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ABSTRACT: Water-soluble binders can enable greener and
cost-effective Li-ion battery manufacturing by eliminating the
standard fluorine-based formulations and associated organic
solvents. The issue with water-based dispersions, however,
remains the difficulty in stabilizing them, requiring additional
processing complexity. Herein, we show that mechanochem-
ical conversion of a regular poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) water-based dispersion produces a hydrogel that
meets all the requirements as binder for lithium-ion battery
electrode manufacture. We particularly highlight the suitable
slurry rheology, improved adhesion, intrinsic electrical
conductivity, large potential stability window and limited

PEDOT:PSS
Regular Binder

PEDOT:PSS -
Hydrogel Binder

cnanochem;
> A

Regular Hydrogel

1.3 wt% aqueous PEDOT:PSS

Efficient Aqueous Processing for High Performance Batteries

corrosion of metal current collectors and active electrode materials, compared to standard binder or regular PEDOT:PSS
solution-based processing. When incorporating the active materials, conductive carbon and additives with PEDOT:PSS, the
mechanochemical processing induces simultaneous binder gelation and fine mixing of the components. The formed slurries are
stable, show no phase segregation when stored for months, and produce highly uniform thin (25 ym) to very thick (500 pm)
films in a single coating step, with no material segregation even upon slow drying. In conjunction with PEDOT:PSS hydrogels,
technologically relevant materials including silicon, tin, and graphite negative electrodes as well as LiCoO,, LiMn,0,, LiFePO,,
and carbon—sulfur positive electrodes show superior cycling stability and power-rate performances compared to standard binder
formulation, while significantly simplifying the aqueous-based electrode assembly.
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B INTRODUCTION

Our progressively fossil-fuel-constrained society has a huge
incentive on the development of energy storage systems
encompassing the entire battery life cycle, from materials to
manufacturing procedures including battery recycling and final
disposal."”” The development of innovative processes leading to
reduced electrode production cost and environmental pollution
yet with higher performances is thus timely needed to enable
lithium jon batteries for automotive and other large-scale
applications. Aqueous processing of battery electrodes is
particularly attractive in this context as the environmental and
economic benefits cannot be overstated. The conventional
electrode fabrication process relies on casting slurries composed
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of active materials and inactive constituents such as carbon-
based conducting additives and dissolved polymer binders, onto
a metal current collector.” > Water-soluble binders can thus
orient the Li-ion battery manufacturing toward an environ-
mentally friendlier, safer and economic direction, eliminating
the use of volatile and carcinogenic organic solvents associated
with the conventional fluorine-based electrode assembly.’
Fluorinated binders such as polyvinylidene difluoride
(PVDF) are not suitable for conversion electrode materials,
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Figure 1. PEDOT:PSS hydrogels. Photographs of the PEDOT:PSS hydrogel (left) and regular (right) formulations at 1.3 wt % PEDOT:PSS
content. Schematic representation of the hydrogel structure. The coordination of Fe** by the SO;™ is considered as the main process in the gel

formation and polymer—metal framework stabilization.

as metallic and alloy-type electroactive materials undergo large
structural changes.7 As a matter of fact, limited binder swelling
by the electrolyte is desired to prevent the electrolyte
decomposition that subsequently diminishes the binder-particle
cohesion. In an effort to promote passivation and the
mechanical integrity of the electrode, several binder concepts
have been tested in recent years including conductive, self-
healing and shape-memory polymers.”” Water-based suspen-
sions of PEDOT:PSS have been particularly employed as
conductive agent additives showing reliable cycling with some
anode as well as cathode electrode materials.'””"* The
physicochemical properties of the used aqueous polymer
suspensions and associated battery electrode slurries were,
however, poorly detailed. In particular, the use of viscous
polymer solutions will inevitably lead to inferior quality
coatings since the rheological properties are expected to impact
the slurry stability through particle segregation, as will be
detailed in the following.

