e) cycling performance for 90 cycles at 0.5C. Potential range: 2.8–4.3 V (vs. Vcell)
at 25 °C.
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the coulombic efficiency of the initial cycle was close to 88%. As
explained by Asenbauer et al.,[37] graphite anodes suffer from an
irreversible depletion of lithium due to the formation of the
solid–electrolyte interphase (SEI). When increasing the C-rate
to 3C (Figure 4b) and 5C (Figure 4c), the PDADMA-DEP showed
lower overpotentials than PDADMA-DBP and Na-CMC cells,
probably due to the higher electrolyte uptake and ionic conduc-
tivity. When compared to PVDF, the overpotentials of PDADMA-
DEP are higher which is influenced by the damage suffered
by the NMC811 active material when exposed to water.
Nevertheless, at 5C, the discharge capacities resulted in 109.2,
101.1, 78.9, and 64.5mAh g�1 for PVDF, PDADMA-DEP,
PDADMA-DBP, and Na-CMC, respectively. Therefore, the
PDADMA-DEP binder presented an outstanding high C-rate per-
formance, delivering similar discharge capacity as PVDF-based
cathode cells, while disposing the NMP solvent. The larger elec-
trolyte swelling and improved solid particle dispersion ability of
the PDADMA-DEP binder may explain its enhanced perfor-
mance at high C-rates by boosting the lithium transport through
the electrode.

Figure 4d summarizes the rate capability of the different bind-
ers from 0.1C to 5C. As discussed, the PDADMA-phosphates
cells delivered higher discharge capacities at all C-rates
than the Na-CMC, but lower than NMP-processed PVDF
cells. However, at 0.5C, PDADMA-DBP-based electrode provided
the same discharge capacity as PVDF electrode (185.5mAh g�1),
closely followed by PDADMA-DEP (182.9mAh g�1), and, finally,
Na-CMC (176.1mAh g�1). After the rate capability tests, the cur-
rent density returned to 0.5C, and the long-term performance
was assessed with 90 cycles at 0.5C (Figure 4e). The capacity
retentions achieved resulted in 96%, 91%, 91%, and 81%
for PVDF, PDADMA-DEP, PDADMA-DBP, and Na-CMC
electrodes, respectively. Once again, the PDADMA-phosphates
binders were able to improve the cycling performance of the
coin cells compared to water-processed Na-CMC, by boosting
the lithium transport. Table S1, Supporting Information,
summarizes the electrochemical performance of other types of
aqueous binders reported in literature for NMC811 cathodes,
together with the results of the PDADMA-phosphates binders
as comparison. Although there are many factors that can affect
the discharge capacities and capacity retention (such as cell type,
loading, porosity, electrolyte, cycling protocol, etc), it can be
observed that the PDADMA-phosphates binders exhibited out-
standing performance as compared to previously reported
binders.[38–43]

To further understand the reaction kinetics of NMC811
electrodes with the different binders, EIS measurements were
carried out from 1MHz to 1mHz on pristine and aged electro-
des. The pristine electrode corresponds to the condition just
assembled and the aged electrode after the galvanostatic cycling.
The equivalent circuit used to fit the EIS results is depicted in
Figure 5a, as the one employed by Radloff et al. to fit the EIS
results of LiNi0.83Co0.12Mn0.05O2 electrodes.[44] The equivalent
circuit is composed of an electrolyte resistance (Re), a contact
resistance (Rcontact) between the current collector and the elec-
trode, and a charge transfer resistance (Rct) for the intercala-
tion–deintercalation of lithium ions in the electrode. The two
latter processes are represented by double-layer capacitance
(CPEcontact and CPEct, respectively). Finally, a Warburg element

(Wo) is adopted to fit the straight line at low frequencies that rep-
resents the lithium diffusion in the electrode bulk.[45] The
Nyquist plots of the pristine and aged electrodes are presented
in Figure 5b,c, respectively, and the fitted data is listed in Table 1.

