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Anisotropic ion transport in nanostructured solid
polymer electrolytes
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Solid polymer electrolytes (SPEs) with good room temperature ionic conductivity and a high shear

modulus are needed for future energy storage devices. Extensive studies have been devoted to

searching for SPE with these desired properties. In this review, we will discuss recent progresses on the
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correlation between nanoscale morphology and ion conductivity in SPEs. Specifically, we will focus on

anisotropic ion transport in five different types of SPEs with distinct morphological controls: crystalline

DO!: 10.1039/c5ra05240h structure, block copolymers,

www.rsc.org/advances polymerization.

1. Introduction

Lithium-ion batteries are the system of choice for portable
electronic devices and they dominate our consumer market
today."™® The term lithium-ion battery represents a family of
secondary (rechargeable) devices where both electrodes are
intercalation materials, and the electrolyte is a lithium salt
dissolved in a mixture of organic solvents. The advantages of a
lithium-ion battery include high energy density, flexible and
light weight design, and long lifespan. Even higher power
densities can be achieved if lithium metal is used as the anode
instead of a lithium intercalation material to form a lithium
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mechanical stretching, hybrids/nanocomposites, and holographic

metal battery, and this high power density is particularly critical
for applications such as electric cars. Lithium metal batteries
were first fabricated back in 1972; in spite of the impeccable
operation of the cathode, the system was proven not viable
because the formation of Li dendrites at the Li/liquid elec-
trolyte interface during charge-discharge processes could lead
to explosion hazards. In order to circumvent this problem, the
Li metal anode was replaced with intercalation materials,
which led to the current lithium-ion batteries commercialized
by Sony Corporation. However, this material swap for stability
was at the expense of sacrificing power density, and there are
still safety-related issues with these lithium-ion batteries as
well. To prevent lithium dendrite growth, an alternative
approach is to use solid polymer electrolytes (SPEs) to form
lithium polymer batteries (LPB): it has been found that
lithium dendrite formation and the explosion hazard associ-
ated with it can be avoided if the shear modulus of the SPE is
sufficiently high.">®>1-13
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The development of SPEs began in the 1970s - shortly after
Wright et al. reported the semicrystalline structure of complexes
between polyethylene oxide (PEO) and alkali salts in 1973 ** and
the following study on its electrical properties.'>'® It was then
proposed to use these polymer/alkali salt complexes as solid
electrolytes for high energy density battery applications since
they combine solid-state electrochemistry with the advantage of
naturally versatile and easy processing of plastics. Since then,
interests in this emerging area spanned worldwide. Early
investigations focused on understanding the correlation
between morphology and conductivity of these complexes. It
was initially speculated that ions are transported through the
polymer helices in the crystalline phase, similar to inorganic ion
conductors, while later studies demonstrated that only the
amorphous phase accounts for ion conduction.”*° The linkage
between polymer segmental dynamics and ion transport in the
early 1980s largely determined the trend of SPE research:
tremendous efforts were devoted to inhibiting polymer crystal-
lization. The strategies that have been developed include
modification of the polymer structure with different architec-
tures, such as comb-like polymers with short chain PEO or
cross-linked network polymers.**>* However, the major issue
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with these approaches is that reducing the crystallinity of the
polymer would inevitably sacrifice the mechanical properties of
the material, which contradicts the original intention of using
mechanically robust polymer membranes for safer battery
applications. To find a balance between fast ion transport and
high mechanical properties, several approaches were developed
during the mid to late 1980s, including polymer blends SPEs,
block copolymer SPEs, and ceramic reinforced SPEs.>*>*
Development of single ion polymer conductors started in the
mid 1980s in recognition of the importance of high cation
transference number for battery performance.

The last two decades witnessed a class of nanocomposite
SPEs developed by Scrosati et al, and it appears to be an
interesting group of candidates for high performance lithium
battery applications due to their enhanced mechanical,
thermal, electrochemical stability, and room temperature
conductivity.”?" The discovery of fast ion transport in some
P(EO)eLiX crystalline complexes led to a reconsideration of the
fundamental ion conduction mechanism in polymer electro-
Iytes.*3* Decoupling of ionic conductivity from polymer
segmental relaxation has recently been proposed, which
provides a novel concept for new SPE designs.*>** With the aid
of computer modeling, the polymer dynamics and ion associ-
ation in both polymer/salt blends and single ion conductors
have been studied systematically.*”** Fig. 1 is a general
summary of the development of various SPE systems during the
last four decades.

A number of excellent reviews have been published recently
discussing various types of SPE for electrochemical device
applications."***?® In this article, we will discuss the correla-
tion between SPE morphology and ion transport. Specifically,
we will focus on anisotropic ion transport according to
morphological anisotropy. We will first discuss ion transport in
polymers, followed by five different types of morphological
controls in SPE: crystalline structure, block copolymers,
mechanically induced orientation, hybrids/nanocomposites,
and holographic polymerization.
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Fig.1 Summary of solid polymer electrolyte development during the
last four decades.

2. lon transport in SPE

In general, there are three types of mechanisms governing ionic
charge transport. First, in liquid electrolytes, solvent molecules
are mobile and can form complexes with the ions, and the
entire complex traverse together under external fields. Second,
in solids such as B-alumina, ions reside in potential wells.
Sufficient activation can induce displacement of bare ions while
the other components of the lattices are strictly immobile.
Third, in polymer electrolytes, since polymer chains are
entangled, it's more difficult for the complexed chains to
physically transport “long distance” with the associated ions as
they would in a liquid system; however, above the glass transi-
tion temperature, significant chain segmental motion exists,
which enables a solvation-desolvation process along the chain.
When chain segmental motion allows substitution of the anion
site for an additional neighboring ligand, the charged pairs are

Table 1 Selective examples of current SPE systems®
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separated and move in opposite directions. To this end, in order
to effectively solvate the salt and form polymer-lithium
complex, the following basic criteria need to be satisfied for the
host polymers: (i) a high dielectric constant (¢); (ii) high
electron-donor characteristics, usually found in polymers with a
high concentration of sequential polar groups on their back-
bone, such as ether (-O-), sulfide (-S-), amine (-N-), phosphine
(-P-), carbonyl (C=0) and cyano (C=N), which are good
candidates for complex formation;*>* (iii) appropriate distance
between coordinating centers, which is best illustrated by crown
ethers;*** (iv) a flexible backbone and low steric hindrance for
bond rotation; (v) easy to synthesize and process. PEO is one of
the most extensively studied polymers for SPE because it
exhibits a superior ability to form complexes with a variety of
metal salts.?**>**° The ethylene oxide unit (CH,CH,O) has
strong electron donating capability and an optimal heteroatom
spacing; both characteristics facilitate the dissociation of the
salt. The high flexibility of the PEO chain, indicated by a low
glass transition temperature, allows for reorganization of the
chain for cation coordination. Polypropylene oxide (PPO) is
another candidate as an ion-hosting polymer. Although it
remains amorphous at room temperature favoring ion
mobility, the solvation ability is less effective than PEO due to
its low dielectric constant and steric hindrance imposed by the
additional methyl groups.**** Other polymers, such as poly-
siloxanes, poly(ethylene succinate) and poly(ethylene imine),
have shown a certain capacity for complex formation with alkali
metal salts, but are far less studied than PEO-based
polyethers.*>*®

Only salts with a low lattice energy have been demonstrated
to form complexes with a given polymer host.*® These salts are
usually characteristic of large anions with negative charges well
dispersed by the electron withdrawing ligands. The higher the
degree of charge delocalization, the better the solvation of the

