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Design, System, Application statement 

Designing semicrystalline solid polymer electrolytes for lithium batteries applications is often 

hindered by the intertwining structural and dynamic effects of the semicrystalline morphology on 

the ionic conductivity and mechanical properties of the polymers. We show that these two effects 

can be quantitatively separated in the carefully designed polymer single crystal electrolytes. We 

further demonstrate that controlling crystalline morphology could be a viable approach to 

designing desired solid polymer electrolytes for lithium battery applications.  
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Abstract: Solid polymer electrolytes (SPEs) are one of the most promising solutions to the 

safety issues of lithium batteries. Understanding the morphology and dynamic effects on the ion 

transport properties of SPEs would be essential for future SPE design. In this article, using 

Poly(ethylene oxide) (PEO) as the example, we focus on the morphology control in 

semicrystalline SPEs. We show that the effect of semicrystallinity can be quantitatively 

separated into volume, structure and dynamic effects. We further demonstrate that morphological 

control plays an important role in ion transport control in semicrystalline SPE systems. 
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Introduction

Lithium-ion batteries (LIBs) are the systems of choice for portable electronic devices and they 

dominate our consumer market today.1-4 A typical LIB 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 LIBs include high energy 

density, flexible and light weight design and long lifespan. However, if lithium metal is used as 

the anode instead of lithium intercalation materials to fabricate a lithium metal battery (LMB), 

even higher power density can be achieved which is particularly critical for applications such as 

electric vehicles. Moreover, Li-O2 and Li-S batteries show much higher theoretical specific energy 

(3,505 and 2,567 wh kg-1 for non-aqueous Li-O2 and Li-S, respectively, vs. ~ 387 Wh kg-1 for 

today�s commercial LIB).5-7 Interestingly, fabrication of LMBs could be retrieved as early as  

1970s. The system was proven not viable because the formation of Li dendrites during charge-

discharge processes could potentially lead to explosion hazards.1, 2 In order to circumvent this 

problem, intercalation materials instead of lithium metal were used as the anode whereas this stable 

operation was achieved by sacrificing power density. using solid polymer electrolytes (SPEs) to 

fabricate Li-layered oxide, Li-O2 or Li-S batteries is an alternative approach to solve the safety 

issue without sacrificing power density due to the relatively high shear modulus of polymers, 

which could inhibit lithium dendrite formation and avoid the associated explosion hazard .1-4, 8, 9 

Monroe and Newman predicted that a homogeneous solid electrolyte with a modulus of 6-7 GPa 

would completely suppress the formation of lithium dendrites.10   This number was confirmed 

experimentally by Stone et al.11 Based on this model, there have been extensive study on 

simultaneously tuning tuning mechanical properties and ionic conductivity in SPEs. However, 

recent work showed that LMBs and Li/SPE/Li symmetric cells using crosslinked SPEs with 
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various chemical designs are capable of cycling for prolonged time with excellent lithium dendrite 

resistance even with moderate mechanical modulus, suggesting that SPEs could be a viable system 

for future LMBs.12-16

Extensive theoretical and simulation works have been devoted to understating how ions are 

transported in entangled polymer melts.17-20 In polymer electrolytes, different from classical liquid 

electrolytes, polymer chains are entangled and unable tophysically migrate �long distance� with 

the dissoluted ions. However, significant chain segmental motion exists above the glass transition 

temperature, and this motion would enable a solvation-desolvation process along the chain. Early 

simulation work shows that intra chain lithium ion motion, cooperative motion lithium ion- 

