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Περίληψη 

 
Κατά την παρούσα μεταπτυχιακή εργασία, προσπαθούμε να καταλάβουμε την 

επίδραση του Μοριακού βάρους του γραμμικού πολυ(αιθυλενοξειδίου) (PEO) 

καθώς και της αστεροειδούς αρχιτεκτονικής στις θερμικές και ηλεκτρικές 

ιδιότητες πολυμερικών ηλεκτρολυτών. Αρχικά, σχεδιάστηκε, κατασκευάστηκε, 

ελέγχθηκε και βελτιστοποιήθηκε ένας ατμοσφαιρικός θάλαμος για την μέτρηση 

της ιοντικής αγωγιμότητας των ηλεκτρολυτών κάτω από ελεγχόμενη 

ατμόσφαιρα και θερμοκρασία. Παρασκευάστηκαν ηλεκτρολύτες διαφόρων 

μοριακών λόγων Λιθίου προς αιθυλενοξειδίο, r = [Li+] / [EO] στους οποίους, για 

να κατανοήσουμε την επίδραση των μακρομοριακών χαρακτηριστικών του PEO 

στην σχέση δομής - ιδιοτήτων, η ηλεκτρική αγωγιμότητα τους αγωγιμότητα 

συνδυάστηκε με μετρήσεις Διαφορικής Θερμιδομετρίας Σάρωσης, 

Φασματοσκοπίας Raman καθώς και ρεολογίας. Στην περίπτωση των 

ηλεκτρολυτών βασισμένων σε γραμμικό PEO, βρέθηκε οτι η αγωγιμότητα 

μειώνεται καθώς αυξάνεται το μοριακό βάρος και καταλήγει σε πλατό για 

μοριακά βάρη μεγαλύτερα των 2 kg/mol. Το αστεροειδές PEO με μεγάλο αριθμό 

κλάδων της εργασίας φέρει ιξώδες μηδενικού ρυθμού διάτμησης (Zero Shear 

Viscosity) 5 τάξεις μεγέθους υψηλότερο από τα γραμμικά μόρια με την 

αγωγιμότητα του να μειώνεται λιγότερο από μία τάξη μεγέθους. Η ανάπτυξη 

στερεών ηλεκτρολυτών  με υψηλή αγωγιμότητα ερευνάται σημαντικά καθώς 

βρίσκει εφαρμογές σε μπαταρίες λιθίου, κυψέλες καυσίμων, φωτοβολταϊκά 

καθώς και άλλα συστήματα ενέργειας.  

 

Λεξεις Κλειδιά: Στερεοί Πολυμερικοί Ηλεκτρολύτες, Πολυ(αιθυλενοξείδιο), 

Ιοντική Αγωγιμότητα, Κρυσταλλικότητα, Μπαταρίες Λιθίου 
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Abstract 

 
Throughout this MSc Thesis, we try to understand the effect of linear poly 

(ethylene oxide), PEO, molecular weight (Mw) and star-shaped macromolecular 

architecture on the thermal and electrical properties of polymer electrolytes. The 

starting point of this work is the design, the fabrication and the 

evaluation/optimization of a custom-, home-made environmental chamber for 

the measurement of ion-conductivity of the polymer electrolytes under 

consideration in controlled atmosphere and temperature. Several different 

electrolytes were prepared having different molar ratios of the lithium salt, r = 

[Li+]/[EO].  To gain insight on the effects PEO macromolecular characteristics on 

the structure-property relationship of polymer electrolytes, the ion conductivity 

measurements were combined with differential scanning calorimetry, Raman 

spectroscopy, and rheology.  In the case of linear PEO polymer electrolytes, the 

ion-conductivity was shown to decrease with molecular weight, reaching a 

plateau for Mw larger than around 2 kg/mol.  Notably, star-shaped PEO with 

larger number of arms based electrolytes  showed five orders of magnitude 

increase in their mechanical properties (zero shear viscosity) while the ion-

conductivity was less than an order of magnitude lower than the corresponding 

linear electrolytes. Because the design of mechanical robust electrolytes with 

superior ion conductivity at room temperature has been the subject of research 

for other energy-related applications, like anion exchange membranes for fuel 

cells, or efficient active layers in dye-sensitized solar cells, we believe our findings 

are of great interest to the corresponding scientific community.  

   

Keywords: Solid Polymer Electrolytes, Poly(ethyleneoxide), Ionic Conductivity, 
Crystallization, Lithium Batteries 
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1.Introduction 

1.1  Motivation 

Latest years have been marked by the global warming effect, largely caused by 

CO2 emissions from fossil fuel burning. Temperature trends worldwide have alarmed 

scientists and future predictions are quite dreadful. Simultaneously, energy 

consumption increases constantly and the humanity is in desperate need of more     

eco-friendly sustainable energy sources, especially since the available amount of fossil 

fuels decreases. There has been a great amount of research worldwide on the 

improvement of renewable energy sources with the main ones being hydropower, 

wind and solar and less popular the tidal, geothermal and biomass. Figure 1.1 below 

shows some main trends regarding energy production worldwide.1  

 

            

Figure 1.1: (Left) Primary energy consumption (EJ) each year by source. (Middle) 
Renewable energy (TWh) generation each year by source. (Right) Electricity 
generation percentage each year by source. (Reprint from BP Statistical Review of 
World Energy 2020 1. ) 

 

What is apparent from Figure 1.1 is that both the energy demand worldwide 

is increasing significantly and that only a very small fraction is coming from renewable 

sources. As that results, the annual total CO2 emissions have increased tremendously 

over the latest years (Figure 1.2, left), with alarming consequences for the 

environment, as for example the increasing global temperature (Figure 1.2, right).   
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.  

Figure 1.2: (Left) Trend of Annual CO2 emissions and (Right) global average land-sea 
temperature relative to 1961-1990. (Sources written on the graphs, Reprint from 
OurWorldInData.org) 

 

The major problem of the most common renewable energy sources (like solar 

and wind energy) is that they are scattered in place and time. For example, wind is 

unpredictable and not daily, while sunlight availability peaks in midday, when not 

cloudy and when power demands are relatively low. At night, when electricity demand 

reaches its peak, sunlight is unavailable. The above problem implies that efficient 

energy storage systems that act as energy buffers are essential for the realization of a 

green energy landscape where wind turbines or solar panels will be efficiently 

integrated, meeting the energy demands of the society. Currently, the most used 

renewable energy source (Figure 1.1a) is hydroelectricity largely due to the fact that 

there is a way of storing and selectively utilizing the potential energy of water. This is 

done by pumping water to high altitudes when demands are low, and utilizing it when 

demands peak (i.e. pumped storage hydroelectricity) (source: National Hydropower 

Association, NHA) 
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1.2 Electrochemical Energy Storage Systems-Batteries 

  Batteries are devices that store electrical energy by converting it to chemical. 

Using batteries to address the problem mentioned above is a viable solution with 

some commercial products already available such as Tesla’s Powewall introduced in 

2015. Aside the fact that batteries can be of major importance for renewable energy 

source utilization, their importance can be easily seen in personal level too with them 

being a major part of consumer electronics such as cell phones and laptops. Consumer 

electronics are getting more and more powerful and batteries have a hard time 

keeping up with their energy requirements and as a consequence the market of 

powerbanks has also grown significantly in the latest years.  

Current research on batteries is focused on improving their charge capacity 

while reducing their weight and volume as it is crucial for some applications such as 

automotive. Typically, the terms specific energy density (Wh/kg) and Volumetric 

energy density (Wh/L) are used to compare batteries’ performance. Furthermore, 

secondary batteries deteriorate as they are cycled (limited life time / cycle life) and all 

batteries lose charge if stored for long time (self-discharge). Last but not least, 

currently used batteries are highly unsafe as there have been numerous accidents 

involving them, especially improperly used Li-ion, and this is attributed to the 

flammable liquid electrolytes currently used. Ideally in terms of performance, a 

battery optimized for portable applications should possess both high specific and 

volumetric energy densities while being safe to use in everyday life as a part of a car, 

a cell phone, a computer etc. On the other hand, stationary batteries like batteries 

that could be used for grid storage should rely more on their cycle life and low cost in 

order to be successful. 

 Throughout the years, many different battery chemistries have been 

developed and utilized. The currently used batteries can be divided into two main 

categories: Primary (non-Rechargeable) and Secondary (Rechargeable). The working 

principle of all batteries is based upon two half-reactions, one oxidation and one 

reduction. The electrode where oxidation happens is named “anode” and the one 

where reduction happens “cathode”. The two half-reactions add up to one full redox 
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reaction (with ΔG < 0) progressing as power is drawn from the battery. When the 

reagents are exhausted, battery ceases to function. In case of secondary batteries, 

they can be recharged by driving current through them to reverse the redox reaction 

and re-obtain the initial reagents. Some of the most common reactions involved in 

everyday batteries are presented below (red symbolizes the ion traveling through the 

electrolyte) and Figure 1.3 schematically represents the functions and structure of a 

secondary battery2: 

 

1. “Alkaline” Battery (Primary)3:  

Oxidation:  Zn + 2OH- → ZnO + H20 + 2e-  

Reduction: 2MnO2 + 2H2O+ 2e- → 2MnOOH + 2OH- 

Full : Zn + 2MnO2 + H2O → ZnO +2MnOOH 

 

2. “Lead-acid” Battery (Secondary)2 

Oxidation: Pb + HSO4
- ⇔ PbSO4 + H+ + 2e- 

Reduction: PbO2 + 3H+ +HSO4
- + 2e- ⇔ 2H2O + PbSO4 

Full: PbO2 + Pb + 2H2SO4 ⇔ 2PbSO4 + 2H2O 

 

3.  “Li-ion” Battery (LCO) (Secondary)4  

Oxidation: LixC6 ⇔ xLi+ + xe– + C6 

Reduction: Li1–xCoO2 + xLi+ + xe– ⇔ LiCoO2 

Full :  Li1–xCoO2 + LixC6 ⇔ LiCoO2 + C6 
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Figure 1.3: Schematic representation of a secondary battery during (Left) Discharging 
and (Right) Charging. A primary battery has the same behaviour during discharging 
but cannot be recharged.2 (Reprint from Ref.2) 

 

Of course, even though the energy density and operating voltage of a battery 

mainly depend on the redox reaction between its electrodes’ active materials, the 

electrolyte used between them is also a crucial component that has significant effect 

on the final performance of the battery. Most importantly, a suitable electrolyte 

should be highly ionically conductive and simultaneously an electric insulator. At the 

same time, it should not chemically react with any of the other battery components 

and be able to withstand the operating voltages. Last but not least, it should be 

thermally stable, ideally nontoxic and finally cost effective.  

