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HIGHLIGHTS

ABSTRACT

e Li" motion in coupled polymer electrolytes
follows segmental relaxation.

o Decoupling should be assessed using
relaxation, the Walden relation, o<(T}), or
Haven metrics.

o Design should control pathway connectivity,
hopping barriers, and ion selectivity.

® Mechanical support and ion solvation should
be assigned to distinct motifs.

o Battery relevance requires steady-state current
and stable electrode contact.

Keywords:

Polymer electrolytes
Decoupled ion transport
Segmental relaxation
Modified Walden analysis
Cation transference number

Polymer electrolytes are useful for batteries because they form flexible films and
maintain good electrode contact. In most dry systems, however, ion motion still
depends on the relaxation of the polymer host. In poly(ethylene oxide) (PEO) and
related materials, Li* moves by exchanging between coordination sites. As
segmental relaxation slows near 7, ion transport slows correspondingly. This
coupling explains why high conductivity and high mechanical strength are difficult
to obtain simultaneously in a dry polymer. Here decoupled ion transport is defined as
a change in the rate-limiting step, rather than as a synonym for high conductivity.
The evidence is assessed using Vogel-Tammann—Fulcher and Arrhenius
temperature dependences, the Angell decoupling index, modified Walden analysis,
conductivity at T, and the Haven ratio. Design routes are then organized around four
variables: pathway connectivity, local hopping barriers, mechanical support, and
mobile-ion selectivity. The strongest claims link local structure, relaxation, species-
specific diffusion, and steady-state cell behavior. For batteries, the relevant question
is not only the magnitude of o, but also which species carries the current, where it
moves, and whether that pathway remains intact in thin films and at interfaces.

© The Authors (2026)

1 Introduction

whereas slow segmental motion keeps the ion trapped
[13—17]. This mechanism established a clear design rule:

Polymer electrolytes entered battery research because
they solve a practical materials problem [1-9]. A polymer
can be cast as a thin film, bent without fracture, and
pressed into contact with rough electrodes. These traits
are difficult to combine in many inorganic solid
electrolytes. Early PEO-based electrolytes showed that
polymers can dissociate salts and carry ions, but also
exposed the main limitation: room-temperature
conductivity was too low for most battery operation
[10-12]. In PEO and lithium salt complexes, Li* is
coordinated by ether oxygens. To move, the ion must
leave one coordination environment and enter another.
This exchange is tied to segmental relaxation of the host.
Fast segmental motion opens new coordination sites,

lower T,, suppress crystallinity, and keep the polymer
amorphous. This rule is effective in many cases, but it
introduces a structural conflict. Lowering 7, usually
lowers modulus and weakens the film. Raising the
modulus often raises 7 and slows ion motion. The same
motion that helps Li* move can therefore weaken the
mechanical role of the polymer [18-20].

The conflict becomes clear when the transport relations
are written out. At the continuum level, diffusion follows
Fick’s first law

J=-DVc, O]
where J is the diffusive flux, D is the diffusion coefficient

and c is the concentration. Conservation of mass gives
Fick’s second law
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dc
i V-(DVc). )
Although Fick’s laws are standard models for ion
transport in many systems, describing how concentration
profiles evolve, they do not identify the molecular events
that determine the diffusion coefficient D. A random-
walk picture makes this explicit. The Einstein—Smolu-
chowski relation gives the mean-square displacement as

(x*) =2Dt, 3)
for one-dimensional diffusion, or

(r’y=6Dt, 4)
for three-dimensional diffusion. If the ion moves by
Jjumps of a defined length a and mean waiting time 7, the
same relation gives

a2
D= o7 %)

Conductivity can therefore increase when the mobile-
ion concentration is higher, the jump length is longer, or
when the waiting time between jumps is shorter.
However, these three levers are not equivalent and should
not be treated as a single design strategy.

Charge transport is described by the Nernst-Einstein
relation. For a single mobile ion type,

¢qg*D

T T ©
where ¢ is the ion charge and kg is the Boltzmann
constant. For several mobile species, the conductivity is
summed over each species, and the relation assumes
uncorrelated  motion. In  concentrated  polymer
electrolytes, where this assumption often fails, tracer
diffusion and conductivity cannot be treated as equivalent
measurements.