Type of SPE Category Examples c(Sem™) @ T(°C) Mechanical strength (Pa) Ref.
BCP SPE (i) PS-P(S-g-EO)-PS + LiTFSI (O/Li = 20) 2 x 107° @ RT 10% 55
PSt-b-PPME-b-PSt (80% PEO content) ~107* @ RT 5 x 10° 56
PS-b-PEO + LiTFSI (O/Li = 50) ~107° @ 90 ~10° @ 90” 57
LC-BCP SPE (@), (i) PEO-h-PMA/CB + LiClO, (O/Li = 120) 2 x 1077 @ 20° N/A 58
2/LiCF3S0; 1.5 x 10°° @ 357 N/A 59
PEO-ceramic nanofiller (i), (iii) PEG (M, 250 Da)/LiTFSI (O/Li = 20) + 20 107 @ RT 10° @ RT 60
wt% fumed silica
P(EO)3LiClO, + 10 wt% TiO, (13 nm) 1.75 x 10™° @ RT N/A 29
Stretched SPE (ii) P(EO),Lil ~107* @ RT* N/A 61
HP (@), (i) Norland 65 + PEG(400 Da) + LiTFSI (O/Li ~ 1.93 x 10°° @ RT N/A 62
=19) @ 45 VV%
Single ion conductor (iii) PCHFEM-Li/PEO (M,, 400 kDa) blend ~107° @ 100 N/A 63
P(MEO-MALA) 2 x 1077 @ RT N/A 64
P(STFSILi)-b-PEO-b-P(STFSILi) @ O/Li = ~107° @ 60 ~9 x 10% 65

27

4 Dynamic Young's modulus was measured at 1 Hz. ” Shear modulus was measured using parallel plate rheometer. ¢ Ionic conductivity was
measured parallel to PEO cylinder long axis. ¢ Ionic conductiViSY was measured parallel to the smectic layer. ¢ d.c. conductivity was measured

along the stretching direction using four-probe-electrode setup.
¢ BCP: block copolymer, LC: liquid crystalline.

This journal is © The Royal Society of Chemistry 2015

Tensile strength was measured at 40 °C on a DMA at 0.1 N min~ " ramp force.
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salt is in a given host. The dissociation constant for commonly
used anions follows the order below:****552

(CF380,),N",AsFs~ > PFs~ > ClO, > BF,” > CF;80;™ >
CF;CO,~

Other factors that need to be taken into consideration for the
salt to be used as the solute in the electrolyte include: high
solubility and conductivity, inert against electrodes, wide elec-
trochemical window, good thermal stability, and minimum
toxicity. Summaries on the property and performance of
different types of salts can be found in several reviews.>>*"%?

As previously mentioned, one of the greatest challenges for
SPE development is to improve the room temperature conduc-
tivity to at least 10~* S em™' while maintaining the shear
modulus of the electrolyte sufficiently high (~7 GPa suggested
by computational simulation®) to inhibit lithium dendrite
formation. During the last few decades, tremendous efforts
have been made to develop novel SPE systems that can meet the
desired performance requirement; these strategies generally fall
into the following three scenarios: (i) designing of a multiphase
SPE to decouple ion transport from the mechanical support; (ii)
improving conductivity anisotropy, optimizing ion conducting
pathways by creating directional and continuous conducting
channels; (iii) developing single ion conductors to increase
charge carrier density. Table 1 summarizes the properties of a
number of selected SPEs recently reported. The following
sections will provide detailed discussions with the focus on
anisotropic ion transport.

3. Crystalline morphology directed
ion transport
3.1 Phase diagrams of PEO based SPE

It is helpful to start our discussion with a phase diagram of a
SPE. Taking PEO as an example, the phase behavior and crys-
talline morphology of PEO-lithium salt SPEs have been exten-
sively studied since 1980s.'>>*%72 Several phases are defined in
a PEO-lithium salt SPE: a crystalline PEO phase, amorphous
PEO-lithium complex phase, and stoichiometric crystalline
PEO-lithium complex phases. The number and types of phases
depend on the anions, salt concentration and thermal history,
and can be determined by X-ray diffraction, NMR, thermal
analysis or polarized light microscopy (PLM).*® We define three
regions of semicrystalline SPE based on the type of phases
present in the electrolyte at room temperature. Dilute electro-
lytes (typically at an O/Li molar ratio less than 20) consist of two
phases: a crystalline PEO phase and an amorphous PEO-
lithium complex phase. Semi-dilute electrolytes (an O/Li molar
ratio of approximately 8-20) have the most complicated
morphology where multiple phases co-exist, including crystal-
line PEO, an amorphous PEO-lithium complex phase and a
crystalline PEO-lithium complex phase. A concentrated SPE (or
polymer in salt) consists of crystalline complexes with stoichi-
ometry of 6:1, 4:1, 3:1 or 2:1 depending on the type of
anion. Semi-dilute and concentrated regions are of practical

48796 | RSC Adv., 2015, 5, 48793-48810
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importance since that is where the optimal ionic conductivity is
often observed.

Fig. 2 shows the reported phase diagrams of a few commonly
studied PEO-lithium salt SPEs.®*”® Stoichiometric compounds
of 6 : 1 and 3 : 1 are found in the SPEs containing LiClO,, LiAsF¢
and LiN(CF3S0,), (LiTFSI), while only a PEO-lithium 3:1
complex is identified in PEO-LiCF;SO; SPEs. A eutectic point
with a melting temperature of 50-55 °C is observed for all types
of SPEs at a composition range ~10 < O/Li molar ratio < 100
except for low M,, PEO-LIiTFSI SPE, in which a crystallinity gap
between 6 < O/Li < 12 is observed due to the plasticizing effect of
the anion. P(EO)¢LiAsF¢ has a melting temperature of 136 °C,
which is 70 °C higher than that of P(EO)sLiClO,. Most P(EO);LiX
complexes have melting temperatures above 100 °C.

The ionic conductivity, g, can be correlated to the concentration
of free ions, or ions contributing to charge flow, p, and the diffu-
sion coefficient, D, with the Nernst-Einstein relationship, eqn (1):

2
- q_D7 (1)
kyT

The overall conductivity of the polymer electrolytes is
determined by (i) the number of charge carriers; (ii) degree of
charge dissociation, and (iii) the interaction between the ions
and the polymer chain, all of which are strongly affected by the
ion concentration. For most of the SPE systems above the PEO
melting temperature, the optimized ionic conductivity is ach-
ieved at an O/Li molar ratio of 8-20, as shown in Fig. 3. In the
dilute region, the ionic conductivity increases monotonically
with ion concentration due to the increased number of charge
carriers. Above the optimal concentration, ionic conductivity
begins to decrease as a result of significant ion pairing and
physical cross-linking between polymer chains and Li" ions,
and from the formation of PEO-Li crystalline complex that
restricts the ion mobility. At temperatures below T,,, the
concentration dependence on ionic conductivity is complicated
by PEO crystallization.

