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Stretched to the Limit
for Better Batteries

Matthew T. McDowell"2*

Conventional polymeric binders used within Li-ion battery electrodes cannot
withstand the large volume changes exhibited by high-capacity alloying anode
materials such as silicon, resulting in fast capacity decay with cycling. In this
issue of Joule, Xu and coworkers report a new cross-linked polymer binder
that enables excellent capacity retention over hundreds of cycles in silicon
microparticle-based electrodes. To achieve this performance, this binder
strongly adheres to the silicon while also exhibiting substantial mechanical

elasticity and self-healing functionality.

Alloying anode materials such as silicon
hold great promise for improving the
specific energy of Li-ion batteries.’
These materials can hold substantially
more lithium  than
graphitic anodes, but this higher capac-

conventional

ity comes at the price of much larger
volumetric and structural changes
during lithium insertion and removal.?
These changes cause degradation of
the electrochemical performance of sil-
icon anodes during cycling through a
variety of pathways. Particles with sizes
above a few hundred nanometers can
fracture, resulting in loss of electrical
contact and capacity decay if the
fractured pieces are not held in place.
Volumetric changes during reactions
also continually expose new surface
area to the electrolyte, which acceler-
ates solid-electrolyte-interphase (SEI)
formation and leads to low Coulombic
efficiency. Together, these phenomena
often result in a rapid loss of capacity
with cycling of silicon anodes.

A significant amount of research has
been performed with the goal of
engineering nanoscale silicon materials
to avoid fracture and to dimensionally
stabilize the interface with the electro-
lyte.*> While interesting nanostructures
have been developed that have
yielded good cycle life, such as yolk-

shell particles,” there are significant

challenges with implementing nano-
structure-based electrodes in real batte-
ries. This is partly because nanostructures
unavoidably have higher surface area
than micron-scale particles, which in-
creases the prevalence of side reactions.
Nanostructures are also more difficult to
pack efficiently into an electrode, which
reduces volumetric energy density.
Finally, nanostructured silicon is gener-
ally expensive to make, especially when
considering the scale necessary for bat-

tery manufacturing.

Rather than carefully engineering the
size, shape, and structure of the active
silicon particles, another strategy has
been to instead develop new polymeric
binders designed to more effectively
hold silicon particles together during
electrochemical cycling.”® All battery
electrodes contain small amounts of
polymeric binder and conductive car-
bon additives, which function to main-
tain the mechanical integrity of the
electrode architecture and to improve
electrical conductivity, respectively. To
be effective for silicon electrodes, a
binder must exhibit good mechanical
elasticity, and it also should chemically
bind to and passivate the surface of
the silicon. Polyvinylidene fluoride
(PVDF) is the binder that is commonly
used in electrodes with conventional,
active

small-volume-change battery
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materials, but PVDF exhibits poor per-
formance with silicon electrodes.”
Recent work has shown that poly(acrylic
acid)-based binders are particularly
effective at improving capacity reten-
tion with cycling.” It is thought that pol-
y(acrylic acid) (PAA) can both bind to
and passivate the surface of silicon,
which decreases side reactions with
the electrolyte. However, PAA itself is
not elastic enough to withstand the
extreme volume changes of silicon.
Recently, PAA cross-linked with polyro-
taxane molecules was shown to exhibit
excellent capacity retention during
cycling within silicon microparticle an-
odes.” Polyrotaxanes undergo a ring-
sliding mechanism during deformation,
which allows this reported binder to
~200%
thus effectively holding together the

undergo reversible strains,
silicon particles. While the synthetic
procedures to fabricate these binders
are complex, this work illustrates the
promise of cross-linking for the design

of binders with multiple functionalities.

In this month'’s issue of Joule, Xu et al.
report a new cross-linked binder that
shows superb cycling performance
for silicon microparticle anodes.'®
This binder is made up of PAA
cross-linked with poly(2-hydroxyethyl
acrylate-codopamine methacrylate), or
p(HEA-co-DMA). This material shows
interesting properties that likely enable
the stable cycling of silicon anodes. In
contrast to pure PAA, the cross-linked
network shows the ability to reversibly
undergo 150%
reversible demonstrated in

large strains, with

strain
mechanical tests. The binder material
also shows evidence of “self-healing,”
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meaning that chemical bonds are
formed when two separated pieces of
the polymer are brought together.
This is thought to be important for
binders for large-volume-change bat-
tery materials, as self-healing can miti-
gate mechanical damage in local areas
undergoing extreme morphological
changes (such as near a crack). Impor-
tantly, both types of polymer chains
act synergistically to enable promising
performance: the PAA chains adhere
to the silicon and provide mechanical
strength, while the p(HEA-co-DMA)
chains provide elasticity and self-heal-
ing ability. The authors hypothesize
that these features enable the silicon
particles within the electrode to be
more effectively held together with
less extensive surface side reactions
during expansion and contraction of
the electrode (Figure 1).

This binder is shown to enable excellent
electrochemical cycling for silicon
microparticle-based electrodes. The
electrodes show stable cycling over
hundreds of cycles, as compared to
steady capacity decay over the first
100 cycles for pure PAA binder. The au-
thors also present good cyclability with
areal specific capacities > 3 mAh cm™2,
which approaches that which is neces-
sary for commercial cells. Post-mortem
scanning electron microscopy (SEM)
shows that the PAA-p(HEA-co-DMA)
maintains an intact electrode structure
after 100 cycles, whereas the use of
pure PAA binder results in large cracks
within the electrode. This supports the
hypothesized mechanism of action of
the binder. Finally, two aspects of the

binder may allow electrodes to be

— =SEl + = Covalent bond

= Microcrack

Figure 1. Schematic Showing Silicon Particles
Surrounded by the Crosslinked PAA-p(HEA-
co-DMA) Binder Network

Upon expansion and contraction of the silicon,
the network stretches and maintains contact
between particles even when internal
microcracks form.

manufactured at relatively low cost:
the binder can
aqueous solvents instead of traditional

be processed in

organic solvents, and it also can be
used with silicon microparticles instead
of engineered nanoparticles. The sili-
con microparticles used in the report
are fabricated with ball-milling proced-
ures, which ensures scalability.

The combination of excellent cycling
performance and the potential for
low-cost  production
important advance in the field of

represent an

binders for large-volume-change an-
odes. Interestingly, the binder was re-
ported to work very well for silicon par-
ticles under 3 um in size, whereas
particles with a size distribution be-
tween 2 and 6 um were reported to
perform poorly. Since larger particles
can potentially be packed more effec-
tively, this invites future research into
designing binders that can improve
the cycling performance of even larger
particles.
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