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Adhesive and cohesive force matters in deformable batteries
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Mechanical stability of flexible batteries is the guarantee for delivering stable performance. The interacting external and inner forces

determine it.
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Deformable battery is one core component as a power supply in
wearable electronic systems, where its mechanical stability weighs
equal significance compared to electrochemical performance.
Thanks to the past 40 years’ efforts in developing high-
performance battery systems, generally to be applied in static
scenarios, materials in each battery components are electroche-
mically mature and ready enough, e.g., commercial Li-ion and Zn-
ion batteries, to be transferred into deformable configurations'-.
Yet, the highly desired deformable batteries are not widely
commercialized, dominantly due to the status quo of their
mechanical performance might not be competent for practical
applications. Specifically, considering the inevitable and various
mechanical manipulations under service, mechanical dysfunction-
alities of deformable batteries are difficult to be predicted and
avoided. In this regard, guaranteeing deformable batteries with
long-term mechanical stability would be more challenging
compared to endowing statically electrochemical stability*.

Looking back to the progress of deformable batteries during the
last decade, the mainstream efforts were devoted to endowing
mechanical deformability (flexibility and/or stretchability) to different
battery systems through configurational and material designs®~7, such
as chain-like, origami, and spine-inspired structures and/or merging
rigid material into elastic substrates, where such configurational
regulation strategies can redistribute the applied forces to minimize
the force magnitude on specific battery region. However, the
inevitable structural variations from the initially equilibrium states,
either in single layer or multilayers, might occur to some extent, which
would lead to performance degradations®. One workable solution is
to build up mechanically durable battery configurations®'°. However,
when checking the device fabrication protocols, different functional
layers are simply stacked together without special consideration on a
design criteria to construct mechanically robust batteries.

There are diverse sorts of forces applied on deformable batteries,
such as bending, twisting, stretching, compressing forces that
different structural deformations would appear accordingly. Herein,
the most frequently applied bending force is analyzed as an
exemplifying model force to clearly elaborate battery structure
evolutions subjected to external forces. In this Comment, we first
analyze the possible structure evolutions correlating to batteries
performance degradations, and then the improving strategies from
material aspects are proposed to solve these issues.

HOW BATTERY DEFORMS UNDER BENDING FORCE

Considering the prototypical battery configurations are con-
structed in a layer-stacking structure, we start with the single

component layer to study the structural evolutions throughout
bending force. A curved shape would be gradually formed once
the bending forces are applied, where the tensile stress will
concentrate on the convex surface and compressive stress at the
concave surface (Fig. 1a). If the external force does not exceed the
yielding point, it would recover back to its initially equilibrium
state after the force is removed. In another word, the deformation
is totally reversible as elastic deformation. In counter case, once
the plastic deformation is triggered, it could cause permanent
structural changes without recovering back to initial states®.
Mesoscopic curve-shaped crease and/or microscopic domain
cracks would appear based on a brittle fracture mechanism to
disperse the overloaded strain (Fig. 1a). Such structural changes
will directly result in electrochemical performance instabilities and
degradations. Regarding the cracks after deformation, one
possible solution is to apply self-healing binders to recover back
to their initial state.

Moving forward to the multiple-layered structure, we imitate
the deformable battery under realistic applications by modeling
all component layers by stacking in the sequence of the
encapsulation, current collector for cathode, cathode, separator,
anode, current collector for anode, and encapsulation layer. When
observing the deformation manners of each single layer in the
multiple-layered structure, it obeys the same deformation
behaviors of the separated single layer as illustrated in Fig. 1a.
When analyzing the structure deformation manners of multiple
layers, there are two forms of bending forces as one-end and two-
ends fixed bending forces. Firstly, under one-end fixed bending
forces, the interlayer slippages will occur between adjoining layers
at the unfixed end (Fig. 1b). Secondly, regarding the two-ends
fixed bending, the interlayers will detach to cause layer
delaminations at the strain concentrated spot (Fig. 1¢). In both
cases, under the premise that no plastic deformations occur in all
layers, the batteries can recover back to their original structures
after the bending forces are removed, where the slippages and
delaminations are transient state during force manipulations.
Therefore, battery performance might be unstable during the
bending process, but recovered back after reversible deformation.
Otherwise, irreversible plastic deformations retain with permanent
slippages and delaminations in interlayers, and elongations and
creases in some layers, resulting in unrecovered performance
degradations. When coupled with the flammable and aggressive
electrolytes, temperature-rising or even fire-catching issues are
possible to occur during mechanical manipulations. It should be
emphasized that no matter the reversible or irreversible
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Schematics of structural evolutions of single layer and full battery device under bending force. a Initial state and final state of