 

 

Figure 1.4: Energy storage capabilities of common secondary battery types clearly 
showing the superiority of Lithium based batteries. Squares represent performance 
variation due to operating conditions (Reprint from Ref. 2)  
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A comparison of the most common secondary battery types is presented in Figure 

1.4. It is clear that batteries using Lithium metal as an anode significantly outperforms 

other existing technologies due to Lithium’s very low redox potential of -3.04V (vs SHE) 

and its lightweight nature (Density = 0.534 g/cm3) giving it the highest theoretical 

energy density.4,5,6 

The currently used LIBs are composed of a liquid electrolyte, which is a mixture 

of a Lithium salt dissolved in an organic solvent, sandwiched between two Lithium-

intercalating electrodes. Despite their high ionic conductivity, liquid electrolytes are 

incompatible with Lithium metal with many safety issues. Currently one of the most 

difficult challenges to the development of Lithium metal batteries (LMBs), stems from 

the uneven dendritic Lithium electrodeposition on the negative electrode.7,8 Once 

nucleated, these dendrites concentrate the electric field near their tips, which 

facilitates continuous undesirable, out-of-plane electrodeposition. The growing 

dendrites have at least two damaging consequences on cell operation. First, the high 

surface area structures continuously react with the electrolyte solvent to form solid 

electrolyte interface, which will eventually consume the electrolyte drying out the cell, 

and cause premature cell failure. Second, unrestrained growth of dendrites creates an 

electrically conductive connection between the two electrodes, causing the cell to 

short circuit. In a volatile flammable electrolyte, the dendrite-induced short is both a 

potential fire and explosion hazard, leading to a catastrophic failure of the 

battery.5,6,9,10 

 

1.3 Solid Polymer Electrolytes (SPE) 

After the theoretical prediction by Monroe and Newman that a mechanically 

robust electrolyte with a shear modulus in the order of GPa would mechanically 

suppress/block macroscopic dendrite formation, significant research efforts have 

focused on the development of solid state electrolytes, capable of eliminate the 

dendrite formation, with high ionic conductivity at room temperature11. Solid state 

electrolytes mainly fall into two categories: inorganic ceramic electrolytes and solid 
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polymer electrolytes. Despite the fact that inorganic ceramics exhibit satisfactory ionic 

conductivity and mechanical properties that range from tens to hundreds of GPa, the 

lack of good adhesion to Lithium electrodes (high modulus materials often do not 

afford good adhesion) significantly increases interfacial resistance during cycling12. 

Moreover, the electrochemical stability window of ceramic electrolytes is very 

narrow13.  To this end, the use of solid polymer electrolytes (SPEs) represents the 

ultimate solution due to their chemical stability toward Lithium metal electrodes and 

their mechanical resistance to dendrite growth. Furthermore, the adhesion between 

solid polymer electrolytes and the electrodes is much better than for ceramics, and 

most SPEs exhibit good flexibility and scalable fabrication, which is favorable for 

practical battery manufacturing. In addition, having no liquid components makes solid 

polymer electrolytes leak safe and removes the need for a separator between the two 

electrodes.  

 

1.4 Poly(ethylene oxide) based solid state electrolytes 

Since the groundbreaking findings of Fenton, Parker and Wright reporting the 

interaction of Alkali ions with Poly(ethylene oxide) in 197314, followed by the works of 

Armand shortly after, regarding the use of such substances as electrolytes15, PEO-

based  polymers have gained a great amount of research attention for their potential 

use as  solid state electrolytes in Lithium-ion batteries. The EO group is the key for PEO 

to dissolve the lithium salt and transport the lithium ions. The ether oxygen atoms on 

the PEO chains coordinate with the lithium ions, resulting in the dissociation of cations 

and anions. Owing to the coordination/dissociation between the lithium ions and the 

oxygen atoms (Li-O), PEO is ionically conductive, while it has good thermal stability, 

and does not chemically react with any other battery component. At the same time, 

it can withstand operating voltages, is not toxic and its cost is reasonable16,17. The main 

drawback of PEO based electrolytes is the low room temperature ionic conductivity 

that is due to its high crystallinity as ion transport occurs via the amorphous PEO 

regions.18 
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1.4.1 The effect of Crystallinity 

 As mentioned before, an important property of such electrolytes that needs 

to be discussed is the high tendency of PEO to crystallize. There have been reports of 

ionic mobility within a crystalline phase19,17 yet the observed behaviour and widely 

accepted view is that ion conduction happens through the amorphous phase, as 

crystallization of a PEO:Salt type electrolyte heavily reduces sample’s 

conductivity20,21,18. In the case of LiTFSI and PEO, introducing salt in the polymer 

reduces the degree of crystallinity of PEO due to the strong interactions of the EO 

groups with the Lithium ion.  Interestingly, because LiTFSI forms complexes with PEO’s 

backbone, at high salt concentrations these complexes can also crystallize. There is a 

region of concentrations between those two phenomena that the electrolyte stays 

completely amorphous at room temperature referred to as “crystallinity gap” and this 

where most of the research interest is focused. The phase diagram of the LPEO-LiTFSI 

system is depicted in Figure 1.5 as reported by Armand et.al.20,22,23,24,25  

 

Figure 1.5: Phase diagram of LPEO:LiTFSI system showing the crystallization gap where 
the blends stay amorphous. [Reprint from Ref. 25] 25 
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1.4.2 Mechanism of ion conduction/transport 

As stated earlier, Li+ conduction proceeds through PEO’s amorphous regions. 

There are two main mechanism for that. The first and most important is the so-called 

“hopping” or “fluctuation driven diffusion” and is the dominant mechanism for PEO 

molecular weights above the molecular weight for entanglement (Me>2kg/mol)26.  In 

this case, segmental motions distort the structure of the Li-O complexes, and ion 

movement occurs in the presence of an electric field through bond breaking and 

reforming. The rate of ion diffusion or ion conductivity of this type is coupled with the 

segmental dynamics of the polymer chains. 27,28  

The second mechanism is called “vehicular diffusion” and occurs only in very 

low molecular weight PEO, below the PEO molecular weight for entanglements 

(Me<2kg/mol).26 During this, the force exerted on Lithium ions can move the polymer 

chains bound to it towards the direction of the electric field27. The speed of this 

process is absent/very slow above the molecular weight of entanglement and its 

speed is dictated by the viscosity of the polymer. The total conductivity of the 

electrolyte can have contributions from both conduction mechanisms yet at high 

molecular weights the entirety of conductivity is of the “fluctuation driven” type. 

As explained above, maybe the most important parameter influencing 

conductivity is polymer’s segmental dynamics.28 Fast segmental dynamics facilitate 

ion conduction and thus the glass transition temperature, closely related to segmental 

relaxation of the polymer chains, should be kept as low as possible. Any modification 

that increases the Tg is thus expected to have a negative impact on ionic conductivity 

and design of PEO based SPE’s should always take that into account.  
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1.4.3 The effect of salt concentration 

The ionic conductivity of polymer electrolyte systems is given by:  

 

𝜎𝑑𝑐 ∝ ∑ 𝜇𝑖 𝑞𝑖𝑛𝑖

𝑖

              [𝐸𝑞. 1.1] 

 

Where i is each ion, μi is the mobility of the ion, qi is its charge and ni its concentration  
 

It has been shown from multiple reports that PEO’s DC conductivity shows a 

non-monotonic trend as a function of LiTFSI concentration22,29,30. Two factors govern 

the aforementioned phenomenon; one is the increase of the mobile ions’ 

concentration (n) and the other is the slowing down of the polymer’s segmental 

dynamics, both happening as r = [Li+] / [EO] increases. It is well known that fast 

segmental dynamics enhance conductivity in amorphous polymers28 and this fact 

causes ions in samples with low r to have higher mobility (μ) than the corresponding 

ions in a sample of higher r. The above phenomena have been measured by Balsara 

et.al. and their findings are depicted in Figure 1.6. 

 

 

Figure 1.6: Experimental measurements showing (Squares, Right axis) segmental 
dynamics of polymer, (Triangles, Right axis) Concentration of ions and the resulting 
(orange circles, Left axis) D.C. Conductivity. [Reprint from Ref.27] 27 
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1.4.4 Star-shaped Polymers 

Polymer stars is the simplest branched type of polymers. They consist of 

polymer chains (arms) bound from one side onto a common core. The number of arms 

attached to the core is called “functionality” of the star and is usually symbolized as f. 

A schematic representation of a star-shaped polymer can be seen in Figure 1.7.  

 

 

Figure 1.7: Representation of a star-shaped polymer with f=10. 

 

Star-shaped polymers, depending on the functionality and the arm length (degree of 

polymerization per arm, Narm), may possess very large density heterogeneities due to 

the non-uniform, non-monotonic, monomer intramolecular density profile around the 

core particle: the density is higher close to the core, where arm monomers touch each 

other, and decreases towards the corona of the star polymers.31,32 As a result, with 

increasing functionality, star polymers progressively have less tendency to overlap 

with each other, they cannot occupy random position in an incompressible melt and 

start to correlate spatially. The impact of functionality is equivalent to the entropic 

repulsion observed in solutions of star polymers, where the effective interactions 

between the stars can be tuned by functionality ranging from ''soft'' as in linear chains 

or as ''hard'' as colloidal particles.33–35 At the same time, for a given functionality, the 

increase of the degree of polymerization of each the arms, increases the structural 

disorder of the system, as the system starts to interpenetrate. The emergence of the 

structural ordering of stars with increasing f has be reported also experimentally with 

small angle x-ray scattering measurements.36–38 Bead spring MD simulations of the 

non-entangled stars in melts revealed that the intramolecular monomer density 
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heterogeneity results in a distribution of segmental dynamics where the relaxation 

times strongly depend on the monomer position along the arm; the segmental 

dynamics get slower towards the core and speeds-up towards the chain end.(Figure 

1.8)39 

      

 

 

 

 

 

 

 

 

Figure 1.8: Structural relaxation time, τα, along a grafted chain at T = 0.5 for (a), M = 
40 at different values of f and for (b), f = 12 at different values of M. The values of y 
correspond to the position of the bead y along the arm with y = 0 and y = M being the 
core particle and the free-end, respectively. [Reprint from Ref. 44]39 

 

Spatial density heterogeneities that come from the intramolecular 

heterogeneities, heterogeneous intramolecular distributions, of the star-shaped 

polymeric materials results in a very rich and complex dynamical behavior. The 

dynamic response of multiarm stars in the melt has been studied extensively.37,40–42 In 

the case of linear chain melts, which may be thought as density homogeneous 

material, several models have been introduced to describe their dynamics. For linear 

chain molecular weights, Mw, below the critical molecular weight for entanglements, 

Me, the dynamics are well described by the Rouse model43,  that predicts that the 

shear viscosity, η, scales as the square of the polymer chain radius of gyration, Rg, i.e. 

η ~ Rg
2, or linearly with the molecular weight, η ~ Mw.44 The diffusion coefficient, D, 

for low molecular weight chains is inversely proportional to Mw as the friction 

coefficient is proportional to the chain length.43,45,46 These findings are in agreement 

with experimental data on 4-arm star polymers, where NMR measurements 
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confirmed a distribution of relaxation times along the arms.32 The relaxation time 

becomes shorter as one moves from the center to the outer part of the molecule. 