The electrolyte resistance (Re) in both the pristine and aged
condition was alike for all electrodes (between 1Ω and 2Ω), indi-
cating a small contribution of Re to the resistance processes
inside the cells. In the case of pristine electrodes, Rcontact, corre-
sponding to the first semicircle in the Nyquist plot (Figure 5b),
increased from the organic-processed electrode to the water-
processed ones that may correspond to the degradation of the
NMC811 active material in the aqueous environment.
However, between the water-based electrodes, the Rcontact values
for the PDADMA-DEP and PDADMA-DBP were lower than for
Na-CMC (86.7Ω and 95.5Ω in comparison to 169.3Ω, respec-
tively). This result correlates with the electrochemical perfor-
mance on the galvanostatic cycling and can be explained by a
higher prevention of NMC811 particles degradation by the phos-
phate species. As reported by Loeffler et al.,[46] the deposition of
water-insoluble compounds, containing both transition metals
and phosphates, protects the high-nickel active material from dis-
solution. After cycling, the values of Rcontact increased in compar-
ison with the pristine cells, except for the Na-CMC electrode.

As previously mentioned, the Rct process is a redox process
related to the intercalation–deintercalation of lithium ions
between the electrodes. Hence, the diffusion of lithium ions
can be boosted by improving the conduction network between
active material particles and binder and, therefore, reducing
the Rct values. As the pristine Nyquist plots only presented
one semicircle (Figure 5b), no values of Rct were fit for these
EIS. However, for the aged electrodes (Figure 5c), the Rct resulted
in �250Ω for the PDADMA-phosphates and 450Ω for Na-CMC
cells. This difference on the Rct values may also explain the
enhanced discharge capacity and smaller overpotentials of the
PDADMA-phosphates electrodes, since their higher ionic
conductivities and uptake of electrolyte may create enhanced
pathways for the lithium mobility during the charge and
discharge process.

The influence of the binders on the lithium conductivity can
be also analyzed from the results acquired by the EIS tests at low
frequencies. As explained in the experimental section, by plotting
the real part of the total impedance (Z’) versus the square root of
the angular frequency (ω�0.5), the Warburg factor (σÞ can be
obtained from the slope of the curve. In turn, the diffusion coef-
ficient of lithium ions (DLiþ ) is inverserly proportional to the
square of the Warburg factor (σÞ:[35] The values are listed on
Table 1. It can be observed in Figure 5d,e that in both cases
the Na-CMC electrodes presented a sharper slope on the Z’ ver-
sus ω�0.5 plots, which indicates larger σ values and, therefore,
lower DLiþ values. In the pristine cells, Na-CMC almost doubled
the value of σ, in comparison with PDADMA-DEP and
PDADMA-DBP (344.5, 144.7, and 167.1Ω s�0.5, respectively).
In the case of the aged electrodes, Na-CMC presented a value
of σ of 8.6 while PDADMA-phosphates and PVDF showed 3.6
and 5.8Ω s�0.5, respectively. The large difference between pris-
tine and aged stages may be because the pristine electrodes have
not yet formed all the interfaces, hindering lithium diffusion
through the system. Therefore, the PDADMA-phosphates
binders present DLiþ values of almost one order of magnitude
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Table 1. Fitted kinetic parameters of NMC811 electrodes obtained by equivalent circuit model.

Re [Ω] Rcontact [Ω] Rct [Ω] σ [Ω s�0.5] DLiþ [cm2s�1]

Pristine Aged Pristine Aged Pristine Aged Pristine Aged Pristine Aged

PVDF 2.3 1.9 28.1 75.1 – 56.4 75.8 5.8 2E-16 3E-14

PDADMA-DEP 1.1 1.9 86.7 155.1 – 234.3 144.7 3.6 4E-17 6E-14

PDADMA-DBP 1.1 2.0 95.5 158.3 – 256.7 167.1 3.6 3E-17 6E-14

Na-CMC 1.6 1.9 168.3 168.1 – 457.1 344.5 8.6 6E-18 1E-14

Figure 5. a) Equivalent circuit for EIS fitting. Nyquist plot for b) pristine and c) aged NMC811 coin cells. Z’ versus ω�0.5 of d) pristine and e) aged
coin cells.
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larger than Na-CMC (Table 1), boosting the lithium mobility and
enhancing the electrochemical performance. It is worth mention-
ing that, in the aged condition, the PDADMA-phosphates-based
cells presented slightly higher DLiþ values than PVDF.