deformable single layer throughout reversible elastic deformation and irreversible plastic deformation. b In one-end fixed bending of
deformable batteries, slippage transiently occurs during elastic deformation and permanently exists after plastic deformation. ¢ In two-ends
fixed bending of deformable batteries, delaminations transiently occur during elastic deformation and permanently exist after plastic

deformation.

deformations occurring, the structural variations from initial states
are correlated to performance instability and/or degradation.

HOW TO IMPROVE COHESIVE AND ADHESIVE FORCES

From material aspects, the above-discussed structural variations
can be suppressed or even eliminated by regulating materials to
construct mechanically durable battery structures. It is primary to
perceive the exact materials providing mechanical properties in
each layer. There are two different forces as cohesive force within
the single layer and adhesive forces between multiple layers to
preserve their original structures, i.e., resisting the deformations
under external force. Specifically, it raises a question from material
aspects that how to enhance the cohesion and adhesion inside
deformable batteries. Since there are different materials involved
in electrochemical behaviors, functional layers can be classified as
the single component layer and composite layer. Regarding the
single component layers, they are the current collectors as Cu for
anode, Al for cathode, and separator as polypropylene, of which
the yield strengths and mechanical moduli are generally
determined. As for the cathode and anode composite layers, they
are constituted with composite materials such as electrochemical
active materials, polymer binders, and conductive additives. The
cohesion inside the electrode layers is largely determined by the
polymeric binder materials, where the binding force is based on
weak van der Waals interactions, e.g., the common binder as
polyvinylidene difluoride (PVDF), easily resulting in mechanical
cracks in the electrode layer during bending''. Therefore, the
cohesion improving strategy is to develop robust elastic binders in
electrode layer processing high elastic modulus and resilience,
where the polymer-network wrapping around electrochemically
active particles (Fig. 2a-i). The zoomed-in layer structure in the
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stretched state, as demonstrated in Fig. 2a-ii, can be recovered
back to the initial state after the external stress is removed due to
the elastic mechanism of the binder. In theory, the polymer binder
under deforming manners should follow nonlinear stiffening
manners with high elasticity and smaller stress accumulation
during the strain increasing process, improving the yielding
strength of the single-layer structure'. In addition, high fracture
toughness is also required to avoid further crack propagation after
the formation of micro-defects.

For the multilayer structure under bending, introducing robust
binders to enable strong interlayer adhesion between adjoining
layers is an effective strategy to preserve its original structure after
deformation. As illustrated in Fig. 2a-iii, the above-discussed
permanent deformations as slippage and delamination can be
avoided to large extent due to the large resilience of the interlayer
adhesion. However, it seems intuitively difficult to build up strong
adhesive bonding between two adjoining heterogeneous sur-
faces. Taking the interface between the electrode layer and
current collector layer as an example, the conventional adhesion is
realized by binders, e.g., PVDF, based on weak interactions to
enable the electrode layer adhering onto metal current collectors.
However, the design principles to build up strong adhesives based
on covalent bonds at interfaces are still elusive in the field of
deformable batteries, especially by considering the interfaces are
generally wet due to the existence of liquid electrolytes, adding
more difficulties to introduce stable adhesives at interface’®. Bao
et al. have developed one possible solution by applying polymer
electrolyte containing supramolecular binders to enable enhanced
adhesion at the electrode—electrolyte interface throughout a
dynamic bonding®. Overall, the interface should be elastic and
tough to ensure a good recovery after the interlayer sliding.
Thanks to the pioneering works on building topological adhesive
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Fig.2 Schematic illustration of cohesion and adhesion existed in the deformable battery. a-i Applying robust binders to improve cohesive
force in electrode layer, where the polymeric network of binders tightly wrapping around electrode particles. Internal cohesion (a-ii) and
interlayer adhesion (a-iii) with strong resilience to preserve original structure after deformation. b lllustrations on the bonding chemistry
between the exemplified two-layered configurations, i.e., electrode layer and current collector. Cohesive network is originated from the
binders inside the electrode layer and the adhesive layer is based on the design principle of topological adhesion. c-i The schematic of all-in-
one configuration with cohesion and adhesion by the same binder, forming chemically adhesive bonds throughout the battery device.
Adhesions to inhibit the deformation of slippage (c-i) and delamination (c-ii) during bending.