When the linear polymer chain becomes long enough, entanglements between 

linear chains are formed, and stronger scaling of shear viscosity with the linear chain 

molecular weight is observed, η~Mw
3,4.44 In entangled polymer chain systems, the 

reptation (snake-like) motion in the tube, has been very successful in describing the 

relaxation mechanisms involved, and in agreement with experiments, D scales as ,  

D~Mw
-2. Due to their architecture, star-shaped polymers, depending on the 

functionality and arm length, display hallmarks of both polymers and colloids, having 

a hierarchy of length and times scales in their dynamics. For entangled star-shaped 

polymers with low functionalities and long arms, the center of mass motion is 

facilitated by the arm retraction mechanism, wherein the arm moves along the 

primitive path within a tube towards the core.47–49 As the arm retraction process is 

entropically unfavorable, the diffusion of a star-shaped polymers diffusion much 

slower and D depends exponentially on Mw of the arm, Mw
arm. With increasing 

functionality, the longest relaxation time (terminal time that is associated with the 

center of mass diffusion), is characterized by a two-step relaxation mechanism, in 

contrast to a single terminal relaxation process of low functionality stars, linear 

homopolymers, or even colloidal particles. In that case, the polymeric in nature and 

functionality independent, arm retraction mode is the faster of the two, while a slower 

mode, of colloidal nature, emerges that is associated with the structural/cooperative 

rearrangement of the star-shaped macromolecules. This colloidal behavior in the 

dynamic behavior of star-shaped polymers, strongly depends on the functionality and 

become more pronounced with increasing number of arms.40,41  In the limit of the very 

large functionality, stars behave like colloids, experiencing topological constrains on 

the scale of their own size, are trapped and jammed into strong cages and the 

materials behave as an elastic solid, i.e. do not flow.40 In other words, as the 

functionality increases and/or molecular weight of the arm decreases, the cages 

around the particles evolve from fuzzy and soft to harder and sharper potential wells. 
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Figure 1.9: Logarithmic plot of the viscosity versus span molecular weight for 

(Symbols) Star-like molecules with f ≥ 4 and (solid line) linear polymers. Reprint from 

Ref.53.48 

This inherently different diffusion mechanism and the ability for the star to 

behave as colloid makes such architectures viable candidates for the inherent 

conductivity-viscosity entanglement when they are comprised from ionically 

conductive polymers. 

 

1.4.5 Non-Linear PEO based electrolytes 

  In the literature, it quickly became apparent that a successful solid electrolyte 

utilizing purely linear PEO doped with salt has certain limitations, seemly impossible 

to overcome. One approach that has been utilized and to tackle these problems is the 

modification of the molecular architecture of the polymer matrix. Some of the most 

common types that have been published are comb-like, star-like and hyper branched 

polymers as well as crosslinked networks utilizing either solely PEO or copolymers with 

PEO50. Regarding star polymers, they have been reported to act as crystallization 

inhibitors51 and also enhance the solubility of salt (LiClO4)50. Both of the above 

observations are crucial for SPE applications and thus such molecules have attracted 
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lot of attention52,53,54.  The global effect of architecture on polymer electrolyte 

performance though is far from being well understood. For start, there are very few 

works on high functionality regime of star polymers. Due to the largely different 

mechanism of flow on such systems, improving mechanical properties with 

architecture while maintaining fast segmental dynamics might be viable in such 

systems and this would greatly help to overcome the inherent viscosity – conductivity 

coupling. 

 

1.5 Present Study 

 In this study, we try to set up the experimental apparatus of                                

impedance/conductivity measurements, to revisit some basics of polymer ionic 

conduction when measured on our systems that use poly(ethylene-oxide) as an ionic 

conductor and make a brief study of the impact, star polymer architecture can have 

on the properties of PEO:Salt type electrolytes.  

Due to the fact that the ultimate goal for the prepared materials is their 

potential use as electrolytes for Li-ion batteries, as an ion source for our electrolytes 

we use the salt Lithium bis(trifluoromethanesulfonyl)imide, commonly known as 

LiTFSI. This substance is widely used and is considered one of the best candidates for 

such use due to its high degree of dissociation and the plasticizing effect of the anion55. 

Main characterization of our samples is done by means of Differential Scanning 

Calorimetry (DSC) and Electrochemical Impedance Spectroscopy (EIS). Electrolytes of 

various salt concentrations and different polymer matrices were prepared and their 

measured thermal and electrical properties are presented, compared and contrasted. 

We simultaneously try to link the observed behaviours with the molecular 

characteristics of the molecules and extract information helpful for the design of new 

innovative polymers for electrolyte applications.  
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2. Materials and Experimental 

Techniques  

2.1 Materials 

Table 2.1 summarizes all the polymers used to prepare electrolytes throughout this 

thesis along with their main characteristics. 

Table 2.1: Molecular characteristics of the polymers used in this study 

Polymer Mw (kg/mol) % wt. PEO Number of PEO 
arms 

Linear PEO (LPEO-0.55k) 0.55 100 - 

Linear PEO (LPEO-1.9k) 1.9 100 - 

Linear PEO (LPEO-5k) 5 100 - 

Star PEO (S(3)PEO(0.87K)) 2.6 100 3 

Star PSnPEOn-7k-60k 
(S(60)PEO(60k)) 

PEO = 60x60 
PS = 60x7 
DVB = 170 

86% (by NMR) 
 

60 

 

The star polymers utilized in this study were synthesized and characterized by 

the group of Prof. Sakellariou at the Chemistry Department of the National 

Kapodistian University of Athens, while the linear poly(ethylene oxides), PEO, were 

bought and used as received. Briefly, for the synthesis of S(3)PEO(0.87K), a 

trifunctional initiator was utilized on which 3 arms of PEO were grown to the desired 

length. The larger star (S(60)PEO(60K)) is a mictoarm star of polystyrene and 

poly(ethyleneoxide) bearing a divinylbenzene (DVB) core. For its synthesis, the arm 

first method was utilized where the polystyrene arms are first synthesized using 

anionic polymerization, then using divinylbenzene (DVB) these arms were crosslinked 

to a star-shaped molecule having a DVB core with living sites equal to the number of 

its arms. Finally, from the aforementioned sites, poly(ethyleneoxide) was grown to the 

desired length. 

 All polymers used were dried under vacuum and elevated temperature before 

storing and using in the Argon filled glovebox and other than that, no other 

purification was carried out. Lithium bis(trifluoromethanesulfonyl)imide, LiTFSI salt 
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used was dried extensively at 160oC under vacuum before entering the glovebox due 

to its very hygroscopic nature. Anhydrous Tetrahydrofuran, THF used for blending was 

bought septum sealed under inert atmosphere and did not go through any drying 

process.  

 

2.2 Preparation of polymer electrolytes 

For the preparation of the electrolytes, the desired amount of the polymer component 

and lithium bis(trifluromethane) sulfonamide, LiTFSI, were dissolved in dry 

tetrahydrofuran (THF), stirred until homogeneous and the initially dried at room 

temperature inside an argon-filled glove box (Mbraun EasyLAB) with sub ppm  

moisture concentration. The samples were subsequently placed under vacuum at 

100oC for another 24 hours within the glove-box. For both EIS and DSC measurements, 

the cell and the pan respectively were filled and prepared in the glovebox.  For EIS the 

sample was kept constantly under inert atmosphere (see also chapter 4.1) and DSC 

pans were only exposed to air for less than one minute until loaded in the dry nitrogen 

atmosphere of the DSC. 

 

2.3 Differential Scanning Calorimetry (DSC)  

Differential scanning Calorimetry or DSC is a widely used technique in the field 

of polymer thermal analysis. The purpose of it is to measure the rate that heat is 

absorbed or emitted by the sample under test.  There are two main types of DSC 

instruments to achieve this. Heat Flux type and Power compensation type.56  

The DSC related to this study and generally more commonly used is of the Heat 

Flux type and thus this is the one that will be further analyzed. In Heat Flux type DSC’s, 

the principle of measurement is that the sample pan is heated in a furnace alongside 

a reference pan and their temperatures are constantly monitored. If the temperature 

of the two pans is equal, so is the heat that flows to or from each one of them. In case 
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their temperature is different, the difference is proportional to the difference in heat 

flows as dictated by Eq. 2.1:56  

 

𝛷𝑚 =  −𝑘′𝛥𝛵         [𝐸𝑞. 2.1] 

 

Where Φm is the difference in heat flow measured, k' is a calibration factor and ΔΤ is 

the temperature difference measured. 

 During measurement in a heat-flux DSC, both pans are placed in a furnace 

(usually made of Silver) on constantan surfaces, with each having a thermocouple 

(Chromel-constantan) beneath it formed by welding a chromel disc below the 

constantan platform. These thermocouples are interfaced differentially, obtaining a 

voltage proportional to the temperature difference of the two samples. After 

calculating ΔΤ  and taking the k' factor into consideration using a computer, heat flow 

can be obtained. A schematic of the aforementioned setup is depicted in Figure 2.1 

for a disc-type heat flux DSC.56 

Figure 2.1: Schematic of a disc-type heat-flux DSC apparatus. (1) disc, (2) furnace, (3) 
lid, (4) differential thermocouples, (5) programmer and controller, (S) Sample pan, (R) 
Reference pan.56 
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More advanced instruments’ cell (turret type) differs slightly from the one pictured in 

Figure 2.1 as pans are placed on thin walled constantan turrets and also have a third 

Chromel-constantan in the middle, taking account of the thermal inertia and 

improving baseline flatness (Tzero™ Technology). The platform and the layout of such 

cell are depicted in Figure 2.2. 

 

  

 

Figure 2.2: Schematic of a turret type heat-flux DSC cell featuring constantan turrets 
and a third Chromel-Constantan thermocouple (Tzero™ sensor).57 

 

 The Heat Flow as a function of temperature, or time, during cooling or heating 

may reveal information on the thermal properties of a material and it has been 

extensively utilized in polymer science. The main properties can be determined from 

a DSC experiment are the following: 

• Heat capacity of the sample (Cp) 

• Melting and crystallization temperature(s) (Tm, Tc ) 

• Glass transition temperature (Tg) 

• Degree of crystallinity (χc) 

The heat capacity (J K-1 g-1) of the sample can be simply obtained by dividing the 

heat flow (usually W (J/s) by the mass of sample (g) and the heating/cooling rate (K/s); 

the heat capacity reflects the amount of heat needed to increase the temperature of 

1 g of the material by 1 degree K under constant pressure.  
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 During an endothermic event, such as melting, the heat capacity of the sample 

increases resulting to a heat flow peak (Figure 2.3 left). An exothermic event, such as 

crystallization has the opposite effect, as the heat capacity of the sample decreases 

(Figure 2.3 right). Please note that the direction of each peak, i.e. whether the 

endotherm direction is up or down is defined by the user and does not affect analysis; 

throughout this thesis we take as negative heat flow the absorption of heat by the 

sample. Figure 2.3 depicts a typical endothermic event as evidenced in a DSC 

thermogram. The transition temperature is taken as the most probable value of the 

peak measured. 58 

 

 

  

Figure 2.3: (Left) Endothermic event and (Right) Exothermic event as evidenced by 
DSC indicating the direction of heat absorption as well as the point at which transition 
temperature is taken.  
 
