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Abstract

Synthesis of polycarbonate polymer electrolytes for
lithium ion batteries and study of additives to raise the
ionic conductivity
Jonas Andersson

Polymer electrolyte films based on poly(trimethylene carbonate) (PTMC) mixed with
LiTFSI salt in different compositions were synthesized and investigated as electrolytes
for lithium ion batteries, where the ionic conductivity is the most interesting material
property. Electrochemical impedance spectroscopy (EIS) and DSC were used to
measure the ionic conductivity and thermal properties, respectively. Additionally,
FTIR and Raman spectroscopy were used to examine ion coordination in the material.
Additives of nanosized TiO2 and powders of superionically conducting
Li1.3Al0.3Ti1.7(PO4)3 were investigated as enhancers of ionic conductivity, but no
positive effect could be shown. The most conductive composition was found at a
[Li+]:[carbonate] ratio of 1, corresponding to a salt concentration of 74 percent by
weight, which showed an ionic conductivity of 2.0 × 10–6 S cm–1 at 25 °C and 2.2 ×
10–5 S cm–1 at 60 °C, whereas for even larger salt concentrations, the mechanical
durability of the polymeric material was dramatically reduced, preventing use as a
solid electrolyte material. Macroscopic salt crystallization was also observed for these
concentrations. Ion coordination to carbonyls on the polymer chain was examined for
high salt content compositions with FTIR spectroscopy, where it was found to be
relatively similar between the samples, possibly indicating saturation. Moveover, with
FTIR, the ion-pairing was found to increase with salt concentration. The ionic
conductivity was found to be markedly lower after 7 weeks of aging of the materials
with highest salt concentrations.
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Sammanfattning 
Med ökade utsläpp av växthusgaser är det viktigt att minska användningen av fossila 
bränslen. Elbilar med litiumjonbatterier blir snabbt billigare och bättre och antas det 
kommande decenniet att vara lönsamma att köra jämfört med fordon som drivs av bensin och 
diesel. Detta skulle kraftigt underlätta införandet av klimatvänliga transporter, där elfordon 
har en avgörande roll. 
 
I detta examensarbete undersöks det som finns mellan polerna (elektroderna) på ett batteri, 
nämligen elektrolyten. Dess uppgift är att isolera elektroderna från varandra så att ingen 
elektrisk ström går där emellan, vilket skulle innebära en kortslutning. En annan lika viktig 
uppgift är att leda plusladdade litiumjoner mellan elektroderna när batteriet används så väl 
som vid uppladdning, samtidigt som elektronerna leds i en yttre krets. Annars kan batteriet 
inte fungera. 
 
Vanligtvis används flytande organiska lösningsmedel som elektrolyt tack vare deras höga 
jonledningsförmåga. Men det finns en del problem med dessa, bland annat säkerhetsproblem. 
Genom att istället använda ett fast material som elektrolyt kan man göra ett säkrare batteri, 
som samtidigt kan vara mer stabilt över tid och tåla många upp- och urladdningar. Polymerer 
är en av de materialtyper som undersöks, men jonledningsförmågan är mycket lägre än för de 
flytande elektrolyterna och måste bli bättre. 
 
Polymeren poly(trimetylenkarbonat) (PTMC) har här undersökts som elektrolytmaterial 
genom att variera olika tillsatser i polymeren och mäta jonledningsförmåga, värmeegenskaper 
och hur joner interagerar med polymeren i materialet. Litiumsaltet 
litiumbis(trifluormetan)sulfonimid (LiTFSI) tillsattes i alla prover som tillverkades, för att 
kunna få jonledning av litium överhuvudtaget. Nanometerstora titandioxidpartiklar, som bland 
annat används som vitt pigment i vanlig målarfärg, var en typ av tillsats som testades. En 
annan var partiklar av superjonledaren Li1.3Al0.3Ti1.7(PO4)3, som först syntetiserades. 
Dessutom testades att bara använda höga koncentrationer av saltet LiTFSI. 
 
Resultaten visar att varken titandioxid eller superjonledaren fungerade särskilt bra för att 
underlätta jonledningen. Däremot visar testerna med höga salthalter högre jonledning. Den är 
bra, men fortfarande för låg för att kunna användas direkt för att göra ett bra batteri. En 
intressant fråga är om jonledningen fortsätter att bli bättre ju större mängd joner som tillsätts, 
trots att detta påverkar polymermolekylernas flexibilitet. Material framställdes för att testa 
detta, men materialet förändrades av allt salt och blev för mjukt och ohållbart. Det finns dock 
en möjlighet att det går att hitta en korrelation, som skulle se ut någotsånär som i figuren 
nedan, men det återstår att avslöja i framtida undersökningar. 

 
Figur i. Ett samband mellan mängden litiumjoner och jonledningsförmåga vid höga koncentrationer är tänkbart. 
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1. Introduction 
Climate change from the greenhouse effect may severely change the life sustaining conditions 
on planet Earth. The main problem is CO2 emitted from the burning of fossil fuels. 
Transportation accounts for 28% of global final energy consumption [1] and hence also for a 
similar share of greenhouse gas emissions. Electrification of the vehicle fleet is seen by many 
as the best solution to avoid this problem. Unlike fuel cells, which have sustainability issues 
regarding the production of hydrogen fuel, batteries are a promising carrier of energy, since 
externally sourced electricity can be produced renewably and with low greenhouse gas 
emissions. However, the material use in batteries also leads to environmental impact which 
needs to be limited through technological development. Among the different categories of 
batteries, the lithium battery, and specifically the lithium-ion battery is the go-to solution for 
the automotive industry owing to its large energy density and excellent cycling properties. 
The main advantages of lithium over other battery chemistries are the small size and low 
weight of the lithium ions, as well as the high reduction potential, which in fact is the highest 
among all elements. [2] 
 
Lithium ion batteries are the most important component of an electric vehicle (EV). Not only 
is it the most expensive, it is also the most extensively researched. The electric motor on the 
other hand, although essential to the powertrain, is well developed and highly mature. The 
battery cost can account for a large part of the retail price of an EV. In the case of the Tesla 
model S P85, which is a well-known EV with a 85 kWh battery, the cost of the battery is 
estimated at 300 US$/kWh, which gives a price of US$25,500 (210,000 SEK) for the battery 
alone. However, from technology improvements and economies of scale, Li-ion battery prices 
for market-leading battery EV manufacturers have decreased with 8% per year. EVs are 
considered to be cost competitive against internal combustion engine cars when the battery 
cost reaches 150 US$/kWh, which with the current trend would be realized in 2023. [3] 
 

1.1 The lithium ion battery 
The lithium ion batteries of today consist of two electrochemically active electrodes, the 
anode and the cathode, and an electrolyte in between (Figure 1), wherein the transfer of 
lithium ions takes place. The electrolyte is typically a mixture of organic liquids such as 
ethylene carbonate (with a high dielectric constant to dissolve lithium salts) and diethyl 
carbonate (with a low viscosity, which facilitates ion transport) soaked into a porous separator 
material. The high resulting ionic conductivity (in the order of 10−2 Scm−1 at room 
temperature) is its main advantages over other electrolytes. At the same time, some problems 
still remain with these liquid electrolytes, of which the electrochemical instability and the 
flammability are two main issues. The high reduction potential of the active anode material 
leads to decomposition reactions of the liquid organic electrolyte, together with the added 
salts, leading to capacity loss. [4] 
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Figure 1. Schematic picture of a Li-ion battery during operation. Upon charging, the Li+ ions move through the 
electrolyte towards the anode and intercalate it (for standard graphite anodes). Upon discharging, the Li+ ions 
move back to the cathode, while electrons move in an outer circuit, creating a useful electric current, as is the 
case in the picture. 
 