forces based on covalent bonds at interface of two-layered
configurations, i.e., water-containing polymeric hydrogel and
different substrates, it sheds light on introducing analogous
strategies into multiple-layered configurations of deformable
battery to apply foreign polymer network as a topological
adhesive to sparsely penetrate into two adjoining layers'>'*, Get
inspired by this principle, topological adhesion at the interface can
be established on strong chemical bonds, as schemed in Fig. 2b. It
is ideal to apply the single adhesive to every individual layer and
the interfaces throughout all different layers to simultaneously
solve the adhesion problems, and the ideal all-in-one configura-
tion is realized (Fig. 2c-i), where the adhesives can enable
resilience to recover the transient slippage and delamination
issues proposed above (Fig. 2c-ii, c-iii). Regarding the basic
mechanical requirements, the adhesives should possess high
elastic modulus and resilience, which respectively correlated to
durability to undertake large deformation and resilience to recover
back to the initial state. Of note, strong adhesive force might
promote the hardness inside the individual layer and/or at the
interface, while the hardness is the countering property to the
softness of the deformable device. Therefore, concerns on the
softness of the batteries are needed when enhancing adhesion
forces. Lastly, the interfacial adhesion between the electrode layer
and electrolyte layer is exemplified above as optimizing guidance
for other component layers, especially for the packing layer that
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detaching failures usually occur between the packaging/encapsu-
lation layer and the inner electrochemically active components.

PERSPECTIVE ON MECHANICALLY STABLE BATTERIES

This comment has discussed the emerging mechanical issues of
deformable batteries by analyzing the structural evolutions
correlated to performance degradations, moving from single layer
to multilayers in one full battery configuration. There are transient
and permanent structural variations throughout the bending
processes, such as cracks, slippage, and delamination. Regarding
the solving strategies from material aspects, it is the binder
material that should be well designed and introduced to construct
strong cohesive force inside every single layer and strong
adhesive force at interfaces of adjoining layers®'>. However,
binders are generally developed to improve the performance,
especially in the electrode layers, for static battery configurations.
When considering the deformable batteries under dynamic
external forces, cases become more complex to simultaneously
ensure stable performance from mechanical and electrochemical
dimensions, while it seems more challenging to consider every
structural spot to preserve them unvaried. Organic materials can
serve as components in all the functional layers, such as electrode,
electrolyte, and encapsulation layers, and provide a good solution
to the deformability, where their interfacial bonding to other
materials can be tuned'®'’. It should be emphasized that
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electrochemical performance, especially the energy density and
cyclic stability, is the primary parameter towards commercially
practical applications, therefore only agreeable compromises in
electrochemical performance are acceptable when optimizing
mechanical performance. Of note, there are many other concerns
to be further addressed, for example, whether the liquid-state
electrolytes affect the stability of interfacial adhesion, whether the
modifications on electrode materials would accelerate the
degradation of electrochemical performance, how other external
forces, e.g., twisting, stretching and compressing, would affect the
structural stability. Unluckily, workable binders to satisfy the
above-discussed criteria are limited at the current stage.

For the future optimization on the mechanical performance of
deformable batteries, there are two synergic directions deserving
more efforts in following research as (1) designing suitable binders
with superior elasticity and fracture toughness to counteract the
deforming tendency of battery structure, (2) developing optimized
battery configurations to dissipate and dilute external forces
applied onto battery units. In this regard, designing the binders
and building up robust cohesion and adhesion rely on polymer
chemistry and mechanic science, where electrochemistry should
also be counted in. It is a call for actions to enhance cohesive and
adhesive forces when designing deformable battery devices.
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