The next step connects mobility to polymer relaxation.
In the Stokes—Einstein picture, ion mobility in a viscous
medium is roughly inversely proportional to viscosity,

1

MO —, (7)
nr

where 1 is viscosity and 7 is an effective hydrodynamic
radius. The Maxwell relation connects viscosity with
structural relaxation,

N=GuTe, ®)
where G is the high-frequency modulus and 7, is the
segmental relaxation time. Combining these relations
yields the coupled-polymer result

1

Hoc —. 9
T(l

In words, ion mobility increases when segmental

relaxation becomes faster and decreases when it slows.
The Walden relation (An = constant) expresses the same
idea for molar conductivity A. It is not exact for polymer
electrolytes, but it provides a useful reference line for
determining whether ion motion follows the polymer host
[13,14,21-23].

Recent reviews have framed the need from both battery
and polymer-physics viewpoints [8,9,21-23]. This
perspective discusses materials designed to escape this
coupling. Here, decoupled ion transport means that ion
motion is no longer governed mainly by segmental
relaxation. The polymer may still provide solvation sites,
free volume, or mechanical support, but the ion must
have a local route that does not depend on the bulk host
relaxing. This distinction is needed because the term
“decoupling” is currently used in several ways. Some
studies separate conductivity from modulus. Some
separate ion diffusion from structural relaxation. Others
separate cation motion from anion motion. Although
these claims are related, they are not equivalent. Here,
decoupling is treated as a measurable change in transport
mechanism, and the polymer designs that make this
change useful in a cell are discussed.

2 Defining transport decoupling

The coupled baseline is clearest in the temperature
dependence of conductivity. In a typical amorphous
polymer electrolyte, conductivity follows a Vogel-Tam-
mann—Fulcher (VTF) form,

T_TO}, (10)

where o is a pre-exponential factor, B is a pseudo-
activation parameter, and 7y is the Vogel temperature,
usually below T, The curve bends as temperature
approaches T, because the ion must wait for local free
volume and coordination sites to open. The barrier is not
fixed as it would be in a rigid lattice; it changes with the
structural relaxation of the polymer [13,14,21-23].

The decoupled limit has a different signature. If ions
hop between sites in a static or slowly changing
landscape, conductivity can follow an Arrhenius form,

o (T)=oyexp [—

U(T):Aexp[—% , (1)

where E, is the activation energy for ion hopping and R is
the gas constant. The slope of log o versus 1/T then gives
a local hopping barrier. The polymer is still present, but
its main relaxation no longer sets the ion-motion clock.
This physical distinction is summarized in Figs. 1(a) and
1(b). The change from VTF to Arrhenius behavior is the
first sign of decoupling, yet not sufficient to establish it.
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Coupled and decoupled ion transport.

(a) Coupled transport in a polymer electrolyte, where Li* motion is gated by segmental relaxation and follows a VTF-type temperature
dependence; (b) decoupled transport, where ions hop through pre-organized or slowly changing local sites and the temperature dependence

approaches an Arrhenius limit (Panels (a) and (b) redrawn based on

Refs. [14,21]); (c) temperature-dependent conductivity comparing

VTF and Arrhenius limits; (d) modified Walden plot showing the ideal coupled line (@ = 1) and the superionic regime (@ < 1) (Panels (c)

and (d) adapted from Bocharova & Sokolov [14], copyright 2020, Ame

A polymer can appear nearly Arrhenius over a narrow
temperature window while ion motion is still partly
controlled by the host. A more direct test compares the
timescale of structural relaxation and ion motion.
Broadband dielectric spectroscopy (BDS) can separate
these two responses: the segmental a-relaxation of the
polymer and the conductivity relaxation of mobile ions.
The first metric is the Angell decoupling index, often
written as R.. It compares the structural relaxation time 7,
with the conductivity relaxation time 7, at T,
_ Tw(Tg)

Tor(Ty)
If the two timescale parameters are similar, ion motion
freezes with the polymer and R, approaches unity. When
T, 1s many orders of magnitude shorter than 7, ion
motion is decoupled (Fig. 1(b)) [14,21,24-30].
The second metric is the modified Walden plot. In a
simple liquid, molar conductivity scales with fluidity,

(12)

rican Chemical Society).