Poly(ethylene oxide) (PEO)  complex, and intersegmental hopping between adjacent chains all 

contribute to lithium ion transport in PEO-based SPEs. 17-20 21 When segmental motion of the chain 

allows substitution of the anion site for an additional neighboring ligand, the charged pairs are 

separated and move in opposite directions which effectively allows ion transport in the polymer 

matrix. Therefore, the salt hosting polymers should have a high dielectric constant, high electron-

donor characteristics and flexible backbone.22, 23 PEO is one of the most extensively studied 

polymers for SPE applications because it exhibits superior ability to form complexes with a variety 

of metal salts.22, 24-27 The EO unit (CH2CH2O) has strong electron donating capability and a desired 

heteroatom spacing, which facilitate the salt dissociation . The high flexibility of the PEO chain, 

due to the single C-O and C-C bonds in the backbone, allows for reorganization of the chain for 

cation coordination. Other polymers, such as poly(propylene oxide) (PPO), polysiloxanes, 

poly(ethylene succinate) and poly(ethylene imine), have also shown a certain capacity for complex 

formation with alkali metal salts, but are far less studied than PEO-based polyethers.22, 25 Recent 

simulation also showed that stronger cation-polymer interactions facilitates ion dissociation and 
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improves conductivity.28 It was further demonstrated that the tradeoff of improved ion solvent and 

impeded polymer dynamics upon increasing ion concentration leads to the observation of an 

optimal ion conductivity at moderate ion concentration.29     

Crystalline morphology directed ion transport: bulk systems

At room temperature, the ionic conductivity of high molecular weight linear PEO-based 

SPEs is ~ 10-7-10-9 S cm-1 while the acceptable value for battery application is ~ 10-4 S cm-1. A 

common property tradeoff in SPEs is that the ionic conductivity decreases with increasing SPE 

shear modulus.1, 2, 30-32 This tradeoff is often attributed to PEO crystallization. PEO is a well-known 

semicrystalline polymer with its glass transition temperature well below zero degree Celsius (ca. 

-60°C) and relatively high dielectric constant. Pristine PEO typically have a melting temperature 

of ca. 65 �C and a room temperature crystallinity of ca. 85% (i.e. 85% of the materials are in 

crystalline state). When mixed with alkali salts, three phases are defined: a crystalline PEO phase, 

an amorphous PEO-lithium complex phase, and a stoichiometric crystalline PEO-lithium complex 

phase. 33-41 Figure 1a shows the schematic of the three phases. The number and types of phases in 

a PEO/salt blend system depend on the type of anions, salt concentration and thermal history, and 

can be determined using X-ray diffraction, NMR, thermal analysis or polarized light microscopy 

(PLM).35 Figure 1b shows the reported phase diagrams of a few commonly studied PEO-lithium 

salt SPEs.35, 42 At high concentrations, PEO forms stoichiometric crystalline compounds with Li+ 

cations and it was shown that crystalline complexes such as P(EO)6:LiXF6 (X= P, As, Sb) are quite 

conductive.43-45 The structure of 6:1 crystalline complex (P(EO)6:LiAsF6) was resolved using 

powder diffraction, asshown in Figure 2a.43-46 The crystalline complex adopts a monoclinic unit 

cell with two PEO chains interlocking to form cylinders with Li+ cations residing in a row inside 
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each of the cylinders. The anions are located between the cylinders and do not coordinate with Li+. 

As the anion size increases from PF6
- to AsF6

- to SbF6
-, the volume of the unit cell expands by 

pushing the cylinders apart along b and c axis and stretching the polymer chain along the a axis. 

Figure 1. Phase structures in PEO/lithium salt electrolytes. (a) Three possible phases in 

semicrystalline PEO SPEs. (1) PEO crystals (blue), (2) amorphous PEO/salt complex (red), and 

(3) crystals of PEO/salt complex (green). (b-c) Phase diagrams of PEO-LiClO4 and (c) PEO-

LiTFSI. (b) is reprinted with permission from J. Electrochem. Soc., 133(2): 315-325 (1986). 