Albeit applied to negative lithium battery electrodes, aqueous
processing for cathode materials remains troublesome as these
are found to exhibit loss of Li*, oxidation of transition metal
center, and corrosion of the Al current collector.'”> Moreover,
water-based dispersions are difficult to stabilize, being
susceptible to phase segregation when hydrophobic or
dissimilar volumetric mass materials are used, requiring
additives, additional processing complexity as well as texturing
control agents to stabilize the slurry. Although these can be
controlled to a certain extent, the ultimate challenge is to avoid
particle sedimentation or aggregation upon battery electrode
slurry handling as well as drying. For instance, electrically
conductive carbon additives tend to flocculate in dense
electrode slurries'®"” leading to nonhomogeneous coatings
affecting the electrochemical performances. In addition, the
flow behavior of the slurry closely impacts the electrode
fabrication processes such as casting, pressing and slitting.
Finding solutions to these drawbacks is thus required to widely
adopt aqueous binder processing as a general route for lower
costs and environmental processing of battery electrodes.

Herein, we show that the mechanochemical conversion of a
regular (commercial) PEDOT:PSS aqueous dispersion produ-
ces a hydrogel with promising binder characteristics for lithium-

ion battery electrode manufacturing. We particularly focus on:
(i) the simplicity and reproducibility of the mechanochemical
conversion approach; (ii) the physicochemical properties
(adhesion, electrical conductivity); (iii) the rheological proper-
ties and suitability for electrode manufacture (viscosity and
slurry stability); (iv) the anodic and cathodic electrochemical
stability; and crucially, (v) the improved performances of
technologically relevant battery materials such as silicon, tin,
graphite, and aluminum negative battery electrodes as well as
LiCoO,, LiMn,0, LiFePO, and carbon—sulfur positive
electrodes. Additionally, given the electrically conductive nature
of the PEDOT:PSS hydrogel binder and its miscibility with
other aqueous formulations, hybrid binder compositions and
carbon-free electrodes can be manufactured and tested. Overall,
the mechanochemically synthesized PEDOT:PSS hydrogels,
when applied as binder for lithium-ion battery electrode
processing, show major advantages given the simple aqueous
procedures, excellent dispersion stability, preserved electrical
conductivity, enhanced structural integrity and adhesion of the
prepared electrodes as well as improved power and cycling
stability performances.

B MECHANOCHEMICAL SYNTHESIS OF PEDOT:PSS
HYDROGELS

The mechanochemical conversion was performed by ball
milling in the presence of metallic iron. Milling emerges as a
promising tool to induce chemical and physicochemical
transformations of compounds enabling the access to new
materials phases and properties.'® Here, the acidity of the
regular PEDOT:PSS solution (pH of 2—3) promotes the
dissolution of the metallic iron (Fe°), with the released iron
ions being subsequently coordinated by sulfonate groups of the
PSS chain (Figure 1, refer to Supporting Information, Section
1, for detailed discussion and analysis). This results in a stable
coordination network that freezes the structures and produces a
homogeneous polymer—metal framework incorporating all the
initially present water (of up to 99% by mass).

The PEDOT:PSS hydrogels are found to behave as typical
plastic fluids since they retain the dimensional integrity of a
solid material (Figure 1) and are stable for months (see the
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Figure 2. Physicochemical characterization. (A) Frequency dependence of the dynamic storage, loss moduli, and stress—strain phase lag. (B) Steady-
shear viscosity as a function of the shear rate for PEDOT:PSS hydrogels. (C) Adhesion test on silicon wafers: left—hydrogel, right—regular

PEDOT:PSS coatings. (D) Electrical conductivity change upon gelation.

Supporting Information) but reversibly flow when mechanically
stressed, which allows them to be processed and formulated as
thixotropic viscous fluids, as detailed next.

There are several clear advantages of the here disclosed
mechanochemical synthesis of PEDOT:PSS hydrogels with
respect to other reported methods. Those approaches address
the synthesis of cross-linked conducting polymer formulations
or high-viscosity solutions mediated by transition metal
complexes.'”” Such methods have been performed either by
the in situ oxidative polymerization followed by polymer chain
cross-linking in the presence of the oxidant metallic species
(e.g, Fe**, Ce*™) or by direct interaction of the conducting
polymer with metal salts in aqueous solution.”'~** To assess
their relevance, we also tested these protocols and briefly
discuss them in the following (further details are provided in
the Supporting Information).