2.4. Postmortem Characterization of the Cathodes

Finally, scanning electron microscope (SEM) measurements
were performed on the surface of aged electrodes to further
investigate the reason for the different electrochemical behav-
iors. Low-magnification images of electrodes (Figure 6a,c,e) illus-
trate smooth surfaces for PVDF and PDADMA-phosphates
electrodes, unlike the Na-CMC one that presented voids all across
the surface (Figure 6g). The holes may hinder the lithium diffu-
sion, explaining the larger Rct and lower DLiþ values and, there-
fore, the poor electrochemical performance. The Na-CMC
pristine electrode (Figure S4, Supporting Information) also

presented this morphology, which can be due to heterogeneous
water evaporation during the drying step, because of the ineffec-
tive dispersion of active and conductive particles, noticed in the
rheology results. Figure S4, Supporting Information, also shows
that, below the holes in the Na-CMC-based electrode, there is the
presence of slurry with active material particles. Furthermore,
when increasing the magnification, the PDADMA-phosphates
and PVDF-based electrodes depicted spherical active material
particles (Figure 6b,d,f ). On the other hand, the Na-CMC elec-
trode showed split or cracked NMC811 particles (Figure 6h).
Also, a fluffy and porous network can be seen around the active
particles in the case of PDADMA-phosphates. By energy
dispersive X-ray (EDX) measurements, the presence of the phos-
phorous element was revealed (Figure S5, Supporting
Information), confirming that the PDADMA-phosphates binders
form a film around the active particles that prevents the particles
degradation and improves the lithium mobility.

Figure 6. SEM images of aged NMC811 electrodes used as binder: a,b) PVDF, c,d) PDADMA-DEP, e,f ) PDADMA-DBP, and g,h) Na-CMC.
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3. Conclusion

In this article we present a new family of poly(ionic liquid)
based on poly(diallydimethylammonium) (PDADMA) and two
different phosphate anions in order to obtain two new chemical
compounds namely PDADMA-DEP and PDADMA-DBP. One of
their main advantages is the water solubility that allows the
aqueous processing of battery electrodes, achieving a more
sustainable and cost-effective fabrication than traditional
organic-processed PVDF. Both poly(ionic liquid)s were thermal
and electrochemically stable in the temperature range of process-
ing and in the potential range of cycling, respectively, and
presented enhanced ionic conductivities (in the order of
10�6 S cm�1 at 25 °C) in comparison with traditional binders.
Therefore, these poly(ionic liquid)s were applied as water-soluble
binders for the aqueous processing of high-energy NMC811 elec-
trodes, achieving homogeneous slurries and, in the case of
PDADMA-DBP binder, the adhesion strength resulted higher
than for the organic-PVDF electrode. The lithium-ion batteries
fabricated with the PDADMA-phosphates-based cathodes
showed promising electrochemical performance with high-
capacity retention of around 91% after 900 cycles at 0.5C.
These results are comparable to the organic solvent NMP-
processed cathodes using PVDF as binder and superior to
current state-of-the art water-soluble binder as Na-CMC. This
may be explained by the larger ionic conductivity and electrolyte
uptake by PDADMA-phosphates binders, which boost the
lithium mobility within the electrodes. A lower charge transfer
resistance and higher lithium diffusion coefficient was observed
by EIS, explaining their improved performance in comparison with
Na-CMC. Postmortem microstructural analysis was carried out on
the aged electrodes, exhibiting degradation of the active material
particles over cycling for the Na-CMC-based electrode, which
was not observed in the case of PDADMA-phosphates, where
the spherical shape was preserved and no holes were developed
in the active layer, while still using water as solvent. In conclusion,
these water-soluble PDADMA-phosphates poly(ionic liquid)s are
promising binders for an environmentally friendly fabrication of
high-energy NMC811 cathodes for lithium-ion batteries.