Copyright 1986, The Electrochemical Society; (c) is reprinted with permission from 

Macromolecules, 1994, 27, 7469-7477. Copyright (1994) American Chemical Society.
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Figure 2. Structure and conductivity of PEO lithium salt complexes. (a) Crystal structure of 

P(EO)6:LiAsF6 crystalline complex; (b) Temperature dependent ionic conductivity of crystalline 

(solid circle) and amorphous (open circle) P(EO)6:LiSbF6; (c) Schematic illustration of Li+ 

diffusion pathways in a P(EO)6:LiPF6 crystalline complex. (a) and (b) are reprinted by permission 

from Macmillan Publishers Ltd: Nature, 2001, 412, 520- 523, copyright (2001). (c) is reprinted 

with permission from J. Am. Chem. Soc., 2003, 125, 4619-4626. Copyright (2003) American 

Chemical Society.

Figure 2b shows the temperature-dependent ionic conductivity of crystalline 

P(EO)6:LiSbF6, which shows a typical Arrhenius behavior, indicating that the ion hopping 

mechanism is dominating for the ion transport. The Li+ diffusion pathway within the cylinder is 

shown in Figure 2c and the migration of Li+ from one site to the neighboring site is facilitated by 
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the presence of vacancy defects. Despite that good ion conduction has been demonstrated in these 

crystalline complexes, the room temperature conductivities (10-7~10-8 S cm-1) are still low for 

lithium battery applications. Furthermore, to efficiently form these crystalline complexes with high 

conductivity, the PEO molecular weight used was ca. 1000 Da, relatively small for practical 

applications due to the poor mechanical properties of these oligomers. Further increasing the 

molecular weight significantly reduce ion conductivity because the increased population of grain 

boundaries and misalignment of the crystallites impede ion transport. Therefore, in the following 

discussion, we will focus on the PEO SPEs where these crystalline complex crystals are absent.

Based on the morphological understanding of the semicrystalline PEO SPEs, one �general 

rule� for designing high performance PEO-containing SPEs is to reduce polymer crystallinity by 

introducing short PEO groups whose melting point is lower than ambient temperature and they 

therefore are in the molten state at room temperature. Since these short PEO molecules are 

essentially liquid with poor mechanical properties, many studies have been conducted to improve 

the latter, including creating a short PEO-containing, crosslinked polymer network47, 48  and using 

nanoparticles to reinforce PEMs.49-53 Ceramic nanoparticles (e.g. TiO2, SiO2 or Al2O3) with Lewis 

acid characteristic can suppress the crystallization of polymer while their high modulus and high 

surface area can improve the mechanical properties. Another standout approach that has attracted 

extensive attention is block copolymer (BCP) SPEs.1, 8, 54-67  BCPs consist of chemically different 

macromolecules (A & B) joined by covalent bonds at their ends to form a chain.68-70 Due to the 

positive free energy of mixing  A and B species, the respective blocks tend to segregate. The 

covalent linkage, however, prevents different segments from macrophase separation. Depending 

upon different volume ratios of each component, profound ordered structures can form as a result 

of this segregation process.68-76 Figure 3 shows the typical ordered structures of BCPs, including 
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sphere (S), cylinder (C), gyroid (G) and lamella (L) structures. From Figure 3, it is evident that if 

ions are in one phase while leaving the other phase mechanically robust, the mechanical and ion 

conducting properties are decoupled in BCP and materials with higher shear modulus and high 

ionic conductivity may be obtained. One can achieve this goal by synthesizing ion-containing 

BCPs [such as poly(styrenesulfonate) as the ion-containing block], or by blending lithium salts 

with PEO-containing BCPs.  As previous discussed, while it was suggested that 6~7 GPa modulus 

of an SPE would sufficiently suppress lithium dendrite formation, the best battery device 

performance was achieved with a moderate SPE modulus of ~ a few tens of MPa. 12-16 It was also 

demonstrated that high toughness, high conductivity ion gels can be achieved by sequential 

triblock copolymer self assembly.77 Figure 3b shows a micro phase separated structure of PEO-

b-Polystyrene (PEO-b-PS). The PS block supports the electrolyte and the PEO phase forms a 

continuous network for lithium ion transport. During the past decade, extensive research efforts 

have been devoted to studying the structure-property relationship in BCP-based PEMs.1, 8, 54-67  The 

conductivities in BCP SPEs are often estimated using the effective medium theory (EMT).78 If one 

assumes that the ions are only located in one phase, the effective conductivity � can be written as:  