Oxidative polymerization of EDOT was found not suitable
when performed in the presence of cathode electrode materials,
due to corrosion and oxidation, resulting in active material
degradation. Also, the dispersion homogeneity was difficult to
maintain, with the formed PEDOT:PSS composite behaving
like a viscous fluid rather than a gel. Similarly, direct addition of
transition metal salts to the PEDOT:PSS solution resulted in
rapid precipitate particle formation and agglomeration. Even
under milling conditions, uniform gels could not be obtained
out of the formed precipitates, pointing toward the importance
of gradual incorporation (as a result here of slow dissolution) of
iron ions and slow kinetics of the gel formation. The
mechanochemical conversion proposed here overcomes these
drawbacks. This process is particularly suitable for preparing
electrode slurries, as the gel generation accompanies fine
particle mixing with permanently frozen constituent distribu-
tion and absence of phase segregation, thus preventing the
sedimentation of the active material particles.
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B PHYSICOCHEMICAL CHARACTERIZATION OF
PEDOT:PSS HYDROGELS

The synthesized PEDOT:PSS hydrogels have been extensively
characterized using a number of analytical techniques to assess
the composition, as well as structural and chemical changes
accompanying the gelation process. Energy dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy and
elemental analysis confirm the presence of iron, amounting to
4% atomic concentration in dry gels (Figures S1 and S2).
According to thermogravimetric analysis, regular PEDOT:PSS
preserves a burning residue of around 9%, while the hydrogels
maintain about 18% by mass, the difference being assigned to
iron residuals (Figure S3). Moreover, changes in the thermal
stability are considerable. For the regular PEDOT:PSS, the PSS
counterion starts to decompose at temperatures higher than
300 °C, followed by the degradation of PEDOT at about 450
°C, in agreement with previous reports indicating the §ood
thermal stability of the poly ionic PEDOT:PSS complex.'” In
the gel, however, the onset of the PSS decomposition is shifted
to higher temperatures and overlaps with the decomposition of
PEDOT, consistent with the presence of an additional metal-
coordinated network with improved strength. The gel
formation is also accompanied by a color change of the
PEDOT:PSS, from blue to green quantified by UV—vis
spectroscopy (Figure S4). The absorption spectra indicates
partial reduction of PEDOT:PSS* consistent with the
proposed chemistry of the gel formation process (i.e., oxidation
of iron accompanying partial reduction of PEDOT:PSS).

Next, we focus on the rheological properties of the obtained
hydrogels and electrode slurries. The rheological properties are
of utmost importance for electrode processing as they largely
control the coating speed, current collector metal surface
wetting and adhesion, ultimately affecting the defect density,
electrode coating quality and electrochemical properties. The
dynamic and steady-state mechanical properties of the
PEDOT:PSS hydrogels were evaluated by rotational shear
rheometry.
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Figure 3. Battery electrode slurry processing. (A) Optical photographs of various PEDOT:PSS formulations used for battery electrode fabrication.
(B) Associated coatings using hydrogel and regular PEDOT:PSS formulations. (C) SEM and EDX elemental mapping of thick electrode coatings
employing LiMn,0,/C composite and PEDOT:PSS hydrogel binder on Al foil current collector.

At first, the linear viscoelastic response of the hydrogels was
investigated by performing frequency sweeps under low stress
control. As shown in Figure 2A, the viscoelastic response of the
material is expressed by nearly frequency-independent plateaus
in moduli, which is the trademark of self-standing gels. The
absence of a dynamic relaxation is expected for pseudoplastic
fluid that preserves by definition its integrity until a critical
stress is exceeded. Here, the oscillatory shear frequency sweep
measurement was performed at very low stress amplitude of 1
Pa, which is below the yield stress of the structured hydrogel.
Therefore, the absence of relaxation simply indicates that the
material acts well as a rigid body in this regime due to the
cohesion of the network. In addition, the elastic response is 1
order of magnitude higher than the viscous contribution in the
investigated frequency range. Accordingly, the phase lag
between the applied stress and the resulting strain remains
close to 0°, which attests a solid-like behavior. The stability of
the viscoelastic response was surveyed by repeating frequency
sweeps over a period of 5 days. Only a parallel frequency
scaling of the moduli was observed, indicative of slight water
evaporation rather than material aging.