4. Experimental Section

Materials: Poly(diallyldimethylammonium chloride) (PDADMA-Cl,
400000-500000 molecular weight, 20 wt% in water, Sigma-Aldrich), diethyl
hydrogen phosphate (H-DEP, 95% purity, Sigma-Aldrich), dibutyl hydro-
gen phosphate (H-DBP, 97% purity, Sigma-Aldrich), Amberlite IRN78
OH hydrogen form (Sigma-Aldrich), poly(vinylidene fluoride) (PVDF,
534000 molecular weight, Sigma-Aldrich), sodium carboxymethyl cellulose
(Na-CMC, 250000 molecular weight, Sigma), and 1-methyl-2-pyrrolidone
(NMP, ≥99%, Sigma-Aldrich) were used as received.

Conductive carbon C-NERGY Super C45 (C45) was purchased
from Imerys, LiNi0.8Mn0.1Co0.1O2 (NMC811, theoretical capacity
200mAh g�1) was purchased from Targray, and carbon-coated aluminum
current collector (CC-Al) from Gelon. Also, for the negative electrode
preparation, graphite (Hitachi HE3) and styrene butadiene rubber
(SBR, BM451B, Zeon) were used as received.

Synthesis of Water-Based Poly(ionic liquid)s: Poly(Diallyldimethylammonium
Diethyl Phosphate) (PDADMA-DEP): 12.45 gr of PDADMA-Cl were first
diluted in 200 mL of distilled water and passed through a column contain-
ing a bed of the exchange resin Amberlite IRN78, collecting PDADMA-OH.
Afterwards, 2.5 gr of diethyl hydrogen phosphate (H-DEP) salt were diluted

in 10 mL of distilled water and added drop wise to the aqueous solution of
PDADMA-OH. The mixture was stirred at room temperature for at least
1 h. Then, the water was removed by rotary evaporation and dried over-
night at 60 °C, obtaining a yellow solid. 1H-NMR (400MHz, DMSO-d6):
spectra of PDADMA-DEP displayed characteristic signals of aliphatic
chains of DEP at δ (ppm): 1.27, 3.92 and the signals corresponding to
PDADMA at δ (ppm): 1.55, 2.72, 3.22, 3.32, 3.90.

Synthesis of Water-Based Poly(ionic liquid)s: Poly (Diallyldimethylammonium
Dibutyl Phosphate) (PDADMA-DBP): The same procedure previously
described for PDADMA-DEP was used for the synthesis of PDADMA-
DBP. In this case, for the 1:1 molar ratio, 3.34 gr of dibutyl hydrogen
phosphate (H-DBP) salt were diluted in 10mL of distilled water and mixed
with the same amount of PDADMA-OH solution. The obtained polymer
was more sticky than PDADMA-DEP. 1H-NMR spectra of PDADMA-DBP
displayed characteristic signals of aliphatic chains of DBP at δ (ppm): 0.80,
1.30, 1.50, 3.78 and the signals corresponding to PDADMA at δ (ppm):
1.50, 2.60, 3.06, 3.15, 3.81.

Polymer Characterization: Physicochemical Characterization: The chemi-
cal structures of the synthesized poly(ionic liquid)s were confirmed by 1H
and 31P nuclear magnetic resonance (NMR) spectroscopy (Bruker Avance
III 400MHz Digital NMR spectrometer) and by FTIR spectroscopy
(Nicolet Magna 6700 spectrometer) at room temperature and under air
atmosphere. The thermal properties were assessed by tTGA using a
Q500 analyzer (TA instruments) under nitrogen atmosphere at a rate
of 10 °Cmin�1 from 25 °C to 800 °C.