� = ����0         (1)

Where �0 and �c are the intrinsic conductivity and the volume fraction of the conducting phase, 

and f is the morphological factor. f is 2/3 and 1/3 for lamella and hexagonally packed cylinder 

structures, respectively. Note that this conclusion is based on the following assumptions: i) the 

length scale of the heterogeneities is much less than that of the medium; ii) the orientations of the 

small-scale domains are uncorrelated; and iii) the interaction at the domain interfaces is negligible. 

Numerous reports have shown that the morphological factor may be different from the values 

predicted by both theories, ranging from 0.01 � 0.67,79, 80 and the discrepancies are typically 

Page 9 of 28 Molecular Systems Design & Engineering



Page 10 of 28Molecular Systems Design & Engineering



10

lamellae as shown in Figures 3c,d. On the molecular scale, this lamella/amorphous layer 

morphology is analogous to BCP lamellar structures � even the length scales are close. 

Furthermore, while pristine PEO has a degree of crystallinity as high as ~ 85%, it is significantly 

reduced, to a level of 10 - 30% after blending with lithium salts. PLM experiments reveal that PEO 

crystallizes into fringed spherulites in dilute SPE due to the strong interference with lithium salts.21, 

81-83 During the PEO crystallization process, lithium salts are expelled from the crystals and enrich 

the amorphous phase between adjacent spherulites, as well as in the amorphous inter-lamellar 

region. In semi-dilute electrolytes, both the PEO-lithium complex (salt-rich) and the PEO (salt-

poor) phases crystallize into spherulitic morphology.36, 38 This rather complex morphology affects 

ion transport properties of the SPE and the impact of crystallization are threefold: (i) decreasing 

the effective fraction of amorphous conducting phase; (ii) restricting chain mobility 

(dynamic/tethered chain effect) and (iii) imparting a tortuous pathway for ion transport (tortuosity 

effect). While the first aspect is directly related to crystallinity and relatively straightforward to 

understand, the second and third points are often intertwined.

Although extensive studies have been conducted to understand the correlation between 

crystallization and ionic conductivity reduction, obtaining quantitative analysis is challenging 

because those three factors, particularly the last two, 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. Figure 4 shows the conductivity plots 

of a series of P(EO)n:LiClO4 electrolytes. A conductivity �knee� is observed for electrolytes at all 

concentrations around the PEO melting temperature, Tm (ca. 60 to 70 °C), below which the 

conductivity quickly drops to below 10-7 S cm-1. This 2-3 orders of magnitude of conductivity 

reduction at room temperature results from the decrease of the conducting phase volume fraction, 
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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 Tm of PEO, suggesting that the long-range polymer segmental 

motion is restricted and ion hopping is the major ion conducting mechanism. The steeper slopes at 

low temperatures indicate that there is a higher energy barrier for ion transport in semicrystalline 

SPEs.

Figure 4. Temperature dependent ionic conductivity of PEO-lithium salts. (a) Temperature 

dependent ionic conductivity for solution cast P(EO)n:LiClO4 SPEs, reprinted with permission 

from J. Electrochem. Soc., 133(2): 315-325 (1986). Copyright 1986, The Electrochemical Society. 

(b) Ionic conductivities, glass transition temperatures (Tg) and crystallinity (*) as a function of 
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LiClO4 concentration at different temperatures for PEO-LiClO4 SPE, adapted with permission 

from Macromolecules, 2009, 42, 2142-2156. Copyright (2009) American Chemical Society.

Although the highest ionic conductivity is expected to be in the completely amorphous 

state where the chain mobility is higher, Fullerton-Shirey et al. showed that the 14:1 (O/Li molar 

ratio) sample with 31% crystallinity has 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 Tg of the two SPE are the same.84 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. The following section will 

discuss quantitative decoupling the dynamic and structure effect of semicrystalline morphology in 

SPEs. 