The consequence of the high potential difference between the anode and the cathode is that 
large amounts of chemical energy are stored, which may be released easily if the electrodes 
are short-circuited. These exothermic reactions produce gas and heat, leading to so called 
thermal runaways which destroys the battery and may harm the battery surroundings. If many 
battery cells are close to each other, this may also cause a chain reaction with large 
consequences for the electronic device or vehicle. Possible causes for failure include 
overheating, physical damage, overcharging/overdischarging and short-circuit. To manage 
these safety hazards, various safety devices like fuses, diodes, and battery management 
systems (BMSs) are used. [5] 
 
Instead of using standard graphite composite anodes, where lithium ions intercalate into 
graphite, the capacity can be substantially higher by using a lithium metal anode. However, 
this is regarded unsafe in combination with liquid electrolytes due to the risk of short-circuits. 
The main reason for this is that lithium plating on the anode deposits into dendrite shapes that 
may pierce through the separator materials placed between the electrodes. [5] 
 

2. Theory 

2.1 Solid electrolytes 
The problems associated with safety could be overcome by the introduction of solid 
electrolytes. They both have better mechanical stability towards the electrodes, which can 
suppress lithium dendrite formation and enable the use of lithium metal anodes [6–8], as well 
as electrochemical stability towards the highly oxidizing and reducing electrode materials. [9] 
With the use of solid electrolytes, batteries could also exhibit larger gravimetric (Wh/kg) and 
volumetric (Wh/L) capacities. [10] The main hurdle, however, is the poor ionic conductivity 
of solid electrolytes, which, although only a thin electrolyte film is required, needs to be 
addressed. [11] 
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Different types of solid electrolytes exist, and a categorization is therefore motivated. To 
begin with, there are inorganic ceramics and glasses. There are also gel polymer electrolytes 
(GPEs) which consist of a solvent in a polymer matrix and solid polymer electrolytes (SPEs) 
that are completely free from solvents. SPEs are non-flammable and without leakage of 
solvent. 
 
This work focuses on SPEs and specifically on the polymer poly(trimethylene carbonate), 
PTMC, which has shown promising mechanical properties and a large electrochemical 
stability window of 5 V vs Li/Li+. [12] The most research on SPE materials, however, has 
been made on poly(ethylene oxide), PEO, whose reasonably good ionic conductivity over the 
temperature ~60 °C was discovered in the 1970s. [11] PEO is partially crystalline below this 
temperature and it has been shown that the ionic conduction mainly takes place in the 
amorphous fraction. [2] One main goal of the efforts for PEO has therefore been to make it 
more amorphous at room temperature. [6] This also makes research into high-molecular-
weight PTMC interesting, since it, apart from having favorable mechanical properties, also is 
completely amorphous. 
 

2.2 Ionic conductivity related to segmental motion of the polymer 
An important feature of electrolytes is the electrical insulation to prevent a short circuit of the 
battery. The electrolyte should however conduct lithium ions between the active materials in 
the anode and the cathode. The ionic conductivity σ follows the general expression in 
Equation 1.  

(Eq. 1) 

 
where ni is the charge carrier concentration, qi is the charge and µi is the mobility of ion i. 
Since the charge carriers consist of both positive and negative ions, the ionic conduction is 
divided between conduction of positive and negative ions, and the contribution to mobility 
from Li+ is described by the positive transport number t+ in equation 2. 
 

(Eq. 2) 
 
where µ+ and  µ˗ are the mobility of positive and negative ions, respectively. [11] Only the 
conduction of Li+ is useful for the battery operation, and hence a t+ close to 1 is beneficial. 
The choice of counter ion to lithium affects the distribution of the charge transport between 
Li+ and the anion, because of varying mobility among ions. 
 
The ionic conductivity is measured in Scm˗1 where S = Ω˗1. A conductivity of at least 1 
mScm˗1 [14] is needed for a satisfactory battery power capacity, and this should preferably be 
maintained for temperatures down to ˗40 °C. [4] The ionic conductivity of amorphous 
polymers follows a temperature dependency described by the modified Vogel-Tammann-
Fulcher (VTF) equation (Equation 3) rather than a simple Arrhenius curve [32] 
 

(Eq. 3) 

where σ0 is a pre-exponential constant, B is a pseudoactivation energy and T0 is the ideal Tg 
(glass transition temperature) value (approximated by T0 = Tg − 50K) [33] [34] Although 
amorphous polymers above Tg are essentially liquid at a molecular level, they have slow 
molecular movements. They therefore suffer from poor ionic conductivity and may well 
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behave as solids on a macroscopic level. The time for the molecule to move is described in 
Figure 2 by the relaxation time τ2, whereas the ion diffusion is described by τ1. The ion 
conduction in amorphous polymers takes place by either of two mechanisms. The first is 
depending of the segmental motion of the polymer chain, as in Figure 2, whereby a rigid 
polymer gives slow conduction due to association between ions and polymer functional 
groups. At high enough molecular weights, the segmental motion is independent of chain 
length. The other mechanism is by diffusion of the polymer chain itself, as well as the 
associated ions, and is called vehicular diffusion. However, for the investigated polymer 
materials, this was assumed to be negligible. [11] 
 

 
Figure 2. Illustration of the difference in ion conduction mechanisms, in a) liquid electrolytes and b) polymer 
electrolytes. According to a generally accepted theory, the relaxation time of the segmental motion of the 
polymer chain is limiting the ion mobility in SPEs. 
 
Amorphous polymers have disordered molecules, and below a certain temperature called the 
glass transition temperature, Tg, it reaches a glassy state and becomes harder and more brittle. 
This is not true for fully crystalline polymers, since they are already ordered. Tg is generally 
influenced by the rigidity of the polymer backbone and the flexibility of its side chains. 
Plasticizer molecules introduced between the polymer segments can also alter the Tg of the 
polymer. 
 