Swelling tests were performed to quantify the uptake of electrolyte by
the different binders. For that, the polymers were immersed in the
electrolyte for 5 days and then the weight increase was monitored with
an analytical balance. The increase in mass percentage was calculated with
Equation (1)

mass increase ð%Þ ¼ m1 �m0

m0
�100 (1)

where m0 and m1 correspond to the masses before and after immersion.
Ionic conductivity of the PDADMA-based polymers was measured by

EIS, using an Autolab 302 N potentiostat galvanostat (Metrohm AG,
Herisau, Switzerland) with a temperature control (Microcell HC station).
Thin films (1.5 mm) of the samples were previously dried at 70 °C under
vacuum overnight and placed between two stainless steel electrodes. The
Nyquist plots were obtained by applying a 10mV perturbation to open
circuit in a frequency range from 100 kHz to 1 Hz. The ionic conductivity
was estimated by Equation (2)

σ ¼ l
AR

(2)

where l is the film thickness, A is the electrode area (0.5024 cm2), and R is
the film resistance, corresponding to the interception of the impedance
curve with the real part of the impedance axis.

Electrode Preparation: Cathode slurries of 50 gr of solids were composed
by 90 wt% NMC811, 5 wt% carbon black, and 5 wt% binder. In the case of
PDADMA-phosphates and Na-CMC binders, water was used as solvent for
the electrode preparation. On the other hand, for the PVDF-based elec-
trode, NMP was employed. The first step was to dissolve the binder in
the amount of water given by the solid/liquid-ratio (S/L) equal to 1/0.7
for 4 h using mechanical mixing at a high rate to obtain a homogeneous
slurry. Then, the slurry was coated on carbon-coated aluminum (CC-Al)
current collector using doctor-blade (90mmmin�1) and metallic stainless
steel applicators. The thickness of the coating was adjusted to obtain a
loading of 12mg cm�2 for all electrodes and dried in a convection oven
at 60 °C. By calendaring, the electrodes were densified to obtain a theoreti-
cal porosity of 40%, using a roll press (DMP solutions) and a micrometer
(Mitutoyo 389-71C) to measure the thickness. Finally, the electrodes were
punched with a disk cutter into circular electrodes with a diameter of
16.6mm. For the graphite anodes, the same procedure of the NMC811
cathodes was followed. The composition was 94 wt% graphite, 2 wt%
carbon black, 2 wt% Na-CMC, and 2 wt% SBR latex. The loading of the
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anodes was balanced to assemble full cells with a negative-to-positive
capacity ratio (N/P) of 1.1 (mass loading of anodes 13.2mg cm�2). In this
case, the anodes were cut into circular electrodes of 17.7 mm of diameter.

Slurry and Electrode Characterization: Before casting the slurry onto the
current collector, rheology measurements were carried out using a rheom-
eter AR 200ex (TA instruments) in parallel plate geometry, with 40mm
diameter and 1mm gap setting was employed. The measurement was
performed at 25 °C between 0.1 and 1000 s�1 shear rate. The rheology
results can be studied with the power-law Equation (3)[29]

η ¼ Kγn�1 (3)

where η is the viscosity, γ the shear rate, K is a consistency constant, and n
a factor that quantifies the similarity to a Newtonian fluid (where n= 1).
Also, the pH of the slurries was measured with pH test strips (Sigma).

Finally, peel tests were carried out to measure the adhesive strength of
the electrodes with the different binders. For this, electrodes strips of
2� 9 cm were stuck onto methacrylate plates with a normalized force
and pulled in a 90° angle. The strength value (Nm�1) was obtained by
carrying out the peel test in ambient condition at 20 mmmin�1 crosshead
speed (LS1 model, Lloyd Instrument).