In parallel, steady-shear experiments were carried out by
measuring the evolution of the viscosity when subjected to an
increasing shear rate. In this rheological test, the network
structure is forced to flow by the steady-shear stress. Under
these conditions, the PEDOT:PSS hydrogel exhibits a
pronounced shear-thinning behavior usually encountered for
well-dispersed suspension of interacting particles.”® Precisely,
the apparent shear viscosity of the material decreases by 2
orders of magnitude when the shear rate is varied in the range
of 0.1 to 10 s' (Figure 2B).

Practically, this pseudoplastic behavior is beneficial to the
slurry casting step because it allows the films to thin and wet
out the surface evenly, facilitating the formation of thin to thick

coatings. Once applied, the material regains its higher viscosity
due to restructuration, therefore avoiding drips and runs. The
estimated viscosity is 2000 to 5000 mPa.s (for regular hydrogels
at 1.3 wt % PEDOT:PSS by mass as well as for electrode
slurries with S to 20% content in PEDOT:PSS), considered as
adequate for standard laboratory-scale and industrial coating
tools.* The PEDOT:PSS hydrogels produce uniform films even
when applied on hydrophobic surfaces (Figure 2C). This is
another important characteristic considering that the electrode
slurry components are typically hydrophobic with low surface
tension.

The adhesive properties of the material are essential for the
application as binder in the Li-ion battery electrodes. Therefore,
a qualitative adhesive tape test was performed on regular and
hydrogel PEDOT:PSS films cast on a silicon wafer. As it can be
noticed in Figure 2C, the PEDOT:PSS hydrogel exhibits
improved adhesion to the Si substrate in comparison to the
regular one. It was already reported that LiFePO, cathodes
deposited on Al, with regular PEDOT:PSS as a binder, exhibit
already an adhesion strength of $5—65 N.cm™2, which is higher
than the values measured for conventional PVDEF-based
LiFePO, cathodes (35—40 N-cm™2).”” Therefore, the improved
adhesion strength provided by the PEDOT:PSS hydrogels is
further beneficial for the application as a binder in the
electrodes for the Li-ion battery technology.

Contrary to the currently preferred range of highly insulating
polymeric binders such as PVDF with an electrical resistivity
exceeding 1 X 10" Q-cm, PEDOT:PSS is intrinsically
conducting. Four-probe current—voltage measurements were
carried out to evaluate the sheet resistance of dried films of
regular PEDOT:PSS and hydrogel. The average thickness of
the dried films was evaluated to access the DC conductivity,
opc (Figure 2D, refer to Supporting Information, Section 1, for
details). For regular PEDOT:PSS films, the conductivity is 0.69
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+ 0.03 S/cm without any secondary doping or post-treatments
to enhance the electrical conductivity. Similarly, for dried films
of PEDOT:PSS hydrogel the conductivity is evaluated at 0.20 +
0.02 S/cm. This clearly shows that the charge transport is
hardly affected by the mechanochemical conversion of the
PEDOT:PSS, the hydrogel being a good electrical conductor.
However, since the charge transfer in PEDOT:PSS occurs via a
hopping mechanism between 7-conjugated segments along and
between the PEDOT chains, the conductivity in PEDOT:PSS
films thus depends on the supramolecular organization of the
PEDOT chains in the insulating PSS anionic matrix.”® The
slight decrease in the electrical conductivity value probably
stems from a reorganization of PEDOT within the PSS matrix
induced by the high mechanical stress during ball milling. In
addition the partial reduction of PEDOT, as confirmed by UV—
vis, is also impacting negatively the intrinsic conductivity, due
to the decrease number of charge carriers within the polymer
structure. Moreover the reduction of PEDOT and also the
coordination of iron could lead to decrease in the PEDOT:PSS
electrostatic pairing events, which would also impact the chain
ordering and subsequently the electrical conductivity.”” In any
case, the material remains a good electrical conductor, a factor
that further opens the possibility of building battery electrodes
solely with aqueous PEDOT:PSS hydrogel binders and active
battery materials.