2.3 The influence of salt content 
Ionic conduction requires ions which are introduced in the polymers as different lithium salts. 
The common aspect of these salts is their big and bulky anions, eg. PF6

˗ or 
bis(trifluoromethane)sulfonimide, TFSI (Figure 3). Bulky TFSI-ions facilitates the dissolution 
of salt into the polymer, as well as having great charge delocalization and a large window of 
electrochemical stability. [30] It has been shown that the relation between the amount of 
lithium ions and coordinating groups in the electrolyte is decisive to the ionic conductivity of 
the electrolyte. A too low salt content gives access to few conducting ions whereas a too high 
salt content gives rise to ion pairing and higher Tg that affects the ion migration. [13] Optimal 
for the ionic conductivity of PTMC seems to be a relation of carbonyl groups to lithium ions 
of about 8:1 to 13:1 [12], but some studies on poly(ethylene carbonate) (PEC), which has one 
less methylene group (–CH2–) in the monomer compared to PTMC and also is reported as 
fully amorphous, suggest that an even higher salt content might be favorable. [15] [16] 
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Figure 3. TFSI anion. 
 
As mentioned, high salt concentrations lead to higher Tg and lower ion mobility which more 
than offsets the increase in concentration expressed by Equation 1, leading to a lower ionic 
conductivity. However, the mobility may reach a minimum value at high salt concentrations, 
above which the further rise in concentration will again raise the conductivity. This 
phenomenon could be described as a decoupling of conductivity relaxation modes from 
structural relaxation modes (related to the viscosity of the polymer). [17] In other words, at 
very high salt concentrations, where the material could be described as a polymer-in-salt 
rather than a salt-in-polymer, conductivities may indeed be large. [18] 
 

2.4 Additives to raise the ionic conductivity of SPEs 
In addition to changing the charge carrier concentration, described in the previous section, 
there are other ways to raise the ionic conductivity in the SPE at room temperature. One 
method is to add a plasticizing agent such as liquid organic molecules like phthalates or cyclic 
carbonates to reduce the degree of crystallinity and lower the Tg, where the former increases 
the volume share contributing to ion transport and both affects the polymer segmental motion 
by which the ion transport takes place. [19] [20] 
 
The addition of nanosized inorganic ceramic particles such as SiO2, Al2O3 or TiO2 (also 
known as nanofillers) is another approach to increasing the ionic conductivity, which has been 
tried for SPE materials consisting of PEO. [21] One possible explanation for this positive 
effect is the creation of an interface between polymer and ceramic where lithium ions might 
migrate faster via –OH groups on the particle surface. Another explanation is that the addition 
of nanofillers increases the crystallinity and lowers the Tg of the composite polymer 
electrolyte (CPE), which in turn is related to the segmental motion of the polymer and 
therefore the overall ionic mobility. Tominaga et al. reported higher transport numbers for 
lithium after addition of just 1 wt% nanosized TiO2 into PEC0.53LiFSI from 0.54 to 0.81, 
which suggests that the nanofiller addition, apart from lowering Tg also may raise the positive 
ion transport number t+. [15] 
 

2.5 Superionic conductors 
Conduction of Li+ can also occur through the bulk of inorganic particles in which lithium is 
incorporated. This takes place in channels in the crystal structure large enough to let the ions 
through. The highest measured ionic conductivity is 12 mS cm˗1 for Li10GeP2S12 at 27 ˚C [22] 
and variants exist that are exchanging other elements like Sn for Ge. In general, sulfides has 
the highest ionic conductivity but suffer from moisture sensitivity and are therefore 
troublesome to synthesize. Other ceramic or glassy materials that have high ionic 
conductivities include certain oxides like La2/3xLi3xTiO3 and phosphates like 
Li1.3Al0.3Ti1.7(PO4)3 (LATP). 
 
Such superionically conducting ceramics can be added to aid the ionic conductivity in SPEs, 
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which has been made with PEO with promising results by Jung et al., where the authors claim 
to have produced a battery with good cycling stability, good interfacial contacts with 
electrodes and a ionic conductivity of 2.6×10˗4 S cm˗1 for a 80 wt% Li10GeP2S12 + 20 wt% 
PEO CPE. [23] 
 

3. Aim of thesis 
In addition to other paths to high ionic conductivity in polymer electrolytes, the influence of 
lithium salt concentrations and the addition of passive nanofillers and/or superionic 
conducting particles create a solid base for research in this area of battery science. The aim of 
this thesis has been to follow these paths as a means of improving the performance of PTMC-
based polymer electrolytes with dissolved LiTFSI-salt. The experimental methods to 
characterize the properties of the produced materials was AC Impedance Spectroscopy for 
ionic conductivity measurements, Differential Scanning Calorimetry for studying the glass 
transition temperature of the materials, FTIR and Raman Spectroscopy for studying the 
coordination of ions to the polymers’ coordination groups, and Gel Permeation 
Chromatography and Nuclear Magnetic Resonance to study the properties of the base 
polymer PTMC. The main goal has been to produce a polymer electrolyte material with 
sufficiently high ionic conductivity (1 mS cm˗1) for use in a solid state battery. 
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4. Experimental details 
SPE free standing films were manufactured by a standard solvent casting method, by which 
the polymer was dissolved in a solvent together with various additives and cast in a flat mold, 
whereafter the solvent was evaporated in an evacuated oven. The most important additive was 
the lithium salt, which acted as a source for lithium. Other additives, utilized in two different 
types of CPEs, were passive oxide nanofiller particles and particles of superionically 
conducting ceramics, respectively. 
 

4.1 Synthesis of high-molecular-weight poly(trimethylene carbonate) polymer 
A ring opening polymerization of poly(trimethylene carbonate) (PTMC) from TMC monomer  
catalyzed by tin octoate Sn(Oct)2 was made by adding 10 g (0.1 mol) of solid TMC and  
0.0195 mmol Sn(Oct)2, dissolved in 20 μL dry toluene, to an oven-dried stainless steel reactor 
under dry argon atmosphere. The reactor was sealed and placed in a 130 °C oven for 3 days, 
shaken by hand a few times during the first hour of heating to mix the then liquid reactants. 
 
The reactor was allowed to cool to room temperature and was opened inside the glovebox to 
protect the polymer from moisture. The retrieved PTMC polymer was transparent and rubber-
like. All following polymer modifications were performed in a dry argon glovebox 
(p(H2O) < 1 ppm and p(O2) < 20 ppm). 
 