 
During these thermodynamic transitions (crystallization or melting) the degree of 

crystallinity may be calculated.  In more detail, if one calculates the area of the melting 

peak (i.e. the measured enthalpy change during the melting transition, ΔΗ) and knows 

the enthalpy change during melting of the corresponding material when 100% 

crystalized (ΔΗcryst), the degree of crystallization (Xc) can be estimated by using 

equation 2.2:  

 

𝜒𝑐 =
𝛥𝛨

𝛥𝛨𝑐𝑟𝑦𝑠𝑡
∙ 100%           [𝐸𝑞. 2.2] 

 



21 
 

 DSC can also be utilized for the determination of the glass transition 

temperature (Tg), i.e. the process in which a polymer on heating changes its behavior 

from a polymer glass, for T < Tg, to a polymer melt at T > Tg. During glass transition, 

the heat capacity of the polymer changes, evidenced as a “step” in the heat flow vs 

temperature plot  and the  Tg is estimated as the midpoint of that step (Figure 2.4).58 

 

 

 

Figure 2.4: Glass transition temperature as evidenced by DSC. 

 

2.4 Electrochemical Impedance Spectroscopy (EIS) 

Impedance spectroscopy is a widely used experimental technique to study the 

electrochemical properties of materials. It’s a valuable technique for many research 

fields regarding batteries59, fuel cells60 and photovoltaics61 and is also commonly used 

to analyze corrosion62 and coating63 processes.  

Impedance is the resistance a system presents to the passage of alternating 

current through it. One of the most fundamental relationships of electronics is Ohm’s 

law. It describes the relationship between the voltage applied to a system of given 

resistance and the current that passes through it. This law though is valid for DC only 

and can be written as:  

𝑉 = 𝐼𝑅        [𝐸𝑞 2.3] 

Generalizing this formula to describe the response of a system to AC also requires the 

introduction of Impedance, Z which is a complex quantity that replaces resistance 
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when voltage and current are alternating sinusoidal functions of time of constant 

frequency. The generalized form of Ohm’s law for AC can be written as:  

𝑉(𝑡) = 𝐼(𝑡) 𝑍         [𝐸𝑞. 2.4]  

 

On a linear response system, when an alternating voltage with amplitude V0 is a 

applied (Eq. 2.5)  the current  will also be a sinusoidal function of time (Eq. 2.6) having 

a phase difference, θ, and an amplitude I0 dictated by the impedance of the system at 

that frequency (Eq. 2.6 and Figure 2.5), while |𝛧| is given by Eq. 2.7. Phase angle, θ   

indicates how resistive, inductive or capacitive of the system’s behaviour is (please 

note that for an ideal resistor θ = 0 ).  

 

𝑉(𝑡) = 𝑉0 sin(𝜔𝑡)               [Eq. 2.5] 

𝐼(𝑡) = 𝐼0 𝑠𝑖𝑛 (𝜔𝑡 + 𝜃)            [𝐸𝑞. 2.6] 

|𝛧| =  
𝑉0

𝐼0 
              [𝐸𝑞. 2.7] 

 

 

Figure 2.5: Voltage Current relationship of a not purely resistive system, highlighting 
the phase delay from which θ is extracted.64 

 

As mentioned earlier, impedance (Z*) is a complex quantity and thus can be 

separated into a real, Z', and an imaginary part, Z" as:  
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𝑍∗ = 𝑍′ + 𝑗𝑍"            [𝐸𝑞 2.8] 

𝑍′ = |𝑍|𝑐𝑜𝑠𝜃            [𝐸𝑞. 2.9] 

𝑍" = |𝑍|𝑠𝑖𝑛𝜃           [𝐸𝑞. 2.10] 

 

Experimentally, electrochemical impedance spectroscopy can be performed 

with two main methods, PEIS and GEIS. Perturbation in PEIS is voltage applied and the 

feedback is the current measured while in GEIS, perturbation applied is in the form of 

current and the potential difference is the feedback. 

During a typical PEIS experiment, an alternating voltage is applied to the 

sample under test, and its frequency is swept through the desired range. 

Simultaneously, at each frequency the current amplitude and the phase delay 

between voltage and current are measured. For the results to be reliable, three 

conditions must be assured. First, that the amplitude of the stimulus signal needs to 

be small enough in order for the system to behave linearly, but large enough to cause 

a measurable response; second the system has to be stable and not degrade during 

the measurements and third the system has to be properly shielded from 

interferences from the surrounding environment so that the response measured is 

caused solely by the stimulus signal.   

In electrochemical systems, valuable information can be extracted both by the 

|Z| and θ values, as well as their variation with frequency. To understand and present 

the obtained results Bode or Nyquist plots are most commonly used (Figure 2.6). The 

first shows the magnitude of impedance, |Z| and the phase angle θ as a function of 

frequency, and the latter is a parametric plot of frequency having –Z" on the y axis and 

Z' on the x axis. In the analysis of electrochemical systems though, Nyquist plots tend 

to be the most common way of data representation.  
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Figure 2.6: (Left) Bode Plot and (Right) Nyquist Plot representation of the impedance 

of an ideal parallel RC Circuit65. 

 

 Regarding polymer electrolytes, they can be measured either using blocking or 

non-blocking electrodes. In non-blocking electrode measurements, electron transfer 

reactions take place between ions and the electrodes while with blocking electrodes 

there are no such reactions and the system behaves like a capacitor. Non-blocking 

electrode measurements contain information about the reactions happening and are 

naturally more complex and difficult to interpret. For the sake of simplicity, blocking 

electrodes are sometimes preferred to study the electrochemical behaviour of 

electrolytes.  

 Typical polymer electrolyte conductivity measurements are carried out using 

PEIS. In the case of blocking electrode measurements the electrolyte is kept in a cell 

of known volume, sandwiched between chemically inert electrodes, typically made of 

Stainless steel, Brass, Platinum etc. The assembly is measured using an impedance 

analyzer and the observed response is most commonly presented through the Nyquist 

plot. Typical Nyquist plots of such systems depict a semi circle followed by a tilted line 

as seen in Figure 2.7. From such measurement, bulk resistance, Rbulk of the electrolyte 

under test can be extracted as the value of Z' at the point where the data intercepts 
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the real axis after the semi-circle. From Rbulk, the D.C. conductivity, σdc of the 

electrolyte can be calculated using Equation 2.11.  

𝜎𝑑𝑐 =
𝐻

𝑅𝐵𝑢𝑙𝑘𝐴
             [𝐸𝑞. 2.11] 

Where H is the thickness of the electrolyte and A is the electrode-electrolyte 

interfacial area. 

 

 

Figure 2.7 : Typical Nyquist plot of blocking electrode - polymer electrolyte EIS 
measurement indicating the point taken as Rbulk (red arrow) [Reprint from 
Ref.66].66 
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3.Thermal Characterization of 

PEO:LiTFSI electrolytes 

 

3.1 Differential Scanning Calorimetry (DSC) 

DSC was used to measure the thermal properties of the PEO-based 

electrolytes. The samples were subjected to two heating-cooling runs. First, each 

sample was heated up to 150oC and annealed for a minimum of 5 min to erase its 

thermal history. The sample was then cooled to -110oC at a cooling rate of 10oC/min, 

and subsequently heated to 150oC at a heating rate of 10oC/min. The reproducibility 

of the data was tested with an extra cooling/heating cycle and the data appeared 

identical.  

Figure 3.1 shows the DSC traces of polymer electrolytes prepared by blending 

linear poly(ethylene oxide), PEO, with molecular weight Mw = 5 kg/mol (LPEO-5K) and 

lithium bis(trifluoromethane)sulfonamide (LiTFSI), at various molar ratios r = [Li+] / 

[EO]. The DSC traces in Figure 3.1a represent the coolings after annealing at 150 oC, 

while Figure 3.2b are the subsequent heating runs; both cooling and heating were 

performed at a rate of 10oC /min. Three features are distinct on the thermograms for 

LPEO-5K:LiTFSI  samples with r ≤ 0.07: (1) an exothermic peak during cooling that 

corresponds to the crystallization of PEO (Figure 3.1a), (2) an endothermic melting 

event during heating (Figure 3.1b), and (3) end endothermic step (in both cooling and 

heating), at temperatures below melting, that corresponds to the glass transition 

temperature, Tg
PEO

 , of the amorphous LPEO-5K. 
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Figure 3.1: DSC traces of the polymer electrolytes LPEO-5K:LiTFSI  with r = [Li+]/[EO] 
ranging from 0.025 to 0.140 , on cooling (a) and subsequent heating (b) at a rate of 
10 oC /min.  

 

The degree of crystallinity (Xc) was calculated as Xc (%) = (ΔΗexp/ΔΗcryst)*100%, 

where ΔΗexp is the measured enthalpy change during the melting, normalized to the 

PEO weight fraction of the sample (i.e. the area of the endothermic event during 

heating divided by PEO fraction, see also Chapter 2.2.2), and ΔΗcryst is the theoretical 

heat of fusion of the 100% crystalline PEO and is taken equal to 196.4 J/g67. The Xc as 

a function of r = [Li+] / [EO] is plotted in Figure 3.2a. Due to the interactions of the EO 

segments of the PEO and the Li
+ of the LiTFSI salt, Xc monotonically decreases with r, 

while the PEO crystallization is completely suppressed for r ≥ 0.085, leaving the 

polymer electrolyte in an amorphous state (blue regime in Figure 3.2a). Notably, for r 

= 0.063 and 0.073, i.e. close to the concentration at which the material remained  

amorphous, the samples remained amorphous during the cooling while crystallize 

during heating; seen as a cold crystallization exotherm on heating runs. This implies 

that salt alters / obstructs the kinetics of crystallization. At the same time, both the 
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crystallization and the melting temperatures (Tc and Tm, respectively) decrease 

monotonically with r. Last but not least, and as it will be discussed next, a significant 

increase in the Tg
PEO with r is observed. 
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Figure 3.2: (a) Degree of crystallinity and (b) melting (red circles) and crystallization 
temperatures (blue circles) as a function of r = [Li+] / [EO] of LPEO-5K:LiTFSI polymer 
electrolytes.  
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Figure 3.3 shows the heating trace after the LPEO-5K with r = 0.055 from 150 oC to          

-110 oC at a cooling rate of 10 oC /min, the so-called “normal scan” with blue line, along 

with the corresponding heating trace after the sample was quenched to -110oC at a 

cooling rate of 65 oC /min (the fastest rate that could be achieved with the DSC set-up 

used). The latter cooling rate was large enough so the sample remained amorphous 

at -110 oC; no crystallization was observed during cooling and a large cold 

crystallization was seen during heating. Notably, the measured Tg
PEO  for the quenched 

/ amorphous sample is about 14oC higher than the corresponding Tg
PEO of the semi-

crystalized PEO electrolyte (Tg
PEO = - 53 oC and -39 oC, respectively). This can be 

explained by the fact that when in the semi-crystalline phase the concentration of 

LiTFSI is the amorphous PEO phase is higher than what is dictated by the r; the growing 

lamellae during crystallization expel LiTFSI which resides with the amorphous phase.23 

The situation described is not present in the quenched /amorphous PEO electrolyte 

where the whole PEO volume of the electrolyte is in the amorphous state.  A direct 

consequence is the significant differences in the Cp change at the glass transition (ΔCp); 

for the amorphous ΔCp = 0.15 cal g-1 K-1 while for the semicrystalline ΔCp =0.08 cal g-1 

K-1, a quantity directly proportional to the fraction of the sample going through glass 

transition.  It is also important to point out that the melting temperature and degree 

of crystallinity appears to be unaffected by the thermal history of the sample. 
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Figure 3.3: DSC traces during heating for LPEO-5K:LITFSI with r = 0.055 after a normal 
cooling at 10 oC/min (Blue trace) and after quenching (Black trace)  

 

Figure 3.4 shows the Tg
PEO of the LPEO-5K:LiTFSI electrolytes as a function of r; the 

black solid symbols refer to the Tg
PEO  for the samples that were cooled to -110oC at   

10 oC /min (normal scan), while the open black symbols correspond to the Tg  for the 

samples that were quenched to -110oC at 65oC/min (amorphous state). It is important 

to point out that for the LPEO-5K:LiTFSI electrolyte with r = 0.025, a quenched 

amorphous electrolyte could not be achieved even at 65oC /min, i.e. the fastest 

available with our current DSC set-up,  and an exothermic crystallization peak during 

cooling was measured. It is clear that the Tg
PEO of the amorphous polymer electrolytes 

scales linearly with r, consistent with the literature.68 In contrast, for the polymer 

electrolytes cooled at 10oC /min to -110oC, a discontinuity is observed at a critical            

r > 0.07, i.e. the critical r that the PEO:LiTFSI electrolytes are amorphous and thus no 

LiTFSI concentration variations due to crystallization are expected. It is important to 

point out that for the remaining of this work, the Tg
PEO values reported correspond to 

the samples that were successfully quenched to a fully amorphous state. 
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Figure 3.4: Glass transition temperatures for LPEO-5K:LiTFSI electrolytes for quenched 
(open symbols) and “normally” cooled samples at 10 C/min (solid symbols). Dashed 
line is a guide to the eye highlighting the linear relationship.  