B AQUEOUS FORMULATION OF ELECTRODES WITH
PEDOT:PSS HYDROGELS

The original aspects we particularly highlight in this work are
the simplicity, stability, and electrode coating uniformity when
using PEDOT:PSS hydrogel binder formulations (Figure 3).
Because of high solvent content, the physical mixing of regular
PEDOT:PSS solutions with electrode active components and
additives results in nonstable dispersions, with sedimentation
taking place on a time-scale of few minutes (note the silicon
nanoparticle sedimentation and carbon flocculation in Figure
3A). Because the viscosity is too low to avoid dewetting from
the metal foil surfaces, coating such slurries for producing
uniformly thick films is also troublesome. The constituents
further segregate during drying, resulting in electrodes with
nonuniform composition and properties (Figure 3B). With the
PEDOT:PSS hydrogel processed formulations, the slurries gain
in viscosity yet remain fluid enough to be processed. These
factors are essential for producing high-quality and defect-free
electrodes (Figure 3B). Hybrid binder formulations have also
been tested,”* with the rheology dictated by the PEDOT:PSS
hydrogel phase, further highlighting the versatility of this
process. These hybrid binders can be easily formulated by
mixing the PEDOT:PSS solution with CMC (carboxy methyl
cellulose), SBR (styrene butadiene rubber) and ALG (alginate)
in the aqueous phase followed by mechanochemical conversion.

The corresponding battery slurries are stable, show no phase
segregation (over several months, see Figure SS) and produce
highly uniform thin (25 pgm) to very thick (500 gm) films in a
single coating step, with no material sedimentation even upon
slow drying. We have produced thick coatings of different active
electrode materials (LiMn,0,/C in Figure 3C; LiCO,/C and
Si/C in Figure S6) and let them dry slowly (for about 24 h) at
room temperature. Scanning electron microscopy and EDX
mapping of the electrode cross sections show no sign of
sedimentation, phase segregation or delamination, despite the
highly dissimilar volumetric presence of the constituents
(LiMn,O, and LiCoO, vs carbon). Moreover, no particle

breakdown is observed under these mild milling conditions.
These results highlight the importance of the rheological
properties of the PEDOT:PSS hydrogels and the corresponding
slurry formulations suitable for aqueous formulation of Li-ion
battery electrodes.

B ELECTROCHEMICAL CHARACTERIZATION OF
PEDOT:PSS HYDROGELS

With the rheological properties and structural integrity
demonstrating clear advantages over the standard aqueous
binder-electrode formulations, we have next analyzed the
electrochemical properties of the PEDOT:PSS hydrogels and
formulated electrodes. The cyclic voltammetry curves of regular
and hydrogel PEDOT:PSS thin films have been first recorded
in aprotic electrolytes (Figure S7). No pronounced faradaic
reactions could be detected for both tested materials in the
potential range between 2.8 and 4.2 V vs Li/Li*. Cathodic
polarization, in turn, reveals an irreversible reduction and
continuous current decrease for both formulations. The
observed process is attributed to the reduction reaction of
PEDOT, expected to occur at potentials below 2.5 V vs Li/
Li*>° Overall, the PEDOT:PSS hydrogels show similar
electrochemical behavior and stability in comparison to the
regular PEDOT:PSS for both anodic and cathodic polarization.
The hydrogels are thus suitable for both positive and negative
electrode manufacture and operation.