Crystalline morphology directed ion transport: polymer single crystals 

The most difficult issue to understand the crystallization effect on ion transport is the 

intertwining dynamic/tethered chain and tortuosity effect associated with the complex crystalline 

morphology. To quantitatively delineate these two effects, we recently designed a model polymer 

single crystal (PSC) SPE system.85 As previously mentioned, PSCs are typically quasi 2D sheets. 

While originally used as a model system to study polymer crystal structure, they recently have 

been used for a variety of applications.86-106 In our recent study, PEO single crystals were grown 

in dilute solution using a self-seeding method. Because of the well-controlled crystallization 

conditions, the obtained PSCs are ca. 20 � 20 µm wide (Figure 5a) and ca. 10 nm thick. A PSC 
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A 2-phase model with a PEO crystalline phase and an amorphous PEO/Li+ salt phase was 

used to analyze the ion transport behavior: all the ions are confined in a 2D space with a thickness 

of ~ 2�3 nm (Figure 5d-g). In this case, since the crystalline domain does not complex with ions, 

a normalized r is defined as <r> (<r> � r/(1-Xc)). Both in-plane conductivity �		 and through-plane 

conductivity �
 increase rapidly with <r> at low Li+ ion concentrations (<r> < 0.02), and nearly 

plateau when <r> > 0.02 (Figure 6). The conductivity difference along these two directions can 

be quantified by defining an anisotropy factor as A � �		/�
.  At low <r> < 0.02, A is ca. 800-

2000, indicating that the in-plane direction of the film is nearly three orders of magnitude more 

conductive than the through plane direction! The anisotropy gradually decreases to 100�300 when 

<r> is greater than 0.02. This interesting conductivity anisotropy was explained using a modified 

Nielsen�s model, which is typically used to describe the relative permeability in polymer 

nanocomposites containing ���	���	V��;� nanofillers (Figure 6a):107-109 

Here )s is the volume fraction of the 

p =  

1 � �s

1 +
�

2�
�s(

2

3)(� +
1

2)
= 
�                                        (2)

filler which can be considered as the crystallinity in the present case, L/W is the aspect ratio of the 

filler, Rp is the relative permeability of the nanocomposite compared with pristine polymer, and S 

is order parameter of the filler. A = �		/�
 = R�		 /R�
 was calculated to be 668 at )s = 0.77, and 521 

at )s = 0.6, which fits well with the measured anisotropy at the lower r region and is slightly higher 

than the measured value at the higher r region. 
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where �� �0 are the ionic conductivity for semicrystalline and the corresponding amorphous SPE.   

k factor was used to describe the dynamic effect and R� for the tortuosity factor, which accounts 

for the structural effect. While it is difficult to quantitatively evaluate the significance of each 

factor in a typical semicrystalline SPE bulk, in our model PSC SPEs, along the SPE film in-plane 

direction, structural/tortuosity effect is negligible and �		 can be simplified as:

�// �
1

�
× �0 × (1 � ��)          (3)

The dynamic effect can therefore be quantified by comparing X0 with X// at a given <r>. k 

gradually decreases from ca. 180 at <r> = 0.0025 to ca. 1 at <r> = 0.05, suggesting that the 

conductivity reduction due to dynamic effect decreases from 101 ~ 102 to near unity at moderate 

ion concentration, which is seemingly contradictory to the prevailing view that crystallization 

slows down the segmental dynamics of the polymer. This interesting observation can be explained 

by the unique structure of PSC folds. As shown in Figure 6c, in the PSC SPEs, the conducting 

phase only consists of rigid amorphous loops that attached on the lamellae surface, and ion 

conduction is achieved through hopping from one to another adjacent site. In the dilute ion region, 

the effective EO to Li ratio is ca. 100:1, and there are ~ 12 loops available for one Li+ on the crystal 