 

 

 

3.2 The Effect of PEO’s molecular weight on the Thermal 

Properties of PEO:LiTFSI blends 

 

In this section, the effect of the molecular weight of linear PEO:LiTFSI 

electrolytes is studied. Three different linear PEO were considered (Table 2.1) : one 

with Mw = 0.55 kg/mol (i.e.  smaller than the entanglement Mw for PEO, Me = 2 kg/mol) 

26, one with Mw=1.9 kg/mol (LPEO-1.9K), i.e. around the entanglement molecular 

weight for PEO, and one with Mw=5 kg/mol (LPEO-5K). All three polymers were 

blended with LiTFSI salt at various r = [Li+] / [EO] ratios and their thermal properties 

were studied with DSC. The cooling/heating traces for the LPEO-0.55K and LPEO-1.9K 

at various r are shown in Figure 3.5.  
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Figure 3.5: DSC traces of (a, c) Cooling and (b, d) Heating runs of (a, b) LPEO-

0.55K:LiTFSI  and (c, d) LPEO-1.9K:LiTFSI with r = [Li+] / [EO] ranging from 0.025 to 0.140 

with a rate of 10 oC /min. 
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As in the case of the LPEO-5K:LiTFSI electrolytes, the addition of LiTFSI salt leads to the 

decrease of the degree of crystallinity. At the same time a shift to lower temperatures 

of Tm, Tc, and Tg is observed with increasing r. Again, for a critical value of r, no 

crystallization is observed and the PEO:LiTFSI blends are in the amorphous state. In 

order to understand the effect of Mw on the thermal properties of linear PEO:LiTFSI 

electrolytes, in Figures 3.6 and 3.7 the Xc, Tm and Tc are plotted as a function of r for 

the different LPEO considered in the current work.   
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Figure 3.6: Effect of r = [Li+] / [EO] and the Mw of linear PEO on (a) the degree of 
crystallinity (Xc) of LPEO:LiTFSI electrolytes. 
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Figure 3.7: Effect of linear PEO’s Mw on (a) the melting and (b) the crystallization 
temperatures of LPEO:LiTFSI polymer electrolytes as a function of r = [Li+] / [EO] ratio. 

  

Figure 3.6 reveals that the Xc of LPEO-1.9K and LPEO-5K are similar at r = 0 and 

decreases in the same manner/rate with r. In the case of LPEO-0.55K:LiTFSI 

electrolytes the Xc is systematically lower compared to that of the larger PEO 

molecules at all r , something known also for the pristine case..  This could be explained 

due to the fact that LPEO-0.55K  has more free ends. It is important to point out that 
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Xc in the case of LPEO-0.55K is being suppressed in a similar manner/rate with r as in 

the case of longer PEO chains showing that the effect of LiTFSI is very similar to all 

three molecules.  

Figure 3.8a, shows the Tg
PEO as a function of r, for various Mw of PEO. A sample of 

LPEO-10K with r = 0.085 was prepared and its Tg
PEO is plotted along with the 

corresponding Tg of LPEO-0.55K, LPEO-1.9K and LPEO-5K.  It is clear that the Tg of PEO 

appears to be independent on the Mw for Mw ≥ 5 kg/mol. This may be seen also in 

figure 3.8b, where the Tg of LPEO:LiTFSI electrolytes at r = 0.085 is plotted as a function 

of Mw. To this end, it is known that the Tg of polymers has a very weak dependence 

with the Mw for Mw > Me and our data indicate that this is the case also for the 

LPEO:LiTFSI electrolytes.  
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Figure 3.8: (a) Effect molecular weight of linear PEO on the glass transition 
temperatures of PEO in LPEO:LiTFSI polymer electrolytes as a function of r = [Li+] / 
[EO]. One LPEO-10K:LiTFSI  sample (r = 0.085) is also included to support that Mw 

dependence reaches a plateau. (b) Dependence of Tg on PEO’s Mw  for r = 0.085 clearly 
showing the reduced dependence on high Mw.  

 

 

3.3 The effect of  star-shaped architecture on the thermal 

properties of PEO:LITFSI blends 

We now turn our attention on the effect of macromolecular architecture of 

PEO, and in particular that of star architecture, on the thermal properties of PEO-

based:LiTFSI electrolytes. To do so, two different star-shaped PEO were considered 

(Table 2.1): (1) a three arm (f = 3) star PEO with arm molecular weight Mw
arm = 

0.87kg/mol (i.e. S(3)PEO(0.87K)) and (b), a high fucntionality PSnPEOn mictoarm star 

with a DVB core mol (i.e. S(60)PEO(60K)). This star has n polyethyleneoxide and n 

polystyrene arms. Based on NMR, it is consisted from 86% PEO and n is about 60. Each 

PEO and PS arm has approximately Mw
arm = 60 kg/ and 7 kg/mol respectively. The star-

shaped polymers were blended with LiTFSI at different molar ratios r  and their 

thermal properties were studied.Figure 3.9 shows the DSC runs during coolings (a and 

c), and during heating (b and d) for the S(3)PEO(0.87K) and S(60)PEO(60K),  of the 
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electrolytes prepared after blending the star-shaped PEO molecules with LiTFSI in 

various molar ratios, r.  
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Figure 3.9: DSC traces of (a, c) Cooling and (b, d) Heating runs of (a, b) 
S(3)PEO(0.87K):LiTFSI and (c, d) S(60)PEO(60K):LiTFSI polymer electrolytes with r = [Li+] 
/ [EO] ranging from 0.025 to 0.140 with a rate of 10oC /min. 
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In Figures 3.10, 3.11 and 3.12 below, the results from the thermal analysis of the star 

PEO based electrolytes are compared with the previous results for linear PEO. 
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Figure 3.10: Effect of PEO molecular weight and architecture on the Degree of 

Crystallinity as a function of r = [Li+] / [EO]. 
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Figure 3.11: Effect of PEO molecular weight and architecture on (a) Melting and (b) 

Crystallization temperature as a function of r = [Li+] / [EO]. 
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Figure 3.12: Effect of molecular weight and architecture on the glass transition 
temperatures for PEO:LiTFSI electrolytes as a function of r = [Li+] / [EO]. 
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Regarding the degree of crystallinity of the pristine PEO-based polymers (i.e. for r = 0), 

S(3)PEO(0.87K) due to branching and associated geometrical constrains has 

significantly smaller crystallinity than the corresponding linear PEO analogues with 

similar Mw as its arm (LPEO-1.9K) or with similar total Mw (LPEO-5K). Interestingly 

S(60)PEO(60K) has a larger degree  of  crystallinity than that of the 3-arm star PEO with 

0.87K per arm and the oligomeric LPEO-0.55k, yet smaller than that of the LPEO-1.9K 

and LPEO-5K. When LiTFSI is added, the depedence of Xc of S(60)PEO(60K) on r seems 

to be weaker than any other molecule (Figure 3.11); it’s the only macromolecule that 

still crystallized at r = 0.085. The above phenomenon implies that its architecture and 

its high functionality in particular, affects the interaction of PEO with LiTFSI and 

consequently reduces the effect that the latter has on the crystallization of the 

polymer. Notably,  S(3)PEO(0.87K)  has both melting and crystallization temperatures 

lower than the corresponding linear PEO molecule with comparable total molecular 

weight (Figure 3.10). Regardless of the lower melting and crystallization temperatures, 

both stars seem to have glass transition temperatures close to the highest molecular 

weight PEO considered here and with a very similar r depedence. 
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4.Electrical Characterization of 

PEO:LiTFSI electrolytes 
 

 

4.1 Design and Assembly of a Custom Made Chamber for 

Electrical Characterization of Polymer Electrolytes under 

Controlled Temperature and Atmosphere 

 For the electrical characterization at a control atmosphere and temperature of 

the polymer electrolytes under investigation in this study, initially an environmental 

chamber and a conductivity cell was designed, manufactured, optimized and 

evaluated. A temperature controller was also designed and implemented in the home-

made/custom-made set up.   

 

4.1.1 Conductivity Cell for impedance measurements in liquid 

and solid electrolytes.  

As several polymer electrolytes in this study were liquid-like for certain 

temperature ranges, a cell that would keep the fluid in well-known dimensions at 

different temperatures was designed for the ionic conductivity measurements. CAD 

views of the cell, as well a photograph of the final cell can be seen in Figure 4.1.   The 

cell was made from brass electrodes (parts 1 and 5 in Figure 4.1), with a PTFE spacer 

(part 2 in Figure 4.1) to maintain a constant distance between the electrodes. PTFE 

spacers with various sample areas with diameters of 4, 6, and 8 mm and thicknesses 

of 1 and 2 mm (part 3 in Figure 4.1) were designed and used and notably, no effect of 

sample dimensions on conductivity measurements was observed. PTFE isolators (parts 

4 in Figure 4.1) were introduced in the cell in order to ensure the electrical isolation 
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of the electrodes. The assembly processes and the corresponding steps may be seen 

in Figures 4.1 A, B, C and D. Cables were soldered on each electrode for the electrical 

interfacing of the cell with the impedance analyzer (red and green cable in Figure 4.1 

E). 

 

       

 

                                                         

 

Figure 4.1: (A-D) CAD representations of conductivity cell showing its main 
components. (A) Full exploded, (B,C) Halfway assembled views (D) Full assembled 
view, (E) Photograph of assembled cell. The features highlighted are: (1) Bottom 
electrode, (2) PTFE Spacer, (3) Sample Area, (4) PTFE Isolation Rings, (5) Top Electrode.  