The battery electrode formulation was efficiently achieved by
ball milling all the constituents to enable simultaneous fine
particle mixing and in situ conversion of the PEDOT:PSS
binder into a metal-coordinated network. A large variety of
compositions were examined to assess the generality of this
approach (see Supporting Information for full experimental
details). First, the electrochemical response of negative
electrodes was analyzed. While binders are generally regarded
as passive elements in the battery performance, the cyclic
stability is intimately connected to the properties of the
binder.”' ~** The binder acts as a supporting matrix, promoting
the cohesion between the active material particles and the
adhesion to the current collector and it has an important
contribution to the stability of the solid electrolyte interphase
(SEI), in particular when working with negative electrode
materials.”> ™’

Graphite and aluminum particle electrodes are first analyzed.
When processed with PEDOT:PSS hydrogel binders, both
materials displayed stable electrode slurry processing, together
with superior electrochemical cycling stability and power
performances as compared to other aqueous and nonaqueous
binder formulations (Figures S8, S9). Aluminum electrode
processing with aqueous binder formulations was possible only
by exploiting PEDOT:PSS hydrogel formulations. The use of
CMC and other aqueous binders failed, with fast dissolution of
aluminum nanoparticles in neutral to basic (pH > 6) aqueous
solutions, whereas the low pH (<3) of the PEDOT:PSS
hydrogel formulation prevented the corrosion. This character-
istic also accounts for the better adhesion observed for
PEDOT:PSS cathode formulations coated on Al foil current
collectors.

The superior electrochemical performances of Sn and Si
nanoparticles processed with the PEDOT:PSS hydrogel binder
are being considered next (see the Supporting Information for
composition, electrode loading, as well as manufacturing and
electrochemical testing details, Table S1 and Figure S10). The
cycling stability and rate performance of Sn nanoparticle-based
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formulations. The cycling rate is C/12 (1C corresponds to 3500 mA/g). (C)

Extended cycling of Si nanoparticle—PEDOT:PSS hydrogel electrodes with an ionic liquid-based electrolyte (rate of C/6,7). (D) Associated charge—
discharge profiles at different cycling extent. See Table S1 for electrode composition and manufacturing details.

electrodes have been found considerably improved when
formulated with the PEDOT:PSS hydrogel binder (or hybrid
compositions), as compared to standard CMC and PVDF
formulations (Figure 4). In particular, the cycling stability with
respect to the latter is dramatically enhanced. The PVDF-based
electrodes displayed progressive degradation, with the Sn
electrochemical de/lithiation features preserved only for 30
cycles. The residual capacity (marked by the gray box in Figure
4B) is attributed to the carbon black additive, PEDOT:PSS and
surface charge storage processes.

Si nanoparticle-based electrodes have been extensively
analyzed and tested in various formulations, given the appealing
properties of Si as negative electrode for Li-ion batteries
(Figure S). A mass loading of 1 mg/cm® and slow cycling
conditions (300 mA/gg) were applied to assess the intrinsic
electrochemical properties and avoid measurement artifacts.
The PEDOT:PSS hydrogel formulations clearly produce more
uniform electrode coatings (Figure 3A, B), which translates into
better cycling stability when compared to regular PEDOT:PSS
electrode processing (Figure SA). This is primarily assigned to

limited dewetting of the hydrogel formulation resulting in
conformal coating of Si particles during the drying process of
the electrodes, which positively differs from other nongel
formulations (Figure S11). Although the PEDOT:PSS phase
clearly affects the cycling stability, the addition of conductive
carbons only slightly enhances the cycling stability (Figure SA)
at low cycling rate, indicating that, despite of the reduction,
PEDOT:PSS hydrogel provides sufficient electric conductivity
under such operational conditions. Thus, for slow cycling
conditions, carbon additives have essentially no effectiveness.
Consequently, carbon-free electrodes can be built and,
associated with that, an increase in active material content
could be considered. Out of the 10 representative config-
urations presented here (for each type at least 3 samples were
measured), the PEDOT:PSS hydrogel formulations clearly
stand as the best option. This holds true even when considering
hybrid binder formulations.