Aoy, (13)

For a polymer, the inverse structural relaxation time is
commonly used as the practical measure of fluidity

AOC(I). (14)

To

The exponent « is close to unity for coupled motion. A
value below 1 means that conductivity slows less
strongly than structural relaxation. In a modified Walden
plot, such systems sit above the ideal coupled line and are
often described as superionic relative to the polymer host
(Fig. 1(d)) [14,21,24,25,27,31,32]. Polymerized ionic
liquids are useful test systems because their chemistry
can be varied while dielectric and mechanical measure-
ments track the corresponding dynamics [33-39].

The third metric is conductivity at 7,. A coupled
material should have negligible o(7,) because structural
relaxation is slow at the glass transition. Bocharova and
Sokolov [14] used this comparison to show that many
polymer electrolytes, despite different chemistries,
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approach the coupled limit when evaluated at 7,. A
material with o(7,) well above this baseline shows that
ion motion has not frozen with the host polymer.

The final metric is the Haven ratio. It indicates whether
ions that move microscopically also contribute to net
charge current. Conductivity measures collective charge
transport, and NMR diffusion measures how fast tracer
ions move, even when part of that motion is paired,
correlated, or back-and-forth. The Nernst-Einstein
relation converts conductivity into an apparent diffusion
coefficient, D,. NMR gives a tracer diffusion coefficient,
often denoted Dy,cer. The Haven ratio compares these two
quantities

D (15)
D tracer ’

Although some papers give its inverse, if Hy is far
below 1, many ions move in correlated pairs or clusters
and do not produce the same net current. This distinction
matters because decoupling from segmental relaxation
does not automatically result in efficient charge transport
[29,30,40-42].

These metrics answer different questions. VTF versus
Arrhenius behavior shows whether the rate-limiting step
resembles segmental friction or local hopping. R, shows
how far conductivity relaxation is separated from
structural relaxation, whereas the Walden exponent
shows how conductivity scales with relaxation. o (7})
screens whether ion motion remains active when
segmental relaxation is slow. The Haven ratio tests
whether mobile ions carry net charge. A convincing
decoupling claim combines these tests rather than relying
on one conductivity metric. A room-temperature
conductivity, taken alone, does not reveal which species
carries the current, where in the material transport occurs,
or whether the pathway survives in a real cell.

HR:

3 Designing decoupled pathways

Decoupling strategies are clearer when they are treated as
design variables rather than as isolated material families.
The design task is to combine them without losing
processability, contact or selectivity. A useful polymer
electrolyte must build a connected pathway for ions,
lower the hopping barrier along that pathway, separate
mechanical support from the ion-solvating environment,
and limit cation—anion correlations.

3.1 Building ion-rich pathways
The first design variable is pathway connectivity. A

direct route beyond the coupled PEO picture is to raise
the salt content until the material no longer behaves as a

dilute salt-in-polymer electrolyte.

In dilute PEO-Li salt complexes, Li* is mainly
coordinated by ether oxygens. At high salt loading, there
are not enough ether oxygens to coordinate every Li.
The anion enters the Li" coordination shell, and the
material begins to resemble a polymer system dispersed
within an ionic network [15,43—45]. Raman spectroscopy
gives direct evidence for this transition (Fig. 2(a)). In
PEO-LiTFSI, the TFSI™ band near 740 cm™! changes as
salt content increases from EO-rich to ion-rich compo-
sitions. The free-anion contribution decreases, while the
contact-ion-pair contribution near 746 cm™! increases
[43]. This change matters because it shows that part of
the Li* coordination environment has shifted from ether
oxygens toward anion participation. Molecular simula-
tions then connect the coordination change to motion. In
PEO-LiTFSI, Li* transport involves repeated coordina-
tion exchange through a changing solvation shell rather
than smooth diffusion through a homogeneous medium.
Borodin and Smith revealed that Li* motion combines
displacement along PEO chains, motion with PEO
segments, and intersegmental hops between coordination
environments [15]. The coordination-tracking scheme in
Fig. 2(b) separates continuous motion, vehicular motion
and hopping by following how the Li* coordination shell
changes with time. For the low-salt PEO:LiTFSI and
PCL:LiTFSI systems shown in Fig. 2(c) (x = 0.08), the
probability map mainly reflects polymer-mediated
continuous exchange. At higher salt content, the same
study shows a shift toward anion-mediated continuous
motion, especially in weakly coordinating PCL [46].
Atomic diffusion studies also demonstrate that salt
concentration, temperature, and molecular weight change
the local cage and long-range diffusion response [44,47].
Ion-rich pathways can reduce the need for large-scale
chain relaxation, but they introduce a second limitation.
Dense ionic domains often sustain strong correlations. If
cations and anions move together, tracer diffusion can be
high while net charge transport remains limited [40,45].