4.2 Electrolyte film preparation 
To prepare films of polymer electrolytes, PTMC was dissolved in dry acetonitrile (Acros 
Organics) together with varying amounts of lithium bis(trifluoromethane)sulfonimide 
(LiTFSI). The mixture was stirred over night before casting it in a PTFE mold by evaporating 
the solvent for 60 h in an evacuated oven (BÜCHI Glass Oven B-585), of which the first 20 h 
were in room temperature with a pressure ramping down from 0.2 bar to <1 mbar, and the last 
40 h were at <1 mbar and 60 °C. The resulting films had a thickness of around 50−100 μm 
and had characteristics similar to the pure polymer. 
 

4.3 Preparation of nanofiller additives 
TiO2 nanopowder (anatase, <25 nm particle size, Aldrich, 99.7%) and SiO2 10 nm 
nanopowder were dried in separate glass vials at 250 °C for 24 h under vacuum in an 
evacuated oven. 
 

4.4 Synthesis of superionic conducting Li10GeP2S12 (LGPS) additive 
A synthesis of LGPS, described by Kayama et al. [22] was tried. In an argon filled glove box, 
the solid precursors Li2S, P2S5 and GeS2 were mixed and ground by hand in a mortar. The 
powder mix was transferred to an evacuated quartz tube and heated in a furnace at 550 °C for 
8 h. The product was characterized by X-ray diffraction. 
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4.5 Synthesis of superionic conducting lithium aluminium titanium phosphate additive 
The method to synthesize Li1.3Al0.3Ti1.7(PO4)3 (LATP) was described earlier by Key et al. [24] 
In a 400 mL beaker, 25 mL of titanium tetra(isopropoxide) (TTIP, Sigma-Aldrich, ≥97%, 
transferred from an argon glove box in a dried flask) was mixed with 50 mL of 25% ammonia 
solution (Scharlau, reagent grade) to produce a white gel-like precipitate. It was washed 3 
times with 150 mL de-ionized water and then mixed under stirring with another 5 mL of water 
and 250 mL of 0.8 M oxalic acid solution (prepared from 25.21 g (COOH)2∙2H2O from 
Merck) to produce a clear solution of H2[TiO(C2O4)2]. To this, stoichiometric amounts of 
Al(NO3)∙9H2O (C.P. Bakers Analyzed 99.99%), (NH4)2HPO4 (Merck 99%) and 5% excess 
LiNO3 (Sigma-Aldrich ReagentPlus®), equal to 5.592 g, 19.679 g, and 4.683 g, respectively, 
were added under stirring. The water was evaporated by heating the solution on a hotplate for 
several hours, first with magnetic stirring and finally with manual stirring and mashing; This 
first produces a slightly green solution and then a white slurry and finally a white precipitate 
powder with mixed precursors. This powder was placed in crucibles and annealed in an oven 
at 725 °C for 12 h in air, after a heating ramp-up time of 5 hours. After cooling down to room 
temperature, the powder was weighed and placed in a dried glass vial. The reaction yield of 
the synthesis was calculated to be 92%, with respect to the used precursor materials. Phase 
analysis and crystal structure determination of the product was performed using X-ray powder 
diffraction (XRD) with a Bruker D8 diffractometer equipped with a Lynx-eye position 
sensitive detector (PSD, 4° opening) using CuKα,1 radiation (λ = 1.540598 Å). All 
measurements were performed at 298 K in a 2θ range of 20–90°. Half of the LATP powder 
batch was subsequently ground by hand in a mortar. The other LATP was milled in a Retsch 
planetary ball mill for 24 h. For characterization with Impedance spectroscopy, a pellet of 
manually milled powder was pressed with a pressure of around 30 kN, with dimensions of 3.8 
mm thickness and 12.1 mm diameter, whereas the weight was 0.727 g. The end surfaces were 
covered with conducting Au/Pd by sputtering. 
 

4.6 Synthesis of composite electrolytes 
To prepare composite polymer electrolyte films, different additives were added to the mixture 
together with PTMC and LiTFSI in acetonitrile and the mixtures were ultrasonicated for 15 
minutes immediately before casting. The three nanofiller additives were dried SiO2, dried 
TiO2 and undried TiO2, respectively, whereas the superionic conducting ceramic additive was 
ball milled or manually ground LATP. The casting process was the same as described earlier. 
 

4.7 Electrochemical Impedance Spectroscopy, EIS 
All samples were investigated with AC impedance in an EIS setup, showed in Figure 4, to get 
the ionic conductivity. The SPE film was sandwiched between two stainless steel blocking 
electrodes and placed in an airtight stainless steel Swagelok type cell. The cell was placed in a 
manually controlled heating furnace and connected to a Schlumberger Impedance/Gain-phase 
Analyzer SI 1260 measurement interface. The temperature in the interior of the cell, and 
hence approximately also in the SPE, was monitored with a thermocouple inside the cell, a 
few mm from the SPE. First, the cell was heated to 100 °C. Then, AC impedance spectra were 
recorded at selected temperatures for 80 logarithmically distributed frequencies ranging from 
1 Hz to 10 MHz and with an amplitude of 10 mV, while simultaneously monitoring the cell 
temperature manually. The selected temperatures were 100, 90, 80, 70, 60, 50 , 40 , 30 and 
25 °C. The data was interpreted with ZView version 3.2b software, wherein it was 
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approximated by a modified Debye circuit to obtain the bulk ionic resistance R. The ionic 
conductivity was then calculated using Equation 4 

σ = d/(R ∙ A)            (Eq. 4) 

where d and A are the thickness and end surface area of the sample specimen, respectively. 

 
Figure 4. Setup for measuring AC impedance. 
 

4.8 Differential Scanning Calorimetry, DSC 
The thermal properties of the samples were measured in a TA Instruments DSC Q2000. A 
specimen of the selected polymer electrolyte was placed in a hermetic aluminium pan in a 
glove box. The pan was cycled together with a reference pan between ˗70 °C and 80 °C with a 
heating rate of 10 °C/min. The pans were kept at the same temperature and the heat flow was 
recorded for the two pans. Thermal transitions in the polymer caused a change in heat flows 
and a visible feature in the recorded spectrum. 
 

4.9 Fourier Transform Infrared Spectroscopy, FTIR 
The molecules in matter absorb infrared light at different wavelengths corresponding to the 
vibrations in covalent bonds. The vibrations consist of both bending and stretching vibrations, 
and the absorbed wavelength depends on in-between what type of atoms the bonds exists 
(atomic weights) and bond length. Each solid material, liquid or gas has a characteristic 
pattern, also known as a fingerprint, whereby it can be recognized. The absorbed wavelength 
in a bond can be shifted depending on the electronic environment of the bond, for example, as 
will be shown in the results for PTMC, by Li+ coordination to carbonyl groups. The samples 
were taken out from the glove box and immediately measured in a Perkin Elmer Instruments 
Spectrum One with a spectral interval of 4000–650 cm−1 and a resolution of 4 cm−1. 
 