Cell Assembly: Prior to the assembly of the coin cells, the cathode disks
were dried for 16 h at 120 °C under vacuum (10mbar). The covers of the
CR2025 (Hohsen) cells were cleaned with ethanol in an ultrasonic bath for
15min and then dried at 60 °C for 1 h. Then, the coin cells were assembled
using the NMC811 cathodes and graphite anodes in dry-room facilities
(dew point of �42 °C). The separators employed were glass fiber type
(Whatman GF/A) previously dried at 60 °C and, as electrolyte, 100 μL
of 1mol L�1 lithium hexafluorophosphate in (1:1 vol%) ethylene carbon-
ate:dimethyl carbonate þ 2 wt% vinylene carbonate-99.9% (1M LiPF6 in
EC:DMC (1:1) þ 2% VC, Solvionic).

Electrochemical Characterization: CV of the polymers was conducted
without the presence of active material. The aim was to detect any redox
reaction or irreversible process the polymer undergoes that may contribute
to the electrochemical behavior of the battery. To achieve this, the electro-
des were prepared only with the polymer binder and conductive carbon (in
a 75:25 mass ratio, respectively) and coin cells were assembled with these
electrodes using lithium foil as anode and 100 μL 1M LiPF6 in EC:DMC
(1:1) as electrolyte. After 8 h of stabilization at open-circuit potential, the
coin cells were submitted to a CV, using a VMP-3 potentiostat (Biologic
Science Instruments) in the range of 2.0–5.0 V (vs. Li/Liþ) at 0.1 mV s�1.
The potential was linearly varied with time and the current response was
measured.

EIS measurements were performed in pristine and aged (after galvano-
static cycling) electrodes using lithium metal as counterion. In the pristine
case, coin cells were assembled using fresh NMC811 electrodes with dif-
ferent binders and lithium metal as anode, and the EIS was performed
without any cycling. For the aged measurements, the cells were disas-
sambled after cycling and the recovered NMC811 cathodes were cleaned
with dimethyl carbonate (DMC) to remove the electrolyte salts from the
surface. After drying for 16 h at 120 °C under vacuum (10mbar), the elec-
trodes were reassembled with lithium metal as anode to conduct the EIS.
In all cases, the separator and electrolyte used were glass fiber type
(Whatman GF/A) and 100 μL 1M LiPF6 in EC:DMC (1:1) þ 2% VC
(Solvionic), respectively. Using the Biologic instrument, the EIS was per-
formed using a voltage amplitude of 10mV and a frequency range varying
from 1MHz to 1mHz. From the EIS results, by plotting the real part of the
total impedance (Z’) versus the square root of the angular frequency
(ω�0.5), the Warburg factor (σÞ can be obtained following the Randles
equation (Equation (4)).[35]

Z
0 ¼ Re þ Rcontact þ σω�0.5 (4)

From the Warburg factor, the lithium-ion diffusion can be found by the
Arrhenius equation (Equation (5)).

DLiþ ¼ R2T2

2A2F4C2σ2
(5)

where R is the gas constant (8.314 J K�1 mol�1), T is the absolute temper-
ature, A is the surface area of the electrode, F is the Faraday constant
(96 500 Cmol�1), and C is the molar concentration of lithium ions. The
A and C factors were complex since the active material was not completely
homogeneous and the electrode presented voids and pores. Therefore, in
this work, the values for A (2.16 cm2) and C (1 mol cm�3) were assumed
constant and the results of DLiþ were compared qualitatively.

Galvanostatic charging and discharging cycles were conducted on the
NMC811|Graphite coin cells, using a BaSyTec CTS Battery Test System, in
a voltage range of 2.8–4.3 V versus Vcell. After 8 h rest at open-circuit
potential, the electrochemical response was tested at different C-rates:
C/10, C/2, 1C, 2C, 3C, 5C and, finally, a long-term cycling of 90 cycles
at C/2.

Postmortem Characterization: After the galvanostatic cycling, the coin
cells were disassembled inside a glovebox and the aged cathodes were
washed with dimethyl carbonate (DMC) to remove the remaining salts
on the surface. SEM images were recorded using a JSM IR 300 series
SEM at an accelerating voltage of 2 kV. Also, for the sake of comparison,
the SEM images of pristine uncycled electrodes were recorded.
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