4.1.2 Environmental Chamber for EIS measurements at various 

temperatures 
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PEO and LiTFSI salt are extremely hygroscopic and their - even short - exposure 

to ambient conditions may lead to moisture absorption that affects the ion 

conductivity measurements.  Therefore, the PEO:LiTFSI electrolytes were exclusively 

prepared in an Argon filled glovebox with sub ppm moisture concentration. To ensure 

that the electrical conductivity measurements would be performed in an inert 

environment, an environmental, airtight, chamber was designed that was assembled 

in the glove box.  More precisely, the chamber is made out of a metal cylinder and a 

lid, held together with bolts and an ‘O’-ring to make the assembly airtight. On the lid 

there is a custom made 8 cable feed-through based on KF vacuum components. A 

pressure gauge and a valve were fitted to the chamber and then several tests were 

conducted to ensure that the chamber could both maintain a vacuum or elevated 

pressure. Inside the home made chamber, a PTFE platform was designed to hold the 

cell described above. The design was made such that the sample cell to be electrically 

isolated from its surroundings while placed in the middle of the chamber volume to 

avoid possible temperature gradients or electrical interferences. To record the exact 

temperature of the cell during measurements, a PT100 sensor was placed in contact 

with the bottom electrode of the cell. As PT100 is a Resistance Temperature Detector 

(RTD), a three wire configuration was utilized that accounts for the resistance of the 

cables as well as its dependence on temperature. The whole environmental chamber 

was wrapped with a heating tape, making it a controlled temperature oven. 

 

      

Figure 4.2: (Left) Side and (Right) top view of the inert atmosphere oven. Visible are 
the feedthrough on the top as well as the pressure gauge and valve. 
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4.1.3 Temperature controller and sample thermometer 

 

 To control the temperature of the environmental chamber a custom controller 

was designed. The requirements for it were to be able to control a heating element 

which would heat up the chamber while simultaneously “read” the temperature of 

the sample inside the chamber. The “heart” of the final system is an ATmega328p               

8-bit microcontroller (MCU) as part of an Arduino UNO R3 board. Alongside it there 

are two MAX31865 RTD-to-Digital Converter modules operating in 3-wire 

configuration that measure the PT100’s resistance and calculate the temperature as 

well as serially report it to the MCU. As peripheral components there are a 16x2 

character LCD screen, a rotary encoder with a button, a status LED and a solid state 

relay.  

Principle of Temperature Controller Operation 

 An ATmega328p 8-bit microcontroller (MCU) as part of an Arduino UNO R3 

board “reads” two temperature values, one coming from the PT100 placed on the 

heating element (abbr. H.E.PT100) and one from the PT100  attached at the bottom 

electrode of the sample cell (abbr. SamplePT100). The setpoint temperature can be 

defined with a rotary encoder (Figure 4.5 right). The MCU calculates using the PID 

algorithm the power needed on the heating element for the H.E.PT100 to reach the 

user defined Setpoint temperature. The control of the heating element is done using 

a Solid State Relay (SSR), controlled by a low frequency (~30Hz) pulse width 

modulation (PWM), in parallel connected to the LED so that a LED lights up when the 

heating element is enabled. Alongside the H.E.PT100’s temperature, PID algorithm 

also needs P or “Proportional, I or “Integral, and D or “Derivative” values stored in the 

MCU’s EEPROM and can also be changed by the user. The controller is encased in a 

grounded aluminum case and is powered from PC’s USB. The block diagram of the 

controller is pictured below. At the case of the controller, an LCD displays the Setpoint 

temperature, the temperature of the heating belt and the temperature of the bottom 

electrode. 
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Figure 4.3 : Block Diagram of controller’s components. 

 

 

 

 

 

For the programming Arduino IDE was used and the Libraries utilized are the 

following: 

1. PID by Brett Beauregard69 

2. Adafruit_MAX31865 by Adafruit70 

3. EEPROM by Arduino71 

4. LiquidCrystal by Arduino72 

 

For the wiring, a custom PCB was designed using Autodesk EAGLE, the design was 

transferred using the “toner transfer” method on an FR4 copper clad which was then 

etched using HCl / H2O2 solution to obtain the final board. The board’s design as well 

as the picture of the final board are seen in Figure 4.4. The final assembly of the 
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controller can be seen in Figure 4.5, while the final set up with all the parts (Impedance 

analyzer, environmental chamber and temperature controller) can be seen in Figure 

4.6. 

         

Figure 4.4:  (Left) main PCB’s design and (Right) the transferred and etched PCB 

 

       

Figure 4.5: (Left) image showing the wired and assembled components in the 
controller. (Right) The completed controller. 
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Figure 4.6: Images of the assembled Impedance measurement apparatus.  

 

4.2 Electrochemical Impedance Spectroscopy (E.I.S.) 

The conductivity measurement of polymer electrolytes was determined using 

Electrochemical Impedance Spectroscopy (EIS). For all the EIS measurements in this  

work, a cylindrical PTFE spacer with 4mm diameter and 2mm thickness was used in 

the home-made cell (Figure 4.1), which is assembled and loaded in an Argon filled 

Glovebox (MBraun EasyLab) and placed in the home-made airtight environmental 

chamber, as described in chapter 4.1. The home-made environmental chamber was 

then taken out of the Glovebox, wrapped with a heating belt, and was connected to 

the home-build controller and the impedance analyzer (Bio-Logic SP300).  

Each polymer electrolyte was subjected to a slow heating and then a cooling 

scan from room temperature to 100oC and back to room temperature with EIS spectra 

obtained every 5oC. During both runs, the temperature was changed approximately 

5oC every 15 minutes.  An excellent reproducibility of the ion-conductivity values 

during heating and cooling indicates both that the electrolyte has reached the target 

temperature and that no degradation of the electrolyte took place during the 

experiments. 
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Figure 4.7 shows a typical impedance spectra obtained from a polymer 

electrolyte with LPEO-5K and r=0.055. 
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Figure 4.7: Impedance data obtained from LPEO-5K r=0.055 showing the typical 

behaviour of our electrolytes. Data are presented as (a) Nyquist plot and (B) Real (Z') 

and imaginary (Z") parts of conductivity as a function of Frequency. Solid black lines 

indicate the Bulk resistance, Rbulk of the electrolyte. 

 

The D.C. Conductivity (σdc) was estimated from the bulk resistance (Rbulk) (as 

thoroughly described in Chapter 2)  as:68  
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𝜎𝑑𝑐 =
𝐻

𝑅𝐵𝑢𝑙𝑘𝐴
             [𝐸𝑞. 4.1] 

Where H is the thickness of the spacer, Rbulk is the impedance at the frequency 

independent plateau and A is the area of the electrode-sample interface.   

 We studied our systems in multiple temperatures and Figure 4.8 shows the 

effect of it on the Z' and Z" of the LPEO-5K with r = 0.055 electrolyte. As one would 

expect, increasing temperature significantly lowers the Rbulk of the electrolyte and 

hence enhances its conductivity. 
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Figure 4.8: The effect of Temperature on (a) Z’, Z’’ vs Frequency and (b) Nyquist plot. 

Both plots show a significant reduction of bulk resistance with increasing temperature. 
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Figure 4.9 shows the ion conductivity as a function of temperature during heating (red 

open circles), and during cooling (blue triangles). During cooling there is an abrupt 

drop of ion conductivity at a temperature around 50oC, as the result of the 

crystallization of the specific polymer electrolyte. This is clear from Figure 4.10 where 

the ion conductivity during cooling is plotted along with the heat flow of the 

corresponding electrolyte during cooling (as measured with DSC). As it was discussed 

in the introduction, ion transport occur through the amorphous phase of the PEO 

based electrolyte. Similarly, the conductivity significantly increases when the 

materials goes through its melting temperature.  
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Figure 4.9: DC Conductivity of LPEO-5K:LiTFSI r = 0.055 as a function of temperature. 

Vertical Lines indicate the thermal transitions of the polymer during the scan. (Blue) 

Crystallization and (Red) Melting 
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Figure 4.10: Overlay of EIS and DSC heating scans showing the agreement of the two 

techniques in the melting point of the sample LPEO-5K r = 0.055. 

 

In Figure 4.11 with open symbol we plot the ion conductivity of LPEO-5k:LiTFSI 

electrolytes as a function of Lithium salt concentration for different temperatures. As 

expected and it has been reported for PEO:LiTFSI  systems  the conductivity increases 

the temperature while a non-monotonic behavior with r is seen.5,25,27  The non-

monotonic behavior can be explained in terms on the two competing effect discussed 

earlier (Chapter 1.4.3).  . The solid symbols in Figure 4.11 is the data on PEO:LiTFSI 

electrolytes with similar Mw as in our case.25 Notably, there is a very good agreement 

between the two sources indicating that the home-made set-up built during the 

course of this thesis produces reliable and accordance with the literature data.  
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Figure 4.11: D.C. Conductivity as a function of r for various temperatures, a 

comparison between data measured in FORTH for this study (solid) and by Armand 

et.al (open). 

 

 

4.3 Effect of PEO molecular weight (Mw) on the ionic 

conductivity of LPEO : LiTFSI blends. 

We start our discussion on the effect of Mw on the conductivity properties 

from the PEO of the lowest Mw studied here, i.e. the LPEO-0.55K. Figure 4.12a, shows 

the ion-conductivity of LPEO-0.55K:LiTFSI electrolytes as a function of r, for different 

temperatures. . Noticeably, the maximum in conductivity (rmax) for the LPEO-0.55K 

electrolytes has a temperature dependence; rmax occurs at larger values as the 

temperature increases. This is clear in Figure 4.12b, where the ion-conductivity is 

plotted as a function of r for two temperatures. At T=30oC, the maximum in ion 

conductivity occurs at rmax ≈ 0.055, while at T=100 oC occurs at rmax≈0.085 to 0.111. To 
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the best of our knowledge, such a temperature dependence on the rmax has not been 

reported before. 
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Figure 4.12:  (a) D.C. Conductivity of LPEO-0.55K:LiTFSI electrolytes as a function of r 
for (a) various temperatures from 30oC to 100oC and (b) at 30oC (blue symbols, right 
axis) and at 100oC (red symbols, left axis) 
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As discussed in chapter 1.4.3, increasing LiTFSI amount in a PEO based 

electrolyte simultaneously slows down polymer’s segmental dynamics and increases 

ion concentration resulting in a non-monotonic overall dependence of ion 

conductivity on r. In order to further investigate the aforementioned shift of rmax at 

higher temperatures, Raman spectroscopy was utilized to understand the effect of 

temperature on the degree of ion dissociation24 (Figure 4.13) which could affect the 

number of free/dissociated ions in the sample. The principle of that analysis depends 

on a well-known TFSI- Raman peak, caused by a complex mixing of internal coordinates 

making the whole anion expand and contract and thus largely vary its polarizability. 

This absorption is evidenced at around 746 cm-1 when TFSI- is associated with Li+. 