4.10 Raman spectroscopy 
A Renishaw inVia Raman microscope was used, as a complement to FTIR, to further study 
the effect of salt coordination, by illuminating selected samples with a 785 nm infrared laser 
and detecting the inelastically scattered light from the samples. The recorded energy shifts 
were expressed in spectras versus wavenumber (cm−1). 
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4.11 Nuclear Magnetic Resonance, NMR 
For NMR measurements, the as-synthesized polymer was dissolved in deuterochloroform 
(CDCl3) and 1H NMR spectra were recorded on a JEOL Eclipse+ 400 NMR, where the 
solvent signal was used as an internal standard. 

4.12 Gel permeation chromatography, GPC 
A polymer specimen was dissolved in tetrahydrofuran (THF) and filtered through a 
microfilter. At a flow rate of 1 mL min˗1 and a temperature of 40 °C, it was analyzed with an 
Agilent Technologies 1260 Infinity GPC to receive the molecular weight and weight 
distribution. The columns were calibrated with narrow polystyrene standards and data was 
obtained with a refractive index detector.  
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5. Results and discussion 

5.1 The base material poly(trimethylene carbonate), PTMC 
The high-molecular-weight PTMC for further treatment was successfully synthesized, in two 
consecutive batches, according to the mechanism in Scheme 1. 
 

 
 
Scheme 1. Synthesis route for preparation of poly(trimethylene carbonate) from TMC monomer. 
 
Materials or composite materials with PTMC as a base material are easily formed to solid 
polymer electrolytes (SPEs). A process where high-molecular-weight PTMC is dissolved in 
acetonitrile with additives and the solvent is evaporated, gives free-standing films with 
thicknesses ranging from 50 to 150 µm depending on the polymer and additive content. Most 
of them were mechanically stable with regards to elongation. The films were transparent with 
only salt additions, whereas for nanofiller and superionic particle composites, they were white 
or light brown, depending on the colour of the added particles. The material was stiffer when 
more composite filler material was introduced. 
 
1H NMR investigations of the as-synthesized PTMC showed that the residual monomer 
content was 0.7%, in accordance with the literature, and that the molecular structure was 
indeed PTMC. [12] GPC measurements showed that the number average molecular weight 
Mn and PDI were 245 000 g mol−1 and 1.9 for the first batch, respectively, and 267 000 g 
mol−1 and 1.8 for for the second batch, respectively. PDI, or the polydispersity index, is 
described as the ratio between the weight average molecular weight (Mw) and Mn. 
 
The experiments in this study were further divided into three main approaches to raise the 
ionic conductivity of the PTMC polymer. These are high salt concentrations, passive 
nanofiller polymer composites and active superionic conductor filler composites, presented in 
sections 5.2, 5.4 and 5.5, respectively. 
 

5.2 High salt content polymer electrolytes 
Materials consisting of PTMC with LiTFSI have earlier been investigated by Sun et al. [12] 
The concentration of salt was described with a number of n carbonate groups per lithium ion, 
in other words PTMCnLiTFSI. The resulting ionic conductivities were highest for n = 8 and 
n = 13, and decreasing for higher salt concentrations like n = 2. The hypothesis was that at 
higher salt concentrations, the formation of salt aggregates and a decreasing ion mobility 
lowered the conductivity. However, in work by Tominaga et al. [15] and Okumura et al. [16] 
on poly(ethylene carbonate) (PEC), higher salt concentrations favored the ionic conductivity 
by several times. Also, the concept of polymer-in-salt shows that the ionic conductivity at 
high salt concentrations can be large, as long as (1) the material does not phase separate into 
salt crystals. (2) the polymer is soluble in the salt. (3) the material retains its rubbery 
character, and (4) the transport number for Li+ is close to unity. [18] 
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Sun et al. [12] tested concentrations ranging from n = 21 to n = 2. In the present study, 
samples with concentrations ranging from n = 13 up to n = 0.33 were produced and films up 
to n = 1 were characterized. The manufactured samples are summarized in Table 1. At n = 0.5 
and higher salt concentrations, the materials changed their character from rubbery but firm to 
sticky and mechanically unstable and not possible to physically remove from the PTFE mold, 
as can be seen in Figure 5. Also, after a few days a phase separation and crystallization of the 
salt could be observed. This leads to the conclusion, in contrast to the literature for this type of 
materials [18], that formulation of polymer-in-salt configurations with salt concentrations of 
85 wt% or more not is a viable approach to making good electrolytes. Samples with n = 0.33 
were not rigid enough and had no mechanical integrity, meaning that they broke when 
elongated, similar to the behavior seen at n = 0.5. 
 
Table 1. Composition of PTMCnLiTFSI SPE films. 
Sample composition wt% PTMC wt% LiTFSI 
PTMC13LiTFSI 82 18 
PTMC5LiTFSI 64 36 
PTMC3LiTFSI 52 48 
PTMC2LiTFSI 42 58 
PTMC1LiTFSI 26 74 
PTMC0.5LiTFSI 15 85 
PTMC0.33LiTFSI 11 89 

 

 
Figure 5. Failed attempt to cast an SPE film of PTMC0.5LiTFSI. A difference of reflectivity of different domains 
on the film surface is visible, which indicates a phase separation. Furthermore, macroscopic salt crystals were 
observed after a few days. 
 
The ionic conductivity of the characterized high-salt SPEs can be seen in Figure 6. The 
conductivities are high compared to previous studies of PTMC-based electrolytes, [12] and 
follow the general VTF-behavior which indicates that the polymer is indeed amorphous. [32] 
The values of Tg for the samples were measured with DSC on two different occasions, since 
the first measurement was not considered reliable. The second measurement, however, 
indicated a change in Tg since the first recording. Also, a change in conductivity over time 
observed for the samples with n = 1 and n = 2 (Figure 7) motivated the need for an aging 
study of these configurations. If this phenomenon could be confirmed, it would be deviating 
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from earlier findings. New samples were prepared, which were more thoroughly investigated, 
and the results for these are in the following section. 
 

 
Figure 6. Ionic conductivity of initial samples of poly(trimethylene carbonate) and high amounts of LiTFSI salt. 
The recorded curve for PTMC2LiFTSI should be questioned by consecutive measurements, which have much 
lower conductivity values. 1000/T = 3.35 on the x-axis represents 25 °C and 2.67 represents 100 °C. 
 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
Figure 7. Ionic conductivity measured before and after 38 days storage of electrolyte film. 
 