surface and each Li+ ion has to hop over ~ 2-3 loops to reach another ion as depicted in Figure 6c, 

which is energetically challenging. At higher salt concentrations, however, there is approximately 

one Li+ ion per loop, allowing Li+ to efficiently hop among PEO loops. The tethered chain effect 

is overwhelmed by the cross-linking introduced by the Li+ ions themselves, and the only effect of 

crystallization on the overall conductivity of SPE is tortuosity. The design, characterization and 

interpretation of the anisotropic transport behavior of model PSC SPEs therefore quantitatively 

delineated the structure and dynamic effects of the semicrystalline morphology on ionic 
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conductivity. Note that in recent years, a series of polyethylene (PE) with precisely spaced with 

various functional groups have been reported and these polymers showed promising proton 

conductivity.111, 112 For example, when sulfonic acid groups were introduced to every 21 carbons 

of the PE backbone (p21SA), its conductivity is similar to the gold standard Nafion 117, and it 

was proposed that the crystalline morphology of PE drives the formation of hairpin structure at the 

SA junctional, contributing to the high proton conductivity.112 While this system dealt with proton 

instead of lithium transport, similar mechanisms could be applied to the lithium SPEs, and further 

confirms that chain folding and crystalline morphology could benefit ion transport. 

Ion transport in semicrystalline hybrids/nanocomposite SPE

The incorporation of certain ceramic fillers such as TiO2, SiO2, or Al2O3 has been shown 

to enhance both ionic conductivity and mechanical properties of the SPEs.49-53, 113-128 It has been 

reported that micro and nano sized ceramic particles can improve the mechanical properties, 

interfacial stability and ionic conductivity of SPEs, 49-53, 118, 121 while the conductivity enhancement 

due to the nanoparticles is not universal and contradictory results have been found in other 

SPEs.129-131 For semicrystalline polymers, nanoparticles often significantly affect the polymer 

crystallization behavior, including structure, morphology, and crystallization kinetics.132-135 

Incorporating nanoparticles into the semicrystalline SPEs then also makes the quite complex 

transport system even more complicated, which to certain extends may contribute to the 

contradictory observations. Instead of going to the details of the complex morphology in 

semicrystalline SPEs, we will focus on the templating effect of 2D nanoparticles as this additional 

anisotropy of the filler allows us to better understand the ion transport in SPEs. 
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of P(EO)12:LiClO4 (top) and GO0.1-P(EO)12:LiClO4 (bottom) SPEs from room temperature (left) 

to 100 °C (right). Reprinted with permission from Macromolecules, 2015, 48, 4503-4510. 

Copyright (2015) American Chemical Society.

Figure 7a allows us to approach the SPE ionic conductivity with (low temperature) and 

without (high temperature) the crystalline morphology effect. At high temperature, �		 and �
 

curves of GO-free SPEs are overlapped, suggesting an isotropic transport while with GO, the SPEs 

show weak anisotropy of 4. The anisotropy of both SPEs increases as temperature decreases, ca. 

10 and 70 for GO-free and nanocomposite SPEs, respectively. This suggests that the much greater 

anisotropy factor for the composite was due to GO-induced polymer crystallization. Both GO and 

PEO single crystals lie parallel to the film and collectively contribute to the conductivity 

anisotropy of 70 at room temperature. Since nanofiller induced polymer crystallization has been 

extensively studied, and the chain and polymer lamella orientation can be controlled by tuning the 

nanofiller orientation, this work therefore provides a feasible means to guide 2D lamellar 

orientation for ion transport control. 
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systems such as BCP SPEs. It is also of interest to investigate anisotropic mechanical properties 

in semicrystalline SPEs with aligned crystalline domains. To further improve the overall properties 

of semicrystalline SPEs, one can borrow classical polymer processing methods, for example, 

introducing anisotropic nucleating agent to direct polymer crystallization. Mechanical field and 

temperature gradient could also potentially assist polymer crystallization. 
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