High salt loading should therefore be treated as a way
to build a connected ionic pathway, not as a simple
carrier-concentration lever. Once the pathway forms, the
questions are how long Li* stays at one site, how often it
exchanges, and how much of the motion is cancelled by
the anion.

3.2 Preserving free volume without freezing local motion

The second design variable is the lifetime and
connectivity of free volume. Rather than making the
polymer more liquid-like, which would weaken its
mechanical properties, a better approach is to use rigid
and contorted chains that cannot pack efficiently and thus

4
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Fig. 2 Coordination exchange in PEO-LiTFSI polymer electrolytes.
(a) Raman spectra of PEO-LiTFSI at different [EQ]/[Li] ratios, showing how the TFSI~ band near 740 cm™! changes as the free-anion and
coordinated-anion populations shift with salt content (adapted from Edman [43], copyright 2000, American Chemical Society);
(b) coordination-tracking schematic defining hopping, continuous motion, and vehicular motion based on changes in the Li* coordination
shell (redrawn based on Refs.[15,46]); (c) MD-derived transport-mode probability map for low-salt PEO:LiTFSI and PCL:LiTFSI model
electrolytes (x = 0.08), comparing anion-mediated and polymer-mediated hopping, continuous, and vehicular contributions (adapted from

Gudla et al. [46], copyright 2025, American Chemical Society).

retain permanent free volume.

Polymers of intrinsic microporosity (PIMs) exemplify
this strategy by trapping free volume through their
backbone geometry (Fig. 3(a)) [48,49]. This free volume
is not created by thermal segmental motion in the same
way as in PEO. In oxanorbornene dicarboximide
polymers with oligomeric ethylene oxide side chains, the
rigid backbone supplies shape-persistent free volume,
while the side chains supply local Li* solvation sites
(Fig. 3(b)) [49]. This architecture can support decoupled
transport because it gives the ion space to move while
the polymer remains mechanically solid. BDS revealed
that conductivity relaxation separates from segmental
relaxation. This separation is direct dynamical evidence
for decoupling (Fig.3(c)) [49]. The rigid backbone
raises T,. The same example also shows why decoupling
is not sufficient by itself. The side chains are more
mobile than the backbone, but they remain attached
to a glassy framework. If their local motion is too slow,

room-temperature conductivity remains limited even
when R is large [49]. A material can therefore be
strongly decoupled and still conduct only modestly
at 25 °C.

Rigid polymers should therefore not be seen as a
simple solution. They solve one part of the problem while
creating another. The target is not maximum rigidity, but
a semi-static pathway with a low local hopping barrier.
PIM-based composites offer one way to seek this
balance. Recent PIM-1/PTFE/PEO composite membranes
use PIM-1 as a reinforcing and porous component while
retaining a softer ion-solvating phase [50]. In that mixed
architecture, the rigid component stabilizes the softer
PEO matrix instead of becoming the only transport
environment. This design enabled Li||Li symmetric cells
to cycle for more than 2000 h (Fig. 3(d)).

The broad principle is that free volume should be
characterized not only by amount, but also by its lifetime
and connectivity. Free volume that collapses near T

https://journal.hep.com.cn/fie | https://link.springer.com/journal/11708 5
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rigid-backbone polymer electrolytes.