5.3 Aging study of salt-rich SPEs 
To see changes in ionic conductivity and Tg over time, an aging study of samples of n = 1, 
n = 2, n = 3 and n = 5 was performed. The measurements were made after 0, 3 (for some 
samples) and 7 weeks and the results can be seen in Figures 8 and 10. In Figure 8, the values 
of ionic conductivity for samples aged 3 weeks suggest that there is no such effect. However, 
after 7 weeks there is a very clear decrease in ionic conductivity for salt-rich electrolytes, 
similar to the one shown in Figure 7. This indicates that the material is subjected to a 
structural change, possibly ion-pairing and aggregation of ions. This finding might also have 
implications on the results of Tominaga et al. regarding the long term stability of PEC with 
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high TFSI salt concentrations, which were found to have remarkably high conductivities and 
low Tg values. [15] For PTMC3LiTFSI on the other hand, the ionic conductivity is higher after 
7 weeks. This questions the reliability of the results from this method, and further 
measurements to see statistical deviations might be motivated. 
 
PTMC1LiTFSI is the highest-performing composition when it comes to ionic conductivity 
with results of 2.0 × 10−6 S cm−1 at 25 °C and 2.2 × 10−5 S cm−1 at 60 °C. Several 
measurements on two different samples confirmed these results. It could be compared to 
PEO10LiTFSI which is reported as achieving 2 × 10−5 S cm−1 at 25 °C and 3 × 10−4 S cm−1 at 
60 °C. [6] [25] The results stand in contrast to the trend seen in the work by Sun et al. [12] in 
which n = 8 and n = 13 proved to be the most conducting and that higher concentrations gave 
lower values. There, the investigated salt concentrations did not exceed n = 2, the measured 
ionic conductivities never exceeded 10˗8 S cm−1 at 25 °C [12] (it should however be noted that 
these recordings were used with a measurement setup that was found to underestimate the 
conductivity at low temperatures). [31] For comparison between different salt concentrations, 
the conductivity results are plotted in another way in Figure 9a, to highlight the trend in the 
results. The high result for the salt-rich composition is in agreement with the findings of 
Tominaga et al. [15] and Okumura et al. [16] In Figure 9b, a possible trend in conductivity 
versus salt content is outlined. If this trend is to be confirmed, several more samples with 
concentrations ranging from n = 2 to n = 0.5 would be interesting to further investigate, 
translating to salt concentrations of 58–85 wt%. 

 
Figure 8. Measured ionic conductivities of PTMCnLiTFSI samples in the aging study, after 3 and 7 weeks. 
 
a)                 b) 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. a) Comparison between recorded ionic conductivities for PTMCnLiTFSI ranging from n=1 to n=13 at 
varying temperatures b) Possible trend for conductivity versus salt concentration for PTMCnLiTFSI. 
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In Figure 10, the obtained values of Tg show that there is a large spread between the measured 
samples and that there is no trend over time. This greatly questions the reliability of the test 
procedure and few conclusions about the materials properties can be drawn. 

 
Figure 10. Measured values of glass transition temperatures of PTMCnLiTFSI samples in the aging study. 
 
Also, FTIR and Raman measurements of the samples were made initially and after 2 or 3 and 
7 weeks. The different aging times of 2 and 3 weeks are assumed to be comparable. The IR 
spectra of several samples can be seen in Figures 11–13. There are two regions of interest; 
The first is 1780–1675 cm−1, containing peaks corresponding to the νs(C=O) symmetric 
carbonyl stretching in the PTMC polymer chain, of which the peak at 1739 cm−1 corresponds 
to the uncoordinated carbonyls and the peak at 1715 cm−1 corresponds to the Li+-coordinated 
carbonyls. [36] Interactions with carbonyl groups have been shown to be the main 
contribution to Li+ coordination and solvation, affecting the ion conductivity. [37] Secondly, 
within the 730–755 cm−1 range is a peak corresponding to the νs(S–N–S) symmetric stretching 
mode in the TFSI anions [38], with components at 740 cm−1 and at 745 cm−1 which 
corresponds to free ions and ion-pairs, respectively. [39, 40] This distribution also affects the 
ion conduction. From Figures 12 and 13, it can be interpreted that the positions and shapes of 
the peaks from the various samples are relatively unchanged over time, and although the 
intensity of the detection varies, no trend could be seen with regards to aging. On the contrary, 
sometimes the aged samples showed more intense peaks and vice versa. 

 
Figure 11. FTIR spectra recorded on samples from the aging study. This gives an overview of the full 
measurement range. The peaks of most interest lie in the 1700–1750 cm−1 range and in the 730–750 cm−1 range. 
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Figure 12. FTIR spectra containing peaks corresponding to the νs(C=O) symmetric carbonyl stretching in the 
PTMC polymer chain, of which the peak at 1739 cm−1 corresponds to the uncoordinated carbonyls and the peak 
at 1715 cm−1 corresponds to the Li+-coordinated carbonyls. [36] 
 

 
Figure 13. FTIR spectra containing peaks corresponding to the νs(S–N–S) stretching mode in the TFSI anions. 
[38] The peaks consist of components at 740 cm−1 and at 745 cm−1 which corresponds to free ions and ion-pairs, 
respectively. [39, 40] 
 
The data was also plotted using Origin software and the peaks of interest was analyzed closer.. 
The peaks were assumed not to be describable by a Lorenzian function, and hence were 
deconvoluted into two Voigt peaks, as could be seen in Figure 14 and 15. The peak 
component positions were fixed during a first set of iterations, and then set free during the 
final iterations. Figure 14 clearly shows that PTMC1LiTFSI, with the highest salt 
concentration among the different samples, also displayed the highest degree of ion-pairing 
(up to 92% of the fitted peak areas, seen in Table 2), which should be related to the high 
amount of Li+ ions without a chance to coordinate to carbonyl groups. For most samples, the 
ratio of ion pairing to free ions decreased with time. Although this means more free ions, a 
corresponding increase in ionic conductivity is not observed.  
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Figure 14. Multiple peak fit to FTIR spectra in the 730–755 cm−1 interval, for samples in the aging study. The 
peaks consist of components at 740 cm−1 (fit peak 1) and at 745 cm−1 (fit peak 2) which corresponds to free ions 
and ion-pairs, respectively. [39, 40] The black curves are the measured spectra and the blue curves are the sum of 
the two fitted peaks. 
 
In Figure 15, configurations with n = 5, n = 3 and n = 2 shows a similar distribution between 
coordinated and non-coordinated carbonyl groups. This could possibly indicate that the 
amount of present salt species compared to coordinating groups is enough to reach saturation. 
It should be noted, however, that the standard errors in these calculations are very high, in the 
order of 10−30% in either direction. For n = 1, the peak fits seem to indicate that the share of 
coordinated carbonyl groups increases again, suggesting that the high degree of ion-pairing 
with TFSI, which is also confirmed by the spectra in Figure 14, prevents Li+ from 
coordination with C=O. Although PTMC1LiTFSI was observed to be transparent and not 
phase separated, these results might be explained by phase separation not visible to the naked 
eye. 
 
The areas of the fitted peaks were calculated and compared to give the relative amounts of 
paired ions to free ions. The results are presented in Table 2 and 3 and reflect the results 
visualized in Figure 14 and 15, respectively. 
 