Separation of the two affects the electron density of TFSI- and causes the peak to shift 

to 740cm-1. The degree of dissociation can be estimated by the ratio of the area under 

the free ion peak divided by the sum of the areas of both peaks. Figure 4.13a shows 

the range of interest of the Raman spectra of LPEO-0.55K r=0.070 sample showing that 

the area of the non-dissociated LiTFSI is negligible. In Figure 4.13b the ratio described 

above is plotted as a function of temperature. The two main points are that the degree 

of disassociation for the different LiTFSI amount used in this study is almost unity and 

most importantly does not change with temperature. The Raman measurements 

indicate that these samples have almost the entirety of the ions in the free state 

throughout the EIS measurement’s temperature range. Please note that our 

measurements are consistent also with literature as ion aggregates (not fully LiTFSI 

dissociation) has been reported for r > 0.125.
24,29   
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Figure 4.13: (a) Raman spectra obtained from LPEO-0.55K r=0.070 sample at 30oC 
showing the two peaks under interest for Degree of disassociation calculation and the 
corresponding fit used to deconvolute the peaks and obtain their areas. (b) Degree of 
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dissociation calculated for three LPEO-0.55K : LiTFSI electrolytes, all being very close 
to unity and invariant with temperature. 

 

It is widely known that increasing temperature accelerates polymer dynamics 

which in turn increases the mobility of the ions contributing to the measured 

conductivity.  

As discussed in chapter 1.4.7, the ion-conductivity of a polymer electrolyte has 

a non-monotonic dependence on the salt content, r. This is  the result of  two 

competing effects; as salt increases segmental dynamics become slower that tend 

decrease ion-conductivity (blue line in Figure 4.14), while  simultaneously charge 

carrier density increase with r that tend to increase ion-conductivity (red line in figure 

4. 14). As a result, the ion-conductivity has a non-monotonic behavior with r (black 

line if figure 4.14). As Raman measurements showed, changing the temperature of the 

electrolyte does not affect the charge carrier density, as no change on the degree of 

dissociation was measured in the temperature range from room temperature to 

100oC. In other words the red line in figure 4.14 is unaffected with temperature. On 

the other hand, if temperature changes, for example decrease, polymer’s segmental 

dynamics become slower, dashed blue line in figure 4.14. As a result, the competition 

between segmental dynamics and free-ion concentration result in a lower rmax for 

lower temperature (dashed black line in figure 4. 14).      

 

Figure 4.14: Qualitative explanation of rmax shift. Red line represents ion 
concentration. The blue solid line indicate the dependence of PEO segmental 
dynamics with r, that decreases with increasing r. The dashed line indicates the 
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corresponding segmental dynamics for a lower temperature. Black solid line 
represents the convolution of the two behaviours while black dashed line indicates 
the same response at lower temperature. 

  

Figure 4.15a shows the effect of temperature on the ion conductivity of LPEO-

0.55K:LiTFSI electrolytes at different ion concentrations, r. As discussed in Chapter 3.1, 

due to the interactions of Li+ with EO, the addition of the LiTFSI increases the glass 

transition temperature of PEO, i.e. decrease the segmental dynamics of the PEO. In 

order to account for the difference in polymer dynamics with the addition of LiTFSI, 

Figure 4.15b plots the ionic conductivity as a function of T-Tg. It is clear, that with 

increasing the lithium salt the ionic conductivity increases as shown in the Tg-

normalized plot.  
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Figure 4.15: (a) LPEO-0.55K:LiTFSI D.C. Conductivity as a function of Temperature.               
(b) D.C. Conductivity vs T-Tg

PEO showing that when segmental dynamics of polymer is 
comparable, higher r improves conductivity.  

 

As discussed in chapter 1, the ionic conductivity of a polymer electrolyte depends on 

the concentration of charge carriers as described by by Kohlrauch equation:  

 

𝜎𝑑𝑐 ∝ ∑ 𝜇𝑖 𝑞𝑖𝑛𝑖

𝑖

              [𝐸𝑞. 4.2] 

 

Where i is each ion, μi is the mobility of the ion, qi is its charge and ni its concentration.  

The concentration, n, of LiTFSI in the polymer electrolyte could be estimated using the 

formula:29 

𝑛 = 𝑛𝐿𝑖+ + 𝑛𝑇𝐹𝑆𝐼− = 2
𝜌𝑟

𝑀𝐸𝑂  + 𝑟𝑀𝐿𝑖𝑇𝐹𝑆𝐼 
                   [𝐸𝑞. 4.3]         

 

Where ρ is the density of the sample as MEO and MLiTFSI are the molar masses of the 

ethyleneoxide monomer (44.05 g/mol) and LiTFSI (287.09 g/mol) respectively. 

Densities were calculated from interpolation of data from Pesko et.al 29.  Figure 4.16 
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plots the ion conductivity of the LPEO-0.55K:LiTFSI electrolytes, normalized by the ion 

concentration n = (nLi+nTFSI) versus T – Tg. It is clear that the data do not collapse to the 

same curve. Our data indicate that with increasing salt (i.e. with higher ion density) 

there is a reduced contribution of each charger carrier to the total conductivity.  A 

possible explanation can be the ion-ion interactions forming clusters and temporarily 

“canceling out” charges, that get stronger with increasing r. Along the same line,  

Pesko et.al29 reported that Lithium ions can move to the opposite to the applied 

electrical field with increasing salt concentration due to the formation of Li/TFSI 

clusters.  
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Figure 4.16: (a) Ratio of conductivity to concentration (σdc / (nLi+nTFSI)) versus T-Tg 
showing the declining effect the addition of salt exhibits. T-Tg was used to remove 
segmental dynamics from the picture. (b) a different view of the declining value of σdc 

/ (nLi+nTFSI) C with r at T = Tg + 120oC. 

 

 

 We now turn our attention on the effect of the molecular weight of linear PEO 

on the conductivity properties of PEO electrolytes. To do so, three polymers were 

used: Linear poly(ethylene-oxide) with molecular weights (Mw) of 550, 1900 and 5000 

g/mol (LPEO-0.5K, LPEO-1.9K and LPEO-5K, respectively). Molecular weights were 

chosen due to PEO having a molecular weight of entanglement, Me  close to 2000 

g/mol26 and so, under study is a polymer significantly smaller than that (LPEO-0.55K), 

one with comparable Mw (LPEO-1.9K) and one significantly larger (LPEO-5K). The 

procedures followed for the conductivity measurements were the same as those 

explained in chapter 4.2. Figure 4.17 below shows the D.C. Conductivity as a function 

of r for (a) LPEO-1.9K and (b) LPEO-5K as shown for LPEO-0.55K in Figure 4.12a. 
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Figure 4.17: D.C. Conductivity as a function of r for (a) LPEO-1.9K:LiTFSI and                                                   
(b) LPEO-5K:LiTFSI electrolytes 

 

The temperature and LiTFSI concentration dependence of the ion conductivity of 

LPEO-1.9K and LPEO-5K behave qualitatively the same as the LPEO-0.55K (Figure 4.12). 

In particular, the conductivity increases with temperature, has a non-monotonic 

relationship with r and its maximum (rmax) shifts at larger values with temperature 

(Figure 4.18).   
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Figure 4.18: D.C. Conductivity as a function of r for high (red) and low (blue) 
temperature of (a) LPEO-1.9K:LiTFSI and (b) LPEO-5K:LiTFSI electrolytes. 

 

 

The difference between those molecules shows when we plot comparatively their  

D.C. Conductivity as a function of temperature (Figure 4.19a) where one can see that 

LPEO-0,55K:LiTFSI electrolytes show much higher conductivity than the other two; 

LPEO-1.9K’s and LPEO-5K’s electrolytes show very similar conductivity values. Figure 

4.19b shows that the dependence of Ion conductivity on temperature follows a Vogel 
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– Fulcher – Tammann (VFT) equation, which is consistent with the literature on these 

systems.66 
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Figure 4.19: D.C. Conductivity as a function of Temperature for LPEO-0.55K (Red),          
LPEO-1.9K (Blue) and LPEO-5K (Black) based electrolytes (a) as a function of 
temperature T and (b) as a function of inverse temperature (1000/T). 

 

 

Figure 4.20 shows the ion conductivity as a function of r for all the different 

linear PEO:LiTFSI electrolytes studied her at T = 40 °C and T = 100 °C for two different 

temperatures of 40 °C and 100°C, Figure 4.20 a and b respectively. While where the 

two higher molecular weight polymers show similar values with LPEO-0.55K being 

significantly the most conductive of all.  
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Figure 4.20: D.C. Conductivity of as a function of r for LPEO-0.55K (Red), LPEO-1.9K 
(Blue) and LPEO-5K (Black) based electrolytes at (a) 40oC and (b) 100oC. The grey area 
in figure 1 high-light the polymer electrolytes that were semi-crystalline at 40 oC.   

 

The above behaviour has been seen in the literature27 before and further 

increase of the molecular weight is not expected to significantly change the 

conductivity as the quantity reaches a plateau. To test that, the ion conductivity of 

PEO with Mw = 10 kg/mol blended with LiTFSI at r = 0.085 was measured and it is 

plotted along with the other linear PEO in  the results confirm that at Mw ≥ Me there 

is no Mw dependence on the ion conductivity. Noticeably, figure 4.20 indicates that 

rmax has a Mw dependence for the linear PEO electrolytes. In particular this is more 

pronounced at T = 40 °C where rmax ≈ 0.055 for the LPEO-0.55K while for the LPEO-5K, 

rmax ≈ 0.085. The analysis of the thermal properties of the linear PEO electrolytes 

showed that for the LPEO-5K the maximum in ion-conductivity occurs at the r 

concentration that LPEO is amorphous (Figure 3.2); please not that Tc for the LPEO is 

higher than room temperature. In other words, our data indicate that the rmax for the 

LPEO-5K is not dictated by the competition of the ion concentration and segmental 

dynamics, as in the case of LPEO-0.55K that is amorphous at room temperature, but 

rather by the presence of semicrystalline regions that decrease ion conductivity. 
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Interestingly, at  T =100 C, i.e. at a temperature that both LPEO-0.55K and LPEO-5K are 

in the amorphous state for all r, the rmax, within the experimental, appear slightly 

larger for the LPEO-0.55K. This could be due to the fact that LPEO-0.55K is at much 

larger distance from Tg, polymer dynamics are faster and the turnover in ion-

conductivity would occur at higher r (in a similar manner as Figure 4.14).  
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Figure 4.21: Effect of PEO’s molecular weight on D.C. Conductivity at 100oC with 
r=0.085 showing no significant difference from 1900 to 10000 g/mol. 
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Figure 4.22: (a) D.C. Conductivity as a function of r at temperature 120oC above Tg
PEO 

for LPEO-0.55K and LPEO-5K electrolytes, (b) The D.C. Conductivity of all linear 
polymer electrolytes with r =0.085 as a function of 1000/T-Tg

PEO showing the 
superiority of LPEO-0.55K : LiTFSI electrolytes in terms of conductivity even when 
segmental dynamics are comparable. 

 

One may argue that the larger ion conductivity of LPEO-0.55K:LiTFSI could be 

due to the faster segmental dynamics compared to higher MW PEO, as it can be seen 
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also in Figure 3.8 in terms of the Mw dependence on the glass transition temperature 

of LPEO:LiTFSI systems.  Nevertheless, Figure 4.22a where the ion Conductivity of 

LPEO-5K:LiTFSI and LPEO-0.55K:LiTFSI electrolytes are plotted as a function of rat 

equal distance from Tg  (Tg+120oC) and Figure 4.22b where  the ion Conductivity is 

plotted as a function of 1000/T-Tg indicates that the differences in segmental 

dynamics does not account per se for the observed Mw dependence  on conductivity. 