3.2 Ion conduction in crystalline SPE complex

At high concentrations, PEO forms stoichiometric crystalline
compounds with Li" cations. These crystalline compounds are
generally believed to be insulating except for certain
P(EO)s:LiXF, crystalline complexes (X = P, As, Sb) that were
reported by Bruce et al.*»7*7® The structure of this 6 : 1 crystal-
line electrolyte was resolved from powder diffraction data; one
example (P(EO)s:LiAsFe crystalline complex) is shown in
Fig. 4a.*»”*7” The crystalline complex adopts a monoclinic unit
cell with two PEO chains interlocking to form cylinders and Li"
cations residing in a row inside each of the cylinders. Each PEO
chain adopts a non-helix conformation of ctggtgcgtctigtgcgt. The
anions are located between the cylinders and do not coordinate
with Li*. The crystalline structures of all three complexes are
similar, and the Li* coordination number and Li-O bond
strength remain unchanged for all three crystalline complexes.
As the anion size increases from PFs~ to AsFs~ to SbFg , the

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Phase diagrams of a series of PEO-LiX electrolytes: (a) PEO-LIClOy4; (b) PEO-LiAsFg; (c) PEO-LICFsSOs; (d) PEO-LITFSI. (a—c) are
reprinted with permission from J. Electrochem. Soc., 133(2), 315-325, (1986). Copyright© 1986, The Electrochemical Society; (d) is reprinted with
permission from Macromolecules, 1994, 27, 7469-7477. Copyright© (1994) American Chemical Society.
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Fig. 3 lonic conductivity as a function of salt content at various
temperatures for (a) PEO-LIClO4 system; (b) PEO-LiAsFe system.
Reprinted with permission from J. Electrochem. Soc., 133(2), 315-325
(1986). Copyright®© 1986, The Electrochemical Society.

volume of the unit cell expands by pushing the cylinders apart
along b and c axis and stretching the polymer chain along a axis.

The temperature dependent ionic conductivity of crystalline
P(EO)s:LiSbF, as shown in Fig. 4b suggests that ion conduction
not only takes place in crystalline phases, but also is faster
compared with that in more mobile amorphous phases. The
conductivity plot of P(EO)s:LiSbF, exhibits typical Arrhenius
behavior, indicating an ion hopping mechanism is dominating
for the ion conduction. The Li" diffusion pathway within the
cylinder is also proposed based on the crystal structure and is
illustrated in Fig. 4c. The migration of Li' from one site to the
neighboring site is facilitated by the presence of vacancy
defects.

Despite that promising ion conduction has been demon-
strated in these P(EO)q:LiXF, crystalline complexes, the room
temperature conductivities (10~ to 10™% S em™ ) are still not
sufficient for lithium battery applications. Substituting LiXFs
with a salt-bearing large delocalized anion, such as TFSI ,

This journal is © The Royal Society of Chemistry 2015

improves the conductivity by one to two orders of magnitude
due to the disruption of the potential around Li" in the region of
TFSI™ anion.** Increasing the PEO polydispersity or replacing
the methoxy capped chain end with -OC,H; group may further
improve the conductivity by one order of magnitude via intro-
ducing more defects that lead to an increased concentration of
charge carriers.” Another limitation for using these crystalline
SPEs is that the optimal ionic conductivity is at M,, of 1000 Da,

-7.04 o ®
.
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o o L]
-8.0
g .
-85 o o
.
(o]
-9.0
o
-95
r O
31 32 33 84 85 36 37

1,000/ T (K")

Fig. 4 (a) Crystal structure of P(EO)e:LiAsFe crystalline complex; (b)
temperature dependent ionic conductivity of crystalline (solid circle)
and amorphous (open circle) P(EO)e:LiSbFg; (c) schematic illustration
of Li* diffusion pathways in a P(EO)sLiPFe crystalline complex. (a and b)
are reprinted by permission from Macmillan Publishers Ltd, Nature,
2001, 412, 520-523, Copyright© (2001). (c) is reprinted with permis-
sion from J. Am. Chem. Soc., 2003, 125, 4619-4626. Copyright©
(2003) American Chemical Society.
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relatively small for practical applications; further increasing the
M,, significantly reduces ion conductivity due to the increase of
grain boundaries and misalignment of the crystallites that
impedes ion transport.

3.3 Ion conduction in semi-crystalline SPE

As previously discussed, the crystallization of linear PEO has
long been viewed as unfavorable for ion conduction. PLM
experiments reveal that PEO crystallizes into fringed spherulites
in dilute SPE, due to the strong interference with lithium
salts.”®®* During the PEO crystallization process, lithium salts
are expelled from the crystals and are enriched in the amor-
phous phase between adjacent spherulites, as well as in the
amorphous inter-lamellar region. The inhomogeneity of the SPE
can be probed using impedance spectroscopy.®” In semi-dilute
electrolytes, both the PEO-lithium complex (salt-rich) and the
PEO (salt-poor) phases crystallize into spherulitic
morphology.®”*® The salt-rich crystalline complexes also exhibit
aregularly and densely packed spherulitic morphology but with
higher melting temperatures.”*** In addition to inter-
spherulite boundaries, individual spherulites are comprised of
crystalline lamellae and amorphous regions, with typical thick-
ness of a few nm. This rather complex morphology certainly
affects the macroscopic conductivity of the corresponding SPE,
and in many cases, leads to conductivity anisotropy.

Generally speaking, the impact of crystallization can be
categorized into three aspects: (i) decreasing the effective frac-
tion of amorphous conducting phase; (ii) restricting chain
mobility (dynamic/tethered chain effect) and (iii) introducing
tortuous pathways for ion transport (tortuosity effect). Although
extensive studies have been conducted to understand the
correlation between crystallization and ionic conductivity
reduction, obtaining quantitative analysis is challenging since
those three factors are usually intertwined. The temperature
dependent conductivity plots of semicrystalline PEO SPEs
provide some useful information on the degree of conductivity
reduction due to PEO crystallization. Fig. 5 shows the conduc-
tivity plots of a series of P(EO),LiClO, electrolytes. A conduc-
tivity “knee” is observed for electrolytes at all concentrations
around the PEO melting temperature, T, (~60 to 70 °C), below
which the conductivity quickly drops to below 107 S cm ™. This
2-3 orders of magnitude of conductivity reduction at room
temperature results from the decrease of the conducting phase
volume fraction, restriction of chain mobility, and the increased
tortuosity as mentioned earlier, whereas the contributions from
each factor cannot be quantitatively deconvoluted. All SPEs
follow a typical Arrhenius behavior below the Ty, of PEO, sug-
gesting that the long range polymer segmental motion is
restricted and ion hopping is the major ion conducting mech-
anism. The steeper slope at low temperatures indicates that
there is a higher energy barrier for ion transport in semi-
crystalline SPEs.

Although the highest ionic conductivity is expected to be in
the completely amorphous state where the chain mobility is
higher, an interesting observation has been reported by
Fullerton-Shirey et al. on solution cast PEO-LiClO, SPE

48798 | RSC Adv., 2015, 5, 48793-48810
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Fig. 5 (a) Temperature dependent ionic conductivity for solution cast
P(EO),LIClO, electrolytes, reprinted with permission from J. Electro-
chem. Soc., 133(2), 315-325 (1986). Copyright© 1986, The Electro-
chemical Society (b) ionic conductivities, glass transition temperatures
(Tg) and crystallinity (*) as a function of LiClO4 concentration at
different temperatures for PEO-LiClO,4 SPE, adapted with permission
from Macromolecules, 2009, 42, 2142-2156. Copyright© (2009)
American Chemical Society.

systems.?* The plot in Fig. 5b shows that the 14 : 1 (O/Li molar
ratio) sample with 31% crystallinity has comparable and even
higher ionic conductivity than the 8 : 1 sample that is completely
amorphous at 22 °C and 50 °C, respectively, though the effective
Li" concentration (normalized by PEO crystallinity) and the T, of
the two SPE are the same. Apparently in this case, the ion
conduction is decoupled from chain mobility and the enhanced
ionic conductivity in semicrystalline SPE indicates that there
might be a faster ion transport in the amorphous conducting
phase when confined by the PEO crystalline lamellae.