Table 2. Relation between areas of fitted peaks of free ions to ion-pairs, respectively. Data from Figure 14. 
Not stored Area relation Stored 

3 or 2 weeks 
Area relation Stored 

7 weeks 
Area relation 

n = 1 8:92 n = 1 32:68 n = 1 38:62 
n = 2 36:64 n = 2 39:61 n = 2 33:67 
n = 3 43:57 n = 3 57:43 n = 3 62:38 
n = 5 48:52 n = 5 48:52 n = 5 63:37 
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Figure 15. Multiple peak fit to FTIR spectra in the 1775–1680 cm−1 interval, for samples in the aging study. The 
peaks consist of components at 1715 cm−1 (fit peak 1) and at 1739 cm−1 (fit peak 2) which corresponds to Li+-
coordinated carbonyls and uncoordinated carbonyls, respectively. [36] 
 
Table 3. Relation between area of fitted peaks of coordinated carbonyls to uncoordinated carbonyls, respectively. 
Not 
stored 

Area 
relation 

Stored 3 
weeks 

Area 
relation 

Stored 7 
weeks 

Area 
relation 

n = 1 53:47 n = 1 54:46 n = 1 51:49 
n = 2 58:42 n = 2 62:38 n = 2 59:41 
n = 3 53:47 n = 3 56:44 n = 3 60:40 
n = 5 54:46 n = 5 65:35 n = 5 54:46 
 
As a complement to FTIR, Raman spectra were also recorded at room temperature for the 
samples initially and after 7 weeks (Figures 16–18). The most prominent peak at around 745 
cm−1, corresponding to the S–N–S group symmetrical stretching, was investigated to see 
possible effects from aging and for comparisons with literature. The resolution of the 
measurements is however too poor to draw certain conclusions, other than that the peaks lie 
reasonably stable over time. For example, the peak for the PTMC1LiTFSI sample seems to be 
shifted from 748 to 750 cm−1 after aging. Raman spectroscopy results are previously reported 
for LiTFSI in both liquid electrolytes [26] [27] and PEO SPE [28], and Łasińska et al. [35] 
very recently also studied peak positions over time in a poly(acrylonitrile-co-butyl acrylate) 
copolymer. A shift in the Raman peak position to lower wavelengths was observed by 
Łasińska et al. [35] There might be additional information in the 260-360 cm−1 regions of the 
recorded spectra, but this was not further investigated for time reasons. 
 

21 
 



 
Figure 16. Raman spectra recorded under illumination of a 785 nm infrared laser for selected samples in the 
aging study. 
 

 
Figure 17. Raman spectra (785 nm IR laser). The spectra are normalized to the top value of the peak around 740 
cm−1 for easier comparison. 
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Figure 18. Raman spectra in the 735–760 cm−1 region, normalized with regards to the peak height. 
 
To summarize, the effect of aging upon PTMCnLiTFSI samples was found to be small or 
nonexisting after 3 weeks of storing, but indeed very large after 7 weeks, showed in AC 
impedance spectroscopy. The reason for this aging effect is suspected to be ion aggregation or 
microscopic crystallization of LiTFSI species inside the PTMC matrix, although this claim is 
not supported by any results. Crystallization occurs because of thermodynamic reasons; The 
transition can however be very slow. It seems as if this change occurs faster at higher 
concentrations, which makes sense. Similar aging effects, related to salt crystallization, has 
very recently been reported by Łasińska et al. [35] which further support this hypothesis. One 
presented possible solution to prevent crystallization is mixing of different salts, such as 
LiTFSI and LiI. 
 

5.4 Composite polymer electrolytes with passive nanofillers 
Since the polymer in itself does not have good enough ionic conductivity for lithium ion 
batteries at temperatures below 60 °C, different facilitating additives could be introduced. One 
approach is passive nanofiller materials that can conduct Li+ ions on the surface via functional 
groups such as −OH. Oxides of Al, Ti and Si have been shown to have this effect in PEO 
polymer electrolytes, as was discussed in the introduction. 
 
The nanofillers for this work were prepared by drying the oxide powders at 250 °C, to remove 
adsorbed species. The TiO2 powder changed colour from this treatment from clear white to 
light brown, whereas SiO2 remained white. One possible explanation of the colour change 
could be pyrolysis of organic residues from the synthesis of the material. Several composite 
samples were prepared, the compositions of which can be found in Table 4. PTMC13LiTFSI, 
with a composition of 82 wt% PTMC and 18 wt% LiTFSI, was used as a matrix material in 
most of the samples. It was shown by Sun et al. to have the optimal salt concentration, 
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alongside PTMC8LiTFSI, [12] and was therefore used throughout this study. Also, to connect 
to the investigation of high salt concentration polymers, some samples with PTMC2LiTFSI 
were additionally prepared. 
 
Table 4. Compositions of investigated CPE films. 
Matrix polymer  Nanofiller addition wt% PTMC wt% LiTFSI 
n = 13 5 wt% dried TiO2 78 17 
n = 13 10 wt% dried TiO2 74 16 
n = 13 15 wt% dried TiO2 70 15 
n = 13 5 wt% undried TiO2 78 17 
n = 13 10 wt% undried TiO2 74 16 
n = 13 5 wt% dried SiO2 78 17 
n = 2 10 wt% dried TiO2 37 53 
n = 2 15 wt% dried TiO2 35 50 
n = 2 5 wt% undried TiO2 39 56 
 
In Figure 19, the ionic conductivity is plotted for a selection of the samples. The results show 
that, for PTMC13LiTFSI, the addition of these fillers did not markedly raise the ionic 
conductivity, in contrast to corresponding additions to PEO, which showed significantly 
increased conductivity. [21] Rather, it lowered the total conductivity for some samples while 
slightly raising it for some. The reason for this could be poor interfacial contact between the 
polymer and the nanofiller particles due to hydrophilicity of the polymer. Furthermore, unlike 
PEO, wherein the nanofiller additives lower the degree of crystallinity and hence increase the 
ionic conductivity, PTMC is already fully amorphous and thus cannot take advantage of this 
effect. 
 

 
Figure 19. Ionic conductivity for selected CPE films. 
 