(a) PIM/free-volume concept, showing how a rigid and contorted backbone can preserve poorly packed void space (adapted from
McKeown & Budd [48], copyright 2006, The Royal Society of Chemistry); (b) oxanorbornene dicarboximide polymer with oligomeric
ethylene oxide side chains, combining a rigid backbone with local Li*-solvating side chains; (¢) BDS-derived conductivity relaxation and
segmental relaxation, showing a separation between 7, and 7, (Panels (b) and (c) adapted from Adams et al. [49], with an author-drawn

inset schematic added in panel (b), copyright 2017, Elsevier);

(d) Li||Li symmetric-cell cycling of PIM-1/PTFE/PEO composite

membranes (adapted from Liang et al. [50], copyright 2024, Wiley-VCH).

remains tied to segmental motion. Free volume built
into a rigid backbone may support hopping. Free volume
that is disconnected from the polymer chain contributes
little. These distinctions determine whether PIM-like
polymers support decoupled transport or simply raise
glassiness.

3.3 Separating mechanics from solvation

A third design variable is the functional separation of
mechanical and ionic roles. This strategy addresses the
trade-off between stiffness, toughness, and conductivity.
It does not always demonstrate that ion dynamics are
fully decoupled from segmental motion, but it shows
explicitly which part of the polymer carries stress and
which part solvates ions.

The supramolecular lithium-ion conductor (SLIC)
illustrates this principle [51]. Its soft polyether-rich
segments carry Li*, whereas UPy groups form reversible
hydrogen-bonded clusters that provide toughness.

Conductivity is governed mainly by the soft segment,
whereas mechanical strength is enhanced by the
supramolecular bonds (Figs. 4(a) and 4(b)). The reported
room-temperature conductivity is about 1.2 x 1074 S/cm,
and the toughness reaches about 29 MJ/m3? [51]. The
design principle is that a polymer electrolyte can be
strengthened without rigidifying the ion-solvating
environment. Bottlebrush networks encode the same
mechanical idea. A bottlebrush chain can deform by
unfolding its backbone before the side chains are pulled
tight (Fig. 4(c)) [52]. This changes the usual relation
between stiffness and extensibility in a single network.
Although this bottlebrush polymer is not a battery
electrolyte, it demonstrates a useful rule for polymer
electrolytes: topology can separate the strand that
carries stress from the local environment that governs
motion.

For polymer electrolytes, orthogonal designs reduce the
pressure on one phase to perform every function. A polar
ion-conducting channel can remain percolated if a

6
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Fig. 4 Separating mechanical support from ion solvation.

(a) Molecular architecture of the supramolecular lithium-ion conductor (SLIC), where soft polyether segments solvate Li* and UPy groups
form reversible hydrogen-bonded clusters; (b) SLIC network schematic showing soft ion-solvating domains and reversible mechanical
cross-links (Panels (a) and (b) adapted from Mackanic et al. [51], copyright 2019, Springer Nature); (c) bottlebrush network deformation,
where backbone unfolding precedes side-chain stretching and separates stiffness from extensibility (adapted from Huang et al. [52],
copyright 2024, American Association for the Advancement of Science).

separate scaffold holds the shape. A dynamic bond can
help maintain interfacial contact without turning the
whole electrolyte into a liquid. A soft polyether can
remain soft if a second motif carries stress. This
separation also creates a naming problem. Each report
should state which coupling has been broken. If
conductivity still follows T,-normalized VTF behavior,
the material has separated mechanical strength from
conductivity, but ion motion may still be tied to
segmental relaxation. If 7, is much shorter than 7,, the

decoupling is dynamical. Both statements are relevant
indicators, although they are not the same.

3.4 Using polarity to control ion pairing and selectivity

The fourth design variable is the -electrostatic
environment around the mobile ion. In standard PEO, Li*
binds strongly to ether oxygens and often remains
associated with its counter-anion. A high-polarity host
can screen these interactions. When local Coulomb
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attraction is weaker, the ion can leave one site and enter
the next more readily [21,53-57].