3.4 Ion conduction in polymer single crystal SPE

We recently demonstrated that in addition to the well-known
slowed dynamics of the tethered amorphous chain, the
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tortuous ion diffusion pathway associated with 2D polymer
lamellar crystals is critical to the overall observed conductivity
reduction. We quantitatively deconvoluted these two factors by
preparing a model system (a SPE comprised of polymer single
crystals and lithium salts, denoted as polymer single crystal
SPE) with precisely controlled crystalline morphology and
crystal orientation.®® Polymer single crystals have been used for
avariety of applications, and polymer single crystal SPEs are one
of the most recent developments.**'* To prepare the SPEs with
precisely controlled morphology, PEO single crystals were first
grown in dilute pentyl acetate solution using a self-seeding
method.**®® Because of the well-controlled crystallization
conditions, the obtained PEO single crystals have a uniform
size: they are approximately ~20 x 20 um wide (Fig. 6a) and
~10 nm thick, and therefore can be viewed as quasi-2D nano-
plates. The single crystal suspension was slowly casted onto a
PTFE substrate and dried under vacuum at room temperature to
yield a single crystal film with an average thickness of ~20 pm
(Fig. 6¢). 2D WAXD experiments were conducted with the X-ray
beam parallel to the film surface, and the in-plane diffraction
pattern reveals well oriented patterns with (120) equatorial
diffractions at 26 = 19.15° and (032) diffraction at 26 = 23.3° in
the quadrants. Detailed analysis of the pattern shows that the
polymer chains are aligned parallel to the film's normal and the
Herman's orientation factor of (120) diffraction, fi,, is calcu-
lated to be 0.80. The period of the lamellar stacks is 9.6 nm,
which is comprised of two layers of amorphous loops attached
to the crystalline stems. The crystallinity X, is estimated to be
0.77 based on the integrations of isotropic WAXD patterns.
Combining SAXS and WAXD results, the thickness of each
amorphous loop layer is calculated to be approximately 1.1 nm,
and the crystalline stems have a thickness of 7.4 nm.

To prepare PEO single crystal SPEs, LiClO, was infiltrated
into the above mentioned PEO single crystal films by soaking
the latter in a LiClO,/pentyl acetate solution at various salt
concentrations and infiltrating times. To simplify the system,
we controlled the Li" concentration in the region of 0.001 < r <
0.05, where r is the molar ration between Li* and EO group, so
that only crystalline PEO and amorphous PEO-Li complex are
present. SAXS and WAXD show that we can adopt a 2-phase
model with a PEO crystalline phase and an amorphous PEO/Li"
salt phase to analyze the ion transport behavior: all the ions are
confined in a 2D space with a thickness of ~2-3 nm. We then
used an effective Li* to EO molar ratio by normalizing r with the
corresponding crystallinity of each SPE, denoting the normal-
ized r as (r) ((r) = r/(1 — X.)). Fig. 7 shows that both in-plane
conductivity o) and through-plane conductivity ¢, increase
rapidly with (r) at low Li" ion concentrations ({r) < 0.02), and
nearly plateau when (r) > 0.02. The conductivity difference
along these two directions can be quantified by defining an
anisotropy factor asA = o)/c , . For (r) <0.02, A is approximately
800-2000, and it decreases to 100-300 when (r) > 0.02. A
modified Nielsen's model, which is typically used to describe
the relative permeability in polymer nanocomposites contain-
ing platelet-like nanofillers, was used to explain the conductivity

anisotropy:****
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Fig. 6 (a) Phase contrast optical microscopy image of PEO single
crystals grown from dilute solution before casting into films (scale bar
is 20 um). Inset shows a transmission electron micrograph of a typical
single crystal (scale bar is 10 pm); (b) atomic force microscopy height
image of a 15 x 15 um area scan of PEO single crystals. Inset shows the
corresponding height profile along the white line; (c) scanning elec-
tron micrograph of the cross-section of a PEO single crystal film, red
arrow shows the film normal (scale bar is 200 nm). Inset shows the
optical image of the dry film; (d) schematic of PEO single crystal SPE
preparation.®® Reprinted with permission from Macromolecules, 2014,
47, 3978-3986. Copyright© (2014) American Chemical Society.

1_¢s

L 2 1
g (3) (543)

where R, is the relative permeability of the nanocomposite
compared with pristine polymer, ¢, is the volume fraction of the
filler, L/W is the aspect ratio of the filler, and S is order
parameter of the filler and is defined as § = 1/2(3 cos” § — 1),
where 6 is the angle between the platelet normal and the
diffusion direction. If we treat the crystalline portion of the 2D
PEO single crystals as platelet-like nanofillers and the amor-
phous fold regions as the matrix, eqn (2) can be used to describe
the relative permeability of lithium ions (R,) diffusing through
the single crystal SPE compared to an amorphous matrix. The
anisotropy factorA =g )/o | = Rau/Rcu was calculated to be 668 at
¢s = 0.77,and 521 at ¢ = 0.6. The calculated value fits well with
the measured anisotropy at the lower r region but is slightly
higher than the measured value at the higher r region. This
discrepancy may be because Nielsen's model is usually used to
describe non-interacting gas molecules diffusing through a
composite system and is only valid when the molecule size is
much smaller than the nanofiller dimension.

R, =

=R, (2)

Fig. 7 also shows the differences between ¢ and isotropic
amorphous SPE at corresponding ion contents (o). At 7 = 0.1, g,
can be directly measured immediately after quenching the SPE
from 120 °C to room temperature because the SPE remains 100%
amorphous due to the slow crystallization kinetics at this ion
concentration. For linear SPE at r < 0.1, a Vogel-Tammann-
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Fig. 7 (a) lonic conductivity and conductivity anisotropy at RT as a
function of normalized r (black open square — o) of single crystal SPE;
red open circle — o, of single crystal SPE; blue solid diamond -
conductivity anisotropy o)/ | of single crystal SPE; green triangle - g
of linear PEO-LIClO4 SPE; brown inverted triangle — oo of network
PEO-LIClO4 SPE from ref. 107) (b—d) shows that ions are confined in
the PEO fold regions at different concentrations.®® Reprinted with
permission from Macromolecules, 2014, 47, 3978-3986. Copyright©
(2014) American Chemical Society.

Fulcher (VTF) equation was used to fit the high temperature
(above melting) data and extrapolate the plot to room tempera-
ture,'®®**° in order to obtain ¢, values (shown as green triangles
in Fig. 7). As a comparison, g, values of cross-linked PEO
network (100% amorphous) SPE reported by Watanabe et al.'*’
are also shown in Fig. 7. Despite a slight discrepancy of the g, values,
which is likely due to cross-linking effects, the conductivities for
both linear amorphous and network SPEs gradually decrease with
increasing Li* concentration, due to the increase of the glass tran-
sition temperature. In the dilute ion region, e.g. (r) = 0.01 and the
effective EO to Li ratio is 100 : 1, there are ~12 loops per Li" on the
crystal surface. Considering Li" ions are confined between two fold
surfaces, each Li" ion has to hop over ~2-3 loops, or approximately
~1 nm, to reach another ion as depicted in Fig. 7b. It would be
energetically more difficult for these tethered segments to adjust
their local conformation in order to assist the multiple hopping of
each ion compared with amorphous SPE. At higher salt concen-
trations (e.g. (r) = 0.11) where o,/ g, is ~1, there is approximately
one Li" ion per loop, allowing Li" to efficiently hop among PEO
loops. The tethered chain effect seems to be overwhelmed by the
cross-linking introduced by the Li* ions themselves, and the only
effect of crystallization on the overall conductivity of SPE is tortu-
osity. Furthermore, the molecular conformation of the loop and the
typically crosslinked amorphous PEO are likely different. The loops
are well defined and locally pinned between the adjacent crystalline
stems, while the linear amorphous PEO, even crosslinked, may
undergo long or semi-long range reptation.