Poor interfacial contacts and wetting between PTMC SPEs and composite electrodes has been 
previously discussed, which strengthen the interface limitation claim. These interface issues 
impose a large resistance to ion conduction in battery applications. [29]. Copolymerization of 
PTMC with poly(caprolactone), which is a semicrystalline polymer with markedly lower Tg 
(−60 °C) compared to PTMC, has been proposed to make the polymer more flexible and 
improve the interfacial contact properties. Indications suggest better battery performance, 
linked to better contact with the electrochemically active electrodes. Therefore, such materials 
should be interesting to study as matrix materials for nanofiller CPEs. [13] 
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The ionic conductivity results published by Tominaga et al. for a PEC0.53LiFSI + 1 wt% TiO2 
CPE indeed show an increase by a factor of 2 to 1.4 × 10˗4 S cm−1, but overall this difference 
is relatively marginal and the added amount is very small. On the other hand, t+ was markedly 
increased. [15] Moreover, the correlation between high lithium salt concentrations and 
nanofiller additions could benefit from further research. For example, the sample of 
PTMC1LiTFSI, which showed the highest conductivities (2.0 × 10−4 S cm−1 at 25 °C) among 
the investigated samples in this study, combined with an addition of nanofillers could provide 
a useful CPE material. 
 
The values of Tg for the nanofiller CPEs, shown in Table 5, are below zero degrees Celsius, 
but higher than the PTMC13LiTFSI reference sample. This is in contrast to the published 
results for PEO, which suggest that an addition of nanofillers lowers Tg. 
 
Table 5. Glass transition temperatures of selected nanofiller CPE samples. 
Sample Tg /°C 
PTMC13LiTFSI + 5 wt% dried TiO2 −5.0 
PTMC13LiTFSI + 5 wt% dried SiO2 −5.6 
PTMC13LiTFSI + 5 wt% undried TiO2 −6.5 
PTMC13LiTFSI + 10 wt% undried TiO2 −6.6 
PTMC13LiTFSI −10.2 
 

5.5 Composite polymer electrolytes with superionic conducting active ceramic filler 
The synthesized LGPS and LATP powders were characterized with X-ray diffraction. The 
LGPS was shown to not be the desired product, but the diffractogram of the LATP powder in 
Figure 20 shows almost phase pure Li1.3Al0.3Ti1.7(PO4)3, with just traces of aluminium 
phosphate. 
 
 

 
Figure 20. Diffractogram for synthesized LATP. Red peak positions are Li1.3Al0.3Ti1.7(PO4)3, whereas the small 
peak at 2θ = 21.5° represents orthorhombic AlPO4. 
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Both ball milled and manually ground LATP powder was used in these CPE samples for 
comparison, as could be seen in Table 6, as well as a sintered LATP pellet. These samples also 
used PTMC13LiTFSI as a matrix material for the sake of comparison. However, also these 
samples could have benefitted from the use of even higher salt concentrations, especially 
since they were rigid and with a satisfying mechanical integrity. 
 
Table 6. Compositions of PTMCnLiTFSI CPE films with superionic conducting LATP additive. 
Matrix polymer  Ceramic addition wt% Polymer wt% LiTFSI 
PTMC13LiTFSI 15 wt% manually milled LATP 70 15 
PTMC13LiTFSI 15 wt% ball milled LATP 70 15 
PTMC13LiTFSI 50 wt% manually milled LATP 41 9 
PTMC13LiTFSI 50 wt% ball milled LATP 41 9 
PTMC13LiTFSI 80 wt% manually milled LATP 16 4 
 
The ionic conductivity of a selection of samples could be seen in Figure 21. Compared to the 
PTMC13LiTFSI reference sample, only the composite with 80 wt% manually ground LATP 
produced a higher value (by a factor of 4), while the others were lower. This could also, as 
was discussed for the nanofiller CPE samples, be an effect of poor interfacial contact. It is 
unclear whether the higher value obtained by one sample could be statistically verified to be 
higher than the reference, or if this is within the uncertainty range of the measurement 
procedure. The reason for the difference seen between ball milled and manually milled LATP 
for some samples is unclear. 
 
The LATP pellet, which according to the literature should perform well with regards to ionic 
conductivity [24], did not have a high ionic conductivity. This could be a consequence of an 
inadequate milling of the powder and pressing and/or sintering procedure of the pellet, 
resulting in porosity (additionally, the grain boundary conduction is reported as significantly 
lower than the bulk conductivity, but still much higher than the measured value in this study. 
[24]). However, it showed a lower temperature dependency, which should be related to its 
smaller change in mechanical properties versus temperature compared to a polymer, and 
because the conduction is decoupled from structural relaxation modes as was discussed in the 
introduction. Rather than following the VTF-equation, it behaves more Arrhenius-like. 
 

 
Figure 21. Ionic conductivity of LATP ceramic CPE films. 
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6. Conclusions 
Solid polymer electrolyte films have been synthesized by solution casting of 
poly(trimethylene carbonate) (PTMC) base material together with lithium 
bis(trifluoromethane)sulfonimide (LiTFSI) salt. Different additives have been used primarily 
to enhance the ionic conductivity. Composite materials with nanosized TiO2 was not subject 
to this effect. Addition of superionically conducting Li1.3Al0.3Ti1.7(PO4)3 powder also did not 
show any verified substantial effect. The likely explanation for these results is poor interfacial 
contact between polymer and inorganic additives. 
 
However, samples with high amounts of LiTFSI showed higher conductivities. 
PTMC1LiTFSI, which incorporates 74% LiTFSI by weight, had an ionic conductivity of 2.0 × 
10−6 S cm−1 at 25 °C and 2.2 × 10−5 S cm−1 at 60 °C, which could be compared to published 
results of PEO10LiTFSI with 2 × 10−5 S cm−1 at 25 °C and 3 × 10−4 S cm−1 at 60 °C. Several 
measurements on two specimens confirmed these results. At even higher salt concentrations, 
however, the materials’ mechanical properties changed for the worse, preventing usefulness as 
a solid electrolyte material. A possible trend for the ionic conductivity was outlined in Figure 
9b, where high lithium salt concentrations would provide polycarbonate electrolytes with 
higher ionic conductivities, in agreement with the findings of Tominaga et al. [15] and 
Okumura et al. [16] This was confirmed by the results presented in Figure 9a. Further 
research is needed to confirm this trend, by investigating samples containing salt 
concentrations in the region 58–85 wt% or higher. 
 
Changes in ionic conductivity and coordination of lithium ions by aging PTMCnLiTFSI with 
compositions of n = 1, 2, 3, and 5 could not be verified after 3 weeks by neither of EIS, DSC, 
FTIR nor Raman Spectroscopy. After 7 weeks, however, the ionic conductivity was markedly 
lower in EIS for the highest concentrations, n = 1 and n = 2. To verify this trend, further 
research is needed. To prevent this effect, a use of mixed salts could possibly be used. The 
most valuable characterization method to this work was AC Impedance spectroscopy, whereas 
FTIR and Raman did not provide as much useful information. 
 
None of the examined electrolyte compositions reached the goal of 1 mS cm−1 for a high-
performing battery, although the construction of a battery would still be interesting for cycling 
studies. Especially, the effect of electrolyte aging together with the gradual capacity increase 
observed in earlier constructed batteries [12] [29] would be interesting to study. 
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