Polymeric zwitterions provide this electrostatic
environment within each repeat unit (Fig. 5(a)). A
zwitterionic repeat unit carries tethered cationic and
anionic groups. The polymer has no net charge, but it
contains many local dipoles. These dipoles increase the
effective polarity of the matrix and promote dissociation
of added lithium salt (Fig. 5(b)) [57]. Because the
charged groups are tethered to the polymer, they shape
the local environment without contributing to long-range
ion current. Jones et al. [57] linked this chemical concept
to transport data in polymeric zwitterionic ionic liquid
electrolytes (Fig. 5(c)). They reported Li* conductivity of
up to 1.6 mS/cm and cation selectivity values of ¢, =
0.6-0.7. Their mechanism is a zwitterionic phase that

creates superionically conductive domains and a more
size-selective pathway for Li*. Polarity, morphology and
ion-pair strength must work together, and salt loading
determines whether local domains form a connected Li*
pathway. Recent dry zwitterionic polymer electrolytes
bring the discussion closer to practical cells (Fig. 5(d))
[58]. They demonstrate structural analysis, NMR
diffusion, simulations, Walden analysis, and battery tests.
This combination matters because it does not rely on
conductivity alone. It links aligned ion channels, weak
ion binding, and mobile Li" populations to the behavior
of a dry polymer electrolyte. This evidence advances the
field from materials screening toward mechanism-based
electrolyte design.

Zwitterions also connect bulk transport with steady-
state current. If matrix charges are tethered, fewer mobile
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Fig. 5 Polarity control and cation selectivity in zwitterionic polymer electrolytes.

(a) Representative zwitterionic repeat motif with tethered positive and negative groups; (b) zwitterionic polarity weakens the effective
Li*—anion association relative to a standard salt environment and lowers the apparent hopping barrier; (c) cation selectivity—conductivity
comparison for polymeric zwitterionic ionic liquid electrolytes (adapted from Jones & Nguyen [57], copyright 2022, American Chemical
Society); (d) dry zwitterionic polymer electrolyte design linking precursor mixing, self-standing film formation, aligned ion channels, and
modified Walden analysis (adapted from Oh et al. [58], copyright 2025, Springer Nature) (Panels (a) and (b) were redrawn based on Refs.

[57,58]).
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anions are available to build concentration polarization.
This can raise the effective Li* transference number and
narrow the gap between AC conductivity and the current
that survives under DC operation [59-62]. Zwitterionic
and single-ion polymers should therefore be discussed
not only as high-conductivity materials, but also as
selectivity designs. One electrolyte can pair an ion-rich
network with a high-polarity matrix, a rigid scaffold with
soft solvating side chains, or a dynamic mechanical phase
with a cation-selective transport phase [63—68]. The
design question should be: which function is carried by
which motif, and what measurement demonstrates that
the intended coupling has been changed?

4 Translating design into steady-state
cells

A decoupled bulk pathway is necessary for a working
battery; however, it alone is not sufficient. The interface
determines whether that pathway can be used. Three
issues control this: the difference between transient and

Transient AC/small perturbation

@ /\/\/\/
Li Li
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‘_QQ o~
] - <
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© Single-ion conductor
Li-cation

*’ polymer backbone

Fig. 6 Translating bulk decoupling

{1 Covalent tethered anion to

—— Polymer backbone

steady-state conductivity, physical contact with a
dynamically evolving electrode—electrolyte interface, and
polymer stability against high-voltage cathodes.

AC impedance is useful because it is rapid and
sensitive, but it counts the motion of all charged species
in the system. In a cell under DC operation, species that
cannot react at the electrode accumulate near the interface
and build a concentration gradient. The steady-state
current can then be much lower than the transient current
(Figs. 6(a) and 6(b)) [59—62]. The cation transference
number is therefore not a secondary detail. For lithium
batteries, o, is often more useful than o alone as a
design quantity. Single-ion polymers address this
problem by tethering the anion to the polymer backbone
(Fig. 6(c)) Classic block-copolymer and multiblock
examples show that a high cation transference number
can improve lithium-metal cell behavior, even when
absolute conductivity is not record-setting [69—72]. More
recent single-ion blends have increased Li* conductivity
and limiting current density relative to earlier single-ion
polymers [73—78]. These materials still need to be
compared at the same temperature, phase state, salt
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(b) _
1. = Ji/ (i F Jeounteranion)

Li Li

Salt concentration polarization

[+ x
O
o ©

e,

X

X

Nanoparticle-filled Aligned nanowires

a7

\p

Nano wire

0
"

Nano particle

— Polymer matrix
Li-ion

to steady-state cell performance.