3.5 Summary of crystalline structure effect on ion transport

In summary, the ion conduction in linear PEO based SPEs is
complicated by crystallization. Although there is a direct
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correlation between polymer dynamics and ion transport in
most of these SPEs, caution needs to be taken when interpreting
the ionic conductivity in a specific SPE system. The segmental
motion alone cannot fully explain the ion conduction
phenomenon in crystalline SPE. The nanoscale structure and
morphology of the electrolytes are also important factors that
contribute to the overall ionic conductivity.

4. Anisotropic ion transport in block
copolymer SPE
4.1 Phase behavior and ion distribution in BCP SPE

Due to the unique micro-phase separated structure, block
copolymer SPEs containing rigid reinforcing segment and soft
ion conducting segment provide an elegant solution for
decoupling of mechanical properties and ionic conduc-
tivity.>”*¢57111-119 The degree of phase separation of the block
copolymer is governed by the Flory-Huggins interaction
parameter (x). Depending on the degree of polymerization (N)
and the volume fraction (f) of each block, the morphology of a
linear AB diblock copolymer could change from spherical (S),
cylindrical (C), gyroid (G), and lamellar (L).”***** The most
commonly studied block copolymer SPEs are based on polymer/
salt blends in which the salt is preferentially dissolved in the
PEO block. Introduction of lithium salt into the conducting
domain significantly influences the phase behavior of the block
copolymer and ultimately impacts the ionic conductivity of the
SPE.>71111227133 The shift in phase behaviors in these block
copolymer SPE systems is attributed to the change of Flory-
Huggins interaction parameter (x) due to the introduction of
the salt. The complexation between PEO chains and lithium
ions typically results in an increased incompatibility between
the PEO domain and the non-conducting domain, driving the
phase separation towards the strong segregation region. On the
other hand, this ordered nanostructure renders property
anisotropy of block copolymer SPE.

Ion distribution in block copolymer SPEs is the starting
point to discussing conductivity anisotropy. Gomez et al.
studied the Li" distribution in a polystyrene-b-PEO (PS-b-PEO)
block copolymer SPE with lamellar morphology using energy-
filtered transmission electron microscopy.'*® The elemental
mapping of the block copolymer SPE cross-section reveals that
lithium ions are preferentially located at the center region of the
PEO domains. This is because the PEO chains are stretched at
the interface and this extended conformation is unfavorable for
EO/Li" coordination, leading to an exclusion of the ions away
from the PEO-PS interfacial region (Fig. 8).

The chain stretching effect at the interface of the two blocks
and uneven ion distribution suggest a fundamental difference
in ion conduction mechanism between block copolymer SPE
and homopolymer SPE. As discussed earlier, the ion conduction
mechanism in homopolymer electrolyte systems is mainly
governed by the polymer segmental motion. The cation mobility
initially decreases with the increase of M,, and becomes nearly
independent of M,, above the M, (3200 g mol~* for PEO), which
is consistent with the M,, dependence on T,. However, the ionic
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PS-PEO
+ LiTFSI

Fig. 8 Elemental mapping of a PS—PEO block copolymer SPE doped
with LiTFSI. Reprinted with permission from Nano Letters, 2009, 9,
1212-1216. Copyright® (2009) American Chemical Society.

conductivity shows a complex dependence on the molecular
weight in the block copolymer SPE case. Balsara and co-workers
have systematically studied the M, effect in a lamella-forming
PEO-PS  block copolymer electrolyte doped  with
LiTFSL.>71617:134 1 the low M,, region where Mggo is below 10 kg
mol ™7, all the ions are confined in the interfacial zone, and the
ion conduction is affected by at least two competing factors: T,
of the PS block and the width of the conducting PEO channel,
and the net effect results in a weak linear declining trend of the
normalized conductivity as a function of Msgo. When Mggo is
above 10 kg mol ', the interfacial effect becomes negligible and
the normalized conductivity exhibits a sigmoidal increase with
increasing M,, due to the increased fraction of the “free” PEO
conducting channel. Ganesan et al. employed coarse-grained
simulations of the sorption and transport of penetrant cations
to study the M,, dependence of conductivity of homopolymer
and block copolymer SPE.*** They showed that in homopolymer
SPE, diffusivity effects associated with the free ends of the
polymers play an important role. In block copolymer lamellae,
the interfacial zone between the blocks presents hindered ion
diffusivity and is dependent on molecular weight.

4.2 Alignment and conductivity anisotropy in BCP SPE

In addition to the altered phase behavior and nonuniform
distribution of ions in the PEO domain, the nonconductive
domain of the block copolymer apparently blocks ion transport,
which leads to anisotropic ion transport. Gwee et al. reported
anisotropic conducting behavior in a PS-b-poly(methyl metha-
crylate) (PS-b-PMMA)/1-ethyl-3-methylimidazolium bis (tri-
fluoromethylsulfonyl)imide (EMIm-TFSI) blend system."** Young
et al. investigated the correlation between sample processing
conditions and the corresponding ionic conductivity using
LiClO, doped PEO-b-PS, where PEO is the majority domain."””
The SPE samples were hot pressed into disks under vacuum. The
authors also cut the disks into ~0.5 mm wide strips, which were
turned 180° and 90° with respect to the axial direction of each
strip, and repacked. They found that for a lamella-forming
sample, the moderate shear created during hot-pressing can
orient domains perpendicular to the compression force direction
and led to as much as 2.5 times decrease in the through-plane
conductivity. However, for a hot-pressed cylinder-forming
sample, conductivity was not affected by the domain orienta-
tions due to the 3-D conducting pathway of the PEO matrix.

This journal is © The Royal Society of Chemistry 2015

View Article Online

RSC Advances

Park et al. systematically studied the alignment effect on
conductivity in proton-conducting domains in hydrated poly-
(styrenesulfonate-b-methylbutylene) copolymer films using
several approaches, including solvent casting, hot pressing, and
applying external forces such as electric field, or mechanical
shearing.”®® The alignment of lamellae was quantified by a
combination of 2D SAXS, birefringence, and TEM. Quantitative
relationships between domain orientations and transport
properties were obtained via in-plane and normal-to-plane
proton conductivity measurements of aligned samples. They
showed that the pressed sample had highly anisotropic proton
conduction with A = 75. Electric field and shear flow alignment
lead to an A of ~1.3 and 1.4, respectively (Fig. 9).

The conductivities in block copolymer SPEs are often esti-
mated using the effective medium theory (EMT)."* Based on
EMT, if one assumes that the ions are only located in one phase,
the effective conductivity ¢ can be written as:

g = f¢c00 (3)

where g, and ¢, are the intrinsic conductivity and the volume
fraction of the conducting phase, and f is the morphological
factor. For lamellar block copolymers, f = 2/3, and 1/3 for
hexagonally packed cylinder structures. Note that this conclu-
sion is based on the following assumptions: (i) the length scale
of the heterogeneities is much less than the length scale of the
medium; (ii) the orientations of the small-scale domains are
uncorrelated; and (iii) the interaction at the domain interfaces
can be neglected. Numerous reports have shown that the
morphological factor may be much smaller than the values
predicted by both theories, ranging from 0.01-0.67,"*%** and
the discrepancies are typically attributed to the poor connec-
tivity between microdomains, which leads to lower measured
conductivity for isotropic samples.'**'*

Liquid crystal (LC) directed block copolymer alignment
appears to be a more efficient approach to enhance conductivity
anisotropy.®*°*1%143714¢ Kishimoto reported a macroscopically
oriented LC polymeric film with a layered nanostructure
prepared by in situ photopolymerization. The ethylene oxide
segment was selectively doped with LiSO;CF; for ion conduc-
tion and the mesogenic core induced the self-assembly.> The