There are several aspects that can be assigned to support the
improvement in the observed electrochemical response. First,
as described above, the better adhesion and mechanical
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strength of the PEDOT:PSS hydrogels are beneficial for
accommodating the large stresses accompanying the volume
changes in Li-alloying electrode materials.”® This preserves an
intimate electrical connection with the current collector and
between the particles during volume variations upon cycling.
Furthermore, the nonpermeability and very limited swelling of
this polymer by the carbonate and other nonaqueous
electrolytes effectively prevents direct contact of the electrolyte
with the active materials surface (Si, Sn, graphite, etc.).
However, further studies are required to access the composition
and stability of the SEI with the PEDOT:PSS hydrogel

34871

processed electrode. This is essential for extended cycling of
high-capacity alloy materials by building a stable SEL”

The fact that regular PEDOT:PSS-processed electrodes show
poor capacity retention highlights the particular necessity of
suitable processing conditions and physicochemical properties
of the binder. The gelled formulations prevent the migration
and segregation of particles during drying, helping thus to
maintain the fine particle mixing. These hydrogels also coat
more efliciently the low surface tension particles, as dewetting is
hampered by the dimensional integrity of the gels (Figures 3
and Figure S11). Noteworthy, after drying, no signs of swelling
nor dissolution were observed for PEDOT:PSS hydrogels in
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water or aqueous electrolyte solutions (the samples were
immersed in 6 M KOH, 1 M LiNO;, 1 M Li,SO, for more than
1 week), pointin% also toward potential applicability in aqueous
Li-ion batteries.”*’

Moreover, the PEDOT:PSS hydrogels binders were also
found widely compatible with many other electrolyte
chemistries and additives. Overall, these electrodes have been
tested with different formulations: carbonate-based (ethylene
carbonate, diethyl carbonate, dimethyl carbonate, fluoro-
ethylene carbonate, vinyl carbonate, etc.), (poly)ethylene
glycol-(ethers), 1,3-dioxolane, dimethylformamide, and ionic
liquids (PYR,5FSI). No signs of solubility or degradation were
observed and no swelling was detected upon extended exposure
(more than 1 week), implying that highly efficient surface
passivation and protection can be obtained when using
PEDOT:PSS hydrogel binders. To highlight the benefic impact,
extended cycle-life performance and a Coulombic efficiency of
99.8% in average were obtained for Si nanoparticle-based
electrodes associating the PEDOT:PSS hydrogel binder
progsssed electrodes with ionic liquid electrolytes (Figure SC,
D).

Because efficient charge collection is also expected to
improve the electrochemical stability and, in particular, the
power rate performances, we evaluated electrode formulations
comprising a different content of PEDOT:PSS hydrogel
without any other conductive additive. In addition, in order
to maximize the energy density, it is desirable to minimize the
content of inactive constituents within the electrode without
altering the electrochemical performance. In this context, the
polymeric binder and the conductive additive are replaced with
the PEDOT:PSS hydrogel. Yet, as discussed in the following,
excess of PEDOT:PSS, although enhancing the electrical
conductivity of the composite electrodes, was found to induce
an adverse effect on the power performances. The PEDOT:PSS
hydrogel content-dependent impermeability toward nonaqu-
eous electrolytes has a direct consequence on the power
performances. Up to a certain (weight and volumetric) content,
the power performances of the electrodes were improved, while
above this threshold a detrimental effect is observed. To
confirm this, electrodes with a varying amount of PEDOT:PSS
hydrogel binder and only Si nanoparticles have been
manufactured (with similar Si mass loading) and their power
performances were analyzed (Figure 6). The maximum rate
performances were attained for approximately 12—15 wt %
binder content. The 30 wt % binder content electrode
displayed poorer power capacity retention, even lower than
the electrode with S wt % PEDOT:PSS hydrogel binder,
despite its higher electrical conductivity. This is explained by
the lower permeability of PEDOT:PSS to carbonate electro-
Iytes, resulting in limited Li'-ionic flux and conduction. The
optimal PEDOT:PSS hydrogel binder content was found to be
different for other active materials; for example, it was found to
be about 7 wt % for nano-LiFePO, electrodes. Thus, for an
optimized electrode formulation, the active particle morphol-
ogy, the surface area and the conductivity need to be
considered together with the ionic and electronic conduction
properties of PEDOT:PSS hydrogel binders.