As discussed  in chapter 1.4.2 ions move through electrolyte using two main 

mechanisms, “Fluctuation driven diffusion / Hopping” and “Vehicular diffusion”.27,73 

At Mw ≤ Me molecular weights  chains such as those of LPEO-0.55K can easily diffuse 

and the measured conductivity is primarily attributed to the faster “vehicular 

diffusion” type. For Mw ≥ Me , entanglements and corresponding constrained 

significantly affect, slow down diffusion and the main mechanism of ion transport is 

through the slower hopping mechanism.   

It is important to point out that low molecular weight PEO overcomes most of 

the problems associated with the low ionic conductivity of PEO electrolytes with Mw ≥ 

Me but lacks the necessary mechanical properties for its utilization in solid polymer 

electrolytes. Nevertheless, understanding the ion-transport properties in such 

materials is or paramount importance as such low Mw PEO electrolytes could be used 

as the “fast” ion-conductive phase in nanostructured, multiphase polymer 

electrolytes. In particular, it was demonstrated that when poly(methyl methacrylate), 

PMMA, nanoparticles (PMMA-NP) were added to the liquid LPEO-0.55K polymer 

electrolyte, both the elastic modulus and the ionic conductivity of the resulting SPE 

increased compared to the linear blend analogues. In particular, the addition of 53 

wt% PMMA nanoparticles resulted in SPEs that exhibited two orders of magnitude 

higher conductivity and one order of magnitude higher mechanical strength as 

compared to their linear PMMA blend analogues.5,74 Notably, at room temperature 

PMMA-NP/PEO/LiTFSI electrolytes have a  > 10-4 S/cm and a shear modulus of G' ≈1 

MPa, outperforming the corresponding nanocomposite electrolytes made with the 

addition of silica NPs.75,76 The key to this phenomenon is the morphology of the 

resulting SPEs as nanostructured composite materials with highly interconnected 

conducting regions, pure in liquid PEO, were formed as the result of PMMA 
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nanoparticle dispersion within the liquid electrolyte. These differences in morphology 

resulted in a significant decoupling of conductivity from the mechanical strength for 

the PMMA-NP/PEO blends, even when the electrolyte was in the solid state. 

Furthermore, it has recently been shown that when “amphiphilic” 

nanostructured polymer particles, composed of mikto-arm stars with a very large 

number of arms (functionality) of ion conducting poly(ethylene oxide), PEO, along with 

stiff insulating polystyrene arms, PS, PSnPEOn, where n = 30 the number of each type 

of arms), were added to  LPEO:LiTFSI electrolyte, SPEs that exhibit and unprecedented 

combination of high modules and ionic-conductivity at room temperature are formed. 

In particular, the addition of 44 wt% PS30PEO30 in liquid PEO:LiTFSI electrolyte resulted 

in SPEs with a shear modulus of G' ~ 0.1 GPa and ion conductivity σ ~ 10-4 S/cm, at 

room temperature.53,5 The SPEs showed a strong decoupling between the mechanical 

behavior and the ionic-conductivity as G' remains fairly constant for temperatures up 

to the glass transition temperature of the PS blocks, while the conductivity 

monotonically increased to reach  ~ 10-2 S/cm. The key to the performance of the 

SPEs is their morphology that stems from the ability of the PS30PEO30 nanoparticles to 

self-assemble in highly interconnected structures within the liquid electrolytes host.  

 

4.4 Effect of star architecture on the ionic conductivity of 

PEO:LiTFSI blends 

 

To study the effect of macromolecular architecture on the ionic conductivity 

of PEO:LiTFSI electrolytes, two star-shaped PEO polymers were considered  in the 

study One having 3 arms with a molecular weight per arm   Mw
arm = 0.87 kg/mol and 

one with and one with 60 PEO arms bound on a DVB core and Mw
arm = 60 kg/mol . As 

described in chapter 2 the latter was synthesized with the “arm-first” method and its 

core was made by sequential anionic polymerization of styrene and divinylbenze with 

equal nymber of PS arms with a low molecular weight of 6K. NRM indicated that wt% 

of the core is only 14 (See table 2.1). . The two molecules are named upon the number 
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and length of their arms and thus the former will be referred to as S(3)PEO(0.87K) and 

the latter S(60)PEO(60K). 
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Figure 4.23 : D.C. Conductivity as a function of r for the SPEO:LiTFSI electrolytes 
based on (a) S(3)PEO(0.87K) and (b) S(60)PEO(60K).  

 

Figure 4.23 shows the ion Conductivity as a function of r for the two star-shaped PEO 

polymers. As in the case of linear PEO electrolytes, the conductivity of star-shaped 

PEO electrolytes increases with temperature and has a non-monotonic on r. The high 



71 
 

functionality star has a weaker dependence on r while the shift of rmax at larger values 

with temperature for both stars occurs at around 0.085  
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Figure 4.24: D.C. Conductivity as a function of r for two temperatures showing the 
shift of the observed maximum.  

 

Figure 4.25 plots the effect of r of ion conductivity at two different 

temperatures for the star-shaped polymers, along with the corresponding data of 
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linear PEO electrolytes.   It is immediately apparent that both stars have conductivity 

values comparable to those of the larger linear ones. The gray area in Figure 4.25a, 

highlights the sample that the material was semicrystalline (as was reported in 

Chapter 3, based on DSC measurements).  Interestingly, S(3)PEO(0.87K) due to its low 

melting temperature is in the amorphous state for the whole r ranged studied and its 

ion conductivity appears much larger compared to the corresponding linear polymer 

PEO with the same molecular weight, LPEO-5K.  Notably, even at higher temperatures 

the ion conductivity of S(3)PEO(0.87K) is very similar to that of LPEO-5K.  
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Figure 4.25: D.C. Conductivity as a function of r for 4 different molecules at 
temperature (a) T=40oC and (b) T=100oC. The grey area in figure (a) indicate the 
polymer electrolytes that were semi-crystalline at 40 oC. 

Regarding the high functionality S(60)PEO(60K) star, the ion conductivity 

appear slightly lower compared to the other PEO electrolytes.  Please note that the 

14wt% is the PS/DVB core, i.e. not conductivity, and also as discussed in chapter 2, 

due to geometrical constrains associated with its star shaped architecture and high 

functionality, the EO segmental dynamics close to the core are significantly slower 

compared to the 3-arm star or of the linear PEO electrolytes. 

In terms of solid polymer electrolyte development though, one has to take into 

account both conductivity and mechanical properties of the polymer used. The reason 

S(60)PEO(60K) is included in this study is the fact that its mechanical behaviour is 

expected to be superior over its linear PEO analogue. Figure 4.26 plots the ion –

conductivity as a function of zero shear viscosity of the S(60)PEO(60K) at r = 0.085 

(solid black stars) along with the corresponding values of LPEO-0.5K at r =0.055.  

It is clear that while S(60)PEO(60K) has less than an order of magnitude lower 

conductivity than   To support this argument, zero sheer viscosity was measured for 

LPEO-0.55K and S(60)PEO(60K) electrolytes. In Figure 4.26, D.C. Conductivity is plotted 

as a function of Zero sheer viscosity. 
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Figure 4.26 : (a) Zero shear viscosity as a function of Temperature and (b) D.C. 
Conductivity as a function of Zero shear viscosity for LPEO-0.55K and S(60)PEO(60K) 
at their best performing molar ratio r. 

 

From Figure 4.26 we see that for the same conductivity the star based electrolyte                        

(S(60PEO(60K):LiTFSI r=0.055) shows 5 orders of magnitude higher viscosity, an 

extreme difference that makes it much more suitable for solid state electrolyte 

applications. 



75 
 

5.Conclusions 

 
 Starting with thermal properties of the polymer electrolytes under 

investigation in this study, we observed that in both linear and star polymers, the 

addition of LiTFSI reduces the degree of crystallinity as well as the melting and 

crystallization temperatures of the  polymer electrolytes as Li+ forms complexes with 

the oxygen atoms of PEO. While the degree of crystallinity of all linear molecules 

decreased with the same rate with r, star-shaped PEO with a large number of 60 arms, 

showed a weaker dependence on r, implying that macromolecular geometrical 

constrains, imposed by the star architecture, reduce the interaction of the LiTFSI salt 

with the PEO. Finally, for all polymers, the glass transition temperature showed a 

linear increase as the molar ratio, r of the salt was increased.   

 For the electrical characterization of the prepared electrolytes, an 

environmental chamber was designed, manufactured, optimized and tested as well as 

a complementary temperature controller and a cell with well known sample 

dimensions. Measurements on linear PEO with a molecular weight of 5 kg/mol were 

in an excellent agreement with the literature. .  

 All the electrolytes showed a non-monotonic dependence of their conductivity 

on salt’s molar ratio r. There is an initial increase in σ with r due to the increasing 

concentration of ions, reaches a maximum at rmax and then decrease with r due to the 

slow-down of segmental dynamics with r. Interestingly, we observed that rmax is 

temperature dependent and shifts to larger values with increasing temperature.  

Raman measurements revealed that the degree of LiTFSI dissociation, and hence the 

ion density, is unaffected to the temperature range in our study, indicating that the 

shift observed in rmax is primarily due to the change in the segmental dynamics with 

temperature.   

We observed a significant effect of the molecular weight of linear PEO chain 

on the ion conductivity properties of PEO based electrolytes. In particular we showed 
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that for Mw < Me (Me is the molecular weight for entanglement, i.e. for PEO 

Me~2kg/mol)), the ionic conductivity increases with decreasing molecular weight. This 

is due to the fact that for Mw < Me, ion transport occurs via the diffusion of the entire 

linear PEO chain with the coordinated ion, while for Mw > Me ion diffusion is primarily 

mediated by segmental dynamics and Li+ hopping between adjustment oxygen atoms 

with the process of breaking/forming Li-O bonds.  Noticeably, we showed that rmax has 

a Mw dependence for the LPEO electrolytes. In particular for the LPEO-0.55K the rmax 

≈ 0.055 while for the LPEO-5K, rmax ≈ 0.085. The analysis of the thermal properties of 

the linear PEO electrolytes showed that for the LPEO-5K the maximum in ion-

conductivity occurs at the r concentration that LPEO is amorphous; LPEO has a Tc 

above room temperature. In other words, the rmax for the LPEO-5K is not dictated by 

the competition of the ion concentration and segmental dynamics, as in the case of 

LPEO-0.55K that is amorphous at room temperature, but rather by the presence of 

semicrystalline regions that decrease ion conductivity.  

 Regarding the low functionality and low molecular weight star-shaped PEO, its 

conductivity was comparable to its linear analogue, yet managed to stay amorphous 

at lower temperatures due to its lower crystallization/melting temperatures. For the  

larger S(60)PEO(60K) star PEO, the ion conductivity was measured to be lower, less 

than an order of magnitude than that of linear PEOs. Nevertheless, the rheological 

measurements showed that S(60)PEO(60K)  have a  6 orders of magnitude higher 

viscosity than the linear PEO with the highest conductivity. Our study indicates that 

the use of high-functionality star-shaped PEO polymer may hold the key for the 

synthesis of polymer electrolytes that have simultaneously high viscosity and 

conductivity.    
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