M in-plane
%77 normal-to-plane

solvent pressed E-field
cast aligned

aligned

Fig. 9 The equilibrium in-plane and normal-to-plane conductivity
values of as-cast and aligned samples.**® Reprinted with permission
from Macromolecules, 2009, 43, 292-298. Copyright© (2009)
American Chemical Society.
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Fig. 10 Schematic drawing of structure evolution of diblock copolymer complexes PEO;14-b-PMA(Az)47 + LiICF3SO3 at low — medium and high
salt concentrations. (a) Chemical structure of the block copolymer, (b) at low and medium salt concentration, selective complexation of Li* with
PEO phase leads to the formation of ordered array of ion-conducting PEO nanocylinders, which are perpendicular to the substrate surface, (c) at
high salt concentration, the lithium salt dissolves in both PEO and PMA(Az)4; domains, depresses liquid crystalline ordering and disturbs phase
segregation of diblock copolymer. (d and e) Top and cross-sectional AFM phase images of PEO;14-b-PMA(Az) 47 + LICF:SO3z membranes (EO : Li*
= 20). (f) Corresponding conductivity. Adapted with permission from Macromolecules, 2007, 40, 8125-8128. Copyright© (2007) American

Chemical Society.

electrolyte membrane was spontaneously aligned perpendicular
to the glass or ITO substrate when cooled from the isotropic to
smectic A phases, and conductivity anisotropies as high as
~4.5 x 10> were observed at 35 °C, indicating that the ion
conduction is efficiently confined within the layer. However, the
degree of alignment is limited to the micrometer scale along the
thickness direction and none of the studies had compared the
in-plane conductivity of the aligned SPE with the isotropic or
intrinsic conductivity values.

Alignment of the micro-domains leads to an improvement of
the ionic conductivity by creating continuous conducting path-
ways for directional ion transport. Li et al. reported an anisot-
ropy in lithium ion conductivity in phase-segregated LC diblock
copolymer PEO-h-PMA(Az) membranes containing mesogene
azobenzene units, 11-[4-(4’-butylphenyl-azo)phenoxy]-undecyl
methacrylate PMA(Az)"**'" and perpendicularly oriented PEO
cylindrical domains as ion transport channels (Fig. 10a-c).
Selective doping of lithium salts into the PEO cylindrical
domains was achieved by mixing an appropriate amount of
LiCF;S0; with 4 wt% of toluene solution containing the copol-
ymer, then coating onto the desired substrate, and annealing at
140 °C for 24 h. The microphase segregation forces the PEO
cylindrical domains containing the lithium salt to be hexago-
nally arranged and normally oriented in the PMA(Az) domain
matrix. Fig. 10d and e shows the atomic force microscopy (AFM)
top and cross-sectional images of the phase separated SPE. Most
of the cylinders with a diameter of around 11 nm can span the
entire membrane, i.e., from one interface to the other. Fig. 10f
shows the temperature dependence of the ionic conductivities
perpendicular (o, ) and parallel () to the substrate at two salt
concentrations. At an O/Li molar ratio of 20 : 1, the perpendic-
ular conductivity initially increases with the increasing temper-
ature. Above the transition temperature from the smectic A to
the isotropic phase, the perpendicular conductivity abruptly
drops. The same tendency was observed at the higher salt
concentration (O/Li molar ratio = 4 : 1), although the increase in
o, conductivity was not as high as expected. On the contrary, the
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parallel conductivity behaves in a different manner, exhibiting a
monotonous increase with increasing temperature for O/Li
molar ratios of 20:1 and 4:1. The maximum anisotropy A
reaches 450 and 40 for O/Li molar of 20 : 1and 4 : 1, respectively.

Osuji and co-workers reported macroscopic alignment of
LC-block copolymer SPE using magnetic fields,>®140143146,1487150
Fig. 11 shows an example of the structure of a poly(ethylene
oxide-b-6-(4'-cyanobiphenyl-4-yloxy)-hexyl methacrylate) PEO-b-
PMA/CB block copolymer membrane. LiClO, was selectively
doped into the PEO cylindrical domains for ion conduction and
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Fig. 11 Structure of the poly(ethylene oxide-b-6-(4’-cyanobiphenyl-
4-yloxy)-hexyl methacrylate) PEO-b-PMA/CB block copolymer
membrane doped with LiClO4 (top); (a) room temperature ionic
conductivities and (b) temperature dependent conductivity plots of
random and aligned block copolymer SPE along two orthogonal
directions.®® Reprinted with permission from J. Am. Chem. Soc., 2010,
132, 17516-17522. Copyright© (2010) American Chemical Society.
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the alignment of PEO cylinders was directed by the smectic
poly(MA/CB) block upon magnetic field exposure.

In this work, the parallel (||) and perpendicular (L) direc-
tions were defined as the PEO cylinders parallel and orthogonal
to the electrode surface, respectively. The conductivity anisot-
ropy A reached ~10° under 5 T magnetic field, suggesting the
effective blocking of ion migration transverse to the PEO
cylinder long axis direction. Interestingly, a nearly 10-fold
increase of the ¢, compared with that of isotropic SPE was
observed, which deviated from the expected 2-fold increase
based on the morphological argument predicted by EMT. This
discrepancy suggests that the less ideal connectivity at the grain
boundaries may have caused the conductivity decrease in the
isotropic LC block copolymer SPE.

5. Mechanical field induced
anisotropic ion transport

Conductivity anisotropy has also been found in stretched semi-
crystalline PEO SPEs.°»"'"'* Golodnitsky and co-workers
reported stretching induced conductivity enhancement by a
factor of 5 to 40 in several P(EO),LiX (X = I, CF3SO3, TFSI, BOB)
electrolytes.®*5**53138 In these studies, the hot pressed electro-
lyte membranes were uniaxially stretched under 450-500 N
cm™? load at elevated temperatures and the in situ longitudinal
conductivity was monitored. Stretching induces the unraveling
of loops in the polymer molecules and enhances the chain
alignment along the direction of applied force. Despite a
decrease of polymer segmental motion, it was suggested that Li"
hopping along the helix is facilitated by the long range order, as
supported by the enhanced Li" diffusivity measured by Li NMR
and the decreased activation energy obtained from Arrhenius
plot. A maximum conductivity anisotropy of 40 was observed in
a concentrated semi-crystalline electrolyte P(EO),Lil, in which
the partial alignment of the PEO helices in the crystalline
phase was believed to be responsible for the conductivity
enhancement.