Improved electrode processing as well as enhanced power-
rate and cycle stability performances have also been obtained
with Li-ion positive electrode materials (LiFePO,, LiCoO,,
LiMn,0, and Li—S). These results are summarized in Figures 7
and Figure S12. The PVDF-binder processed electrodes show
poor cycling capabilities associated with the high-current

density degradation mechanisms such as parasitic phase
formation for LiFePO, or excessive delithiation in the case of
LiCoO,. These issues are alienated with the PEDOT:PSS
hydrogel processed electrode because the intimate electrical
connection facilitates the Li ions flow. Similarly to negative
electrode materials, enhanced cycling stability, higher Coulom-
bic efficiency and improved power performances were reached
with PEDOT:PSS hydrogel processing. The significant increase
in the power performance (also content-dependent, as
discussed above for negative electrode materials) is assigned
to PEDOT, which efficiently maintains the high electrical
conduction properties in the operation potential range of the
cathode electrode materials. Limited phase segregation during
processing (storage, drying), conformal active material coating,
improved adhesion (including carbon-coated aluminum foil
current collectors), and mechanical strength also account for
the clearly enhanced electrochemical performances.

Another particular point to be highlighted here is the
chemical stability of the tested positive electrode materials,
processed in aqueous conditions. With limited exposure to the
aqueous environment (approximately 3 h, including initial
premixing, 1 h of milling and gelation followed by subsequent
spreading, coating and drying), no differences were found as
compared to PVDF binder-processed electrodes (in terms of
first cycle capacity and Coulombic efficiency). The long-term
stored slurries (more than 3 months, as for example displayed
within Figure S5), however, show clear modification,
particularly visible at the first cycle. This is attributed to the
active material corrosion and metal leaching that can cause
structural changes and performance degradation (Figure S13).
This well-known process, promoted by water, has precluded the
extensive use of aqueous binders for Li-ion cathode materials.*”
In the case of PEDOT:PSS, the relatively low pH of the
solution effectively slows down this process, resulting in
improved cycling performances.

Sulfur—carbon composite electrodes have also been
combined with PEDOT:PSS hydrogel binder processing,
bearing in mind the impermeability to ether and carbonate
electrolytes and the effective surface passivation of C/S particle
composites. Improved cycling stability is obtained when using
the PEDOT:PSS hydrogel binder, implying sufficient surface
protection and polysulfide retention (Figure 7G—I, Table S1).
The PEDOT:PSS processed electrodes maintain 600 mAh/g
for more than 70 cycles, indicative of effective encapsulation
and polysulfide shuttle delay. The low polarization under high
current density applied load (Figures 7H, I; C/3 rate, 1C
corresponds to 1200 mA/ggy,.) indicates fast electrode kinetics
and efficient charge collection, as a result of the electrical
conduction properties of PEDOT:PSS.

With the efficient electrode processing routes mastered and
enhanced electrochemical properties proved, Li-ion full cells
with all PEDOT:PSS hydrogel binder manufactured electrodes
were assembled and tested (Figure S14). The assembled
LiFePO,-graphite and LiMn,O,-graphite Li-ion cells displayed
a stable nominal output voltage of 3.2 and 3.85 V, respectively,
and good capacity retention over S50 cycles. Further
optimization of the entire manufacturing process and electro-
chemical cell optimization might be required to reach more
competitive performances. Yet, these results show that simple
and efficient full aqueous processing of Li-ion battery electrodes
is now available through the use of PEDOT:PSS hydrogel
binder formulations.
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In summary, we show that mechanochemical conversion of
PEDOT:PSS aqueous solutions in the presence of metallic iron
is a convenient way of producing hydrogels that can retain large
amounts of water (up to 99 wt %). In addition, any ball-milling-
related safety hazards are minimized due to the mild milling
conditions in an aqueous medium. These hydrogels are found
to be ideally suited for aqueous formulation of battery
electrodes given their combined exceptional rheological
properties and dimensional integrity, wide-window electro-
chemical stability as well as compatibility with battery
electrolytes and electrode materials. Overall, the mechano-
chemically synthesized PEDOT:PSS hydrogels, when applied as
binders for lithium-ion batteries, show net advantages given the
simple aqueous processing, excellent dispersion stability,
preserved electrical conductivity, enhanced structural integrity
and adhesion of the prepared electrodes, as well as improved
power and cycling stability performances.
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