(a) Transient AC response in which all mobile charged species contribute to the measured conductivity; (b) steady-state DC response after
concentration polarization, where useful current is governed mainly by cation transport; (c) high-cation-selectivity design in which anion
motion is immobilized or strongly suppressed, reducing concentration polarization; (d) connected-pathway design comparing tortuous
transport with a continuous, low-tortuosity pathway that maintains interfacial contact (Panels were redrawn based on (a, b) the
transference-number framework in Refs. [59-62]; (c) single-ion conductor in Refs. [69-78]; (d) nanoparticles- and aligned-nanowire-

based composite electrolytes in Refs. [80-85])
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content, and interfacial condition. A fair comparison
cannot rank them by a single metric.

Mechanical contact is the second challenge. Lithium
metal undergoes substantial morphological and volume
changes during plating and stripping [51,79]. A stiff or
glassy electrolyte may suppress part of the deformation,
but it can also lose contact or crack. Orthogonal and
dynamic materials are valuable here because a soft
interlayer or supramolecular phase can maintain contact
while a stiffer bulk phase provides dimensional stability
and mechanical integrity.

High-voltage compatibility requires both resistance to
polymer oxidation and a cathode—clectrolyte interphase
(CEI) that sustains Li* transport. For polymers with
decoupled ion transport, the design objective therefore
extends beyond bulk conductivity to maintaining low-
resistance charge transfer at the cathode. This calls for
evaluating parasitic currents, interfacial resistance and
surface chemistry during sustained high-voltage
polarization and cycling, rather than relying on an
oxidation-onset potential alone.

Composite electrolytes offer another route for interface
control. Ceramic fillers can modify local polymer
dynamics, salt dissociation, and boundary-layer transport.
Early nanocomposite PEO work showed that inert
particles can raise conductivity by changing the polymer—
salt environment rather than by carrying all current
themselves [80]. Aligned ceramic nanowires and garnet
networks later showed how continuous inorganic
pathways or high-aspect-ratio fillers can improve
transport and mechanical integrity relative to particle-
filled films [81-84] (Fig. 6(d)). These systems are not
always examples of molecular decoupling, but they
matter for device translation. Experimental claims are
more convincing when one study connects chemical
environment, transport pathway, and cell-level response.
Fang et al. [85] used nano-X-ray tomography, Raman
mapping, solid-state NMR, and cell testing to reconstruct
a three-dimensional Li-ion transport network in a PEO-
based conductor.

5 Conclusions and outlook

Decoupled ion transport is not another name for high
conductivity. It is a change in the rate-limiting step. In the
coupled regime, ions wait for polymer segments to
rearrange. In the decoupled regime, ions move through a
local pathway whose rate is partly independent of the
main structural relaxation. Several tools are now
available to test this change, including relaxation maps,
Walden plots, o(7}), activation barriers, tracer diffusion,
and transference measurements.

The strategies discussed here are best viewed as
modules within one design space. Polymer-in-salt
electrolytes build ion-rich pathways. Rigid and
microporous  polymers  preserve free  volume.
Supramolecular and bottlebrush networks separate
mechanical support from the solvating phase.
Zwitterionic and single-ion matrices screen ion pairs and
improve cation selectivity. None of these modules is
complete alone. A more useful target is a combination
that controls pathway connectivity, hopping barriers,
mechanics, and selectivity at the same time.

For the next stage, clearer evidence rather than new
labels is needed. A polymer electrolyte should report not
only o, but also 7T, phase state, 7, or an equivalent
relaxation measure, cation transference number, and,
where possible, NMR diffusion or a Haven-ratio
estimate. If the material is intended for batteries, the same
study should report steady-state current and the
interfacial test conditions.

The central question is not whether polymers can ever
resemble inorganic superionic conductors—some already
do, at least by selected metrics. The harder question is
whether a polymer can retain the advantages that brought
polymers into battery research: processability, contact,
toughness, and thin-film form. Decoupled transport is
valuable when it preserves those advantages while giving
ions a faster and more selective path than a segmental-
relaxation-limited route.
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