Li et al used multi-axis pulsed-field-gradient NMR to
measure diffusion anisotropy to probe the orientational order
as a function of water content and membrane stretching in a
uniaxially stretched Nafion film."* They showed that transport
anisotropy depends linearly on the degree of alignment: with
increased alignment, substantial enhancement in water trans-
port along the draw direction and suppression in the transverse
direction was achieved. Dong et al. fabricated Nafion nanofibers
using electrospinning and showed that a high proton conduc-
tivity value of 1.5 S cm ™" was achieved. X-ray scattering showed
oriented ionic domains in the nanofiber, which account for the
enhanced ion conductivity.**®®

6. Anisotropic ion transport in
hybrids/nanocomposite SPE
6.1. SPE containing low dimensional particles

Another widely studied approach to address both conductivity
and mechanical properties is based on PEO-ceramic
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nanocomposite SPEs. The incorporation of certain ceramic
fillers with Lewis acid characteristic such as TiO,, SiO,, or Al,O3
has been shown to enhance both ionic conductivity and
mechanical properties of the SPE.*%>*31:6¢:161176 Dyring the early
investigations, Scrosati and co-workers showed that the addi-
tion of micro-sized ceramic particles y-LiAlO, into a P(EO)s-
LiClO, SPE improved the mechanical properties, interfacial
stability and ionic conductivity;'** however, the mechanism of
this enhancement was not well understood. Follow-up studies
suggest that ceramic particles with nanoscale particle sizes can
result in even better performance, and the ion conduction
mechanism in these nanocomposite SPE was systematically
studied.>*3116>16717% 1t was suggested that the ceramic nano-
particles with Lewis acid characteristics are competing with
lithium cations to form complexes with PEO. Hanson et al
suggested that the ion mobilities are correlated to the
nanoparticle-induced changes in the polymer segmental
dynamics.”” On the other hand, Chung et al. reported that the
cation transference number ¢ for their nanocomposite SPE
(0.5-0.6 for SPE containing TiO,) was considerably higher than
their ceramic-free SPE (usually 0.2-0.3), and the cation diffu-
sivity measured by NMR methods was nearly one order of
magnitude higher in the nanocomposite SPE.** These evidences
likely suggest that the specific Lewis acid-base interactions
among the ceramic surface groups, lithium salt, and the poly-
mer segments facilitate the ion dissociation and possibly create
preferential conducting pathways at the boundaries of the
ceramic particles, promoting Li"* transport.

The types of functional groups on the surface of the ceramic
particles play a critical role to the ion conduction in nano-
composite SPEs. In a study conducted by Croce et al., three types
of Al,O; nanoparticles with acidic, neutral and basic surface
characteristics were incorporated into a P(EO),LiSO;CF;
SPE."° The acidic and neutral Al,O; based SPEs showed higher
degrees of conductivity enhancement over the basic Al,O; SPE,
leading the author to propose the mechanism to be the specific
Lewis-acid interactions. Acidic/neutral Al,O; forms hydrogen
bonding with the anions as well as the ether oxygens on PEO
chains, promoting the salt dissociation and weakening the
cation-polymer coordination, while the basic Al,O; can only
interact with Li"; however, the study conducted by Jayathilaka
et al. on a P(EO),LiTFSI SPE system suggests that there is no
direct interaction between the filler particles and the polymer
chain. The Al,O; particles interact with both cations and
anions, providing additional sites for ion hopping. In this case,
the degree of conductivity improvement provided by the nano-
particles followed the order: acidic > basic > neutral > weakly
acidic > filler free."* Another study on a low M,, PEG-LiClO,-
Al,O; system showed that the neutral fillers gave higher
conductivity compared with acidic and basic fillers.**® There is
no clear trend of surface group type versus conductivity
enhancement, and it seems the specific interactions also
depend on the type of anions and the polymer matrix
being used.

Although the nanocomposite approach for novel SPE devel-
opment appears to be promising, the conductivity enhance-
ment due to the nanoparticles is not wuniversal and
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contradictory results have been found in other SPEs. Best et al.
found no improvement, and even a decrease of conductivity in
some fully amorphous polyether based SPEs with the addition
of TiO, or Al,O; nanoparticles.'”® Johansson et al. reported no
significant influence of the SiO, fillers on amorphous
PEO-LIiTFSI SPEs."” Xie et al. studied a PEO-LiTFSI SPE con-
taining fumed silica nanoparticles, and conductivity of the
composite SPE was found to be decreased above T, when
compared with an ultrapure PEO SPE."® Depending on the type
of anions, the nature of the nanoparticles and the structure and
molecular weight of the polymer, different ion conduction
mechanisms may be present.

Besides the multi-phase nanocomposite SPE, a few mono-
phase hybrid SPEs have also been studied, including 3D
hybrid inorganic organic network SPE and Zeolitic inorganic-
organic SPE."®'* In these systems either metal, non-metal
atoms or inorganic clusters are bridged by organic molecules
to form ion-conducting materials. Detailed reviews on those
systems can be found elsewhere.**”%*

6.2 Two-dimensional nanoplatelets induced conductivity
anisotropy

While the effect of 0-dimensional (0D) nanoparticles on the ionic
conductivity of the SPE is still under debate, it is evident that
introducing 2-dimensional (2D) nanoplates can induce
conductivity anisotropy in the resultant SPE systems.

a) .
I ":ﬁ"&,
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Fig. 12 (a) Arrhenius plot of the variation of conductivity with
temperature. In-plane conductivity (pink *) is ~100 times higher than
cross-plane conductivity (blue x). (b) Schematics showing that cross-
plane ion conduction is hindered by the presence of ordered clay
nanoplatelets. (c) Proposed structure of PEI/Li-clay/PEO LbL assembly.
The trilayer thickness is 4.7 nm, basal spacing 1.4 nm, and gallery
spacing 0.4 nm.*2? Reprinted with permission from Langmuir, 2007, 23,
8515-8521. Copyright® (2007) American Chemical Society.
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Montmorillonite and hectorite, as charged layer (2D) silicates,
have been compounded with polymer ion hosts using solution
infiltration, melt blending and layer-by-layer (LbL) assembly
methods to fabricated hybrid SPE. For PEO/montmorillonite
composites, Ruiz-Hitzky et al. demonstrated conductivity
enhancement in the hybrid SPE, and attributed this enhance-
ment to increased layer separation, a factor associated with
relaxations of the polymer chain."**° It was suggested that the
polymer weakens the interactions between the cation and the
negatively charged clay surface, thereby increasing conductivity.
A conductivity anisotropy of approximately 100 for poly-
phosphazene-montmorillonite SPE was reported by Hutchison
et al.” Lutkenhaus et al. used an LbL method to fabricate hybrid
SPE comprised of poly(ethylene imine) (PEI), LAPONITE® clay,
and PEO (Fig. 12)."> What was unique in their system is that PEI/
Li-clay/PEO forms trilayers; each trilayer was approximately 5 nm
thick, and clay platelets were controlled to be parallel with the
substrate. Anisotropic ion transport, resulting from the aniso-
tropic structure, was demonstrated with a conductivity aniso-
tropic factor of ~100. They also showed that the activation energy
associated with ion transport in (PEI/Li-clay/PEO) (0.35-0.37 €V)
was similar to that of lithium cations in PEO.

7. Holographic polymerization

Holographic polymerization (HP) has been used to fabricate
tunable periodic nanostructured membranes with long-range
order and low defect content.'®® Recently it has been demon-
strated that this versatile technique can be used to fabricate
novel electrolyte membranes with both robust mechanical
properties and highly ordered conducting channels. During the
photopolymerization process, a mixture of photopolymerizable
monomers, initiator, and inert components are exposed to an
interference pattern generated by two or more coherent beams.
The monomers diffuse into the light, or constructive region,
and start to cross-link, while all the inert components are par-
titioned into the dark, destructive interference volumes.
Depending on the geometry of the optical setups, 1D, 2D or 3D
nanostructure with tunable spacing can be readily patterned.
HP structures can be used in various exciting applications.**'**
Due to incorporation of inert materials, a diversity of polymer
composite systems can be fabricated in a top-down manner
with unprecedented structural control. Introduction of soft
matter, such as LCs as the inert material, leads to the formation
of holographic polymer dispersed liquid crystals whose band
gap can be tuned by electric fields and mechanical strain.™®
Hierarchically ordered gratings have also been achieved by
using block copolymers as the inert materials.***'****® Using
HP, we recently demonstrated fabrication of long range ordered
~100 nm nano-channels of electrolyte comprised of Norland 65,
PEO and bis trifluoromethanesulfonimide lithium salt (LiTFSI)
at a Li: EO ratio of 1:19, and termed the membranes holo-
graphic polymer electrolyte membranes (hPEMs).®* The volume
fraction of electrolyte was varied from 29 to 55 v/v%, and a
variety of morphologies were observed. At lower electrolyte
loadings, ~50-200 nm droplets were formed in well-confined
1D layers. Droplet growth, coalescence and deformation from
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photopolymer impingement within these layers as the electro-
lyte loading was increased up to 45-50 v/v% were observed in
TEM, shown in Fig. 13. Upon further loading of the electrolyte,
the thermodynamics of the system limited the formation ability
of the grating, and an ordered assembly of electrolyte droplets is
barely evident in the TEM images.

Electrochemical impedance spectroscopy (EIS) was used to
determine the ionic conductivity of the films at room temper-
ature, shown in Fig. 13. Both through- and in-plane measure-
ments displayed a percolation-like behavior that increased the
conductivity by ~3 orders of magnitude. The in-plane conduc-
tivities were consistently higher than the reflection gratings’,
and a maximum anisotropy of 38 was achieved, which was a 3-
fold improvement over one-step thin film synthesis techniques
at time of publication. This consistent anisotropic behavior is
clear evidence for effective ion-confinement and channel
formation.

However, while already a 3-fold improvement over one-step
thin film synthesis techniques, much available improvement
exists by optimizing the morphology beyond a semi-continuous
brick-and-mortar structure. In HP, the final morphology can be
controlled by tuning the phase separation and photo-
polymerization kinetics. To this end, we used trihexylte-
tradecylphosphonium bromide (BrTHTDP) ionic liquid (IL) to
replace the PEO/LiTFSI system." Fig. 14 shows TEM images of
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Fig. 13 EIS conductivity with respect to electrolyte v/v% loading
measured in the films' z direction (a) and TEM images of corresponding
transmission gratings (b—d) and reflection gratings (e—g) with corre-
sponding electrolyte v/v% with scale bars of 1 um.®? Reprinted with
permission from Nano letters, 2011, 12, 310-314. Copyright©® (2011)
American Chemical Society.
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various electrolyte loadings, where the dark domains are IL-rich
regions and the lighter domains are cross-linked NOA65. Phase
separated, defect free, and long-range continuous layers for
both the IL and NOA65 can be seen clearly in all the samples.
“Cross talk” of adjacent layers was not observed for either
domain in any film characterized. Normalized conductivities
for in-plane and through-plane directions, and the resulting
ionic conductivity anisotropy versus electrolyte loading, are also
shown in Fig. 14. ¢ varies moderately with increasing IL
concentration and a maximum normalized conductivity is seen
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Fig. 14 TEM images of hPEMs. (a), (c), (e), and (g) Micrographs of
20-50 w/w% electrolyte with a scale bar of 200 nm. (b), (d), (f), and (h)
Micrographs with a scale bar of 1 pm. All samples were ultra-micro-
tomed stained with RuOy. (i) lonic conductivity measured via EIS
normalized by IL volume fraction versus electrolyte content of hPEMs
for parallel (blue squares), perpendicular (red crosses) and isotropically
polymerized membranes (orange circles) at room temperature.
Anisotropic ratio of in-plane versus through-plane is shown in green
triangles. Error bars are on the same scale as the symbols. Reprinted
from J. Pow. Sour., 2014, 271, 597-603. Copyright® (2014), with
permission from Elsevier.
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at 40 w/w% with 6.24 x 10~°S ecm™ !, which is comparable to the
pure IL conductivity of 5.28 x 107° S em™'. Increasing or
decreasing the IL loading from this ratio decreases the
normalized conductivity, suggesting optimal partitioning at
this loading. ¢, is lower than o) for all the hPEMs; it signifi-
cantly rises with electrolyte loading, and experiences a weak
percolation-like behavior at 45 w/w% loading. As a result, the
anisotropy increases to 5120 at 30 w/w% and then decreases to
~20 for 45 w/w% hPEM. Clearly, the relatively clean phase
separation also results in the extremely high conductivity
anisotropy between the in-plane and through-plane directions;
the homogeneous NOA65-rich layer “blocks” the through-plane
ion transport. This control is governed by two factors: the
concentration of ions in the NOA-rich layer, and the decrease of
ion mobility caused by an increase in viscosity, which hinders
ion flux. As the NOA65 monomer loading is decreased, the
thickness of the NOA-rich layer decreases and the volume
fraction of trapped ions increases. At a certain NOA-layer
thickness and ion volume fraction, the ions are able to perco-
late through the depth of the NOA65 blockade.

8. Summary and outlook

In this article, we briefly summarized the anisotropic ion
transport in five types of SPE, namely semicrystalline, block
copolymer, mechanically stretched, hybrids/nanocomposites,
and holographic polymerized SPEs. Such anisotropy typically
arises from nanoscale morphology and plays a significant role
in SPE performance. Despite four decades of extensive work in
SPEs, the detailed structures and dynamic nature of ion con-
taining SPEs are still not clear; the intertwined structural and
dynamic effects of polymer chains on ion transport and the
altered phase behaviors of polymers upon ion doping all factor
into the complex behavior of SPEs. From a scientific point of
view, it is intriguing to investigate the phase structures and
dynamics of these complex SPEs. From a technological stand-
point, one has to be mindful of both the potential and limita-
tions in the reported systems. For each system, there are
challenges and opportunities.

8.1 Semicrystalline SPE

Our discussion showed that crystalline lamellae in semi-
crystalline SPE confine and direct ion transports. Therefore,
anisotropic crystalline morphology can be correlated directly
with anisotropic ion transport. In order to design SPEs for
practical applications, high through-plane ion conduction is
needed, which dictates the lamellae must be perpendicular to
the polymer electrolyte membrane. External fields or epitaxy
growth may be employed for this particular purpose.

8.2 Block copolymer SPE

Block copolymer SPEs have been widely studied. The noncon-
ducting domain of the block copolymer can be used to direct
ion transport. Well aligned block copolymer nanomorphology
leads to highly anisotropic ion conduction, and mitigates the
domain contact effect that could reduce ion conductivity. The
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next challenge is achieving large scale aligned block copolymers
in an energetically economical manner.

8.3 Mechanical fields

Mechanical fields can induce conductivity anisotropy and can
be implemented easily based on today's industry setting,
though the conductivity anisotropy is relatively small compared
with other methods. More importantly, however, using this
method leads to the faster ion transport direction being
perpendicular to the film, which is orthogonal to the preferred
transport direction for most applications.

8.4 Hybrids/nanocomposites

Incorporating inorganic fillers to fabricate hybrid/
nanocomposite SPE has shown promise in both mechanical
property and ion conductivity enhancement. Although there are
debates on detailed mechanisms, using 2D or 1D nanofillers to
guide ion transport in SPEs is an interesting direction to pursue.
Given the variety of nanofillers available, it is anticipated that

research activities in the direction will grow further.

8.5 Holographic polymerized SPE

Holographic polymerized SPEs are a relatively new approach;
nevertheless, unprecedented ion transport anisotropy has been
demonstrated. Considering defect-free nanostructure can be
fabricated within a fraction of minutes, this novel system might
lead to a library of interesting SPEs. The clearest challenge in
this direction is how to scale up the nanomanufacturing process
to generate large scale membranes.

It is promising for achieving high through-plane room
temperature conductivity while maintaining good mechanical
properties by tuning SPE nanomorphologies in systems such as
block copolymer, nanoparticle containing, and holographic
polymerized SPE. While ion conductivity, phase structure, and
mechanical properties of SPEs have been extensively studied,
more battery testing experiments need to be conducted to
validate the end device performance.
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